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CHAPTER I 

 

INTRODUCTION 

 

Cytochrome P450s 

Cytochrome P450s are ~ 50 kDa hemoproteins found throughout nature, with 57 

P450s encoded in the human genome (1). The heme protoporphyrin IX prosthetic group, 

linked with the axial cysteine residue, imparts unique chemistry and spectroscopic 

properties to this important family of enzymes. Evidence of cytochrome P450s was first 

identified in 1958, when a pigment was observed in microsomal fractions from pig (2) 

and rat liver (3) following reduction and treatment with CO. P450s were first 

characterized in 1962 (4), although at this time P450 was believed to be a single enzyme. 

In 1964, Omura and Sato named the enzyme cytochrome P450 for “pigment 450,” due to 

the observation that the reduced form of the enzyme binds CO to form a maximal 

absorbance band at 450 nm (5). The same year, P450 was classified as a hemoprotein, 

and the molar extinction coefficient for CO binding to reduced P450 was measured in the 

seminal work by Omura and Sato, allowing future researchers a facile means of 

measuring P450 concentrations (5, 6). In 1963, Estabrook et al. determined that P450 

functions as the terminal oxygenase by demonstrating the hydroxylation of 17-

hydroxylprogesterone (a reaction later attributed to P450 21A2) (7). When the 

hemoprotein (with CO bound) was exposed to light of discrete wavelengths, the 

wavelength at which the protein had an absorbance maximum caused the reversal of the 

inhibition by CO. The finding that this wavelength was at 450 nm showed that P450 was 
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the terminal oxygenase, uniting two observations: a hemoprotein bound CO in its reduced 

form with a maximal absorbance at 450 nm (i.e. P450), and microsomes (i.e. P450) can 

carry out oxidations.  

For most microsomal P450 reactions, a second enzyme – NADPH-cytochrome 

P450 reductase – is required for electron transfer. This enzyme facilitates the flow of 

electrons from NADPH to FAD, FMN, and finally to the iron of the P450. While the 

requirement for NADPH-cytochrome P450 reductase for many microsomal reactions had 

been established, it was thought to be coupled only to cytochrome c (hence its original 

name, “NADPH-cytochrome c reductase”). The presence of NADPH-cytochrome c 

reductase in the endoplasmic reticulum was shown in 1962, suggesting that a second 

protein must be present in this organelle to serve as an electron acceptor (8). The 

requirement for NADPH-cytochrome P450 reductase for P450 catalysis was 

unequivocally resolved in 1968 by Lu and Coon when they showed ω-hydroxylation of 

fatty acids required fractions of cytochrome P450, NADPH-cytochrome P450 reductase, 

and lipid (9). This was the first time that a reconstituted P450 system was used 

successfully. Vermilion and Coon purified the reductase from rat in 1974 (10). 

The realization was made that cytochrome P450 was actually made up of several 

families of P450 enzymes when multiple forms were isolated in rabbit in 1975 (11). 

Guengerich, Lu, and Levin developed some standard protocols for the very difficult 

purification of multiple P450s from rats (12-14), and Guengerich went on to identify and 

purify for the first time human P450s 2C9 (15), 2D6 and 1A2 (16), and 3A4 (17). 

The first P450 (P450cam) was crystallized in 1985 by Poulos et al. (18) and the 

structure was solved in 1987 (19). For nearly a decade, P450cam remained the lone P450 
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characterized by x-ray crystallography, although numerous crystal structures were 

published with this P450 bound to various ligands. Finally, in 1995, structures for P450 

BM3 (20) and P450 eryF (21) were solved, and soon after, the number of protein data 

bank deposits soared. Since then dozens of structures of P450s, including mammalian 

P450s (22), have been solved. In 2007, a structure of human P450 1A2 complexed with 

αNF was solved, although as discussed in Chapter II, it is unlikely that the ligand is in a 

catalytically competent position (Figure 1) (23). Ghosh et al. solved the structure for 

P450 19A1 in the presence of andro in 2009 (Figure 2) (24). This was the first time a 

crystal structure resulted from protein purified from an animal (in this case, human tissue 

was used).	  The general cytochrome P450 structure consists of primarily of α-helices that 

among many things help anchor the heme prosthetic group and control active site 

accessibility. P450s with ≥ 40% sequence identity are classified in the same family and 

are designated with a number (P450 1, P450 2, etc.), while subfamilies that contain ≥ 

55% sequence identity are identified with a letter (P450 1A, P450 1B, etc.)  The final 

number gives each P450 gene (or protein) a unique identity (P450 1A1, 1A2, etc.) (1). 

P450s are involved in the metabolism of 75% of the drugs currently on the market 

(25) and much focus has been in the context of pharmaceutical research, but many P450s 

are capable of catalyzing reactions involving endogenous substrates (e.g. fat-soluble 

vitamins, steroids, and eicosanoids) (26) (Table 1). Typically P450s that oxidize 

exogenous compounds have larger active sites in order to accommodate a wide variety of 

drugs, pesticides, and pollutants, while P450s that utilize endogenous substrates tend to 

be less promiscuous and have smaller active sites. Important exceptions to this include  
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Figure 1. X-ray crystal structure of human P450 1A2 complexed with αNF. A, 
Shown in red is the heme, and the red electron density signifies the active site pocket. B, 
Relative orientation of αNF relative to the heme. From (23). 
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Figure 2. X-ray crystal structure of human P450 19A1 complexed with andro. From 
(24). 
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Table 1. Classification of cytochrome P450s based on their major substrates. 
Modified from Guengerich et al. (27). 

 
 

Sterols Xenobiotics Fatty acids Eicosanoids Vitamins Unknown 

1B1 1A1 2J2 4F2 2R1 2A7 

7A1 1A2 4A11 4F3 24 2S1 

7B1 2A6 4B1 4F8 26A1 2U1 

8B1 2A13 4F12 5A1 26B1 2W1 

11A1 2B6  8A1 26C1 3A43 

11B1 2C8   27B1 4A22 

11B2 2C9    4F11 

17 2C18    4F22 

19 2C19    4V2 

21A2 2D6    4X1 

27A1 2E1    4Z1 

39 2F1    20A1 

46 3A4    27C1 

51 3A5     

 3A7     
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P450 2A6, which has an active site volume that is ~ 25% of that of other drug 

metabolizing P450s (28), and the active site of 2E1 is even smaller (29). Both enzymes 

preferentially oxidize exogenous substrates. 

P450s typically catalyze monooxygenations and are also capable of reduction, 

ring expansion, dealkylation, aromatization, and other reactions based on the same high-

valent iron chemistry (examples of the most common reactions catalyzed by P450s are 

shown in Figure 3) (30). A generalized P450 catalytic cycle is shown in Figure 4. 

Typically the first step is binding of the substrate to the ferric form (not coordinating with 

the iron itself). Following reduction of the heme to the ferrous form, oxygen then binds to 

the P450. A second reduction and the addition of a proton occur to generate a ferrous 

peroxide intermediate. Loss of water generates “Compound I,” the unstable intermediate 

thought to perform most reactions. While the overall configuration of Compound I is 

more complex, it is typically denoted as “FeO3+.” Hydroxylation by Compound I is 

followed by product release, and the ferric form of the enzyme is regenerated. The overall 

stoichiometry is (RH is a substrate): 

 

RH + O2 + NADPH + H+  ROH + H2O + NADP+ 

 

Sequential P450s 

An unusual feature of some P450s is the ability to catalyze multi-step, sequential 

reactions. Recent examples include P450s catalyzing multi-step reactions with exogenous 

substrates such as P450s 1A2 (32), 2A6 (33), and 2E1 (34). The two-step oxidation of  
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Figure 3. A collection of common reactions catalyzed by cytochrome P450s. From 
(31).
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Figure 4.  Generalized cytochrome P450 catalytic cycle. 
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pyrene by P450 1A2 is the focus of Chapter II. In this case, P450 1A2 catalyzes the 

conversion of the polycyclic aromatic hydrocarbon pyrene first to 1-OH pyrene and then 

to at least four different di-OH pyrene compounds (Figure 5). The capability to catalyze 

sequential reactions was not extended to all substrates; for example, in this study only 

one product was seen in the case of αNF oxidation by P450 1A2. 

These multi-step processes are more commonly associated with P450s involved in 

steroid metabolism (P450s 11A1, 11B2, 17A1, 19A1, and 51A1). As discussed, many 

P450s catalyze oxidations, but sequential reactions often include more unusual chemistry, 

including aromatizations, side chain cleavages, etc. (Figure 6). Pregnenolone and 

aldosterone are generated from P450 11A1 and 11B2 reactions, respectively, in three-step 

processes. P450 17A1 exhibits both steroid 7α-hydroxylation and lyase activities in a 

two-step reaction to generate androstenedione from progesterone, and, in a separate 

pathway, generating dehydroepiandrosterone from pregnenolone. P450 51A1 is a key 

enzyme in the cholesterol biosynthetic pathway and catalyzes a three-step C-

demethylation of the substrate lanosterol. The focus of Chapter IV is P450 19A1, which 

catalyzes a three-step reaction to convert androgens to estrogens (Figure 7). Two 

relatively stable intermediates (a 19-hydroxy and a 19-aldehyde intermediate) are formed 

in succession before the aromatization of the steroid A ring and the loss of formic acid. It 

is from this final step that the common name for P450 19A1, aromatase, was derived.  

A few laboratories have undertaken pre-steady-state studies to characterize the 

kinetics of sequential P450s and the relative processive (i.e. the intermediates do not 

dissociate over the course of turnover) or distributive (i.e there is some or complete 

exchange of intermediates) nature over the course of the multi-step reaction. The focus  



 

11 

 

 

  

 

P4
50

 1
A2

O
H

Di
m

er
 (e

xc
im

er
)

P4
50

 1
A2

P4
50

 1
A2

O
HO

H

Pe
ak

 1
1,

5-
di

hy
dr

ox
yp

yr
en

e

O
H

O
H

Pe
ak

 2
1,

6-
di

hy
dr

ox
yp

yr
en

e

Fi
gu

re
 5

. O
xi

da
tio

n 
of

 p
yr

en
e 

by
 P

45
0 

1A
2

HO

O
H

Pe
ak

 3
1,

8-
di

hy
dr

ox
yp

yr
en

e

O
H

HO

Pe
ak

 4



 

12 

 

 

 

Figure 6. Examples of sequential reactions catalyzed by cytochrome P450s. 
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has been on P450s 2A6 (33), 2E1 (34), 11B2 (35), and 17A1 (36). The most common 

method to determine the extent of processivity is the use of a pulse-chase assay. 

NADPHis added to an incubation of P450 with radiolabeled substrate to initiate the 

reaction. At some timepoint(s), an excess of nonradiolabeled intermediate is added. After 

quenching the reaction, the relative amount of radiolabel present in the product in the 

absence vs. the presence of nonlabeled intermediate treatment is measured. A high 

percentage of label retention indicates processivity, while a low percentage shows a more 

distributive mechanism, meaning that the radiolabeled intermediate was displaced at least 

in part by the nonlabeled intermediate.  

In the case of P450 2A6, a variety of steady-state and pre-steady state kinetics 

were used to generate a global fit for the conversion of nitrosamines to aldehydes and 

then carboxylic acids. In addition to generating individual rate constants for the steps of 

turnover, pulse-chase studies were used to determine the degree of processivity. Two 

different substrates were examined, and in one case, 80-90% of the radiolabel was 

retained in the product, while 40-60% was retained in the other (33). For the conditions 

of these experiments, complete exchange (i.e. fully distributive) would yield 5-10% label 

retention, so P450 2A6 proved to be either highly processive or relatively processive, 

depending on the substrate. 

The conversion of ethanol to acetic acid and then acetaldehyde by P450 2E1 was 

also studied rigorously to produce a kinetic model containing individual rate constants 

(34). Product retention was either 40% or 80%, depending on whether the non-labeled 

intermediate pulse was four times the initial substrate concentration or 1.3 times, 

respectively. Like P450 2A6, P450 2E1 proved to be relatively processive, with little 
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exchange of the intermediate during turnover. In both P450s 2A6 and 2E1 studies the 

dissociation constants for the two intermediates were found to be in the mM range, so it 

is important to note that low Kd values do not imply processivity (vide infra, Chapter IV) 

and vice versa. 

Individual rate constants associated with the chemistry and dissociation steps 

were measured for P450 11B2, although those associated with ligand binding were not 

determined (35). By using a rapid chemical-quench apparatus (vide infra) and 

radiolabeled substrates, progress curves were generated from radio-HPLC 

chromatograms to show the relative concentrations of substrate, intermediates, and 

product with respect to time, which was then fit mathematically to derive individual rate 

constants. Although pulse-chase studies were not performed, it was concluded (based on 

rapid chemical-quench experiments) that very little exchange occurs during the 

conversion of deoxycorticosterone to corticosterone and 18-hydroxycorticosterone to 

finally form the product aldosterone. This study ended the controversy surrounding the 

first step of the sequential reaction; namely, that corticosterone rather than 18-

hydroxydeoxycorticosterone was first formed. The rate limiting step in this reaction was 

found to be product release, and steady-state studies revealed a kcat of 0.02 s-1 for the 

converstion of dexoycorticosterone to aldosterone. 

Similar studies have measured individual rate constants for P450 17A1 (37), again 

focusing on the chemistry and dissociation steps. P450 17A1 is capable of processing two 

different substrates. In the Δ5 pathway, pregnenolone is converted first to 17α-hydroxy-

pregnenolone and then dehydroepiandrosterone. In the Δ4 pathway, progesterone is 

converted to 17α-hydroxy-progesterone and then to androstenedione. In the experimental 
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system used (purified heterologously expressed P450 17A1), all steroids in the Δ5 

pathway could be isolated, and all but androstenedione were observed in the Δ4 pathway. 

In pulse-chase studies, there was no change in radiolabel retention upon addition of 

nonlabeled 17α-hydroxypregnenolone, indicating a processive mechanism (specifically, 

20% of the label was found in the product, regardless of the addition of non-labeled 

intermediate) for the Δ5 pathway. The dissociation rate of 17α-hydroxy-progesterone was 

measured to be 10-fold faster than that for 17α-hydroxy-pregnenolone, which may (or 

may not) suggest that Δ4 pathway is distributive (to the extent that conversion of 17α-

hydroxy-progesterone to androstenedione formation is prevented in this system). 

However, studies by another laboratory (using HEK-293 cells transfected with P450 

17A1) concluded that 17α-hydroxy-pregnenolone freely dissociates in the Δ5 pathway 

(38). However, most sequential P450 studies to date indicate that these multi-step 

reactions are more processive than distributive, regardless of the preference for 

endogenous vs. exogenous substrates, and some prove highly processive with some 

substrates. 

Much debate surrounds the degree of intermediate exchange for P450 19A1 (vide 

infra, Chapter IV), and it is hypothesized that how processive or distributive this enzyme 

is can be determined through kinetic experiments (i.e. pulse chase studies). Steady-state 

time course reactions of conversion of andro to estrone implied exchangeable 

intermediates (39, 40), but studies using chemically modified intermediates instead 

suggested processivity (41). All of these studies used microsomes rather than purified 

P450 19A1, and in at least one case it was unclear what the relative concentrations of 

substrate and P450 19A1 were. More rigorous testing with purified P450 19A1, as in the 
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case of P450s 2A6, 2E1, and 17A1, would reveal the degree of processivity. Such 

experimentation is described in Chapter IV. Based on previous work with sequential 

P450s, it was hypothesized that P450 19A1 would reveal a more processive than 

distributive mechanism. 

No studies have been undertaken to determine the degree of processivity 

associated with P450 51A1. As this reaction closely resembles that of P450 19A1 (i.e. 

formation of first a hydroxy and then an aldehyde intermediate) it would be interesting to  

examine how useful 19A1 pulse-chase assays are for modeling the P450 51A1 reaction 

and degree of processivity.  

 

Steady-State and Pre-Steady-State Kinetics and Techniques 

 Identifying substrates, any stable intermediates, and products related to enzyme 

turnover is an important first step in characterization, but any serious study on an enzyme 

should include an analysis of the kinetics. The implications from kinetic studies can aid 

work in many other disciplines, including pharmacology (i.e. aid in designing inhibitors, 

pharmacokinetic studies, etc.) and molecular biology (breakdown/synthesis rates of 

signaling molecules such as hormones, etc.). 

The most common type of enzyme kinetic analysis involves steady-state methods 

in which the constants kcat (a first order rate constant for the rate-limiting step in catalysis) 

kcat/Km (a measurement of enzyme efficiency), and Km (the concentration of substrate 

required to reach one-half the rate of the maximal velocity of the reaction) are obtained. 

Typically reactions are set up in which the enzyme is incubated with varying 

concentrations of substrate, the reaction is quenched at some defined time point, and the 
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amount of product formed is measured by some means (quantitation typically using 

spectroscopy and appropriate internal or external standards).  

In the case of heterologously purified monocistronic P450s such as P450s 1A2 

and 19A1 discussed in Chapters II-IV (vs. bicistronic P450s in which the expression 

vector contains the P450 gene in addition to the gene for NADPH-cytochrome P450 

reductase), membranes have to be reconstituted in the form of lipid vesicles prior to 

incubation with substrate. These vesicles are formed by a brief incubation (typically 5 

min at room at 25 °C) of a synthetic phospholipid (e.g. L-α-1,2-dilauroyl-sn-glycero-3-

phosphocholine), NADPH-cytochrome P450 reductase, and the purified P450, typically 

in a ~ 100:2:1 ratio. Some reconstitution is much more complicated, as in the case of 

P450 3A4, which requires additional lipids, cytochrome b5, and the detergent cholate 

(42). 

Dissociation constants (Kd) are also useful parameters for characterizing enzymes 

and are usually easily obtained for P450s owing to unique spectral properties. Substrates 

usually display “Type I” changes (increase at 390 nm and decrease at 420 nm) as binding 

of the ligand causes displacement of H2O as the sixth axial ligand. This type of spectral 

change indicates the shift from a low-spin to a high-spin iron state. When the iron of the 

enzyme is in a high-spin state, this typically increases its reduction potential, which is 

important for completing the next step in the P450 catalytic cycle (Figure 4). “Type II” 

changes show the opposite spectral changes (decrease at 390 nm and increase at 420 nm) 

and are due to direct coordination to the heme iron (43), indicating a shift of the iron to a 

low-spin state and actually liganding to the iron.  
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In order to obtain the individual rate constants of the various steps in the P450 

catalytic cycle (Figure 4), pre-steady-state techniques are employed.  Two instruments 

imperative for such studies are the stopped-flow spectrophotometer (Figure 8) and the 

rapid chemical-quench apparatus (Figure 9). A stopped-flow spectrophotometer 

instrument requires spectroscopic output for measurements (typically absorbance or 

fluorescence, but CD can also be used), and can measure extremely fast changes 

associated with binding, turnover, etc. with a dead-time of 2 ms or less. The contents of 

two syringes are rapidly mixed in a cell that is monitored by UV-vis or fluorescence (or 

CD). To quench the reaction (or, more precisely, to stop observing the spectral changes), 

a stop syringe pushes the contents out of the cell at a time point defined by the user via a 

computer.  

A chemical-quench system does not rely on spectroscopic output and thus can 

measure many steps of turnover essentially silent in spectroscopy. Rate constants 

associated with turnover are examined typically using radiolabeled starting materials. 

Two drive syringes containing buffer are used to push the contents of the two sample 

syringes (one containing P450 and substrate, and another with NADPH) out of the 

sample loop and into a reaction loop. The length of this loop determines the length of the 

reaction. The reaction is quenched by pushing the sample out of the loop, where it meets 

the contents of a third drive syringe, the quench. Typically metal chelators, acids, salts, or 

organic solvents are used to stop the reaction, depending on the particular enzyme used. 

Care must be taken when selecting a quench material to ensure that the substrates, 

intermediates, and products do not undergo further chemistry upon quenching. After 

collecting the samples from the various time points (i.e. various loops), the compounds
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Figure 8. Stopped-flow spectrophotometer. The components of two syringes are mixed 
in the cell, where spectral changes are observed until pushed into a stop syringe.  
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Figure 9. Rapid chemical-quench apparatus. Enzyme and NADPH are pushed through 
the sample loops into the reaction loop (varying lengths to give varying reaction times) 
by the buffer syringes. The reaction is terminated by contact with the contents of the 
quench syringe, and the mixture is pushed into the collection tube for analysis.  
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are typically separated by radio-HPLC to determine the relative concentrations of the 

substrate, intermediate(s), and product(s) over time. 

Typically reactions are done under single turnover conditions, in which the 

concentrations of substrate and enzyme are equal, or under burst conditions, in which the 

substrate is present at a much higher concentration than enzyme. An observed burst 

comes from a faster initial rate followed by a slower rate and implies that product release 

defines at least in part the overall rate (i.e. rate-limiting step). The amplitude of the burst 

also reveals important information on the initial concentration of enzyme containing 

bound substrate. Nearly ten-fold less total volume per reaction is used in rapid chemical-

quench experiments than in those using the stopped-flow spectrophotometer, although the 

point should be made that a single stopped-flow trace can produce an entire kinetic 

course. 

Rate constants result from fitting the data from these pre-steady-state studies 

using mathematical equations. More rigorous fitting methods include global fitting, in 

which several types of kinetic data are fit concurrently in order to constrain the calculated 

rate constants. For these and other types of more complicated types of fits, software such 

as DynaFit (44) or Kintek Explorer® (45) are used rather than relatively simple 

exponential equations. In the case of DynaFit, text scripts are written that include a 

mechanism (e.g. E + A  EA) and then a combination of experimentally derived rate 

constants and rate constants to be determined by the fitting process (the latter are inserted 

into the script as a reasonable guess for a rate followed by “?”). After uploading the data 

to be fit and the script, reiterations of the program are run to generate a series of 

differential equations based on the given rate constants. These unknown constants are 
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modified (or “floated”) in subsequent scripts until the best fit (that which best describes 

the raw data and makes scientific sense) is achieved. For Kintek Explorer®, the raw data 

is uploaded and a mechanism is again developed. Results of changing the individual rate 

constants can be observed in real-time, as the fit is instantaneously modulated. Examples 

of both DynaFit scripts and raw Kintek Explorer® output can be found in the Appendix. 

Both software systems are powerful tools for understanding complicated kinetics: 

DynaFit particularly for the kinds of data it can process, and Kintek Explorer® for its 

rapid output.  

In this work, steady-state incubations using the model membrane vesicles were 

performed with various substrate concentrations to yield v vs. substrate concentration 

plots. Fitting these plots to equations allows the extraction of kcat and Km (steady-state) 

parameters. A stopped-flow spectrophotometer was used to examine rates associated with 

ligand binding and iron reduction (Figure 4). As mentioned, Type I changes are typically 

associated with substrate (and, often, intermediate and product) binding. Measuring these 

changes under pre-steady-state time frames using stopped-flow spectroscopy yielded the 

rate constants associated with ligand binding, which are expected to be diffusion 

controlled (46). Pulse-chase assays were performed to determine the extent of 

processivity in P450 19A1 turnover. A rapid chemical-quench was used to generate a 

progress curve under single turnover conditions showing the change in substrate, 

intermediates, and product over time.  
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Research Aims 

A unifying theme in this work is the kinetic characterization of the multi-step 

turnover of reactions catalyzed by P450s 1A2 and 19A1, despite the very different types 

of substrates preferred (exogenous compounds, typically polycyclic aromatic 

hydrocarbons for P450 1A2, and androgens for P450 19A1). While pre-steady-state 

analyses of P450 11B2 (35) and 17A1 (36) have been reported, no global fits (i.e. using 

several types of data to generate a kinetic mechanism of turnover) are available for 

sequential P450s that utilize endogenous substrates. Classifying P450 19A1 as a 

processive or distributive enzyme is an important consideration in elucidating sequential 

enzyme kinetics. 

Prior work in this laboratory on rabbit P450 1A2 indicated, for the first time, 

cooperativity associated with several 1-alkoxy-4-nitrobenzene substrates and Ph(NC)2 

(47). Homotropic negative cooperativity, in which binding of a second substrate molecule 

inhibits the rate of catalysis, was seen for the dealkylation of (CH3)2CH-O-PhNO2 by 

P450 1A2. When Ph(NC)2 was added, heterotropic positive cooperativity was observed 

with regard to substrate binding, meaning that rates of substrate binding are enhanced 

upon the addition of a non-substrate ligand. P450 1A2 has a major role in detoxication of 

pollutants, and to a lesser extent, clearance of drugs, and is induced by cigarette smoke 

and charred meat. As this was the first evidence of cooperativity with P450 1A2 at this 

time, it was important to determine if this phenomenon was limited to this small substrate 

class because evidence of cooperativity can affect drug dosing, exposure limits, etc. 

Past work by Dr. Emre Isin in 2005-2006 in this laboratory focused on binding of 

two fluorescent compounds, αNF and pyrene, to rabbit P450 1A2 using stopped-flow 
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fluorescent spectroscopy. Using similar techniques, Dr. Isin was also able to show that 

pyrene formed excimers, or dimers in an excited electronic state, both in solution and in 

the presence of rabbit P450 1A2. While it was known αNF inhibits P450 1A2 (48), no 

studies had been undertaken to determine if these compounds were also substrates. 

Because a reliable two-column method for the purification of P450 1A2 from 

rabbit liver from β-naphthoflavone-treated rabbits had already been developed (49), the 

goals of this project were to determine if pyrene and αNF were substrates for rabbit P450 

1A2, and, if so, the reaction indicated any cooperative behavior (i.e. binding of one 

substrate molecule enhanced the rate of oxidation of a second, vide infra). A crystal 

structure for human P450 1A2 (23) in the presence αNF was available (Figure 1), so the 

potential existed to use structural modeling to rationalize any observed differences in 

cooperativity among these potential substrates. Further, due to the spectroscopic 

properties of these substrates as well as P450 1A2, both pre-steady-state and steady-state 

kinetic technique could be used to determine individual rate constants and dissociation 

constants of ligand binding. Global fitting of these different types of data could be used to 

generate a minimal kinetic model of P450 1A2 turnover with novel substrates. 

In order to characterize P450 19A1 kinetically, a reliable method of heterologous 

expression and purification was first required. Most published work cites purification of 

P450 19A1 from placenta, which relies on access to human tissues and precludes 

mutagenesis experiments (24, 50-53). Chromatography steps also consist of two to four 

columns, (51, 54-56) (some of which utilize monoclonal antibodies) which can be time-

consuming and sacrifice overall protein yields. Other protocols require the use of non-

ionic detergents, which can be difficult to remove (57) or the use of substrates or 
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inhibitors that stabilize the protein during purification (51, 55) but are detrimental to 

kinetic studies if not removed. For heterologous expression, baculovirus-infected insect 

cells have been used (58, 59), which are more costly and time-consuming to maintain. 

Expression in Escherichia coli has been reported (60-62), but have lower levels of 

expression, require multiple columns for purification, and/or rely on stabilizing ligands as 

cited above. A clear need exists for a consistent, robust protocol for the heterologous 

expression and purification of active P450 19A1 from E. coli. 

Following development of a reliable expression and purification method of P450 

19A1, the intention was to characterize the enzyme kinetically. While several steady-state 

parameters (primarily kcat and Km values for estrone and 17β-estradiol formation from 

andro and testosterone, respectively, including (50-53)) exist, pre-steady-state 

experiments have not been conducted to determine the individual rate constants for the 

steps of P450 19A1 turnover. Such an extensive kinetic characterization can be achieved 

by measuring the rates of binding of substrate, intermediates, and product to P450 19A1, 

determining the rates of reduction of iron in the presence of these ligands, and monitoring 

the concentrations of each ligand in a single turnover experiment. Steady-state work 

would be expanded to include kcat and Km values for conversion of the two intermediates 

to estrone in addition to the well-characterized conversion of andro to estrone. As 

discussed in detail (vide supra), pulse-chase experiments can be used to determine the 

degree of processivity of P450 19A1 turnover. Combining several types of steady-state 

and pre-steady-state data using global kinetic fitting software allows the generation of the 

first minimum kinetic model to describe overall turnover of P450 19A1. Such an in-depth 

kinetic analysis can be beneficial in the design of novel aromatase inhibitors. 
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CHAPTER II 

 

COOPERATIVITY IN OXIDATION REACTIONS CATALYZED BY 

CYTOCHROME P450 1A2:  HIGHLY COOPERATIVE PYRENE 

HYDROXYLATION AND MULTIPHASIC KINETICS OF LIGAND BINDING1 

 

Introduction 

 Most reactions catalyzed by P450s can be described with hyperbolic, classical 

Michaelis-Menten kinetics. However, examples of heterotropic cooperativity (i.e., one 

ligand enhancing the rate of oxidation of another (63)) were reported in the 1970s (64-

67), and in the early 1990s reports of homotropic cooperativity (e.g. sigmoidal and other 

atypical v vs. substrate concentration plots (63) began to appear (68, 69). Examples of in 

vivo evidence for heterotropic cooperativity are known (70, 71). Homotropic 

cooperativity is difficult to demonstrate in vivo but the process can be documented in 

isolated hepatocytes (72). 

 Explanations and hypotheses have been presented for (human) P450 3A4, perhaps 

the most commonly reported example of P450 cooperativity, and also for other P450s for 

which cooperative behavior has been reported, particularly (human) P450s 2C8, 2C9, 

2B6, and 1A2 (73-77). Most of these P450s that have been crystallized have large 

cavities for ligand binding (78-80). Some of the major features of the more common 

proposals to explain cooperativity include: (i) a classic allosteric reaction with a second 

                                                
1 This project, including manuscript writing, was done in collaboration with Drs. Emre 
M. Isin, Robert L. Eoff, Glenn A. Marsch, Donald F. Stec, and F. Peter Guengerich.  
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ligand binding site controlling binding to the catalytic substrate binding site (81, 82); (ii) 

co-occupancy of the cognate substrate binding site with multiple ligands, leading to a 

more productive rearrangement of the substrate for catalysis due to either steric packing 

or more specific protein-ligand interactions (69, 83, 84); (iii) selective populations of 

P450 (in slow equilibrium) that interact in different ways (85); (iv) multimeric states of 

P450 (86) and possibly interactions with accessory proteins (87) that are involved; and 

(v) elements of an induced fit process, in which the protein adapts a conformation as a 

result of an initial interaction with a ligand (88). Some of these possibilities are not 

mutually exclusive. Deficiencies in this area are the small extent of cooperativity seen in 

many cases (i.e., low n values in Hill plots), the often limited number of experimental 

data points, and the over-interpretation of models based on limited data. 

 P450 1A2 is an important enzyme, not so much in regard to physiological 

function per se but because of its role in the oxidation of many drugs (89) and 

carcinogens, particularly aryl and heterocyclic amines (90). A recent crystal structure of 

the protein bound to the inhibitor αNF provides insight into how this protein binds 

substrates (23). The active site is somewhat larger than necessary for the ligand αNF to 

fit, but the accessible volume is considerably less than that available in other mammalian 

P450s, e.g. 2C8, 2C9, and 3A4 (78-80). P450 1A2 also exhibits cooperativity in some 

reactions, at least with regard to homotropic behavior. In the case of O-dealkylation of 

(CH3)2CH-O-PhNO2, rabbit P450 1A2 showed patterns that could be described 

mathematically as negative cooperativity (47). However, a more appropriate fit of the 

results involves two sets of kcat and Km values. Evidence that these phenomena are the 

result of concurrent occupancy of P450 1A2 by two ligands comes from a study with two 
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ligands, a (CH3)2CH-O-PhNO2 substrate and the iron ligand Ph(NC)2, which elicits a 

heme spectral perturbation opposite to that of the Type I substrate, i.e. a Type II change 

involving an increase in A420 and decrease in A390. A key finding was that the extrapolated 

Kd values for P450 1A2 binding of (CH3)2CH-O-PhNO2 were perturbed when measured 

in the presence of Ph(NC)2 and vice versa (47). However, these studies did not reveal 

details of the mode of interaction. 

 One approach this laboratory has utilized to study the cooperativity of P450 3A4 

is time-resolved analysis of events in ligand binding, i.e. kinetic studies (91, 92). These 

studies have revealed complex, multiphasic, and slow events that are considered relevant 

to issues in cooperativity, and evidence has been presented that these events have their 

basis in sequential as opposed to parallel events (91, 92). These complex events are not 

seen in the binding of ligands to “simpler” mammalian P450s, e.g. P450 2A6 (93), or 

bacterial P450 101A1 (94) or P450 105D5 (95).  

In this chapter, the cooperative nature of some substrates oxidized by P450 1A2 

was studied.  It was hypothesized that cooperativity in catalysis by P450 1A2 is not 

limited to a small class of substrates (1-alkoxy-4-nitrobenzenes), and instead may include 

important chemicals such as drugs and pollutants. Further it was hypothesized that such 

cooperative behavior may have a structural basis in that it depends on the ability of more 

than one substrate molecule to bind in the active site to exert cooperative effects. Rabbit 

P450 1A2 was used because its heme spectral properties permit a number of studies that 

cannot be done with the human ortholog, which is isolated exclusively in the high-spin 

iron state in the absence of any ligand (47, 96). A very strong positive cooperativity 

pattern was found for the oxidation of pyrene, unprecedented in P450 literature. Pyrene 
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also proved to be a very useful ligand because of its fluorescence properties. Pre-steady-

state kinetic analyses were done using UV-visible, fluorescence, and CD spectroscopy 

and comparisons were made with αNF (a substrate that does not show apparent 

cooperativity). The availability of the crystal structure of a human P450 1A2-αNF 

complex provided a basis for modeling ligands in rabbit P450 1A2, which may be 

relevant to cooperative phenomena. 

 

Experimental Procedures 

 

 Chemicals—αNF, pyrene, 1-OH pyrene, and luminescence grade solvents for 

fluorescence studies were purchased from Sigma-Aldrich (Milwaukee, WI). Pyrene was 

recrystallized from C2H5OH before use. (CH3)2CH-O-PhNO2 was synthesized as 

described previously (47). 

 

Enzymes—P450 1A2 was purified from liver microsomes prepared from β-

naphthoflavone-treated New Zealand White rabbits using a two-step ion-exchange 

chromatography procedure (49), as modified (96). The preparations used in the work 

contained < 13% cytochrome P420, an inactive form. NADPH-P450 reductase (rat) was 

expressed in E. coli and purified as described elsewhere (97). 

 

Measurement of Enzyme Activity—Substrates were incubated with a reconstituted 

enzyme system that generally included 0.25 µM P450 1A2, 0.50 µM NADPH-P450 

reductase, 23 µM L-α-1,2-dilauroyl-sn-glycero-3-phosphocholine (dispersed by 
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sonication before use, as a 1 mg/ml stock solution), and the substrate of interest, 

generally in a reaction volume of 1.5 ml. All incubations were in 100 mM potassium 

phosphate buffer (pH 7.4) (the enzyme precipitates at lower ionic strength). Stock 

concentrations of substrates were prepared in CH3OH, and the final concentration of 

CH3OH in reactions was ≤ 1% (v/v). The reported solubility of pyrene in H2O is 0.65 µM 

(98). The solubility under the experimental conditions used here is probably higher, with 

a 1% (v/v) concentration of organic solvent (and dispersion in some cases with the 

phospholipid vesicles and possibly the proteins). Catalytic studies with polycyclic 

aromatic hydrocarbons, including pyrene and particularly benzo[a]pyrene, have often 

been done at relatively high concentrations (50-80 µM (99-102)). However, the 

concentration is typically limited in the spectroscopic experiments to a low µM range to 

avoid artifacts. 

Incubations (in a shaking water bath, 37 °C, 50 rpm shaking; Amerex Instruments 

model 903, Lafayette, CA) were initiated by the addition of an NADPH-generating 

system (101) and run for 2 min (pyrene), 1.5 min (1-OH pyrene), or 20 min (αNF). 

Reactions were stopped by the addition of 2.0 ml CH2Cl2 and mixed with a vortex device, 

and 1.5 ml of the organic layer was removed and dried under an N2 stream for HPLC 

analysis.  

αNF reaction products were dissolved in CH3OH and separated by HPLC using 

an octadecylsilane (C18) column (6.2 mm × 80 mm, 3 µm, Agilent Technologies, Palo 

Alto, CA).  The following program was used at a flow rate of 1.0 ml min-1 (solvent A: 

50% H2O, 10 mM potassium phosphate buffer (pH 7.4), 50% CH3OH; solvent B: 100% 

CH3OH): 0-4 min: linear gradient from 0-100% B, 4-10 min: 100% B (isocratic). 
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Separations were monitored by scanning from 290 to 400 nm using a ThermoFinnigan 

UV3000 rapid-scanning UV detector (ThermoFisher Scientific, Waltham, MA).  P450 

3A4 has been shown previously to oxidize αNF only to the 5,6-oxide (84). P450 

3A4/NADPH-P450 reductase-containing bacterial membranes (103) were incubated with 

αNF and prepared for HPLC analysis under identical conditions as the P450 1A2 

reactions.  One dominant product was observed after αNF oxidation by P450 1A2, which 

had the same tR and UV spectrum as the 5,6-epoxide product resulting from P450 3A4 

oxidation. Quantification of product formation was estimated using the extinction 

coefficient of αNF (ε290 23.7 mM-1 cm-1) (104). 

  Pyrene and 1-OH pyrene reaction products were dissolved in CH3OH and 

separated by HPLC using the following program at a flow rate of 1.0 ml min-1 (solvent A, 

90% 10 mM NH4CH3CO2 buffer (pH 6.8)/10% CH3OH (v/v); solvent B, 100% CH3OH):  

0-20 min:  linear gradient from 45% to 80% B; 20-21 min:  linear gradient to 100% B; 

21-25 min: 100% B (isocratic). Separation of products was monitored using a McPherson 

FL-750 BX fluorescence detector (Chelmsford, MA), with excitation at 240 nm and 

emission monitored using a > 380 nm long pass filter, as well as by UV scanning 

(UV3000 detector, vide supra, in series) from 230 to 400 nm (105). After the relevant 

spectra had been accumulated, individual wavelength traces were used subsequently. 

 Benzo[a]pyrene hydroxylation assays, in which mainly 3-hydroxylation is 

measured, were done using the basic fluorescence extraction method of Nebert and 

Gelboin (99), with slight modification (101). 3-Hydroxybenzo[a]pyrene (Midwest 

Research Laboratories, Kansas City, MO) was used as a standard, with standardization of 

the stock solution using an extinction coefficient from Raha (106).  
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Characterization of Di-OH Pyrene Products—An enzyme system of 0.25 µM 

P450 1A2, 0.50 µM NADPH-P450 reductase, phospholipid (vide supra), and 50 µM 1-

OH pyrene (total volume 285 ml) was incubated for 10 min under the same conditions as 

described above and the products were extracted.  HPLC conditions were altered slightly; 

the following program was used with a flow rate of 1.0 ml min-1:  (solvent A, 90% 

H2O/10% CH3OH (v/v); solvent B, 100% CH3OH):  0-30 min:  linear gradient from 45% 

to 70% B. Seven sequential HPLC injections (20 µl each) were made, and the four 

product fractions (peaks 1-4) were collected, based on monitoring by UV at 275 nm 

(Figure 10A).  The fractions from each injection were combined, extracted with CH2Cl2, 

and first dried using a rotary evaporator and then under an N2 stream.  The four fractions 

were further dried in vacuo, using a vacuum pump, in a dessicator with P2O5 for 5 h at 

room temperature. Each sample was then dissolved in d6-acetone and transferred to a 2.5 

mm NMR tube under an argon atmosphere for NMR spectroscopy analysis, where 1- 

dimensional, COSY, HSQC, and HMBC 1H (13C) NMR spectra were obtained. Peaks 1 

and 4 were then spiked with 60 nmol of CH3CO2H as an internal standard in d6-acetone; 

300 nmol of CH3CO2H was added to peaks 2 and 3.  The integration of the resulting 

singlet at 1.96 ppm was set at H = 3 to allow quantitation of the di-OH pyrenes. The 

fluorescence emission spectrum of each of the fractions was recorded in the NMR solvent 

(excitation at 240 nm). The fractions were then dried and dissolved in CH3OH, and the 

absorbance spectra (200-600 nm) were recorded. 

 

Anaerobic Experiments—Samples were deaerated in all-glass cuvettes or 

tonometers using a vacuum/argon manifold system and a glucose oxidase-catalase- 



 

34 

 
 

 

 

 
 
 
Figure 10. Time courses and chromatograms of the oxidation of pyrene by P450 
1A2. A, HPLC of products, A275 trace (reaction with 10 µM pyrene, 0.25 µM P450, 10 
min). B, HPLC of products, fluorescence trace (excitation 240 nm, emission filter > 380 
nm) (same enzyme system as in Part A). C, Time course of product formation from 
pyrene (1 µM starting concentration). D, Time course of product formation from 1-OH 
pyrene (10 µM starting concentration). 
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glucose enzymatic scrubbing system as described earlier (107) and modified (108). 

Contents of tonometers were transferred into the drive syringes of the stopped-flow 

spectrophotometer as described (108). Anaerobic titrations were done in a glass 

cuvette/titrator assembly using techniques previously described (109). 

 

Spectroscopy—UV-visible spectra were recorded with a Cary14/OLIS, an 

Aminco DW2/OLIS, or a Hewlett Packard 8452A/OLIS diode array spectrophotometer 

(On-Line Instrument Systems, Bogart, GA). Steady-state spectral titrations of ferric P450 

1A2 with αNF and pyrene were carried out as described previously (43). In the case of 

the 1-OH pyrene titrations, a different procedure was used because of the inherent 

absorbance of the ligand in the near-UV region. In this case, tandem (Yankeelov) 

cuvettes were used. At each concentration of 1-OH pyrene, each of two cuvettes 

contained 1.0 ml of 2.0 µM P450 1A2 in one chamber and twice the desired final 

concentration of 1-OH pyrene in the other side. A baseline spectrum was recorded in the 

OLIS-Cary 14 spectrophotometer (mean of duplicate scans). The contents of the two 

chambers of the sample cuvette were then mixed; the reference cuvette was not mixed. 

The resulting difference spectrum was recorded (mean of duplicate scans). 

Fluorescence spectra were recorded with either an OLIS DM-45 (On-Line 

Instrument Systems) or a Fluorolog-3 spectrofluorometer in the 111 configuration (JY 

Horiba, Edison, NJ). Steady-state fluorescence spectra were acquired at 25 °C, with slit 

widths at a 1-3 nm bandpass, depending on fluorophore concentration. Either CH3OH or 

luminescence grade propanol was used to dissolve ligands. For the steady-state titration 
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experiments, either the emission (at a fixed wavelength) or the excitation (at a fixed 

emission wavelength) scans were recorded. 

CD spectra were recorded in 1 mm cuvettes with a JASCO J-810 instrument 

(Easton, MD) in the Vanderbilt Center for Structural Biology. In the case of the CD 

scans, P450 1A2 was incubated with substrate for 15 min before taking measurements; 

kinetic scans were initiated as soon as substrate was added. The absorbance in all CD 

studies was < 0.20. CD output, in mdeg, was converted to standard mean residue 

ellipticity, [θ] (in deg cm2 dmol-1), using the relationship 

 

€ 

[θ] =
100(signal)

cnl
 

 

where signal is the CD output in mdeg, c is the protein concentration in mM, n is the 

number of amino acid residues, and l is the cell path length in cm. 

 Stopped-flow absorbance and fluorescence kinetic measurements were made 

using an OLIS RSM-1000 instrument (On-Line Instrument Systems) as described in 

detail previously (92). Absorbance (UV-visible) measurements were made in the rapid-

scanning mode (scanning 103 spectra s-1); kinetic parameters were derived from traces of 

absorbance (vs. time) at individual wavelengths and fit to single, bi-, or tri-exponential 

equations using the manufacturer’s software. Kinetic fluorescence measurements were 

made with the OLIS RSM-1000 instrument using long pass or bandpass filters (Oriel, 

Stratford, CT) attached to the photomultiplier tube and utilized a direct kinetic mode, 

with fitting of data as described for absorbance. In most cases, 1.24 mm slits (8 nm 



 

37 

bandwidth) were used. Data are presented as either “scatter” plots or “connected” signals 

vs. time. Generally, four to eight individual stopped-flow experiments were averaged.  

Mass and NMR Spectrometry—LC-MS-MS spectra were acquired using an 

Acquity UPLC system (Waters, Milford, MA) with the same octadecylsilane (C18) 

column (6.2 mm × 80 mm, 3 µm) as described  (vide supra) connected to a Finnigan LTQ 

mass spectrometer (ThermoFisher Scientific, Waltham, MA) and operated in the ESI 

negative ion mode.  Reaction products were dissolved in CH3OH and kept at 4 °C prior to 

injection with an autosampler, while the column was kept at ambient temperature.  In 

addition to an ion scan from m/z 100-500, two selective ion monitoring scans at m/z 217 

and 233 were taken which triggered MS-MS fragmentation events.  Product ion MS-MS 

scans were acquired from m/z 100-300.  The following LC conditions were used, with a 

375 µl min-1 flow rate (solvent A, 90% 10 mM NH4CH3CO2 buffer (pH 6.8)/10% CH3OH 

(v/v); solvent B, 100% CH3OH): 0-30 min: linear gradient from 45-100% B. ESI 

conditions were as follows: source voltage 4 kV, source current 100 µA, auxiliary gas 

flow rate setting 20, sweep gas flow rate setting 5, sheath gas flow setting 34, capillary 

voltage –26 V, capillary temperature 350 °C, tube lens voltage –138 V. MS-MS 

conditions were as follows: normalized collision energy 35%, activation Q setting 0.250, 

and activation time 30 ms.    

NMR experiments were acquired using either a 14.0 T Bruker magnet (Bruker, 

Billerica, MA) equipped with a Bruker AV-II console operating at 600.13 MHz in the 

case of peaks 2, 3, and 4 or an 11.7 T Bruker magnet equipped with a Bruker DRX 

console operating at 500.13 MHz in the case of peak 1. All spectra were acquired in 2.5 

mm NMR tubes using a Bruker 5 mm TCI cryogenically cooled NMR probe. Chemical 
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shifts were referenced internally to acetone (7.1 ppm) that also served as the 2H lock 

solvent. For 1-dimensional 1H NMR, typical experimental conditions included 32K data 

points, 13 ppm sweep width, a recycle delay of 1.5 s, and 128-512 scans, depending on 

sample concentration. For 2-dimensional 1H-1H COSY spectra, experimental conditions 

included 2048 × 512 data matrix, 13 ppm sweep width, recycle delay of 1.5 s, and 32 

scans per increment. The data was processed using a squared sinebell window function, 

symmetrized, and displayed in magnitude mode. Multiplicity-edited HSQC experiments 

were acquired using a 1024 × 256 data matrix, a J(C-H) value of 145 Hz which resulted in 

a multiplicity selection delay of 34 ms, a recycle delay of 1.5 s, and 24 scans per 

increment, along with GARP decoupling on 13C during the acquisition time (150 ms). 

The data was processed using a π/2 shifted squared sine window function and displayed 

with CH/CH3 signals phased positive and CH2 signals phased negative.  J1
(C-H) filtered 

HMBC experiments were acquired using a 2048 × 256 data matrix, a J(C-H) value of 9 

Hz for detection of long range couplings resulting in an evolution delay of 55 ms,  J1
(C-H) 

filter delay of 145 Hz (34 ms) for the suppression of one-bond couplings, a recycle delay 

of 1.5 s, and 96 scans per increment. The HMBC data were processed using a π/2 shifted 

squared sine window function and displayed in magnitude mode.   

 

Analysis of Kinetic and Binding Data—Pre-steady-state data were initially fit to 

exponential equations using the OLIS software. In some cases binding rate measurements 

were made at several ligand concentrations and fit to plots of rate vs. ligand concentration 

to estimate kon and koff values. For complex fits, the program DynaFit (44) was used to fit 
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data to possible mechanisms. Steady-state kinetic data were fit to hyperbolic or sigmoidal 

plots, which in the latter case developed as a Hill plot of the form  

 

€ 

v =
kcat ⋅ [S]

n

S50
n + [S]n

 

 

where S denotes substrate and n is an exponent used for fitting but has no direct physical 

meaning. Fitting was done with the program GraphPad Prism (GraphPad, San Diego, 

CA). The DynaFit program was also utilized with sigmoidal steady-state kinetics. Some 

of the ligand binding data were fit to the quadratic equation Y = B + (A/2)(1/E) 

[(Kd+E+X)- ((Kd+E+X)2-(4EX))1/2] in GraphPad Prism, with B being the intercept, A the 

maximum change, E the enzyme concentration, and X the ligand concentration (the form 

used in the program was Y = B + (A/2)*(1/E)((Kd+E+X)-sqrt((Kd+E+X)^2-(4*E*X))). 

 

Homology Modeling and Docking— A recently published crystal structure of a 

human P450 1A2-αNF complex (23) was used as the template to develop a homology 

model of rabbit P450 1A2 using the SWISS-MODEL automated homology modeling tool 

(110). Coordinate files for molecules of pyrene were generated using the Dundee 

PRODRG2 server (111) and manually docked into the binding cavity (replacing αNF) 

using Turbo Frodo (112). Simulated annealing was then performed in CNS Solve 1.1 

using the input file model anneal (113, 114).  The heme group was fixed during simulated 

annealing. The energy-minimized models were not adjusted following annealing. 
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Results 

 Characterization of Oxidation Products of αNF and Pyrene—Although αNF is 

generally considered an inhibitor of P450 family 1 enzymes (48, 64), it was found to be 

slowly oxidized by rabbit P450 1A2. The only product detected using HPLC was the 5,6-

epoxide (partly recovered as the 5,6-dihydrodiol (100)), which was identified by tR and 

UV comparison with the product isolated from reactions with P450 3A4 (previously 

established by NMR methods) (84).2 

Oxidation of another fluorescent substrate, pyrene, yielded five (fluorescent) 

products (Figures 10A and 10B). 1-OH pyrene was identified by co-chromatography and 

its identical UV and mass spectra compared with commercial material. The time course 

of the products (Figure 10C) suggested that peaks 1, 2, and 3 might be products of 1-OH 

pyrene, and an experiment using 1-OH pyrene as substrate confirmed this hypothesis 

(Figure 10D).  

MS established that the other four products were di-OH pyrenes (Figure 11). A 

reaction with a limited pyrene concentration indicated a rise-fall relationship for 1-OH 

pyrene, supporting its role as an intermediate product (Figure 10C). 1-OH pyrene was 

converted to all of these (Figures 10B and 10D). UV and fluorescence spectra were also 

recorded (Figures 12 and 13). NMR experiments (Figure 14) were used to identify the 

sites of pyrene hydroxylation (Figure 15). The last of the four eluted peaks (Peak 4) was 

obtained in trace amounts, contaminated with Peak 3, and the structure was not identified.  

 

                                                
2 This laboratory previously reported the 5,6-epoxidation of αNF by recombinant 

human P450 1A1 and 1A2, although the reaction was not examined at multiple substrate 
concentrations (100). 
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Figure 11. Characterization of di-OH pyrenes: mass spectra. A, Peak 1. B, Peak 2. C, 
Peak 3. D, Peak 4.  
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Figure 12. Characterization of di-OH pyrenes: UV spectra. A, Peak 1, assigned as 1,5 
di-OH pyrene. B, Peak 2, 1,6 di-OH pyrene. C, Peak 3, 1,8 di-OH pyrene. The spectra 
were recorded in CH3OH with an OLIS-Cary 14 instrument and are accurate at the 
absorbance values indicated. 
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Figure 13. Characterization of di-OH pyrenes: fluorescence spectra. A, Peak 1, 
assigned as 1,5 di-OH pyrene. B, Peak 2, 1,6 di-OH pyrene. C, Peak 3, 1,8 di-OH pyrene. 
The spectra were recorded with an OLIS DM-45 instrument, with excitation at 240 nm in 
all cases. 
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Figure 14. Characterization of di-OH pyrenes: NMR spectra. A, Peak 1, assigned as 
1,5 di-OH pyrene. B, Peak 2, 1,6 di-OH pyrene. C, Peak 3, 1,8 di-OH pyrene. In each 
case, the 1-dimensional 1H-NMR and the (2-dimensional) COSY, HMQC, and HMBC 
spectra are shown. 
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Figure 15. Oxidations of αNF and pyrene by rabbit P450 1A2. 
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The compounds in Peaks 2 and 3 were readily identified by their NMR patterns, which 

were both simplified because of the symmetry in the molecules. Further, the NMR and 

UV spectra of peaks 2 and 3 matched those of 1,6 and 1,8 di-OH pyrene previously 

reported in the literature (115, 116).  

Identification of Peak 1 as 1,5 di-OH pyrene should be considered tentative.  Peak 

integration of the 1-dimensional 1H-NMR (Figure 14) shows 7 protons in the aromatic 

region, not including the hydroxyl protons.  However, all non-symmetric di-OH pyrenes 

should have 8 protons, so the absent proton is of concern because the MS data (Figure 

11) clearly revealed a molecular ion corresponding to a di-OH pyrene (Figure 11).  This 

spectral data eliminated a symmetrical disubstituted pyrene (i.e., 1,3, 1,6, or 1,8 di-OH 

pyrene).  Absence of a singlet and the presence of a triplet in the 1-dimensional 1H-NMR 

spectrum precluded 1,2 and 1,7 di-OH pyrene, respectively.  Further, 1,4, 1,9, and 1,10 

di-OH pyrene were tentatively eliminated based on HSQC spectra analysis and 

correlation information provided by COSY spectra.  Thus Peak 1 was tentatively 

assigned as 1,5 di-OH pyrene, with some caveats regarding missing HMBC correlations 

and the absence of one of the expected eight protons in the aromatic region. 

 

Steady-state Kinetics of P450 1A2 Reactions—Results of incubations of αNF and 

pyrene with rabbit P450 1A2 are shown in Figure 15. A plot of the rate of 5,6-

epoxidation vs. αNF concentration yielded a typical hyperbolic plot (Figure 16A). In 

contrast to the plots of v vs. substrate concentration for αNF (Figure 16A) and many other 

rabbit P450 1A2 substrates (117-119), the plots for pyrene 1-hydroxylation were 

consistently very sigmoidal (Figure 16B). When the data were fit to a Hill expression  
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Figure 16. Steady-state kinetics of oxidations catalyzed by P450 1A2. A, αNF 5,6-
epoxidation, with hyperbolic fitting. kcat 0.21 ± 0.01 min-1, Km 4.3 ± 0.7 µM. B, Pyrene 1-
hydroxylation; data points are set to the equation v = kcat·Sn (S50

n + Sn)-1 with kcat = 3.0 ± 
0.1 min-1, n = 3.6 ± 0.6 and S50 = 9.9 ± 0.5 µM. C, Oxidations of 1-OH pyrene; data 
points are also set to a Hill equation: Peak 1 (assigned as 1,5 di-OH pyrene, ): kcat = 
0.30 ± 0.02 min-1, n = 2.2 ± 0.8, S50 = 3.2 ± 0.5 µM; Peak 2 (1,6 di-OH pyrene, ): kcat = 
5.5 ± 0.3 min-1, n = 3.0 ± 0.8, S50 = 7.2 ± 0.7 µM; Peak 3 (1,8 di-OH pyrene, ): kcat = 4.9 
± 0.3 min-1, n = 2.7 ± 0.7, S50 = 4.5 ± 0.6 µM. Under these conditions, the substrate 
concentration was not depleted, even at the low substrate concentrations. 
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(vide supra) the apparent n values were ≥ 3. When the oxidations of 1-OH pyrene to the 

di-OH products were analyzed, the v vs. substrate concentration plots were sigmoidal 

(Figure 16C), with n values of 2-3. In other studies with (recombinant) human P450 1A2, 

the same oxidations of αNF and pyrene were observed but the rates were ~ 5-fold 

slower.The plot was also sigmoidal for pyrene 1-hydroxylation for human P450 1A2 

studies (Figure 17).  

 

Steady-state Binding of Ligands to Ferric P450 1A2—Rabbit P450 1A2, as 

isolated, contains a mixture of low- and high-spin heme iron (96, 120). Binding of some 

substrates further shifts the equilibrium to the high-spin form (96), a so-called “Type I” 

shift (43). (Recombinant human P450 1A2 is isolated nearly completely in the high-spin 

form and is not amenable to such analysis (47, 96).) The preparation used in this work 

was 77% low-spin, as established by second-derivative analysis of the ferric Soret peak 

(121, 122) (Figure 18). 

Titration of P450 1A2 with either αNF (Figure 19), pyrene, or 1-OH pyrene 

yielded such Type I spectral changes (Figure 20). The results are indicative of sub-µM Kd 

values and quadratic fitting of the data points was necessary. The apparent Kd values 

estimated by this method were 17, 36, and 200 nM for αNF, pyrene, and 1-OH pyrene, 

respectively (Figures 19 and 20).  

 

Pre-steady-state Kinetics of Ligand Binding to Ferric P450 1A2: Absorbance—

Pre-steady-state kinetic analysis was used to address the question of whether the spin-

state change (Figure 20) is the first event observed upon binding of substrates and other 
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Figure 17. Steady-state kinetics of pyrene 1-hydroxylation by human P450 1A2. 



 

58 

 
 

 
 
 
 
 

Figure 18. Absorbance and second-derivative spectra of P450 1A2. A, Absorbance 
spectrum of P450 1A2. B, Second derivative of A. The second derivative spectrum was 
obtained with the OLIS software of the Cary14/OLIS instrument. Quantitation of the 
negative peaks at 418 and 390 nm yields estimates of the contents of low- and high-spin 
heme iron, respectively. 
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Figure 19. Binding of αNF to P450 1A2. The data points were fit to a quadratic 
equation with n = 1 and Kd = 17 ± 8 nM.

 

S-16 

FIGURE S7.  Binding of !NF to P450 1A2. The data points were fit to a quadratic 

equation with n = 1 and Kd = 17 ± 8 nM. 
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Figure 20. Steady-state ligand binding to ferric P450 1A2. Absorbance difference 
spectra obtained from titration of P450 1A2 (1 µM). Arrows indicate directions of the 
spectral shifts upon ligand addition. A, Pyrene (0–2 µM). B, 1-OH pyrene (0–6 µM). The 
1-OH pyrene absorbance at 385 nm was corrected for in the calculations. C, Plot of 
ΔA388-A420 versus pyrene concentration, fit to a quadratic expression in GraphPad Prism. 
Kd = 0.036 (± 0.017) µM. D, Plot of ΔA390-A420 versus 1-OH pyrene concentration, fit to a 
quadratic equation. Kd = 0.20 (± 0.13) µM.  
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ligands. Preliminary analyses with equimolar concentrations of P450 1A2 and pyrene 

yielded a Type I change (A390 increase, A424 decrease), fit to an estimated second-order 

rate of ~ 4 × 105 M-1 s-1 (Figure 21). Binding of the known substrate (CH3)2CH-O-PhNO2 

(47), under pseudo-first order conditions, yielded a trace that could be best fit to a bi-

exponential equation with rates of 2.9 and 0.08 s-1 (Figure 21B). Binding of αNF under 

pseudo-first order conditions yielded a plot that fit a bi-exponential equation with rates of 

9.8 and 1.2 s-1 (Figure 21C).3  Collectively the rates of these changes are rather slow to 

describe initial binding of ligands to proteins (46). Further, when the αNF experiment 

(Figure 21C) was repeated with the same reagents and the fluorescence quenching of 

αNF was observed, the plot was biphasic with the fast phase accounting for most of the 

decrease, at a rate of 50 s-1, which is > 5-fold faster than the absorbance change (see more 

detailed analyses, vide infra). These results imply that the heme Soret changes are 

secondary to faster processes that occur when P450 1A2 binds ligands. The binding of 1-

OH pyrene (20 µM) also yielded biphasic kinetics with rates (5.7 and 0.23 s-1) similar to 

those observed using αNF and (CH3)2CH-O-PhNO2 (Figure 21D).  

 

Steady-state Interaction of Pyrene with Ferric P450 1A2 and Excimer 

Formation—Steady-state fluorescence emission spectra of pyrene, in solution with or 

without P450 1A2, were acquired by optical pumping at either 275 or 338 nm, two 

excitation wavelengths especially effective in generating pyrene excimer emission at ~  

 

                                                
3 This result is consistent with previous work in this laboratory done only for a shorter 
time and at a higher αNF concentration (40 µM) (108). 
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Figure 21. Pre-steady-state kinetics of ligand binding to ferric P450 1A2 
(absorbance). A, Pyrene. Reaction with a mixture of P450 (2 µM) and pyrene (2 µM), fit 
to a second order rate constant of ~ 4 × 105 M-1 s-1 using the software of the OLIS RSM-
1000 spectrophotometer. B, (CH3)2CH-O-PhNO2 (in excess of P450). The kinetic trace 
(ΔA394–A433) obtained for (CH3)2CH-O-PhNO2 (10 µM) binding to P450 1A2 (1 µM) was 
fit to a bi-exponential plot with rates of 2.9 and 0.08 s-1 C, αNF. The kinetic trace (ΔA391–
A425) obtained for αNF (4 µM) binding to P450 1A2 (2 µM) was fit to a bi-exponential 
plot with rates of 9.8 and 1.2 s-1. D, 1-OH pyrene. The kinetic trace (ΔA392–A419) obtained 
for 1-OH pyrene (7.5 µM) was fit to a bi-exponential plot with rates of 5.7 and 0.23 s-1. 
Residuals analyses for the fits are shown in the upper panels. 
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466 nm. For excimer emission to occur, the two pyrenes must be in close proximity and 

base-stacked (123, 124). 

P450 1A2 quenched the fluorescence of pyrene in a concentration-dependent 

manner (Figure 22A). With an assumption that one molecule of pyrene is bound to each 

P450 1A2, a quadratic fit yielded an estimated Kd of 56 ± 1 nM (Figure 20C). If two 

pyrenes are bound per P450 under these conditions, then the expression for Kd is more 

complex, but nevertheless the affinity of P450 1A2 for pyrene is strong and the 

fluorescence is highly quenched.  

A titration of P450 1A2 with pyrene, the opposite of the approach used in Figure 

22A, revealed further features (Figure 22B).  In this experiment, fluorescence emission 

was collected at either 370 or 485 nm (recording excitation scans), corresponding to 

monomer and excimer fluorescence, respectively, and the intensities of the fluorescence 

excitation bands at ~ 335 nm from either monomer or pyrene were quantified. The ratio 

of fluorescence emission at 370 to 485 nm is related to the pyrene monomer to excimer 

ratio (M/E) (125), as well as to the amount of quenching (Figure 22B). Because of the 

quenching of pyrene fluorescence by P450 1A2, it is useful to use this ratio instead of the 

actual fluorescence values. In the absence of P450 the pyrene dimerizes with increasing 

concentration when titrated into the buffer solution.  

In the titration with P450 1A2, at lower concentrations of pyrene, the pyrene 

(monomer) fluorescence appears to be preferentially quenched. The amount of 

fluorescent monomer increases with increasing pyrene concentration. After addition of ~ 

0.6 pyrene/P450 1A2, the ratio of monomer/excimer decreases, indicative of an increase 

in the contribution of a dimer of pyrene (Figure 22B). 
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Figure 22. Pyrene/ferric P450 1A2 titrations. A, A 500 nM solution of pyrene was used 
to collect fluorescence emission spectra in the absence or presence of the indicated 
concentrations of P450 1A2. Excitation was at 275 nm and emission at 392 nm. The data 
were analyzed using a quadratic expression to correct for the ligand-bound and free 
enzyme (assuming one ligand bound) and yielded Kd = 56 ± 1 nM. B, The pyrene 
concentration was varied in the absence () or presence () of P450 1A2 (1.0 µM). The 
excitation wavelength used for analysis was 335 nm. The ratio of fluorescence emission 
at 370 nm relative to 485 nm is indicative of the ratio of monomer to excimer 
fluorescence (M/E) (the values do not imply molar ratios).  
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Pre-steady-state Kinetics of Ligand Binding to Ferric P450 1A2: Fluorescence—

Preliminary results indicated that the quenching of the fluorescence of ligands occurred 

faster than the changes in the heme spectrum (vide supra). Accordingly the kinetics of 

these processes were analyzed in more detail. 

The quenching of αNF fluorescence seen upon mixing with P450 1A2 fit a bi-

exponential plot (Figure 23A). As the αNF concentration was increased, a second-order 

rate constant could be estimated to be 6.5 × 106 M-1 s-1 (results not presented).4  This rate 

constant is much faster (> 10-fold) than that observed for the UV-visible changes (Figure 

20C). The reaction of pyrene with P450 1A2 showed a very rapid decrease in the 

monomer fluorescence (Figure 22B). The rate of 70 s-1 at a pyrene concentration of 2 µM 

suggests a second-order rate constant of ~ 106 - 107 M-1 s-1, similar to that estimated for 

αNF (Figure 23A). 

As the monomer fluorescence decreased, a small increase in the apparent excimer 

(dimer) fluorescence occurred and then this slowly decreased (Figure 23C). One 

interpretation of this time course is a sequence of pyrene monomer binding to protein, the 

formation of a dimer, and then the movement of the dimer to interact with protein 

residues to decrease the excimer fluorescence. Alternatively the protein may be binding a 

pre-formed dimer from solution and the fluorescence properties may be changing as it 

moves within the protein. The latter explanation is favored because at higher 

concentrations of pyrene (10 to 20 µM), an initial decrease in > 455 nm emission (to      

                                                
4 The binding model is probably more complex than a simple two-state 

(bound/unbound) situation, in that the apparent koff (20 s-1) and kon yield the ratio Kd = koff 
(20 s-1)/kon (6.5 × 106 M-1 s-1) of ~ 3 µM, which is not consistent with the low Kd estimated 
from the steady-state absorbance results (Figure 18). 
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Figure 23. Pre-steady-state kinetics of ligand binding to ferric P450 1A2 
(fluorescence). The excitation and emission wavelengths are indicated in the y-axes. A, 
αNF. The kinetic trace for the αNF (3 µM) fluorescence emission decay (> 385) upon 
interaction with P450 1A2 was fit to a bi-exponential plot with rates of 41 and 4.0 s-1. A 
plot of the rates (from bi-exponential fits as shown) obtained for the first phase versus 
αNF concentration yielded a second-order rate constant of 6.5 × 106 M-1 s-1 (results not 
presented); B, Pyrene. The kinetic trace for the pyrene monomer emission (emission > 
400 nm) decay upon interaction with P450 1A2 fit to a bi-exponential plot with rates of 
70 and 4.4 s-1. C, Kinetic trace for pyrene fluorescence emission > 475 nm (indicative of 
excimer emission) upon interaction with P450 1A2. D, 1-OH pyrene.  The kinetic trace 
for 1-OH pyrene (7.5 µM) fluorescence emission > 385 upon interaction with P450 1A2 
was fit to a bi-exponential plot with rates of 95 and 4.7 s-1.  

Fig. 8

C D

0.0 2.5 5.0 7.5 10.0
0.064

0.066

0.068

0.070

0.072

Time, s

0.00 0.25 0.50 0.75 1.00
0.145

0.155

0.165

0.175

0.185



 

67 

~ 1 s) was followed by an increase in this fluorescence and then a decrease (5-10 s 

period). 

The binding of 1-OH pyrene to P450 1A2 was also biphasic (Figure 23D), with 

the fast phase estimated at ~ 85 s-1 using a 1-OH pyrene concentration of 15 µM (slower 

phase ~ 3 s-1). Analysis of the rates of the fast phase as a function of the 1-OH pyrene  

concentration yielded an apparent kon of ~ 3 × 106 M-1 s-1 (plot not presented). This rate is 

much faster than that of the Soret absorbance change (~ 3 s-1 at 15 µM, Figure 21D), 

which corresponds approximately to the slower fluorescence phase (Figure 23D). To my 

knowledge, 1-OH pyrene does not form excimers (at concentrations relevant to these 

experiments), and none of the steady-state fluorescence spectra suggested such a 

phenomenon. 

 

Interactions of Pyrene with Ferrous P450 1A2—Although the catalytic cycle for 

P450 1A2 is usually depicted in the general manner shown in Figure 4, the point can be 

made that the events should not necessarily be considered in a linear, sequential manner 

(93). P450 1A2 is reduced at the same rate in the absence or presence of substrates (108) 

and the binding and release of substrate at the ferrous level (and possibly others) is 

possible and probably happens with many P450-substrate combinations (93).  

Pyrene binds to ferrous P450 1A2 and produces a change in the heme spectrum 

(Figure 24A). Anaerobic titration yielded an apparent Kd value of 2.3 (± 0.8) µM (Figure 

24B). Kinetic analysis of the binding showed a rapid increase in A426 (Figures 24C and 

24D), followed by a slower bi-exponential decrease in A426 (Figures 24E and 24F). 
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Figure 24. Binding of pyrene to ferrous P450 1A2. A, Changes in P450 1A2 UV-
visible difference spectrum following addition of pyrene (2.3-10.7 µM) to ferrous P450 
1A2. P450 1A2 (4 µM) was mixed with 1 µM NADPH-P450 reductase (and 75 µM L-α-
dilauroyl-sn-glycero-3-phosphocholine) and reduced anaerobically, in the presence of a 
glucose oxidase/catalase/glucose scrubbing system (108), with an NADPH-generating 
system (101). The baseline was set to zero throughout the wavelength range with ferrous 
P450 1A2, and changes were set against this baseline. The arrows show the direction of 
changes with increasing pyrene concentration. B, Absorbance changes from part A fit to a 
quadratic equation with Kd = 2.3 ± 0.8 µM. C, P450 1A2 (5 µM) was mixed with 1 µM 
NADPH-P450 reductase (and 75 µM L-α-dilauroyl-sn-glycero-3-phosphocholine) and 
reduced anaerobically with an NADPH-generating system. In the experiments shown, the 
final concentration of pyrene (after mixing) was 20 µM. Difference spectra were 
collected every 1 ms and are shown for 5 ms intervals up to 41 ms. D, The ΔA426 data 
were fit to a biexponential expression (absorbance increase, then decrease) with k1 = 106 
± 11 s-1 and k2 = 1.0 ± 0.3 s-1. E, Latter phases of reaction after mixing. The first spectrum 
shown was collected at 80 ms, and subsequent spectra were collected every 2.4 s. F, Data 
from Part E were fit to a biexponential decrease in A426 with k2 (corresponding to second 
part in Part B) = 0.66 ± 0.11 s-1 and k3 = 0.041 ± 0.002 s-1. 
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The kinetic course of the reaction is of significance, in that it distinguishes 

between multiple populations of enzyme (in slow equilibrium or aggregational states) 

participating in the same reaction at different rates, in contrast to an apparent single 

population of enzyme undergoing a sequential series of reactions with a substrate. The 

pattern observed here with sequential trends in opposite directions is clearly more 

consonant with the latter view of multiple sequential reactions.  

 

CD Measurements of Interaction of Ligands with Ferric P450 1A2—The addition 

of any of four ligands (pyrene, 1-OH pyrene, αNF, or (CH3)2CH-O-PhNO2 ) to P450 1A2 

produced a significant change (7-29%, depending on the ligand) in the CD spectra (UV 

region, ~ 220 nm). The change may be due in part to a decrease in the α-helicity of the 

protein, as judged by the changes at 220 nm although such changes proved too rapid to be 

measured by CD-stopped-flow techniques (126), (127) (data not presented). 

 

Docking of Ligands in a Model of P450 1A2—The human P450 1A2 crystal 

structure (23) allowed a homology model of the rabbit enzyme to be generated using the 

Swiss Model program.  The feasibility of binding of multiple ligands to the rabbit P450 

1A2 model active site was assessed by manually docking the ligands and then performing 

simulated annealing of the protein-ligand complex.  Superimposing the human P450 1A2  

crystal structure (protein data bank code 2HI4) containing the heme group and αNF with 

the rabbit P450 1A2 model places the αNF moiety directly in the active site of the 

homology model (23) (Figures 25A). The homology model is almost identical to the 

experimentally derived structure (root mean square deviation 0.097), which is not  
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Figure 25. Docking of ligands into a homology model of rabbit P450 1A2. A, Human 
P450 1A2 (gray ribbon; protein data bank code 2HI4) in complex with heme group (red 
sticks) and αNF (space-filling) superimposed with rabbit P450 1A2 homology model 
(blue ribbon). B, Rabbit P450 1A2 homology model (cyan ribbon) with heme group (red 
sticks) and two pyrenes (green sticks with space-filling mesh). C, Active site of rabbit 
P450 1A2 homology model (cyan ribbon) containing heme group (red sticks) and two 
pyrenes (green sticks) with side-chains highlighted. SRS5, substrate recognition site 5 
(129). 
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surprising given the sequence similarity of the two enzymes (75% sequence identity 

(128)). It is of interest to note that the only site of αNF that is oxidized (5,6 bond: Figures 

15 and 16A) is positioned furthest from the heme iron in both the published human P450 

1A2 structure (32) and the model shown here (Figure 25A) and thus presumably this is 

not a catalytically competent configuration. 

 Two pyrene molecules were docked in the active site of the rabbit homology 

model.  While two pyrene molecules can clearly fit in the active site, direct stacking of 

the two molecules does not appear to be favorable.  Rather, an end-on-end 

conformation—with some overlap, is less perturbing to the homology model used here 

(Figure 25B).  By trying several different starting conformations, a model was obtained in 

which two pyrene molecules stack in excimer fashion (i.e. overlaid directly over one 

another), but this orientation causes some disruption of the I-helix and may not represent 

a viable complex. More likely, the formation of any fluorescent excimer may be transient 

in nature, which would be consistent with the relatively weak fluorescence signal 

(Figures 25B and 25C).  The overall binding interactions observed in the human P450 

1A2 -αNF co-crystal structure are largely maintained in the model containing two pyrene 

molecules, with van der Waals interactions comprising most of the enzyme-substrate 

contacts (Figure 25C).  Other notable similarities include the potential for orthogonal and 

parallel aromatic interactions between the pyrenes and the phenylalanine side chains of 

residues 125 and 226, which are essentially identical to those reported previously with 

αNF (23). 

The docking studies (Figures 25B and 25C) suggested that two benzo[a]pyrene 

molecules could readily be fit into the P450 1A2 active site.  An assay of benzo[a]pyrene 
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hydroxylation, using a fluorimetric assay (which detects mainly 3-hydroxylation (100, 

101, 130)) showed highly cooperative behavior (Figure 26). The low rate is similar to that 

reported previously with this enzyme at single benzo[a]pyrene concentrations (12, 130, 

131). 

 

Simulation of Binding and Steady-state Hydroxylation Kinetics—A variety of 

spectral methods were used to monitor interactions of P450 1A2 in this work. The 

interactions with pyrene are of particular interest, and a kinetic model that could explain 

the UV-visible changes that occur upon binding was developed (Figures 20A and 21A). 

Kinetic model building was also done with hydroxylation rates. While a Hill expression 

(vide supra) can be used to fit the steady-state kinetic data, it does not provide a 

mechanistic explanation for the behavior. The goal was a model, having a minimal 

number of steps, that could adequately fit three diverse sets of data: (i) pre-steady-state 

absorbance changes observed upon the binding of pyrene to P450 1A2 (Figure 21A), (ii) 

the sigmoidal v vs. substrate concentration plots observed for pyrene 1-hydroxylation 

(Figure 16B), and (iii) the temporal pattern of pyrene depletion, 1-OH pyrene formation 

and depletion, and formation of di-OH pyrenes (experiment of Figure 10C done with a 

higher concentration of pyrene). The model also requires a low Kd for the first pyrene 

binding event (Figure 20A) and a reasonably low Kd for 1-OH pyrene binding (Figure 

20B).  

All modeling was done with the program DynaFit (44). Initial modeling was done 

with the pyrene 1-hydroxylation v vs. substrate concentration data set (Figure 16B). The 

strongly sigmoidal nature of the points presented a challenge, and a reasonable solution 
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Figure 26. Steady-state kinetics of benzo[a]pyrene hydroxylation catalyzed by P450 
1A2. Data points are set to the equation v = kcat·Sn (S50

n + Sn)-1, with kcat = 0.042 ± 0.006 
min-1, n = 3.0  ± 1.5,  and S50 = 12 ± 2 µM. Under these conditions, the substrate 
concentration was not depleted, even at the low substrate concentrations. 
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was a model with two substrates in which only the dimeric complex (ESS) was 

catalytically active. The phenomena are reminiscent of the case of a bacterial NO 

reductase, which was concluded to only perform reductions when two (NO) molecules 

were in the active site (132). The behavior of the enzyme could be described by the 

equation 

 

                                            K1                     K2 

E + S  ES + S  ESS   E + P (+ ES) 

 

and a quadratic expression (63)  

 

v = kcat[(1 + K1/[S])(1 + K2/[S])]-1 

 

which reduces to  

 

v = kcat[1 + K1(1/[S] + K2/[S]2)]-1 

 

when K1 >> K2 (132). 

Thus, one solution to the modeling of the v vs. substrate concentration points is to 

use a high Kd (~ 8 µM) for binding of the first pyrene molecule, followed by a very low 

Kd for the addition of the second ligand, i.e. < 1 µM, to produce the sharp rise in the rate 

following the initial binding event. Such a model has elements of classical positive 

cooperativity (133). However, this model is inconsistent with the observed tight initial 
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binding of a single pyrene (Figures 20A and 20B). Another potential solution is the use of 

a three-pyrene model, with tight binding of the first pyrene, loose binding of a second, 

and a tight binding of a third pyrene, with only the trimer serving as substrate. Such a 

model gave reasonable sigmoidal fits (results not presented) but seems inconsistent with 

the spatial docking models (Figure 25), although conceivably the third pyrene could 

reside outside of the substrate region (i.e. on the periphery of the protein, vide infra). 

However, in the absence of any direct physical evidence in its favor, a three-pyrene 

model should be considered too speculative at this point.  

A model could also be readily developed with two pyrenes, with the first pyrene 

binding tightly and the second more loosely, and this model generated sigmoidal plots 

(Figure 27). The model was considered for its ability to also fit the pre-steady-state 

binding data. A “kon” rate constant of 4 × 106 M-1 s-1 was used, based upon the 

fluorescence quenching work (e.g., Figure 23B).5  Using a typical extinction coefficient 

for the ΔA390- A420 observed upon substrate binding to a P450 (6.5 × 104 M-1 cm-1) (93), 

the absorbance trace could be fit, but only if an equilibration event was added following 

the binding of the second pyrene (this model fit even with equal initial concentrations (2 

µM) of enzyme and pyrene, as well as with excess pyrene). The importance of adding an 

                                                
5 An apparent binding rate constant of 4 × 106 M-1 s-1 was used in the kinetic modeling 
and analysis, which is based on typical rates of interaction of P450s and small ligands 
measured by fluorescence quenching (Figure 22). Such rate constants have been used 
previously in analysis with P450 3A4 (91, 92). For further discussion of “on” rates for 
proteins, see Fersht (46). The rate constant is not intended to be a diffusion-controlled 
limit because, as discussed (46), only a fraction of initial hits between a protein and a 
ligand are productive even in the sense of quenching the fluorescence of a ligand, due to 
electrostatics and geometry. The rate constants of the order of ~ 5 × 106 M-1 s-1 are 
consistent not only with the P450 1A2 (Figure 22) and other P450 binding (91, 92) 
estimated by fluorescence interaction but also some heme Soret changes measured with 
P450s that appear to have simple binding phenomena (93, 94). 
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Figure 27. Fitting of pyrene binding (UV-visible absorbance data) and oxidation 
data to a kinetic model. A, Model and rate constants used in all fitting. E = P450 1A2, S 
= pyrene, P = 1-OH pyrene, Q = di-OH pyrenes (treated as a sum). B, Fitting of data of 
Figure 21A (absorbance changes (390 nm) seen for pre-steady-state binding of pyrene to 
P450 1A2) to the mechanism of Part A. C, Fitting of data of Figure 16B (v vs. substrate 
concentration plots for pyrene 1-hydroxylation) to the mechanism of Part A. D, Fitting of 
a temporal course of product formation and substrate (pyrene) disappearance to the 
mechanism of Part A. 
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equilibration event (Figure 27A) was seen in the comparison of Figure 27B with the same 

model without such a step (results not presented). In the model the initial complex 

produces no absorbance change but the ESS and SES (rearranged form) complexes do. 

When the ESS  SES equilibrium step was added to the initial mechanism developed for 

the v vs. substrate concentration data (vide supra), it did not change the character of the 

sigmoidal plot (Figure 27C), although the rate of the hydroxylation of 1-OH pyrene was 

reduced (k6 in Figure 27A). Both the v vs. substrate concentration (Figure 27C) and ΔA390- 

A420 vs. time (Figure 27B) fits showed some sensitivity to the rate of binding of pyrene in 

the models, although rates of 2 to 4 × 106 M-1 s-1 could be used. A model with only one 

substrate was unsatisfactory in that hyperbolic fits were always produced regardless of 

the rate constants (results not shown). Interestingly, the sigmoidal character of the plots 

required two distinct Kd values (k-1/k1 and k-2/k2) for pyrene (S) binding but was not 

dependent on the conversion of 1-OH pyrene (P) to di-OH pyrenes (Q).  

The final set of boundaries to the model was fitting of the temporal pattern of 

changing pyrene, 1-OH pyrene, and di-OH pyrene concentrations in solution starting only 

with pyrene as substrate (Figure 10C). The fits were not unreasonable, although the 

steady-state level of 1-OH pyrene calculated from the model was only ~ one-half the 

measured concentration (Figure 27D). Raising k4 in the model (Figure 27A) improved this 

difference but also produced a rate that was too fast in the v vs. substrate concentration 

plots (Figure 27C). 

The final kinetic model for the oxidation of pyrene by rabbit P450 1A2 is 

presented in Figure 27A, along with the fits to each set of data (Figures 27B, 27C, and 

27D). DynaFit scripts are presented in the Appendix, and the corresponding DynaFit 
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results are shown in Figures 28, 29, and 30. The low Kd values (spectroscopic binding) of 

pyrene (Figures 20A and 20C) and 1-OH pyrene (Figures 20B and 20D) are consistent 

with the model (Figure 27A), assuming that the presence of a pyrene does not affect the 

binding of 1-OH pyrene (ESP vs. EP complexes).  

 

Discussion 

Spectroscopy—Several spectroscopic methods were utilized in the kinetic studies, 

and these reveal different features of the system. CD spectroscopy provided some 

evidence for conformational changes, possibly in α-helicity, upon ligand binding and the 

time frame appeared too rapid to be captured by stopped-flow techniques (results not 

shown). The changes in the fluorescence of ligands (Figures 22 and 23) are valuable in 

that they provide evidence for an interaction of the ligands (pyrene, 1-OH pyrene, αNF) 

with P450 1A2 prior to the UV-visible changes associated with the heme iron spin-state 

transition, as in the case with P450 3A4 and its ligands (91, 92). The UV-visible changes 

are also useful regarding the multiphasic behavior and provide insight into the relative 

rates of individual steps, following the initial Soret-invisible kinetic event. The UV-

visible spectral changes seen in the binding of pyrene with ferrous P450 1A2 (Figure 24) 

are of particular relevance in that the multiphasic changes are in a series of opposite 

directions and distinguish a sequential reaction sequence from parallel reactions of two 

slowly-interconverting enzyme populations.   

This work leaves some uncertainty about the course of events related to pyrene 

excimers. The situation is complex because excimers form in solution (as well as  
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Figure 28. DynaFit files for fitting results of pyrene binding (UV-visible absorbance 
data). (See Appendix for corresponding DynaFit scripts.) The system was used for the 
final model (Figure 27A and 27B).  

Time, s 

ΔA390-A420 
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Figure 29. DynaFit results for fitting the v vs. substrate concentration plot for 
pyrene 1-hydroxylation data. (See Appendix for corresponding DynaFit scripts.) The 
system was used for the final model (Figures 27A and 27C). 
 

Rate, min-1 

[pyrene], µM 
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Figure 30. DynaFit results for fitting pyrene product formation data. (See Appendix 
for corresponding DynaFit scripts.) The red corresponds to pyrene, the green 1-OH 
pyrene, and the blue is the sum of the di-OH pyrenes. The system was used for the final 
model (Figures 27A and 27D). 
 
  
 
 
 
 

Concentration, 
µM 

Time, min 
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proposed in the active site, which are difficult to distinguish spectroscopically) and 

binding to P450 1A2 could quench the fluorescence of monomers or excimers. The 

course of the titration in Figure 22B can be interpreted in the context of two pyrenes 

being inserted sequentially into the active site (Figures 25 and 31), partially overlapping 

(Figure 25B) to produce the transient excimer fluorescence (Figure 23C), and then 

moving (Figure 31) to decrease the excimer fluorescence. Alternatively, the kinetic 

course of events (Figures 23B and 23C) could be explained by binding of a dimer from 

solution, movement into the active site, and then changes in the fluorescence as a 

function of the interactions with individual amino acids. This scenario may not seem as 

consistent with the titration results (Figure 22). However, some other interpretations of 

the fluorescence data cannot be ruled out at this time because of the equilibria between 

monomer and excimer populations in both free solution and the protein (i.e., Figure 15) 

and the lack of knowledge about the fluorescent properties of the bound species in each 

form. One issue is the concentration dependence of the mechanism, i.e. at higher pyrene 

concentrations a preformed dimer may bind whereas at lower concentrations a dimer 

could form in the active site. These possibilities would yield similar results in most of the 

kinetic modeling.  

Overall, the kinetic results clearly indicate a rapid ligand binding process revealed 

by the fluorescence studies (Figure 23) and at least a biphasic process following that, 

which is observable with UV-visible methods. The kinetics of the events appear to vary 

with individual ligands (Figure 23). The course of events in the interaction of pyrene with 

ferrous P450 (Figure 24) is indicative of a sequential process, which is proposed to be 

operative in the other systems. 
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Figure 31. Proposed events in ligand binding to ferric P450 1A2. Step 1: The ligand L 
first interacts with P450 1A2 at a peripheral site, and the binding quenches the 
fluorescence of L (Figure 23). Step 2: L is translocated to the interior of the protein, 
where it can interact with the heme and produce the difference spectrum (Figure 21). Step 
3a: If there is only space available for one molecule of L in the active site (e.g. αNF), a 
conformational change in the P450 occurs. Step 3b: If L is small enough for two 
molecules (of L) to occupy the active site (e.g. pyrene or 1-OH pyrene), a second 
molecule of L can enter the active site (via the same path as in Steps 1 and 2). Step 4: 
Conformational change of the P450 following occupancy with the second molecule of L. 
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Kinetics and Modeling—The kinetic fitting work (Figure 27) is consistent with 

the UV-visible results for pyrene binding (Figure 21A), the cooperative v vs. substrate 

concentration pattern for pyrene 1-hydroxylation (Figure 16B), and the time course of 

conversion of pyrene to 1-OH pyrene and di-OH pyrenes (Figures 10C and 10D). It 

should be emphasized that this is a minimum kinetic model, and the true course of the 

binding interaction may involve more steps, e.g. additional conformational changes or 

rapid steps following slow ones that may not be revealed. The scheme presented in 

Figure 27A is adequate to describe the course of the UV-visible changes seen in the Soret 

spectra (Figure 27B). Attempts to include a conformational change following binding of 

the first ligand were not successful, but if a step were fast enough this step would not be 

seen. A schematic model, presented in Figure 31, does have a step following initial 

binding, in which the ligand translocates into the active site. This step seems obvious but 

could either be fast or could be coupled with the binding of the second ligand. Following 

ligand binding, the two paths diverge in Figure 31. With a larger substrate, e.g. αNF, only 

one molecule fits, and conformational changes occur after site occupation (step 3a). With 

the smaller substrate pyrene (or benzo[a]pyrene), a second molecule enters (step 3b) and 

finally conformational changes occur with this dimer-occupied P450 (step 4).   

The kinetic model presented in Figure 27A is intended to be a minimal model, i.e. 

the simplest model that can be used to rationalize a set of data (134). The condition was 

used that a single model had to be capable of explaining (i) the biphasic kinetics of 

pyrene binding to P450 1A2 (Figure 21C), (ii) the sigmoidal v vs. substrate concentration 

plot for 1-hydroxylation of pyrene (Figure 16B), and (iii) the steady-state time course of 

oxidation of pyrene to 1-OH pyrene and then the di-OH pyrenes (Figures 10C and 10D), 
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plus be consistent with (iv) the rate of interaction of pyrene with P450 (~ 4 × 106 M-1 s-1, 

Figure 23A), (v) the tight unimolecular binding of pyrene to P450 (Figures 20A and 20C), 

and (vi) tight binding of 1-OH pyrene to P450 (Figures 20B and 20D). The 6-step model 

presented in Figure 27A satisfies these criteria reasonably well. The model may contain 

additional steps, and a kinetic model cannot necessarily exclude all alternative 

possibilities. The sigmoidal nature of the fit to the v vs. substrate concentration data in 

Figure 27C is not ideal but nevertheless the fitted line (from DynaFit) gives a Hill plot 

with an n value of 1.81 (± 0.01) and S50 value of 9.9 (± 0.01) µM. A shortcoming of the 

modeling is the prediction of the experimentally measured steady-state level of 1-OH 

pyrene (Figure 27D). The latter could be adjusted by increasing k4 but this change 

rendered v too fast in Figure 27C (v vs. substrate concentration). In the modeling, the ESS 

complex was used as the catalytically competent one, instead of SES (Figure 27A). In 

principle, either or both of these complexes could be catalytic and the mathematical 

solutions should be equivalent, although k3, k-3, and possibly other rate constants would 

need adjustment.  

One deficiency of knowledge is that there is no information to discern whether a 

pyrene is still present in the P450 1A2•1-OH pyrene complex that forms di-OH pyrenes 

(Q in the modeling, Figure 27A). The modeling was done with the pyrene (S) still 

present, although a model with the pyrene removed should give similar results though 

having one more step (also, in the model of Figure 27A, the dissociation of di-OH pyrene 

(Q) was ignored in that Q and ESQ were considered together in Part D). In additional 

modeling (not shown), the mechanism of Figure 27A could be readily adapted to fit the 

hydroxylation of 1-OH pyrene (v vs. substrate concentration data, Figure 16C) by setting 
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S to represent 1-OH pyrene, P to represent di-OH pyrenes, and eliminating k6. The issue 

was approached of whether a heteromeric P450•pyrene•1-OH pyrene complex could 

explain the observed kinetics or if a P450 1A2•1-OH pyrene complex was required. 

Modeling showed that a P450•pyrene•1-OH pyrene complex is catalytically competent to 

form di-OH pyrenes and a dimeric (1-OH pyrene)2•P450 complex yielded fits to di-OH 

pyrene formation (Figure 27D) that were far too slow (> 20-fold, results not shown).  

In summarizing the kinetic modeling, the major features that were cited for this 

model are (i) two pyrene molecules bound, (ii) catalytic activity only with two bound 

pyrenes, (iii) Kd,2 >> Kd,1 and (iv) an equilibration step occurring after binding of the 

second pyrene. Other features are probably less critical. As mentioned earlier, the 

sigmoidal v vs. substrate concentration data could be fit with mathematical equations 

either having Kd,1 > Kd,2 (132) or Kd,1 < Kd,2 (Figure 27A). Only the latter is consistent with 

the spectral binding results (Figures 20A and 20C), and the kinetics of the change in 

absorbance (Figure 27B) fit well even at a low pyrene concentration. The same 

conclusion about the relative affinities of P450 3A4 for binding two testosterone 

molecules (Kd,1 < Kd,2) was reached by Roberts et al. (135) using different approaches.  

Structural Models—Analysis of the structural models indicated that the active site 

of rabbit or human P450 1A2 was only large enough for a single αNF molecule but two 

pyrenes could be readily accommodated (Figure 25). The αNF configuration was clearly 

a non-catalytic one, in that the only site of oxidation (5,6 bond) was the most distant from 

the iron atom (23). With pyrene, the exact orientations of the two molecules docked in 

the active site were uncertain. In Figure 25 (parts B and C), a slight overlap could easily 

be accommodated without distortion of any side chains. With some movement of the I-
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helix, a complete pyrene-pyrene stack could be achieved in the models. Whether the 

fluorescence spectra represented a slightly overlapped pyrene pair or a low population of 

highly overlapped pyrenes was not known in the absence of more data. 

 At this point I am unable to explain the site of hydroxylation (C-1) of pyrene (as 

opposed to C-2 or -4), in that docking in the model is uncertain. Another point to be made 

is that the information available was not sufficient to make predictions of sites of 

oxidation of other substrates for P450 1A2. As pointed out above, even when a crystal 

structure is available the site most likely to be oxidized may not be predicted, e.g. (23). 

 The hyperbolic nature of the kinetics of oxidation of αNF and the cooperativity of 

pyrene and 1-OH pyrene oxidations may be rationalized in terms of the size of the P450 

1A2 active site, which holds only one αNF but two of the other molecules (Figure 25). 

However, the ability to predict the cooperative behavior of other ligands is still limited. 

One can ask the question of why phenacetin O-deethylation is apparently not cooperative 

(at least for human P450 1A2) (136). Why are the homotropic cooperativity patterns of 

pyrene and the 1-alkoxy-4-nitrobenzenes rather opposite in their appearance (Figure 16B 

of this work and (47))? One possible explanation may be that the results are related to the 

flat, planar character of the polycyclic aromatic hydrocarbons, in that pyrene and 

benzo[a]pyrene both showed homotropic cooperativity (Figures 10B and 26). 

 

Cooperativity—Although pyrene 1-hydroxylation is highly cooperative with 

rabbit (Figure 16B) and human P450 1A2 (Figure 17), the related enzymes (human) P450 

1A1 and 1B1 have been reported to exhibit classical hyperbolic behavior (102). P450 

3A4-catalyzed pyrene 1-hydroxylation has been reported to show cooperative behavior of 
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a type opposite to that shown here (Figure 16B), i.e. described with a low Km/high Km fit 

(not sigmoidal) (87), and the patterns were altered in the presence of cytochrome b5. 

Benzo[a]pyrene, which contains one more aromatic ring than pyrene, has been studied 

extensively in the context of chemical carcinogenesis (137). The docking studies (Figure 

25B and 25C) suggested that two benzo[a]pyrene molecules could readily fit into the 

P450 1A2 active site.  A study of benzo[a]pyrene hydroxylation, using a fluorimetric 

assay (which detects mainly 3-hydroxylation (101)) also showed cooperative behavior 

(Figure 26). Surprisingly, examination of the literature did not yield any plots of the rate 

of benzo[a]pyrene oxidation as a function of substrate concentration by rabbit or other 

P450 1A2 enzymes. 

The question can be raised as to how much the results of this cooperativity work 

with P450 1A2 extend to other P450s that have been shown to have weaker cooperative 

behavior (e.g., P450s 3A4, 2C9, and 2B6). Interestingly, the active site of P450 3A4 is 

known to be very large (79, 80, 88). Interactions among multiple ligands have been 

invoked as a mechanism for cooperativity with P450 3A4 (69), and stronger fluorescence 

evidence for the presence of pyrene excimers in the protein has been presented (125). 

However, in the 1-hydroxylation of pyrene by P450 3A4 only weak homotropic 

cooperativity was observed, with an apparent Hill coefficient (n) of ~1.7 in some cases, 

i.e. with cytochrome b5 (87, 138). One possibility is that some cases of positive and 

negative cooperativity in the P450s can be explained by models such as that described in 

Figure 27A and the variation in the degree of cooperativity can be understood in terms of 

the extent of the differences between the kcat and Kd (or at least Km) values for activity 
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with substrate monomer and dimer, e.g. in this case a 100-fold difference between Kd,1 

and Kd,2 in the model yielded an apparent n value of 1.8 in the Hill plot (vide supra). 

Another point to be made is that reports of weak cooperativity must be viewed 

cautiously. In cases of weak cooperativity, the results are heavily dependent upon the 

accurate measurement of experiments that use low concentrations of substrate (or ligand). 

These measurements are the most sensitive to error. Another issue is that points obtained 

with low substrate concentrations are sensitive to depletion of substrate, product 

inhibition, etc. and, in this laboratory’s own experience, artifactual plots can easily be 

obtained under conditions of too prolonged incubation. In the literature in this field it is 

not uncommon to find plots with few or even no points at less than one-half maximal 

activity (or signal) and subsequent deconvolution of limited data to complex models with 

three ligands etc. 

 

Conclusions—In this chapter, what appears to be the most cooperative of P450 

reactions characterized to date is reported. The hypothesis that cooperative behavior in 

P450 1A2 catalysis was not limited to a small class of substrates (1-alkoxy-4-

nitrobenzenes) and that such behavior might have a structural basis was proved in the 

pyrene studies. Oxidation of an important pollutant was shown to be cooperative, and 

structural modeling indicated this was related to the ability to dock two pyrene molecules 

in to the P450 1A2 active site allowing one to exert cooperative behavior on the oxidation 

of the other. A two-step sequential reaction catalyzed by P450 1A2 to generate 1-OH 

pyrene and subsequent di-OH pyrenes is described. The results are consistent with a 

kinetic model for selective catalytic activity for two substrate molecules. Structural 
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models support the hypothesis that hyperbolic oxidation of αNF is related to single 

occupancy of the active site as opposed to the highly cooperative kinetics seen with two 

substrate molecules in the active site. The kinetics of interactions of the enzyme with 

several ligands are multiphasic, with slow steps, and the kinetics of interaction with 

pyrene can be fit to a two-ligand kinetic model. Some of the findings with this highly 

cooperative P450 system may extend, with modification, to other cooperative P450s. 
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CHAPTER III 

 

COOPERATIVITY OF CYTOCHROME P450 1A2: INTERACTIONS OF 1,4-

PHENYLENE DIISOCYANIDE AND 1-ISOPROPOXY-4-NITROBENZENE6 

 

Introduction 

The P450s involved in drug metabolism have been studied extensively. One of the 

phenomena that is still not understood well is ligand cooperativity. Heterotropic 

cooperativity (63, 133), in which one ligand stimulates catalysis involving another ligand 

(substrate), was first observed > 35 years ago (65, 70, 139). Homotropic cooperativity, 

recognized more recently (68, 69), refers to several types of non-hyperbolic plots of v vs. 

substrate concentration for a single substrate.  

Much of the research on P450 cooperativity has been directed towards several 

P450s now known to have large substrate binding sites, i.e. P450s 3A4, 2C8, and 2C9 

(79, 80, 140-142). P450 1A2, however, has a smaller active site (23) and cooperativity 

associated with this enzyme was described in Chapter II (32) and in previous work in this 

laboratory (47). Homotropic cooperativity was seen in the O-dealkylation of 1-alkoxy-4-

nitrobenzenes, with biphasic v vs. substrate concentration plots which were characterized 

with two sets of kcat and Km values, with Km,1 < Km,2 (47). In that study, heterotropic 

cooperativity for ligand binding was observed in the interaction between 1-alkoxy-4-

nitrobenzenes and an isocyanide, Ph(NC)2.  

                                                
6 This project, including manuscript writing, was done in collaboration with Drs. Emre 
M. Isin, Robert L. Eoff, and F. Peter Guengerich. 
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Isocyanides have a long history in the study of hemoproteins, going back to work 

in 1929 with hemoglobin and methyl isocyanide (143). Isocyanides were also used 

extensively in some of the early research on P450 (144-146); the carbon atom is liganded 

directly to either ferric or ferrous iron in the P450 [33] and yields a Type II Soret 

difference spectrum distinctly different than that often generated by the addition of 

substrates (low- to high-spin iron transition, Type I). Titrations of rabbit P450 1A2 with 

1-alkoxy-4-nitrobenzenes and Ph(NC)2 led to the conclusion that one ligand could 

enhance the binding of the other, indicative of multiple ligand occupancy as opposed to 

competition of the two ligands for a single site (47).  

In this chapter, several aspects of the interaction of Ph(NC)2 with rabbit P4540 

1A2 were studied, including kinetics of binding, conformational changes of the enzyme 

(as detected by CD spectroscopy), and effects on rates of P450 reduction and catalysis of 

P450 1A2 reactions. Modeling of the ligands was done using the published crystal 

structure of the human P450 1A2-αNF complex (23), which is now available as a 

template. The cooperative interactions of the 1-alkoxy-4-nitrobenzenes and Ph(NC)2 are 

rather different that those recently described for P450 1A2 and some polycyclic 

hydrocarbons, as discussed in Chapter II (32). 

 

Experimental Procedures 

 

Chemicals—Ph(NC)2 was purchased from Aldrich Chemical Co. (Milwaukee, 

WI) and recrystallized from hexanes. (CH3)2CH-O-PhNO2 was synthesized as previously 

described (47) and recrystallized from a mixture of C2H5OH and H2O. 
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Enzymes—Rabbit P450 1A2 and recombinant rat NADPH-P450 reductase were 

obtained as described in Chapter II. 

 

 Assays of Product Formation—Incubations were performed under the same 

conditions described in Chapter II, except either αNF (14 or 35 µM), (CH3)2CH-O-

PhNO2 (50 or 700 µM), or pyrene (35 or 140 µM) were used as substrates. In the case of 

aniline, slight modifications in concentrations were made (3.3 µM P450 1A2, 6.6 µM 

NADPH-P450 reductase, 200 µM L-α-dilauroyl-sn-glycero-3-phosphocholine, and 8 

mM aniline (144)). Incubations were done for 20 min in the case of the αNF, aniline, and 

(CH3)2CH-O-PhNO2 experiments. αNF 5,6-epoxidation was analyzed by HPLC as 

described in Chapter II (32, 104). (CH3)2CH-O-PhNO2 O-dealkylation was monitored 

spectrophotometrically immediately after adding the NADPH-regenerating system 

(release of 4-nitrophenol, ΔA400) using the extinction coefficient of 4-nitrophenol, ε400 = 

12 mM-1 cm-1 (47). Rates of aniline 4-hydroxylation were estimated using a colorimetric 

procedure (147), utilizing an extinction coefficient for 4-aminophenol (generated with a 

standard curve), ε630 = 10 mM-1 cm-1 (148). Pyrene 1-hydroxylation was analyzed by 

HPLC/fluorescence by slight modification of a procedure described elsewhere and in 

Chapter II (32, 105).  

 

Spectroscopic Measurements—Steady-state UV-visible spectroscopy, steady-state 

fluorescence, steady-state CD measurements, and stopped-flow UV-visible and 

fluorescent measurements were done using instruments described in Chapter II. Stopped-

flow CD measurements were made with a modified Applied Photophysics SX-17MV 



 

94 

instrument (Applied Photophysics, Leatherhead, UK), kindly made available by R. N. 

Armstrong (Vanderbilt University). Anaerobic studies were done as described in Chapter 

II. 

 

Homology Model Building—As in Chapter II, a crystal structure of a human P450 

1A2-αNF complex (23) was used as the template to develop a homology model of rabbit 

P450 1A2 utilizing the automated homology modeling tool SWISS-MODEL (110). 

Coordinate files for molecules of (CH3)2CH-O-PhNO2 and Ph(NC)2 were generated using 

the Dundee PRODRG2 server (111) and manually docked into the binding cavity 

(replacing αNF) using Turbo Frodo (112). Simulated annealing was then performed with 

the program CNS Solve 1.1 using the input file model Anneal (113, 114).  The heme 

group was fixed during simulated annealing (energy-minimized models were not adjusted 

following annealing).   

 

Results 

Kinetics of Ligand Binding to Ferric P450 1A2—Binding of the Type II ligand 

Ph(NC)2 to ferric P450 1A2 was slow (Figure 32), with estimated rates of 0.07 and 0.01  

s-1 using a bi-exponential fit, at a final ligand concentration of 100 µM. Binding of the 

substrate (CH3)2CH-O-PhNO2 (data not presented) was also biphasic and relatively slow, 

with rates of 2.9 and 0.08 s-1 measured at a substrate concentration of 10 µM (32). 
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Figure 32. Pre-steady-state kinetics of Ph(NC)2 binding to ferric P450 1A2. The 
kinetic trace (ΔA434–A400) obtained for Ph(NC)2 (100 µM) binding to P450 1A2 (1 µM) 
was fit to a bi-exponential plot with rates of 0.07 and 0.01 s-1. 
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Kinetics of Binding of Ph(NC)2 to Ferrous P450 1A2—The ferrous P450-Ph(NC)2 

complex had a strong absorption maximum at 455 nm, typical of isocyanide complexes 

(146), which can be used for kinetic analysis of binding. The binding of Ph(NC)2 to 

ferrous P450 was triphasic, with a rapid burst followed by a biphasic change that 

accounted for most of the absorbance increase (Figures 33A and 33B). When the rates 

were measured as a function of Ph(NC)2 concentration, the fast phase yielded an apparent 

rate constant of 1.4 × 106 M-1 s-1 (Figure 33C) but the rates of the latter two steps were 

rather invariant with the concentration (Figure 33D).  

 

CD and Fluorescence Spectra—The binding of either (CH3)2CH-O-PhNO2 or 

Ph(NC)2 to P450 1A2 induced changes in the CD spectrum (Figure 34). The far-UV 

changes are indicative of a change in the conformation of the protein and consistent with 

a decrease (based on [θ]220) in α-helicity (126). 

Changes in the tryptophan fluorescence of P450 1A2 have been observed upon 

binding of 1-alkoxy-4-acetanilides (149). An attempt was made to monitor the binding of 

Ph(NC)2 to P450 1A2 using changes in P450 tryptophan fluorescence, but no changes 

were observed (for tryptophan or tyrosine). 

 

Effect of Ph(NC)2 on Catalytic Activity of P450 1A2—In the early literature on 

P450, diethylisocyanide was reported to stimulate the oxidation of aniline in rabbit liver 

microsomes (144, 146). The enhanced spectral changes in substrate binding with the 

presence of Ph(NC)2 (47) raised the possibility of stimulation of P450 1A2 activity. 
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Figure 33. Pre-steady-state kinetics of ligand binding to ferrous P450 1A2. P450 1A2 
(1.0 µM final concentration following mixing) was reduced anaerobically in the presence 
of 0.25 µM NADPH-P450 reductase (and 75 µM L-α-dilauroyl-sn-glycero-3-
phophocholine and an NADPH-generating system (101). A, First portion of reaction with 
30 µM (final concentration) of anaerobic Ph(NC)2. The initial part of the trace was fit to a 
single exponential of k1 = 23 ± 0.2 s-1. B, Latter phases of the reaction were fit to a bi-
exponential plot with k2 = 0.14 ± 0.01 s-1 and k3 = 0.016 ± 0.003 s-1. C, Rates of k1 were 
determined at varying concentration of Ph(NC)2 and fit to a plot, with an intercept near 0 
and a calculated second-order rate of 1.4 (± 0.1) × 106 M-1 s-1. D, Values of k2 and k3 as a 
function of Ph(NC)2 concentration. 
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Figure 34. CD spectra of Ph(NC)2 binding to rabbit P450 1A2. The solid line (—) is a 
scan with 0.41 µM P450 1A2 alone and the dotted line (----) is the scan following the 
addition of Ph(NC)2 (40 µM), followed by a 15 min incubation. The cuvette pathlength 
was 1 mm and A220 was < 0.2 in both cases.  
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However, Ph(NC)2 inhibited (CH3)2CH-O-PhNO2 O-dealkylation and aniline 4-

hydroxylation (Figure 35), as well as αNF 5,6-epoxidation and pyrene 1-hydroxylation 

(results not shown). 

Ph(NC)2 was not converted to any products detected by general HPLC profiling 

by rabbit P450 1A2 (< 0.01 nmol of any product min-1 (nmol P450)-1, assuming a similar 

extinction coefficient). 

 

Effect of Ph(NC)2 on Rate of P450 1A2 Reduction—One of the interesting features 

of isocyanides is that, in contrast to other Type II P450 ligands, they bind to both ferric 

and ferrous P450 heme and the complexes can be discerned spectrally (Figure 36). It was 

possible to examine the effect of Ph(NC)2 on the rate of reduction of P450 1A2, which 

was a 10-fold attenuation (Figure 36). However, even the attenuated rate (of heme 

reduction) is considerably faster than rates of substrate oxidation, and the inhibition of 

catalytic activity (Figure 35) is not the result of only the decreased reduction rate. To my 

knowledge, a direct examination of the rates of electron transfer from NADPH-P450 

reductase to a P450 with its heme iron liganded to a Type II ligand has not been 

determined previously, mainly because many ligands have similar spectra in the ferric 

and ferrous states (e.g., cyanide or azoles) and use of CO as a trap would require a 

dissociation step. 

 

 Fitting of Ligands in a Homology Model of P450 1A2—The possibility of 

simultaneous binding of (CH3)2CH-O-PhNO2 and Ph(NC)2 in the active site of rabbit  
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Figure 35. Inhibition of P450 1A2 catalytic activity. A, (CH3)2CH-O-PhNO2 O-
dealkylation, as measured by absorbance at 400 nm. The data were fit to a straight line to 
determine the amount of 4-nitrophenol formed per min. The dotted line (----) shows the 
rate of O-dealkylation of 700 µM (CH3)2CH-O-PhNO2 and the solid line (⎯) line shows 
the rates measured with 50 µM (CH3)2CH-O-PhNO2.  B, Aniline 4-hydroxylation. 
Formation of p-aminophenol (substrate concentration of 8 mM aniline) was monitored by 
measuring absorbance at 630 nm after derivatization. 
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Figure 36. Effect of Ph(NC)2 on the rate of enzymatic reduction of P450 1A2. All 
experiments included 2.0 µM P450 1A2, 4.0 µM NADPH-P450 reductase, and 75 µM L-
α-dilauroyl-sn-glycero-3-phosphocholine, with the reaction initiated by the addition of  
100 µM NADPH (23 °C). A, Reduction in absence of ligands, measured at 390 nm. The 
first part of the trace was fit to a single exponential with a rate of 25 (± 1) s-1. B, 
Reduction in the presence of 100 µM Ph(NC)2, measured at 455 nm. The data were fit to 
a bi-exponential plot with k1 = 1.3 ± 0.02 s-1 and k2 = 0.14 ± 0.002 s-1. Residuals traces for 
the fits are shown in both parts A and B. The inset in Part B shows the difference spectra 
generated by the addition of 100 µM Ph(NC)2 to ferric (peak near 430 nm, trough at 395 
nm) and ferrous (peak at 455 nm, trough at 405 nm) P450 1A2 (2.0 µM). 
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P450 1A2, hypothesized earlier (47), was examined by docking the ligands into the active 

site of a homology model based on a human P450 1A2-αNF complex (23) (Figure 37A). 

As with pyrene in Chapter II (32), both molecules can easily fit into the active site of the 

model, regardless of which ligand is bound closest to the heme group (Figure 37B and 

37C).  Except for the disruption of the F-helix, which was observed in the human P450 

1A2-αNF structure (23), none of the α-helices that comprise the active-site pocket were 

disrupted by the simultaneous presence of (CH3)2CH-O-PhNO2 and Ph(NC)2. 

 

Discussion 

The previous conclusion that both a 1-alkoxy-4-nitrobenzene and a Ph(NC)2 

molecule could co-occupy the active site of P450 1A2 (47) is consistent with the protein 

model (Figure 37). The model is considered reliable in that the rabbit P450 1A2 sequence 

has high identity (75%) with the human P450 1A2 sequence (128) and the two proteins 

have many similar functional characteristics (96). Although the protein used in these 

studies was isolated from rabbit liver microsomes, there was no evidence of another P450 

or other impurity (i.e., SDS-PAGE), and previous work with recombinant rabbit P450 

1A2 showed the major cooperative features of the protein purified from liver (47). The 

kinetics of binding of Ph(NC)2 were different for ferric and ferrous P450 (Figures 32 and 

33). Binding to ferrous P450 1A2 showed a fast phase (Figure 33A), followed by what 

appear to be two much slower phases (Figure 33B). The rate of the fast phase increased 

with ligand concentration (Figure 33C), while the two slower steps were rather invariant 

with the concentration (Figure 33D). With ferric P450 (Figure 32), only a slow biphasic 

change was seen, and the rates are similar to those of the second two steps with the  
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Figure 37. Docking of ligands into a homology model of rabbit P450 1A2. A, Rabbit 
P450 1A2 homology model (magenta ribbon) with heme group (red sticks) and 
(CH3)2CH-O-PhNO2 plus Ph(NC)2 (sticks with space-filling mesh). SRS5: Substrate 
recognition sequence 5 (129). B, Active-site of rabbit P450 1A2 homology model 
(magenta ribbon) with heme group (sticks) and (CH3)2CH-O-PhNO2 plus Ph(NC)2 
(sticks), with (CH3)2CH-O-PhNO2 modeled close to heme iron in the most productive 
mode and side-chains highlighted. C, Active-site of rabbit P450 1A2 homology model 
(yellow ribbon) with heme group (sticks) and Ph(NC)2 plus (CH3)2CH-O-PhNO2 (sticks), 
with Ph(NC)2 liganded to heme iron and side chains highlighted. 
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studies with the reduced enzyme (Figures 33B and 33D). The concentration dependence 

of the rates of the two steps in Figure 32 was not examined. The similarity of the rates of 

the two slow steps in the ferrous and ferric reactions is not due to oxidation of the ferrous 

to the ferric state because the absorbance wavelength used (455 nm) is only indicative of 

binding to the ferrous iron (Figure 36B). The conclusion is that the fast rate constant with 

the ferrous enzyme (1.4 × 106 M-1 s-1) might represent the second-order “on” rate 

(although this is somewhat slow (46)) and the slower rates observed with both ferric and 

ferrous P450 represent conformational events in changing the protein to achieve the final 

spectrum. It should be emphasized that the multiphasic kinetics of ligand binding do not 

constitute any evidence for multiple ligand occupancy, in the absence of other data. 

The homology model (Figure 37) is considered reliable, at least for a ground state 

P450 1A2-substrate complex (23). The active site (estimated size 375 Å3 (23)) is large 

enough to fit only one αNF molecule (23) or two pyrenes as described in Chapter II (32) 

but either two molecules of (CH3)2CH-O-PhNO2, two molecules of Ph(NC)2, or one of 

each ((CH3)2CH-O-PhNO2, Ph(NC)2) (Figure 37) can be accommodated in the active site. 

It is proposed that the co-occupancy by two molecules of (CH3)2CH-O-PhNO2 may be 

responsible for the two-kcat, two-Km behavior (“negative cooperativity”) observed for 

(CH3)2CH-O-PhNO2 O-dealkylation (47). Fitting of one molecule each of (CH3)2CH-O-

PhNO2 and Ph(NC)2 into the model of the active site (Figure 37) is consistent with the 

previous conclusions based on comparisons of spectral interactions of the ligands (47). 

This interaction leads to apparently enhanced binding of (CH3)2CH-O-PhNO2 in the 

presence of Ph(NC)2 (and vice-versa) (47) but results in inhibition of catalytic activity 

(Figure 35), even when the substrate is (CH3)2CH-O-PhNO2 (Figure 35A). It is proposed 
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that co-occupancy of the P450 1A2 active site is a common feature of numerous small 

substrates (and other ligands) but the nature of cooperative behavior is highly ligand 

dependent (32, 47). Apparently loading the active site with two molecules of (CH3)2CH-

O-PhNO2 moves the substrate into a less favorable conformation for oxidation, 

explaining the attenuated catalytic efficiency at higher substrate concentrations (47). The 

interaction of P450 1A2 with Ph(NC)2 increases the spectrally detectable binding of 

(CH3)2CH-O-PhNO2 to P450 1A2 (47) but apparently does so in a way that attenuates 

catalytic activity (Figure 35). In this laboratory’s earlier work (47) with this isocyanide 

and substrate, the titration results provided evidence that each compound could enhance 

the binding of the other. It is postulated that one factor in binding of Ph(NC)2 is the 

interaction of the phenyl ring somewhere in the active site. One option for binding is that 

shown in Figure 37B, in which the substrate ((CH3)2CH-O-PhNO2) is bound near the iron 

atom, in juxtaposition for oxidation at the CH position. This configuration may be 

possible but apparently a scheme such as that shown in Figure 37C is more dominant, as 

reflected in the inhibition (Figure 35). A major point of the paper is that one can get 

cooperativity in binding of ligands but that this does not necessarily translate to catalytic 

activity, e.g. (150). 

In summary, I have been able to extend earlier observations on the heterotropic 

cooperativity of rabbit P450 1A2 (47). The modeling is clearly consistent with the 

previously presented proposal that one molecule each of Ph(NC)2 and (CH3)2CH-O-

PhNO2 can co-occupy the active site. However, the heterotropic cooperativity yields 

enhancement of substrate binding but not an increase in catalytic activity. Apparently the 

juxtaposition of the 1-alkoxy-4-nitrobenzene imposed by the Ph(NC)2 ligand is 
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unfavorable for catalysis in this case, although the nature of such an interaction was not 

revealed in the modeling.  
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CHAPTER IV 

 

KINETIC ANALYSIS OF THE THREE-STEP STEROID AROMATASE REACTION 

OF HUMAN CYTOCHROME P450 19A1 

 

Introduction 

P450 19A1 is responsible for the conversion of androgens (andro, testosterone, 

and 16α-hydroxytestosterone) to estrogens (estrone, 17β-estradiol, and estriol, 

respectively) in a sequential, three-step reaction (Figure 7). This conversion, first 

identified in 1959 (151), requires three molecules each of NADPH and O2 and proceeds 

through two relatively stable intermediates, 19-hydroxy and 19-aldehyde compounds, 

before the final aromatization step. There has been considerable debate over the 

chemistry of the third step, and two mechanisms are currently favored.  In the first model, 

the ferric peroxide form of the P450 (FeOO⎯, Figure 4) attacks the aldehyde, followed by 

heterolytic cleavage of the peroxide bond and the transfer of the 1β proton of the steroid 

to the heme to generate a ferrous hydroxy intermediate, with the loss of formic acid (152, 

153). In a second postulated mechanism, a nonenzymatic conversion of the 19=O andro 

intermediate to a gem-diol (or direct hydroxylation of the alcohol intermediate to form 

the gem-diol) is followed by an aromatization catalyzed by the “Compound I” form of 

P450 (formally FeO3+), which removes a hydrogen at the 1β position on the steroid (154).  

Following a transfer of an electron from the steroid A ring to the iron, the ferric hydroxy 

intermediate (FeOH3+) removes a hydrogen from the gem-diol, facilitating the loss of this 

carbon as formic acid (154).  
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Controversy exists regarding the processive or distributive characteristic of the 

sequential steps catalyzed by P450 19A1, as summarized by Bednarski and Nelson (155).  

Steady-state time course reactions of the turnover of andro by microsomes suggested 

linear formation of estrone sequentially from the two intermediates that freely dissociate 

(39, 40).  It has also been proposed that the third step proceeds at a different active site 

than the first two oxidations, which would perhaps support intermediate dissociation 

(156).  Further studies with inhibitors that mimic both the 19-OH andro and 19=O andro 

intermediates suggested P450 19A1 is processive (41) and indicated that only one active 

site exists (155).  While there is now agreement that catalysis occurs at one active site 

and must proceed through the 19-OH andro and 19=O andro intermediates (157), it 

remains unclear whether these intermediates dissociate over the course of the reaction. 

A crystal structure of P450 19A1 (bound to andro) has recently been solved, 

revealing a relatively small active site that is well suited to accommodate andro and 

arguing against the existence of multiple active sites (24). P450 19A1 has wide tissue 

distribution (including placenta, ovaries, testes, and adipose tissue), and expression is 

associated with estrogen-dependent breast cancer (~ 75% of breast cancer diagnoses) 

(158). Aromatase inhibitors, available since the 1970s, have been successful in treating 

post-menopausal women with this type of cancer (159). While much of the focus has 

been on characterizing the kinetics of P450 19A1 in the context of aromatase inhibitors, 

fewer studies have probed native substrates. Although many steady-state parameters for 

the conversion of andro to estrone have been published (51, 52, 55, 58, 61), similar 

steady-state studies on the intermediates are limited (55). Further, to my knowledge, no 



 

109 

transient-state kinetic studies are available that determine the individual rate constants of 

the three-step sequential reaction catalyzed by P450 19A1. 

One of the greatest obstacles in the study of P450 19A1 has been heterologous 

expression and purification. Almost all kinetic and structural work (24, 50-53) has 

utilized P450 19A1 purified from human placenta, which requires access to tissue and 

precludes mutagenesis approaches. Heterologous expression has been primarily limited to 

baculovirus-infected insect cells (58, 59), although P450 19A1 expression in E. coli has 

been reported (60-62). 

In this chapter, a reasonably straightforward and robust protocol for the 

heterologous expression and purification of P450 19A1 in E. coli is given. Using global 

fitting of a variety of both steady-state and pre-steady-state kinetic data, I developed a 

minimal kinetic model of P450 19A1 turnover, which includes individual rate constants 

for the three-step reaction and indicates a distributive mechanism.  

 

Experimental Procedures 

 

 Chemicals—Andro, 19-OH andro, 19=O andro, and estrone were purchased from 

Steraloids (Newport, RI), and all radiolabeled steroids were purchased from PerkinElmer 

(Waltham, MA). Protocatechuate and protocatechuate dioxygenase were purchased from 

Sigma (St. Louis, MO).   

 

P450 19A1 cDNA Manipulation—The P450 19A1 cDNA was optimized for E. 

coli translation and formatted into overlapping oligonucleotides using the program 
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DNAWorks (160) (Figure 38). Oligonucleotides were purchased from Invitrogen 

(Carlsbad, CA) and underwent polymerase cycling assembly to generate two synthons 

that could be joined through a unique BsrGI restriction enzyme cut site. After ligation of 

the synthons, the cDNA was inserted into a TOPO vector (Invitrogen) and sequence 

errors were corrected using a QuikChange Multi Site-Directed Mutagenesis Kit 

(Stratagene, Cedar Creek, TX). PCR was used to generate the modified N-terminal 

sequence (Figure 39) and to add a C-terminal hexa-histidine tag in the P450 19A1 cDNA. 

Finally the cDNA was inserted into the pCW expression vector. 

 

P450 19A1 Expression—TOP 10 competent cells (Invitrogen) were transformed 

with the P450 19A1 cDNA, and colonies were used to inoculate 50 ml of TB media 

(supplemented with ampicillin (100 µg/ml)). After overnight shaking in an incubator at 

37 °C (ATR Multitron, Laurel, MD), 2.8-l Fernbach flasks containing 1.0 l of TB media 

(supplemented with ampicillin (100 µg/ml), thiamine (340 µg/ml), and a trace element 

solution) (161) were inoculated with 10 ml of culture. After an OD600 of 1-1.2 was 

reached (about 3.5 h, 37 °C, 250 rpm), IPTG (1 mM) and δ-aminolevulinic acid (1 mM) 

were added, and the cultures were incubated for 42 h at 28° C (150 rpm).  

 

P450 19A1 Purification—The cells from the 1.0-l cultures were pelleted (5000 × 

g, 20 min), decanted, and then resuspended in Buffer A (100 mM Tris chloride buffer 

(pH 7.6 at 4 °C) containing 500 mM sucrose and 0.5 mM EDTA) (15 ml/g cells). All 

subsequent steps were at 0-4 °C. Following lysozyme treatment, a volume of H2O (equal 

to the volume of Buffer A) was added, and the preparation was incubated on ice 
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Figure 38. cDNA optimization for P450 19A1 expression in E. coli. A, cDNA 
sequence after optimization (note: a stop codon was inserted during the sequence 
corrections, vide infra). B, Oligonucleotides used for synthons generation in polymerase 
cycling assembly. 

A 
ATGGCCAAAAAAACCTCTTCTAAAGGTCGTAACTACGAAGGTACTTCATC -50- 
TATCCCGGGTCCTGGTTACTGCATGGGCATCGGTCCGCTGATCTCTCACG -100-  
GTCGTTTCCTGTGGATGGGTATTGGTTCTGCGTGCAACTACTACAACCGT -150- 
GTTTACGGCGAATTCATGCGTGTTTGGATCTCTGGCGAAGAAACCCTGAT -200- 
TATCTCTAAGTCCAGCTCTATGTTCCACATCATGAAACACAACCATTACT -250- 
CCTCTCGTTTCGGCTCTAAACTGGGTCTGCAGTGCATTGGTATGCACGAA -300- 
AAAGGTATCATCTTCAATAACAACCCGGAGCTGTGGAAAACCACCCGTCC -350- 
GTTCTTTATGAAAGCGCTGTCTGGTCCGGGTCTGGTTCGTATGGTTACCG -400- 
TTTGCGCTGAATCTCTGAAAACCCACCTGGACCGTCTGGAAGAAGTCACC -450- 
AATGAGTCCGGTTATGTTGACGTTCTGACCCTGCTGCGTCGTGTTATGCT -500- 
GGACACCTCCAACACCCTGTTCCTGCGTATCCCGCTGGACGAATCTGCTA -550- 
TCGTTGTTAAAATCCAGGGTTATTTCGACGCGTGGCAGGCGCTGCTGATC -600- 
AAGCCGGACATTTTCTTCAAAATTTCCTGGCTGTACAAAAAGTACGAAAA -650- 
GTCTGTTAAAGACCTGAAGGACGCGATTGAAGTTCTGATTGCGGAGAAGC -700- 
GTCGTCGTATCAGCACCGAAGAAAAACTCGAAGAGTGCATGGACTTTGCG -750- 
ACCGAGCTGATCCTGGCGGAAAAACGTGGTGACCTGACCCGTGAAAACGT -800- 
TAACCAGTGTATCCTCGAAATGCTGATCGCGGCACCGGACACCATGAGCG -850- 
TTTCTCTGTTCTTCATGCTGTTCCTCATCGCGAAACACCCGAACGTTGAG -900- 
GAAGCGATCATCAAAGAAATCCAGACTGTTATTGGTGAACGTGACATCAA -950- 
AATTGACGACATCCAGAAACTGAAAGTTATGGAAAACTTCATCTACGAGT -1000- 
CTATGCGTTACCAGCCGGTTGTTGACCTGGTCATGCGTAAGGCGCTGGAG -1050- 
GACGACGTTATTGACGGTTACCCGGTCAAAAAAGGTACCAATATCATCCT -1100- 
GAACATCGGTCGTATGCACCGTCTCGAATTCTTCCCGAAACCGAACGAAT -1150- 
TCACCCTCGAGAATTTTGCGAAGAATGTTCCGTACCGTTACTTCCAGCCG -1200- 
TTCGGCTTCGGTCCGCGTGGTTGCGCGGGTAAATACATCGCAATGGTTAT -1250- 
GATGAAGGCCATCCTGGTTACTCTGCTGCGTCGTTTCCACGTTAAAACTC -1300- 
TGCAGGGTCAGTGCGTTGAATCTATTCAGAAAATCCACGACCTCTCTCTG -1350- 
CACCCGGACGAAACCAAGAATATGCTGGAGATGATCTTCACCCCGCGTAA -1400- 
TTCTGACCGTTGTCTGGAACACCATCATCACCACCACTAACGAAGCTTAT -1450- 
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B 
Primer PCA primer sequence 

1 GGTGGTCATATGGCCAAAAAAACCTCTTCTAAAGGTCGTAACTAC 

2 ACCAGGACCCGGGATAGAGGAAGTACCTTCGTAGTTACGACCTTTAGAAGAGGT 

3 TCTATCCCGGGTCCTGGTTACTGCATGGGCATCGGTCCGCTGATCTCTCACGGT 

4 GTTGCACGCAGAACCAATACCCATCCACAGGAAACGACCGTGAGAGATCAGCGG 

5 GTATTGGTTCTGCGTGCAACTACTACAACCGTGTTTACGGCGAATTCATGCGTG 

6 TAGAGATAATCAGGGTTTCTTCGCCAGAGATCCAAACACGCATGAATTCGCCGT 

7 GCGAAGAAACCCTGATTATCTCTAAGTCCAGCTCTATGTTCCACATCATGAAGC 

8 TTAGAGCCGAAACGAGAGGAGTAATGGTTGTGCTTCATGATGTGGAACATAGAG 

9 TCCTCTCGTTTCGGCTCTAAACTGGGTCTGCAGTGCATTGGTATGCACGAAAAA 

10 CCACAGCTCCGGGTTGTTATTGAAGATGATACCTTTTTCGTGCATACCAATGCA 

11 ACAACCCGGAGCTGTGGAAAACCACCCGTCCGTTCTTTATGAAAGCGCTGTCTG 

12 GCAAACGGTAACCATACGAACCAGACCCGGACCAGACAGCGCTTTCATAAAGAA 

13 GTTCGTATGGTTACCGTTTGCGCTGAATCTCTGAAAACCCACCTGGACCGTCTG 

14 GAACGTCAACATAACCGGACTCATTGGTGACTTCTTCCAGACGGTCCAGGTGGG 

15 AGTCCGGTTATGTTGACGTTCTGACCCTGCTGCGTCGTGTTATGCTGGACACCT 

16 TTCGTCCAGCGGGATACGCAGGAACAGGGTGTTGGAGGTGTCCAGCATAACACG 

17 CGTATCCCGCTGGACGAATCTGCTATCGTTGTTAAAATCCAGGGTTATTTCGAC 

18 GTCCGGCTTGATCAGCAGCGCCTGCCACGCGTCGAAATAACCCTGGATTTTAAC 

19 CTGCTGATCAAGCCGGACATTTTCTTCAAAATTTCCTGGCTGTACAAGAAGTAT 

20 CTTCTCATACTTCTTGTACAGCCAGGAAA 

21 TCTTGGCTGTACAAAAAGTACGAAAAGTCTGTTAAAGACCTGAAGGACGCGATTG 

22 GGTGCTGATACGACGACGCTTCTCCGCAATCAGAACTTCAATCGCGTCCTTCAGGTC 

23 CGTCGTCGTATCAGCACCGAAGAAAAACTCGAAGAGTGCATGGACTTTGCGACCGAG 

24 TCACGGGTCAGGTCACCACGTTTTTCCGCCAGGATCAGCTCGGTCGCAAAGTCCATG 

25 GGTGACCTGACCCGTGAAAACGTTAACCAGCGTATCCTCGAAATGCTGATCGCGGCA 

26 GGAACAGCATGAAGAACAGAGAAACGCTCATGGTGTCCGGTGCCGCGATCAGCATTT 

27 CTCTGTTCTTCATGCTGTTCCTCATCGCGAAACACCCGAACGTTGAGGAAGCGATCA 

28 ATGTCACGTTCACCAATAACAGTCTGGATTTCTTTGATGATCGCTTCCTCAACGTTC 

29 CTGTTATTGGTGAACGTGACATCAAAATTGACGACATCCAGAAACTGAAAGTTATGG 

30 GCTGGTAACGCATAGACTCGTAGATGAAGTTTTCCATAACTTTCAGTTTCTGGATGT 

31 CGAGTCTATGCGTTACCAGCCGGTTGTTGACCTGGTCATGCGTAAGGCGCTGGAGGA 

32 ATTGGTACCTTTTTTGACCGGGTAACCGTCAATAACGTCGTCCTCCAGCGCCTTACG 

33 CCGGTCAAAAAAGGTACCAATATCATCCTGAACATCGGTCGTATGCACCGTCTCGAA 

34 AAATTCTCGAGGGTGAATTCGTTCGGTTTCGGGAAGAATTCGAGACGGTGCATACGA 

35 ACGAATTCACCCTCGAGAATTTTGCGAAGAATGTTCCGTACCGTTACTTCCAGCCGT 

36 CGATGTATTTACCCGCGCAACCACGCGGACCGAAGCCGAACGGCTGGAAGTAACGGT 

37 TGCGCGGGTAAATACATCGCAATGGTTATGATGAAGGCCATCCTGGTTACTCTGCTG 

38 CGCACTGACCCTGCAGAGTTTTAACGTGGAAACGACGCAGCAGAGTAACCAGGATGG 

39 TCTGCAGGGTCAGTGCGTTGAATCTATTCAGAAAATCCACGACCTCTCTCTGCACCC 

40 GGGGTGAAGATCATCTCCAGCATATTCTTGGTTTCGTCCGGGTGCAGAGAGAGGTCG 

41 CTGGAGATGATCTTCACCCCGCGTTCTTCTGACCGTTGTCTGGAACACCATCATCAC 

42 TTTGTCATCAATAAGCTTGTGGTGGTGATGATGGTGTTCCAGACA 

!

Note:  a stop codon was inserted via site-directed mutagenesis after synthon ligation. 
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B 

 
 

 

 

Figure 39. N-Terminal sequence and purification of P450 19A1 protein. A, N-
terminal sequence of native mammalian P450 19A1 (top) and the modification used for 
heterologous expression (bottom). B, SDS-PAGE (10% gel, stained with Coomassie 
Brilliant Blue G250). Lane 1, whole cells; lane 2, membrane-bound fraction; lane 3, 
solubilized membrane fraction; lane 4, purified P450 19A1. Nominal protein 
concentrations loaded in lanes 1-4 were 70, 55, 7, and 1.7 µg, respectively. 
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for 30 min. After separation by centrifugation at 5000 × g (20 min), the resulting 

spheroplast pellet was resuspended in Buffer B (100 mM potassium phosphate buffer (pH 

7.4), containing 20% glycerol (v/v), 6 mM magnesium acetate, and 0.1 mM DTT). To 

this were added the protease inhibitors leupeptin (2 µM), aprotinin (0.04 U/ml), bestatin 

(1 µM), and phenylmethylsulfonyl fluoride (1 mM final, from a 100 mM stock solution 

in 1-propanol). The spheroplasts were sonicated and separated by centrifugation at 

12,000 × g (20 min). The supernatant was harvested and separated by ultracentrifugation 

at 142,000 × g (60 min), and the pellet was resuspended in minimal Buffer B. The 

membranes were diluted with Buffer C (100 mM potassium phosphate buffer (pH 7.4) 

containing 20% glycerol (v/v), 1% CHAPS detergent (w/v), and 0.1 mM DTT) to a 

concentration of ~ 2.5 mg/ml total protein (as determined by a bicinchoninic acid assay) 

and were solubilized overnight with gentle stirring. The solubilized membrane-bound 

proteins were separated from the membranes by ultracentrifugation at 142,000 × g (60 

min).  

Two 8-ml nickel-NTA resin (Qiagen, Valencia, CA) columns were poured and 

equilibrated with Buffer D (100 mM potassium phosphate buffer (pH 7.4) containing 

20% glycerol (v/v), 1% CHAPS detergent (w/v), 0.1 mM DTT, and 0.5 M NaCl). The 

solubilized protein supernatant (~ 1.2 l) was fortified with 0.5 M NaCl and loaded onto 

the two nickel-NTA columns (operated in parallel) using a pump (flow rate ~ 1.8 

ml/min). The columns were then washed with 200 ml of Buffer E (Buffer D containing 

30 mM imidazole). P450 19A1 was eluted with a linear gradient of 30 to 300 mM 

imidazole in Buffer D (140 ml total, elution began ~ 100 mM imidazole). The most 

concentrated fractions (A417) were combined and dialyzed in Buffer F (100 mM potassium 
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phosphate buffer (pH 7.4) containing 1 mM EDTA and 20% glycerol (v/v)). The purified 

P450 19A1 was stored at -70 ° C. Purity and concentration of P450 19A1 was assessed 

by a variety of methods (see Figures 39 and 40, Table 2)  

 

Other Enzyme Preparations—The same protocols were used as described in 

Chapter II (vide supra). 

 

Spectroscopy—UV-visible spectra were recorded with either an Aminco 

DW2/OLIS or a Cary14/OLIS spectrophotometer as in previous chapters. In steady-state 

titrations, P450 19A1 (1 µM) was titrated with increasing amounts of ligand dissolved in 

CH3OH, with a reference cuvette containing only P450 19A1 (final organic solvent 

concentration ≤ 2%, v/v). Scans were made from 350-500 nm, in duplicate, and averaged. 

The inherent absorbance of estrone required the use of a tandem (Yankeelov) cuvette in 

these titrations, as described in Chapter II (32). 

Stopped-flow absorbance and fluorescence experiments were performed on an 

OLIS RSM-1000 instrument as described (vide supra). In this case, fluorescence 

measurements were made using excitation at 325 nm and a > 385 nm long pass filter, 

with 3.16 nm slits. Stopped-flow experiments shorter than 15 s were reported as averages 

of four individual experiments and longer time point studies were an average of two.  

Anaerobic experiments were performed as described in Chapter II, although in 

this case a protocatechuate/protocatechuate dioxygenase oxygen scrubbing system was 

used (162). P450 19A1 (1 µM) preincubated with andro, 19-OH andro, 19=O andro, or 

estrone (all with CO) was reduced upon the addition of NADPH (150 µM), and 
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Figure 40. Immunoblot of P450 19A1. Four dilutions of purified P450 19A1 were 
loaded for SDS-PAGE (10%, w/v), along with seven dilutions of a P450 3A4 standard 
that also contained a hexa-histidine tag. The proteins were transferred to a polyvinylidene 
fluoride membrane (BioRad, Hercules, CA). A primary mouse anti-his6-peroxidase 
antibody was used (Roche, San Francisco, CA) to detect the presence of protein 
containing a hexa-histidine tag. The secondary antibody was goat anti-mouse 
IRD800CW, which emits infrared light at 800 nm, and was detected using an Odyssey 
Li-Cor instrument (Li-Cor, Lincoln, NE). Shown in the first four lanes are various 
dilutions of purified P450 19A1. The final seven lanes contain P450 3A4 with a hexa-
histidine tag as a standard for quantitation (shown are 1, 2, 4, 8, 10, 12, and 16 pmol P450 
3A4). The output from the channel detecting the infrared signal at 800 nm is shown. 
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Table 2.  Quantitation of P450 19A1 expression and purification. 

Purification 

stage 

P450, 

nmola 

 

P450 plus 

cytochrome 

P420, nmolb 

 

Heme, 

nmolc 

P450 

protein, 

nmold 

 

Total 

protein, 

mge 

Specific 

content, 

nmol 

P450/mg 

protein 

Whole cells 2700f -- -- 2500 84,000 0.032 

Membranes 370f -- -- 260 2,200 0.17 

Solubilized 

protein 

370f 1700f -- 950 1,700 0.22 

Purified P450 

19A1 

120f 170f 180 420 19 6.3 

 

aFe2+•CO vs. Fe2+ difference spectrum.  
bFe2+•CO vs. Fe2+ difference spectrum in which the absorbance change at 420 nm is 
added to the absorbance change at 450 nm to calculate total P450. 
cPyridine hemochrome assay. 
dImmunoblot analysis, quantified based on the Fe2+•CO vs. Fe2+ difference 
spectrum of P450 3A4. 
eBicinchoninic acid (BCA) analysis. 
fSafranin dye included (2 µM). 
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measurements were made by averaging results from four shots. 

 

Measurement of Enzyme Activity—In steady-state studies, the reconstituted 

enzyme system contained 0.10 µM P450 19A1, 0.20 µM NADPH-P450 reductase, and 9 

µM L-α-1,2-dilauroyl-sn-glycero-3-phosphocholine (vide supra), followed by the 

addition of substrate dissolved in CH3OH (final organic solvent content ≤ 1% v/v). 

Volumes of incubations were 1.0 ml and contained 100 mM potassium phosphate buffer 

because the P450 19A1 was unstable in buffers of lower ionic strength.  

In addition to Fe2+•CO vs. Fe2+ difference spectral analysis, P450 19A1 activity 

was measured using slight modifications of a tritiated water release assay (163). Briefly, 

a reconstituted enzyme system containing 20 nM P450 19A1, 600 nM NADPH-P450 

reductase, and 28 µM L-α-1,2-dilauroyl-sn-glycero-3-phosphocholine (vide supra) was 

incubated with 4.9 µM [1β-3H]-andro (2 µCi) for 5 min (1.0 ml volume). Following 

quenching with 3 ml of CHCl3, 0.75 ml of the (upper) aqueous layer was removed and 

mixed with a vortex device after adding charcoal-dextran (5% (w/v) charcoal, 0.5% (w/v) 

dextran). This mixture was added to a centrifugal filter device (Fisher, Fair Lawn, NJ) 

filled with Celite® and the charcoal-dextran was separated by centrifugation (2,000 × g, 5 

min). The radioactivity in an aliquot of H2O was then quantified using a scintillation 

counter (Beckman LS6500, Beckman, Brea, CA).  

For steady-state kinetic analyses, reactions were run in duplicate for 5 min, 

quenched with 1.0 ml of CH2Cl2, and mixed with a vortex device. Following 

centrifugation, 0.75 ml of the organic layer was transferred, dried under a N2 stream, and 

then dissolved in 30 µl of CH3OH prior to HPLC analysis. Due to the very low Km for 
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conversion of andro to estrone, radiolabeled starting material ([1,2,6,7-3H]-andro) was 

required (a range of 0.02-1.2 µCi/incubation was used) and the reconstituted enzyme 

system contained 2.0 nM P450 19A1, 60 nM NADPH-P450 reductase, and 1.8 µM L-α-

1,2-dilauroyl-sn-glycero-3-phosphocholine. For all reactions, HPLC (20 µl injections) 

was used to separate the compounds using the C18 column described in Chapter II.  

HPLC separation strategies were modified based on work by Zhou et al. (164). 

Separations were achieved (flow rate of 1.0 ml/min) with solvent A (83% H2O, 17% 

tetrahydrofuran, v/v) and solvent B (83% CH3OH, 17% tetrahydrofuran, v/v), using a 

linear gradient from 40% to 100% B from 0 to 6 min (v/v), held isocratic from 6-8 min at 

100% B. For the studies with radiolabeled andro, HPLC was used with a liquid 

scintillation flow counter (In/Us β-Ram, Brandon, FL). A second, larger-scale incubation 

was performed in order to relate peak area in the radiochromatograms to A280, using a 

Spectra Series UV100 spectrophotometer for the quantitation of estrone. In the cases of 

the incubations with 19-OH andro and 19=O andro, separations were monitored at 240 

and 285 nm (the 285 nm trace and external standards were used for quantitation) using a 

ThermoFinnigan UV3000 rapid-scanning UV detector. A sample chromatogram is shown 

in Figure 41. 

The same conditions for incubations and HPLC analysis described for the andro 

activity assay (vide supra) were used for pulse-chase experiments (with 400 nM [1,2,6,7-

3H]-andro), except that either 210 µM 19-OH andro or 180 µM 19=O andro was added at 

time points of 30 or 60 s (the total incubation time was 5 min). 

Pre-steady-state kinetics were performed under single turnover conditions in a 

quench flow apparatus (model RFQ-3, Kintek Corp, Austin, TX). Specifically, 2.0 µM  
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Figure 41.  Sample HPLC radiochromatogram following incubation of P450 19A1 
with radiolabeled andro.  Shown are 19-OH andro at tR = 3.6 min, 19=O andro at tR = 
4.5 min, andro at tR = 5.8 min, and estrone at tR =  7.8 min. 
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[4-14C]-andro was added to a reconstituted enzyme system containing 2.0 µM P450 

19A1, 4.0 µM NADPH-P450 reductase, and 250 µM L-α-1,2-dilauroyl-sn-glycero-3-

phosphocholine. Reactions (in duplicate) were initiated by the addition of 500 µM 

NADPH and were quenched by the addition of 2% ZnSO4 (w/v) after a time period of 

100 ms to 28 s. Sample workup and HPLC analysis were performed as described (vide 

supra), although the dried samples were dissolved in 25 µl of CH3OH for injection. As 

the specific activity of the radiolabeled substrate was low (4.8 nCi present at each time 

point), five individual reactions (at each time point) were combined for HPLC analysis. 

Rates of NADPH oxidation were measured as described previously (165). Briefly, 

reconstituted enzyme systems were prepared (vide supra) with 0.40 µM P450 19A1 and 

125 µM substrate except in the case of estrone, where 20 µM substrate was used. The 

sample was preincubated at 37 °C using a water bath attached to the Aminco DW2/OLIS 

spectrophotometer, and the reaction was initiated by adding 180 µM of NADPH and 

monitored at 340 nm. OLIS software was used to calculate the linear rates of NADPH 

oxidation, using ε340 = 6.22 mM-1 cm-1 for NADPH oxidation. 

 

Analysis of Kinetic and Binding Data—In the anaerobic studies, the OLIS fitting 

software was used to fit the traces to single- or double-exponential equations. In the cases 

of the pre-steady-state binding experiments, DynaFit software (44) was used for double-

exponential fits. Kintek Explorer® software (45) was employed for fitting the single 

turnover experimental data, and this fit was constrained in part by fitting v vs. substrate 

concentration plots using DynaFit software. 
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Results 

P450 19A1 Expression and Purification—A method was developed that routinely 

achieved ~ 400-500 nmol/l expression of P450 19A1 and involved the use of a single 

column for purification, without the need for non-ionic detergents. In order to enhance 

expression in E. coli, the native mammalian P450 19A1 cDNA sequence was modified. 

Polymerase cycling assembly was used to optimize the cDNA codons for E. coli (Figure 

38). The N-terminus was replaced with a sequence developed for improving heterologous 

expression of rabbit P450s (166) (Figure 39A) and a hexa-histidine tag was added to the 

C-terminus. Finally, optimization of the strain of E. coli used (TOP 10) yielded some of 

the greatest improvement in expression levels.  

Many difficulties in purification of P450 19A1 have been cited in the literature, 

typically related to loss of Fe2+•CO vs. Fe2+ difference spectra due either to protein 

instability or suspected masking of signal by detergents or ligands used in purification 

(50, 51). I found that one successful method of stabilizing P450 19A1 during purification 

was the addition of the 19A1 inhibitor αNF (167) during the solubilization and 

chromatography steps (51), an approach used previously with P450s 1A1 and 1A2 (96). 

However, I subsequently found that removal of this ligand was virtually impossible 

despite extensive column washing steps and dialysis (with αNF quantified by 

fluorescence spectroscopy after extraction from P450 19A1 with organic solvent). 

Unsurprisingly, the measured Kd for αNF was very low (0.09 ± 0.02 µM, estimated by 

monitoring the fluorescence quenching of αNF upon titration with P450 19A1). 

Alternatively, stability could be improved by limiting the exposure time of the P450 

19A1 to the nickel-NTA resin during the chromatography step and using high ionic 
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strength (100 mM potassium phosphate buffer) throughout. Nickel-NTA nickel 

chromatography was sufficient to achieve > 95% electrophoretic purity (Figure 39B). 

Overall yields of P450 19A1 were not particularly high (Table 2 and Figure 40) but 

sufficient for kinetic analysis. 

Spectral analysis of purified P450 19A1 yielded rather typical Fe2+•CO vs. Fe2+ 

reduced difference (Figure 42A) and absolute (Figure 42B) spectra. Fe2+•CO vs. Fe2+ 

reduced difference spectra were improved by the addition of safranin T (2 µM) as an 

electron mediator in the assays (96). P450 19A1 displayed “Type I” changes (increase at 

390 nm and decrease at 420 nm as binding of the ligand caused displacement of H2O as 

the sixth axial ligand) (43) upon binding andro (Figure 42C), although only about 18% 

maximal conversion to the high-spin iron state was observed (Figure 42C inset). The 

heme content, measured by the pyridine hemochrome assay (168), was similar to the sum 

of P450 plus cytochrome P420 (Table 2). 

 

Steady-State Kinetics of Ligand Binding to P450 19A1—Andro, 19-OH andro, 

19=O andro, and estrone all behaved as Type I ligands (Figure 43). These titrations 

displayed tight ligand binding with dissociation constants in the low µM range (Table 3), 

and fitting such plots (Figure 43) required quadratic equations. Andro showed the 

strongest affinity for P450 19A1 with a Kd value of 0.13 µM, while 19-OH andro, 19=O 

andro, and estrone yielded Kd values of 1.5, 3.6, and 4.0 µM, respectively.  

 

Pre-Steady-State Kinetics of Ligand Binding to P450 19A1—Stopped-flow 

absorbance or fluorescence spectroscopy was used to measure pre-steady-state rates of  
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Figure 42. Spectra of purified P450 19A1. A, Fe2+•CO vs. Fe2+ difference spectrum 
(using 2 µM safranin T dye as an electron mediator). B, Absolute spectrum showing 
ferric and ferrous forms. C, Absolute spectrum of 2 µM P450 19A1 in the absence (⎯) or 
presence (......) of 10 µM andro and the difference between the two spectra (  ). Also 
shown (inset) are the second derivative of the spectra recorded in the absence (⎯) or 
presence (  ) of 10 µM andro, showing about 18% conversion from low- to high-spin 
iron upon ligand binding. 
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Table 3. Steady-state parameters of P450 19A1 turnover and dissociation constants. 

 

Substrate kcat, s-1 Km, µM kcat/Km, M-1 s-1 Kd, µM 

 

andro 0.060 ± 

0.003 

0.044 ± 

0.006 

1.4 × 106 0.13 ± 0.07 

19-OH 

andro 

0.13 ± 

0.01 

21 ± 6 6.2 × 103 1.5 ± 0.4 

19=O andro 0.42 ± 

0.03 

18 ± 5 2.3 × 104 3.6 ± 0.6 

estrone -- -- -- 4.0 ± 1.0 
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Figure 43. Steady-state binding of ligands to P450 19A1. Titration of P450 19A1 (1 
µM) with varying concentrations of ligand. Insets show the spectral changes, and the 
plots are quadratic fits of the changes in absorbance. A, Andro, Kd = 0.13 ± 0.07 µM; B, 
19-OH andro, Kd = 1.5 ± 0.4 µM; C, 19=O andro, Kd = 3.6 ± 0.6 µM; D, Estrone, Kd = 4.0 
± 1.0 µM. 
 
 

A
Fig. 4
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binding of andro, 19-OH andro, 19=O andro, and αNF to P450 19A1 (Figure 44). When 

the changes in absorbance upon ligand binding were fit to a single-exponential equation 

(i.e. a simple one-step binding mechanism, E + L  EL), a second-order rate constant 

(kon) of ~ 5.6 × 104 M-1 s-1 resulted, which is probably 100-1000 times too slow for a 

diffusion-limited interaction (46). Instead a two-step binding mechanism was used:  E + 

L  EL  LE, with a fast, spectroscopically-silent initial step followed by a slower 

change that affected the heme Soret region. This initial fast, absorbance-silent step 

theoretically could be captured if a fluorescent ligand was used, as previously shown in 

studies with P450s 3A4 (92) and 1A2 (Chapter II and (32)). In this case, quenching of the 

native fluorescence of the ligand occurs upon the first interaction with the enzyme and 

does not depend on heme Soret region changes proposed to occur following an initial 

binding step. By using the fluorescent P450 19A1 inhibitor αNF (vide supra), a very fast 

initial interaction with the protein was observed (~ 103 × faster than changes seen in 

absorbance) (Figure 44D).   

Double-exponential equations provided good fits to the biphasic curves observed 

for andro, 19-OH andro, and 19=O andro binding, with initial binding rates that ranged 

from 2.5 × 106 to 2.0 × 107 M-1 s-1 (Figure 44, using DynaFit software). The andro, 19-OH 

andro, and 19=O andro fits were constrained using both the raw data and the Kd values 

(from the steady-state titration data) (Figure 45). In support of this two-step binding 

mechanism, the fluorescence quenching of αNF upon binding P450 19A1 was 

significantly faster than the observed absorbance changes, and the data were fit to a 

double-exponential equation with an initial rate (k1) of 1.0 × 107 M-1 s-1, which is realistic  
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Figure 44. Pre-steady-state binding kinetics of ligands to P450 19A1. Stopped-flow 
absorbance (A-C) and fluorescence (D) changes for binding of various ligands (2 µM) to 
P450 19A1 (2 µM). Raw data are presented as scatter plots and the overlaid lines are fits 
using DynaFit software. A, Andro (ΔA390), k1 = 2.5 × 106 M-1 s-1, k-1 = 1.4 s-1, k2 = 0.42 s-1, 
k-2 = 0.20 s-1; B, 19-OH andro (ΔA390), k1 = 2.0 × 107 M-1 s-1, k-1 = 240 s-1, k2 = 0.80 s-1, k-2 
= 0.15 s-1; C, 19=O andro (ΔA390), k1 = 2.5 × 106 M-1 s-1, k-1 = 300 s-1, k2 = 2.4 s-1, k-2 = 0.13 
s-1; D, αNF (ΔF> 385), k1 = 1.0 × 107 M-1 s-1, k-1 = 0.1 s-1, k2 = 0.01 s-1, k-2 = 0.18 s-1. 
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Figure 45. DynaFit iterations for fitting stopped-flow spectroscopy binding data and 
steady-state titration data. See Appendix for corresponding scripts. For all plots, the y 
axis is ΔA390 and the x axis is the ligand concentration in µM. A, DynaFit results from 
fitting the steady-state titration data of andro binding to P450 19A1 (Figure 43) B, 
DynaFit results from fitting the steady-state titration data of 19-OH andro binding to 
P450 19A1 (Figure 43). C, DynaFit results from fitting the steady-state titration data of 
19=O andro binding to P450 19A1 (Figure 43). 
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for a second-order encounter phenomenon (46) (Figure 44D). The faster rate seen for 

fluorescence compared to absorbance strongly supports the E + L  EL  LE 

mechanism, where E + L  EL is the initial fast binding step that can be captured for 

observation by fluorescence quenching of the ligand, and EL  LE is a slower binding 

step related to interaction with the heme. 

 

Rates of Reduction of P450 19A1—The rates of reduction of ferric P450 19A1 in 

the absence of any ligand were extremely slow (~ 0.03 s-1, data not shown). However, 

much higher rates were observed in the presence of ligands, particularly in the case of 19-

OH andro and 19=O andro (Figure 46). It is typically assumed in such reduction studies 

that CO interacts rapidly with P450s with high affinity, regardless of other ligands 

present, and thus absorbance changes at 450 nm indicate rates of reduction and are not 

complicated by the kinetics of CO binding. However, this was not the case in measuring 

rates of reduction of P450 19A1 in the presence of 19-OH andro and estrone. A Fe2+•CO 

vs. Fe2+ difference spectrum (Figure 47) indicated that iron reduction occurred but the 

addition of 19-OH andro precluded CO from binding, preventing the Soret absorbance 

increase at 450 nm. A similar phenomenon was observed for estrone binding, although 

the signal at 450 nm was high, but the apparent rate of reduction (0.098 ± 0.002 s-1) was 

slower than the kcat (data not shown). In both cases, the change in absorbance at 390 nm 

(rather than 450 nm) was extracted and used to determine rates of reduction. While the 

reduction of P450 19A1 in the presence of andro could be fit to a single-exponential 

equation (k = 1.7 ± 0.1 s-1), the reduction data for P450 19A1 in the presence of 19-OH 

andro, 19=O andro, and estrone were better fit to double-exponential equations with fast  
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Figure 46. Reduction kinetics of P450 19A1. Stopped-flow absorbance traces of the 
reduction of P450 19A1 (1 µM) by NADPH-P450 reductase (2 µM) in the presence of L-
α-1,2-dilauroyl-sn-glycero-3-phosphocholine (95 µM) and various ligands (5 µM) upon 
the addition of NADPH (150 µM). A, Andro (ΔA450), k = 1.7 ± 0.1 s-1; B, 19-OH andro 
(ΔA391), kfast = 10 ± 4 s-1, kslow = 0.97 ± 0.12 s-1; C, 19=O andro (ΔA450), kfast = 5.4 ± 0.5 s-1, 
kslow = 0.34 ± 0.06 s-1; D, Estrone (ΔA391), kfast = 2.2 ± 0.4 s-1, kslow = 0.098 ± 0.02 s-1. The 
analysis of residuals is shown at the top of each plot. 

Time, s

Fig. 6
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Figure 47. Fe2+•CO vs. Fe2+ difference spectra in the absence and presence of 19-OH 
andro. P450 19A1 (1 µM) in the absence and presence of 19-OH andro (20 µM). 

- 19-OH 

+ 19-OH 
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initial rate constants (kfast) of 10, 5.4, and 2.2 s-1, respectively. In all cases, the rates of iron 

reduction were much faster than the measured rates of substrate oxidation (vide infra). 

The steady-state rates of oxidation of NADPH by P450 19A1 in the presence of 

NADPH-P450 reductase were also measured. In the absence of ligands, rates of 0.40 ± 

0.02 nmol NADPH oxidized (nmol P450)-1 s-1 were measured, while faster rates of 1.23 

(± 0.07), 1.03 (± 0.08), 0.90 (± 0.02), and 0.45 (± 0.03) nmol NADPH oxidized (nmol 

P450)-1 s-1 were observed in the presence of andro, 19-OH andro, 19=O andro, and 

estrone, respectively. 

 

Steady-State Kinetics of P450 19A1 Activity—Although in range of previously 

reported kcat values (Figure 48 and Table 3) (51, 55, 61), the turnover of andro by P450 

19A1 was relatively slow (0.06 s-1), particularly when compared to cholesterol 7α-

hydroxylation by P450 7A1, which has been reported to be two orders of magnitude 

faster (169). (A sample chromatogram used for quantitation of estrone is shown in Figure 

41). While the kcat was somewhat low (0.06 s-1), the low Km contributed to a relatively 

high catalytic efficiency (1.4 × 106 M-1 s-1). 19-OH andro and 19=O andro displayed 

higher kcat values (0.13 and 0.42 s-1, respectively), although lower Km values caused the 

resulting catalytic efficiencies to be lower than that of andro conversion to estrone (Table 

3). Thus coupling of NADPH oxidation (vide supra) to kcat was not very efficient, with 

5%, 34%, and 33% coupling for andro, 19-OH andro, and 19=O andro, respectively.  

When excess 19-OH andro or 19=O andro was added at 30 or 60 s to an 

incubation containing P450 19A1 and tritiated andro in a pulse-chase experiment, a ~ 

75% loss of the radiolabel in the estrone product was observed (Figure 49). Loss of the 
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Figure 48. Steady-state kinetics of P450 19A1 activity. Hyperbolic fitting of the 
formation of estrone by P450 19A1. A, Andro as substrate; B, 19-OH andro as substrate; 
C, 19=O andro as substrate. 
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Figure 49. Pulse-chase assays. P450 19A1 (2 nM) was incubated with 400 nM [1,2,6,7-
3H]-andro, followed by a pulse of 19-OH andro (210 µM) or 19=O andro (180 µM) at 30 
or 60 s. In this case, 100% activity was 0.087 s-1. The total reaction time was 5 min. 
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radiolabel in the product (estrone) upon addition of either intermediate indicated that both 

intermediates exchange freely during the course of the sequential reaction.  

 

Kinetics of P450 19A1 Under Single Turnover Conditions—Pre-steady-state 

kinetic analysis was done under single turnover conditions to generate a progress curve 

showing the loss of substrate, the subsequent formation and loss of 19-OH andro and 

19=O andro, and the generation of estrone (Figure 50). 19-OH andro (which accumulated 

to higher concentrations than 19=O andro) was seen already at 100 ms, with 19=O andro 

and estrone formed later. The reaction was essentially complete within 10 s. 

 

P450 19A1 Kinetic Modeling—Global fitting was employed to generate a minimal 

mechanism for the three-step reaction catalyzed by P450 19A1 (Figure 50 and Table 4). 

The single turnover time course could be fit using Kintek Explorer® software (Figure 50, 

fitting settings are shown in the Appendix) and the resulting individual rate constants 

were constrained in part by concurrently fitting (using DynaFit software) the v vs. 

substrate concentration steady-state plots (Figure 48) for the conversion of 19-OH andro 

and 19=O andro to estrone (Figure 51). Further, Kd values resulting from the fits for 

andro and 19=O andro binding were within range of those derived experimentally (Figure 

43 and Table 3). The rates of P450 19A1 reduction (Figure 46) were used to set 

approximate upper limits of substrate oxidation (i.e. k3, k6, k9, Table 4). The inclusion of a 

conformational change following ligand binding (Table 4) was based upon evidence for a 

spectroscopically-silent initial binding step in the pre-steady-state binding experiments 

(Figure 44), and the insertion of intermediate dissociation steps was included based on  
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Figure 50. Kinetics of P450 19A1 catalysis under single turnover conditions. Loss 
and/or formation of andro (red), 19-OH andro (orange), 19=O andro (green), and estrone 
(blue) were monitored in a reaction of P450 19A1 (2 µM) and [4-14C]-andro (2 µM).  
Global fitting (using Kintek Explorer® software) is shown. See the Appendix for software 
parameters. 
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Table 4. Individual rate constants for P450 19A1 turnover. 

 

Mechanism stepa Forward rate constant Reverse rate constant 

E + A ⇄ EA k1 = 4.5 × 107 M-1 s-1 k-1 = 15 s-1 

EA ⇄ AE k2 = 0.63 s-1 k-2 = 0.35 s-1 

AE → EB k3 = 1.0 s-1  

EB ⇄ E + B k4 = 3.9 × 104 s-1 k-4 = 3.5 × 107 M-1 s-1 

EB ⇄ BE k5 = 2.4 ×104 s-1 k-5 = 320 s-1 

BE → EC k6 = 7.5 s-1  

EC ⇄ E + C k7 = 50 s-1 k-7 = 4.0 × 107 M-1 s-1 

EC ⇄ CE k8 = 3.2 × 104 s-1 k-8 = 3.0 × 104 s-1 

CE → ED k9 = 5.9 s-1  

ED ⇄ E + D k10 = 1.3 × 104 k-10 = 4.5 × 107 M-1 s-1 

 

aA: andro, B: 19-OH andro, C: 19=O andro, D: estrone, E: enzyme (P450 19A1). 
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Figure 51. DynaFit iterations for global fitting. Corresponding scripts can be found in 
the Appendix. For all plots, the y axis is rate in s-1 and the x axis is the ligand 
concentration in µM. A, Resulting fit for the conversion of 19-OH andro to estrone using 
rate constants from the single turnover experiment fit (Figure 50 and Table 4). B, 
Resulting fit for the conversion of 19=O andro to estrone, using rate constants from the 
single turnover experiment fit (Figure 50 and Table 4).  
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the results of the pulse-chase experiments (Figure 49). 
 
 

Discussion 

P450 19A1, which converts androgens to estrogens, is a member of the class of 

P450s capable of catalyzing sequential reactions. Many of these multi-step enzymes are 

involved in steroid processing, i.e. P450s 11A1, 11B2, 17A1, and 51A1, as well as P450 

19A1. The reported kinetic studies of three-step reactions catalyzed by P450 19A1 are 

limited to a small collection of steady-state parameters associated with the turnover of 

andro and testosterone plus a multitude of studies examining aromatase inhibitors, which 

have proved to be therapeutically effective for some breast cancers. Both steady-state and 

pre-steady-state kinetic techniques were used to characterize the binding of the substrate, 

intermediates, and product, revealing low µM binding that occurs in a two-step process. 

Over the course of the reaction, the intermediates freely dissociate. Globally fitting a 

progress curve generated under single turnover conditions, as well as many other data, 

yielded a kinetic model with individual rate constants for each step of catalysis.   

Reported in this chapter is the heterologous P450 19A1 expression of 400-500 

nmol/l in E. coli and purification that requires only one chromatography step. Most other 

methods involve purification of P450 19A1 from placenta, which prohibits mutagenesis 

experiments and requires access to human tissues. Further, these purification protocols 

require the use of two (54), three (51, 55), or four (56) columns, decreasing the overall 

yield, and some utilize non-ionic detergents, which can be difficult to remove (57). The 

specific content (6.3 nmol P450/mg protein, Table 2) was lower than expected for a pure 

P450 holoenzyme, i.e. ~ 20 nmol P450/mg for a 50 kDa protein. Because SDS-PAGE 

analysis indicated > 95% purity (Figure 39B), I presume that the deviation from the 
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theoretical value resulted from a contribution of apo-P450 19A1 to the measured 

concentration. P450 19A1 was sensitive to exposure to the nickel-NTA resin and 

although the chromatography step was abbreviated, the absorbance spectrum of the 

purified protein at 420 nm (demonstrating a loss of heme) suggested the presence of some 

apo-protein (Table 2).  

Two other purification strategies required the use of either andro (55) or αNF (51) 

to stabilize the P450 during purification. Although the Fe2+•CO vs. Fe2+ difference spectra 

improved upon the addition of αNF during solubilization and chromatography steps, I 

was unable to remove αNF from the preparation despite extensive column washing, 

adding a second column for further washing, and using additional dialysis steps. As andro 

has a Kd nearly as low as αNF (0.13 vs. 0.09 µM, respectively), it is likely that similar 

problems plague purification strategies that utilize andro. Limiting exposure to the nickel-

NTA resin generated Fe2+•CO vs. Fe2+ difference spectra of as high quality as those 

recorded with αNF-containing preparations (minimum A420 in the Fe2+•CO vs. Fe2+ 

difference spectra) and, importantly, did not complicate kinetics by having an inhibitor or 

substrate present. 

 Another protocol for expression and purification of P450 19A1 in E. coli involved 

the removal of a larger portion of the N-terminus, produced slightly lower levels of 

expression (350-400 nmol/l), and required three columns and the presence of andro (60, 

61). While Zhang et al. (62) used only a single column for purification, the native 

sequence was more highly modified in that histidine tags were present at both the N- and 

C-termini, and expression levels were not reported. 



 

143 

One steady-state time course assay involving aromatization of andro (by placental 

microsomes) showed accumulation of both intermediates before the formation of estrone 

(39), but another study extended this time course to show subsequent loss of the 

intermediates (40). The presence of both intermediates, the lag of formation of estrone, 

and the subsequent loss of the intermediates was taken as evidence that each step of the 

sequential reaction was required and that the intermediates were free to dissociate. 

Conversely, the high specific activity of estrone and low specific activity of 19-OH andro 

after incubation of radiolabeled andro and non-labeled 19-OH andro (with placental 

microsomes) suggested little dissociation of the intermediates (41). However, this type of 

assay does not directly probe dissociation of both intermediates, unlike pulse-chase 

experiments (Figure 49). The amount of 19A1 present was not defined (microsomal 

fractions were used), which could prove problematic. If substrate concentrations 

approximate the concentration of P450 19A1, conditions would be similar to those in the 

single turnover experiment described here, and a 5-min incubation would be too long for 

this type of assay. In the time course experiment reported here (Figure 50) this relatively 

late time point would show more radioactive estrone than radioactive 19-OH andro, as 

indicated in the study by Hollander (41), but this observation should not be used to infer 

processivity. My more direct assay of measuring dissociation using pulse-chase 

experiments (with defined concentrations), which shows dissociation of both 

intermediates, is considered more reliable. 

Characterization of P450 19A1 as being more distributive than processive 

contrasts with similar studies on sequential reactions catalyzed by P450s 2A6 (processive 

conversion of nitrosamines to aldehydes and then carboxylic acids (33)) and 2E1 
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(processive conversion of ethanol to acetic acid through acetaldehyde (34)). Intuitively 

one might expect a reaction course with a physiological substrate to be more processive, 

but this is not necessarily the case. Why these P450s show such differences in the ability 

of the intermediates to freely exchange remains unknown and is the object of further 

investigation.  

Distinction between the ferric peroxide and the Compound I mechanisms (vide 

supra) was not addressed in this work. Because the former mechanism (152, 153) dictates 

that the ferric peroxide intermediate attacks the 19=O andro intermediate rather than the 

19-gem-diol compound, it is possible that buildup of the 19-gem-diol might occur (if 

dehydration is slow). However no unidentified peaks in the radiochromatogram were 

observed to indicate a distinct 19-gem-diol compound in the single turnover studies. The 

sensitivity of the assay may have prevented observation of the 19-gem-diol (the specific 

activity of the [4-14C]-andro was very low), because 19=O andro levels were just above 

the limit of detection. It is also possible that the rate of non-enzymatic conversion might 

favor the 19=O andro compound, preventing buildup of the 19-gem-diol. Another 

possibility is that the 19-gem-diol is immediately attacked by Compound I, as in the case 

of the second proposed mechanism (154), and the enzymatically non-preferred 

conformation, the 19=O andro, accumulates (as seen in Figure 50). Further experiments 

are necessary to distinguish between these two models. 

Steady-state titrations (Figure 43) showed low µM dissociation constants for all 

four ligands. The highest affinity was seen for andro (0.13 µM), a value that is still much 

higher than the circulating concentration of andro (~ 9 nM in men (170)). Titrations with 

testosterone (data not shown) indicated a Kd value of 1.5 µM, which is considerably 
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higher than that of andro, although circulating levels of testosterone are also higher (~ 19 

nM in men (170)). Pre-steady-state binding of andro, 19-OH andro, and 19=O andro to 

P450 19A1 was a two-step process. Thus multi-step binding to P450s is not limited to 

xenobiotics (i.e. P450s 1A2, 3A4) (32, 91), as this was also seen with an endobiotic in a 

P450 with a small active site (24). 

In order to generate a minimum kinetic model to describe P450 19A1 turnover, 

multiple types of data were fit globally using both Kintek Explorer® (Figure 50 and 

Appendix) and DynaFit software (Figure 51 and Appendix). The greatest challenge of 

global fitting was constraining the individual rate constants to fit the steady-state turnover 

data (Figures 48 and 51). For the steady-state 19-OH andro to estrone conversion data, all 

of the rate constants from the EB  E + B step (Table 4) through the final step (estrone 

release) were used. The resulting fit (Figure 51A) describes the turnover of 19-OH andro 

relatively well. Similarly, 19=O to estrone turnover data were fit using rate constants 

from the EC  E + C step (Table 4) through estrone release. While the initial rate is 

slightly faster than observed experimentally, these steady-state data were also fit well 

(Figure 51B). 

There are some weaknesses of this kinetic model. While concentrations of the two 

intermediates were well described by the model of the single turnover experiment, a lag 

phase in the formation of estrone was overemphasized and the rate of andro loss was 

slow (Figure 50). Laws of mass balance dictate that 2 µM estrone should be formed as 

indicated by the model because levels of andro, 19-OH andro, and 19=O andro fall to 

zero, and no further reaction with estrone could be identified. However, slow conversion 

of estrone to 2-hydroxyestrone by P450 19A1 has been reported (171-173), and it is 
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possible that some estrone 2-hydroxylation occurred, albeit at undetectable levels in these 

assays. It is unlikely that significant intermediate decomposition occurred during the 

course of the single turnover experiment because no additional peaks (14C) were 

identified to indicate novel compounds (resulting from decomposition). Additional 

“conformational change” steps could be added following binding each of the ligands, or 

at other steps of the catalytic cycles, which may improve the overall fit, but have no 

experimental basis. The convention of global kinetic simulation is to develop the best 

possible minimal mechanism that can fit several types of experimental data, without 

adding additional steps unless necessary and justified (174). Analysis using substrate with 

higher specific radioactivity might reveal contributions from other products (of andro, the 

intermediates, or estrone), although I have used the highest specific radioactivity 14C-

labeled andro available. The use of tritium-labeled materials have the disadvantages of 

potential loss of labels resulting from exchange or isotope effects (depending on the site 

of labeling). 

These rate constants (Table 4) could not be used to fit the steady-state andro to 

estrone conversion (Figure 48A) using DynaFit software, and Kd values for 19-OH andro 

and estrone were under predicted. In the case of estrone, the Kd problem may be solved 

by the addition of an ED  DE rearrangement step prior to estrone dissociation, as seen 

in the cases of the other ligands, but stopped-flow spectroscopy data would need to 

support this approach.   

In summary, the first kinetic mechanism for P450 19A1 is reported resulting from 

the global fitting of Kd values, pre-steady-state ligand binding experiments, iron reduction 

rates, steady-state turnover experiments, pulse chase assays, and a single turnover time 



 

147 

course. The P450 19A1 mechanism, which includes rate constants for each of the three 

steps in the sequential reaction, may be useful for modeling other sequential P450s and 

may aid in the characterization of aromatase inhibitors. 
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CHAPTER V 

 

SUMMARY AND CONCLUSIONS 

 

The characterization of the kinetics of turnover by P450s 1A2 and 19A1 is 

described in Chapters II-IV. Rabbit liver cytochrome P450 (P450) 1A2 was found to be 

capable of catalyzing sequential reactions. In addition to the one-step 5,6-epoxidation of 

αNF, P450 1A2 catalyzes the 1-hydroxylation of pyrene and the subsequent 6-, 8-, and 

other hydroxylations of 1-hydroxy (OH) pyrene. While plots of rates of v vs. substrate 

concentration were hyperbolic for αNF epoxidation, pyrene and 1-OH pyrene 

hydroxylation proved to be highly sigmoidal, indicative of positive cooperativity (Hill n 

coefficients of 2-4). Pre-steady state binding of αNF, pyrene, or 1-OH pyrene to ferric 

P450 1A2 yielded changes in the heme Soret spectra that were relatively slow and 

multiphasic, while changes in fluorescence were much faster, consistent with rapid initial 

binding to P450 1A2 in a way that does not affect the heme spectrum. Sequential changes 

in opposite directions were seen for binding of pyrene to ferrous P450 1A2, indicative of 

the enzyme being involved in a series of transitions resulting in the observed multiphasic 

spectra (as opposed to multiple, slowly interconverting populations of enzyme 

undergoing the same event at different rates). An available crystal structure of a human 

P450 1A2-αNF (23) was used to generate a model of rabbit P450 1A2, which showed 

that one αNF or two pyrenes could be docked into the active site. The spectral changes 

observed for binding and hydroxylation of pyrene and 1-OH pyrene could be fit to a 
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kinetic model in which hydroxylation occurs only when two substrates are bound. 

Elements of this mechanism may be relevant to other cases of P450 cooperativity.  

Cooperativity studies on rabbit P450 1A2 were extended to clarify previous 

findings of homotropic cooperativity with (CH3)2CH-O-PhNO2 and heterotropic 

cooperative binding interactions with Ph(NC)2 (47). Binding of Ph(NC)2 to ferric and 

ferrous forms of P450 1A2 revealed multiphasic kinetics with relatively slow steps. 

Ph(NC)2 induced an apparently rapid change in the CD spectrum, consistent with a 

structural change, but no effect was seen in tryptophan fluorescence. While ferric P450 

1A2 was rapidly reduced in the absence of ligands, the rate was attenuated in the 

presence of Ph(NC)2. Ph(NC)2 did not prove to be a substrate for P450 1A2. Similar 

docking studies (vide supra) with P450 1A2 indicated adequate space for a complex with 

either two (CH3)2CH-O-PhNO2 molecules or a combination of one (CH3)2CH-O-

PhNO2and one Ph(NC)2 molecule. The homotropic cooperativity seen with (CH3)2CH-O-

PhNO2 dealkylation (biphasic plots of v vs. substrate concentration) differed from those 

seen with pyrene oxidation (positive cooperativity), suggesting that only with the latter 

does the ligand interaction result in improved catalysis. Ph(NC)2 inhibited the oxidation 

of (CH3)2CH-O-PhNO2 and other substrates.  

Cytochrome P450 19A1 (P450 19A1), the aromatase, catalyzes the conversion of 

androgens to estrogens through a sequential three-step reaction, generating 19-hydroxy 

and 19-aldehyde intermediates en route to the product estrogen. A procedure for the 

heterologous expression and purification of active P450 19A1 in E. coli was developed. 

Binding of the substrate and intermediates showed low µM dissociation constants and 

were at least two-step processes. Rates of reduction of the iron were fast in the presence 
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of substrate, either intermediate, or product. P450 19A1 is a distributive rather than a 

processive enzyme, with the sequential reaction allowing free dissociation of the 

intermediates as revealed by pulse-chase experiments. Conversion of androstenedione to 

estrone (under single turnover conditions) generated a progress curve showing changes in 

the concentrations of the substrate, intermediates, and product. A minimal kinetic model 

containing the individual rate constants for the steps in P450 19A1 catalysis was 

developed to globally fit the time course of the overall reaction, the dissociation 

constants, the two-step ligand binding, the distributive character, the iron reduction rates, 

and the steady-state conversion of the 19-OH andro and 19=O andro intermediates to 

estrone. 

Several questions remain in the P450 19A1 studies. The chemical mechanism of 

the third step of P450 19A1 remains unknown; as discussed in Chapter IV, the proper 

experiments were not performed to distinguish between the two mechanisms. Several 

experiments are planned or underway to elucidate this final step in the sequential 

reaction. A solution of 19=O andro in buffered H2
18O will be analyzed using MS at 

various timepoints. This will allow the measurement of the rate of exchange of 19=O 

andro and the 19-gem-diol andro forms. Comparison of the rates with and without P450 

19A1 will discern whether the enzyme can accelerate these exchange rates. Similar 

studies will be undertaken using H2
17O and 1H-NMR to determine rates of exchange 

(although only in the absence of enzyme). A preliminary experiment using 1H-NMR 

showed that 19=O andro in buffered D2O (≤ 5% organic solvent v/v) is entirely in the 

aldehyde form (no 19-gem-diol formation).  
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A key difference of the two mechanisms currently favored is the source of the 

oxygen in the formic acid that is released in the third step (see Chapter IV for more 

detail). The specifics of the two mechanisms are shown in Figure 52. As shown in the 

first proposed mechanism (Figure 52A, (152, 153)) the 19=O andro rather than the 19-

gem-diol is required for the reaction to occur, and there is incorporation of one labeled 

oxygen in the formic acid. In the second proposed mechanism (154) (Figure 52B), there 

is instead a requirement for the 19-gem-diol rather than the 19=O andro intermediate for 

the reaction to take place. In this case, there is no incorporation of a labeled oxygen in the 

released formic acid. The use of 18O2 in an incubation of P450 19A1 with andro followed 

by LC-MS analysis will be used to determine if 18O is incorporated into formic acid 

during the sequential reaction. 

The slow 2-hydroxylation of estrone by P450 19A1 has been known for many 

years, although little detail is available on the kinetics of this reaction (171-173). No 

evidence of additional products were identified in the single turnover experiments 

(Chapter IV), perhaps due to sensitivity problems. Studies with P450 19A1 have since 

been expanded to characterize estrone as a substrate for P450 19A1. Shown in Figure 53 

is a v vs. substrate concentration plot for this reaction, with kcat = 0.046 min-1, Km = 2.7 

µM, and kcat/Km = 1.7 × 104 min-1 M-1. Both the reaction rate and the efficiency are much 

lower than those measured for andro, 19-OH andro, and 19=O andro. 

Several studies have noted the ability of P450 19A1 to convert 19-nor-

androstenedione to estrone (53, 175-179). Most studies cite much slower rates of 

conversion compared to andro turnover (~60-fold slower), although pig (178) and horse 
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Figure 52.  Details of the proposed third step of P450 19A1 turnover. A, Proposed 
mechanism in (152, 153). In this case, the 19=O andro form is required, and there is 
incorporation of one labeled oxygen (denoted with a red star) into the formic acid. B, 
Proposed mechanism in (154). Here the 19-gem-diol andro is required, and there is no 
incorporation of labeled oxygen. 
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Figure 53. Conversion of estrone to 2-hydroxyestrone by P450 19A1. kcat = 0.046  
min-1, Km = 2.7 µM, and kcat/Km = 1.7 × 104 min-1 M-1. 
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(176, 177, 179) P450 19A1 show no substrate preference. Steady-state parameters in 

standard units (i.e. nmol product/nmol P450/time, rather than nmol product/mg 

protein/time) had not been determined for human P450 19A1. The results of a (steady-

state) incubation of P450 19A1 and varying concentrations of 19-nor-androstenedione are 

shown in Figure 54, with kcat = 0.145 min-1, Km = 1.1 µM, and kcat/Km = 1.3 × 105 min-1   

M-1. As in the case with 2-hydroxylation of estrone, the overall rate and efficiency is low.  

 

 

 

 

 

 

Figure 54. Conversion of 19-norandrostenedione to estrone by P450 19A1. kcat = 
0.145 min-1, Km = 1.1 µM, and kcat/Km = 1.3 × 105 min-1 M-1. 
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In addition to characterizing the third step of P450 19A1 catalysis and identifying 

new substrates, many important topics remain for understanding P450 19A1. There is 

much interest in developing tissue-specific aromatase inhibitors to diminish side effects 

including loss of bone mass. Polymorphisms in this enzyme may be related to several 

diseases including breast cancer, Alzheimer’s disease, and prostate cancer. Now that 

P450 19A1 can be easily expressed, such polymorphisms can be examined in detail in an 

in vitro setting.  

The development of mechanisms of multi-step turnover by globally fitting many 

types of data for both P450s 1A2 and 19A1 are the key elements of the prior chapters. 

Few such kinetic studies exist for P450s that catalyze sequential reactions, which 

typically involve steroids as substrates. These types of mechanisms can serve as models 

for novel studies on these important P450s (which include 51A1, which is the key 

enzyme in cholesterol biosynthesis). An in-depth kinetic analysis of P450 19A1 is also 

important for the development of new therapeutics (aromatase inhibitors) for estrogen-

dependent breast cancer. Because P450 1A2 plays an important role in the clearance of 

pollutants and drugs, finding significant cooperative behavior with this enzyme can affect 

both the setting of proper exposure limits and dosing of drugs. This works shows that the 

proper use of steady-state and pre-steady-state kinetics can help clarify the complexities 

of multi-turnover cytochrome P450s. 
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APPENDIX 

 

I. DynaFit scripts for P450 1A2 work (Chapter II) 
 
 
DynaFit script for the fitting of pyrene binding to P450 1A2. The fit resulting from 
this script is seen in Figure 28. 
 
; all units in μM, s 
 [task] 
task = fit 
data = progress 
[mechanism] 
E + S <===> ES : k1 k-1 
ES + S <==> ESS : k2 k-2 
ESS <==> SES : k3 k-3 
[constants] 
k1 = 4 , k-1 = 0.4 
k2 = 4 , k-2 = 40 
k3 = 4 , k-3 = 1 
[responses] 
ES = 0 
ESS = 0.13 
SES = 0.13 
[concentrations] 
E = 2 
S = 2 
[sweep] 
mesh linear from 0 to 4 step 0.009 
[progress] 
file ./Scripts/EMIpyrenebind.txt 
[output] 
directory ./projects/SigmoidalRbP4501A2/output/run118 
[end] 
 
DynaFit script for the fitting of v vs. pyrene concentration data for the conversion of 
pyrene to 1-hydroxypyrene by P450 1A2. The fit resulting from this script is seen in 
Figure 29. 
  
; all units in μM, min 
[task] 
data = velocities 
task = fit 
[mechanism] 
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E + S <==> ES : k1 k-1 
ES + S <==> ESS : k2 k-2 
ESS ---> ESP : k3 
ESP <==> ES + P : k4 k-4 
ESP ---> ES + Q : k5 
ESS <==> SES : k6 k-6 
[constants] 
k1 = 240, k-1 = 24 
k2 = 240, k-2 = 2400 
k3 = 20 
k4 = 180, k-4 = 240 
k5 = 20 
k6 = 240, k-6 = 60 
[sweep] 
[velocity] 
variable S = from 1 to 30 step 1 
file ./scripts/Sigmoid1OHpyrene1A2.txt 
[concentrations] 
E = 0.25 
[responses] 
P = 1, ESP = 1 
[progress] 
delay = 0.001 
[output] 
directory ./projects/SigmoidalRbP4501A2/output/run119 
[end] 
 
DynaFit script for the fitting of pyrene product formation by P450 1A2 data. The fit 
resulting from this script is seen in Figure 30. 
 
; all units in μM, min 
[task] 
data = progress 
task = fit 
[mechanism] 
E + S <==> ES : k1 k-1 
ES + S <==> ESS : k2 k-2 
ESS ---> ESP : k3 
ESP <==> ES + P : k4 k-4 
ESP ---> ES + Q : k5 
ESS <==> SES : k6 k-6 
[constants] 
k1 = 240, k-1 = 24 
k2 = 240, k-2 = 2400 
k3 = 20? 
k4 = 180, k-4 = 240 
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k5 = 20? 
k6 = 240, k-6 = 60 
[sweep] 
mesh linear from 0 to 10 step 1 
[concentrations] 
E = 0.25, S = 20 
[responses] 
[progress] 
directory ./scripts 
variable Pyrene 
file Newpyrenecourse.txt 
responses S = 1, ES = 1, ESS = 1, SES = 1, ESP = 1 
variable 1-OH pyrene 
file 1OHpyrenecourse.txt 
S-24 
responses P = 1, ESP = 1 
variable Di-OH pyrene 
file DiOHpyrenecourse.txt 
responses Q = 1 
[output] 
directory ./projects/SigmoidalRbP4501A2/output/run120 
[end] 
 
 
II. DynaFit scripts and Kintek Explorer® parameters for P450 19A1 work (Chapter 
IV). 
 
 
DynaFit script for fitting the binding of andro (stopped-flow spectroscopy binding 
data). The fit resulting from this script is seen in Figure 44A. 
 
; P450 19A1 
;Kinetics of ligand binding 
;All units in uM & s 
;A390 SF data 
;Andro 
[task] 
data = progress 
task = fit 
[mechanism] 
E + L <==> EL : k1 k-1 
EL <==> LE  : k2 k-2 
[constants] 
k1 = 5,  k-1 = 1.4 
k2 = 0.42, k-2 = 0.2 
[concentrations] 
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E = 2 
L = 2 
[responses] 
EL = 0 
LE = 0.07 
[sweep] 
mesh linear from 0 to 30 step 0.032 
[progress] 
directory ./scripts 
extension txt 
file 2v2andro1 
[output] 
directory ./projects/ANDRO0909/run32 
[end] 
 
DynaFit script for fitting the steady-state titration data of andro binding using Kd 
values generated from the previous script. The fit resulting from this script is shown 
in Figure 45A. 
 
;P450 19A1 
;Kinetics of ligand binding 
;All units in uM & s 
;Andro 
[task] 
data = equilibria 
task = fit 
[mechanism] 
E + L <==> EL : K1 dissoc. 
EL <==> LE : K2 dissoc. 
[constants] 
K1 = 0.28 
K2 = 2.1 
[concentrations] 
E = 1 
[responses] 
EL = 0 
LE = 0.08 
[sweep] 
[equilibria] 
variable L = 0 to 4.4 step 0.001 
file ./scripts/androquadfit1.txt 
[output] 
directory ./projects/ANDRO0909/run31 
[end] 
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DynaFit script for fitting the binding of 19-OH andro (stopped-flow spectroscopy 
binding data). The fit resulting from this script is shown in Figure 44B. 
 
; P450 19A1 
;Kinetics of ligand binding 
;All units in uM & s 
;A390 SF data 
;19-OH andro 
[task] 
data = progress 
task = fit 
[mechanism] 
E + L <==> EL : k1 k-1 
EL <==> LE  : k2 k-2 
[constants] 
k1 = 40,  k-1 = 240 
k2 = 0.8, k-2 = 0.15 
[concentrations] 
E = 2 
L = 2 
[responses] 
EL = 0 
LE = 0.065 
[sweep] 
mesh linear from 0 to 30 step 0.032  
[progress] 
directory ./scripts 
extension txt 
file 2v219OH1 
[output] 
directory ./projects/19OH0909/run64 
[end] 
 
DynaFit script for fitting the steady-state titration data of 19-OH andro binding  
using Kd values generated from the previous script. The fit resulting from this script 
is shown in Figure 45B. 
 
;P450 19A1 
;Kinetics of ligand binding 
;All units in uM & s 
;titration data 
;19-OH andro 
[task] 
data = equilibria 
task = fit 
[mechanism] 
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E + L <==> EL : K1 dissoc. 
EL <==> LE  : K2 dissoc. 
[constants] 
K1 = 6 
K2 = 5.5 
[concentrations] 
E = 1 
[responses] 
EL = 0 
LE = 0.0255 
[sweep] 
[equilibria] 
variable L = 0 to 7.5 step 0.001 
file ./scripts/19Ohquadfit1.txt 
[output] 
directory ./projects/19OH0909/run61 
[end] 
 
DynaFit script for the binding of 19=O andro (stopped-flow spectroscopy binding 
data). The fit resulting from this script is shown in Figure 44C. 
 
;P450 19A1 
;Kinetics of ligand binding 
;All units in uM & s 
;A390 SF data 
;19=O aldo 
[task] 
data = progress 
task = fit 
[mechanism] 
E + L <==> EL : k1 k-1 
EL <==> LE : k2 k-2 
[constants] 
k1 = 5,  k-1 = 300 
k2 = 2.4, k-2 = 0.13 
[concentrations] 
E = 2 
L = 2 
[responses] 
EL = 0 
LE = 0.06 
[sweep] 
mesh linear from 0 to 30 step 0.032 
[progress] 
directory ./scripts 
extension txt 
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file 2v2aldo 
[output] 
directory ./projects/ALDO091109/run14 
[end] 
 
DynaFit script for fitting the steady-state titration data of 19=O andro binding using 
Kd values generated from the previous script. The fit resulting from this script is 
shown in Figure 45C. 
 
;P450 19A1 
;Kinetics of ligand binding 
;All units in uM & s 
;sf data 
;19=O andro 
[task] 
data = equilibria 
task = fit 
[mechanism] 
E + L <==> EL : K1 dissoc. 
EL <==> LE : K2 dissoc. 
[constants] 
K1 = 60 
K2 = 18 
[concentrations] 
E = 1 
[responses] 
EL = 0 
LE = 0.028 
[sweep] 
[equilibria] 
variable L = 0 to 19.4 step 1 
file ./scripts/aldoquadfit.txt 
[output] 
directory ./projects/ALDO091109/run16 
[end] 
 
 
 
Kintek Explorer® set-up for fitting the single turnover experiment (Figure 50). 
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DynaFit iterations for global fitting. DynaFit script for fitting conversion of 19-OH 
andro to estrone. The fit resulting from the script is seen in Figure 51A. 
 
;All units in uM, s 
;A = andro, B = 19-OH andro, C = 19=O andro, D = estrone, E = 19A1 
;19-OH v vs s 
 [task] 
data = velocities 
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task = fit 
[mechanism] 
B + E <==> EB : k1 k-1 
EB <==> BE  : k2 k-2 
BE --> EC  : k3  
EC <==> E + C : k4 k-4 
EC <==> CE  :  k5 k-5  
CE --> ED  : k6 
ED <==> E + D : k7 k-7 
[constants] 
k1 = 70,  k-1 = 39000 
k2 = 24300,  k-2 = 320 
k3 = 7.5 
k4 = 50, k-4 = 80 
k5 = 32000, k-5 = 30000 
k6 = 5.9 
k7 = 12900, k-7 = 90 
[concentrations] 
E = 0.6 
[progress] 
delay = 0.01 
[sweep] 
[velocity] 
variable B = 0, 8, 12, 15, 20, 40, 60, 100, 200, 300 
file ./scripts/19Ohinsec.txt 
responses D = 1 
[output] 
directory ./projects/19A101211019OH/run215 
[end] 
 
DynaFit iterations for global fitting. DynaFit script for fitting conversion of 19=O 
andro to estrone. The fit resulting from the script is seen in Figure 51B. 
 
;All units in uM, s 
;A = andro, B = 19-OH andro, C = 19=O andro, D = estrone, E = 19A1 
;19=O v vs s 
[task] 
data = velocities 
task = fit 
[mechanism] 
E + C <==> EC : k1 k-1 
EC <==> CE  :  k2 k-2  
CE --> ED  : k3 
ED <==> E + D : k4 k-4 
[constants] 
k1 = 80, k-1 = 50 
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k2 = 32000, k-2 = 30000 
k3 = 5.9 
k4 = 12900, k-4 = 90 
[concentrations] 
E = 0.1 
[progress] 
delay = 0.01 
[sweep] 
[velocity] 
variable C = 0, 1, 5, 10, 15, 20, 40, 60, 100, 200, 300 
file ./scripts/19Oinpersec.txt 
responses D = 1 
[output] 
directory ./projects/19A101211019O/run240 
[end] 

 
 
 

 


