KINETIC ANALYSIS OF THE MULTI-STEP CYTOCHROME

P450 1A2 AND 19A1 ENZYMES

By

Christal D. Sohl

Dissertation

Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfillment of the requirements
For the degree of
DOCTOR OF PHILOSOPHY
in
Biochemistry
August 2010

Nashville, TN

Approved:
Professor F. Peter Guengerich
Professor Michael Waterman
Professor Richard Armstrong

Professor David Hachey

Professor Claus Schneider



To my mother, the lifelong scholar.

Even though she was always told a college education was inappropriate for her (despite
her obvious intelligence, excellent work ethic, and zest for learning), she instilled the
importance of schooling in her children and selflessly helped provide the monetary means
and emotional support for higher education for her entire family. Persistence and hard

work led to earning her own college degree in 1996.

i1



ACKNOWLEDGMENTS

I have been very fortunate to have so many mentors in my life. Dr. George
Richter-Addo first fostered my interest in a scientific career. The opportunities he gave
me as an undergraduate in his laboratory combined with his never-ending encouragement
and support led me to consider and eventually apply for graduate school.

Many thanks go to my committee members, Dr. Richard Armstrong, Dr. David
Hachey, Dr. Claus Schneider, and Dr. Michael Waterman, whose great scientific and
career advice, kindness, and support were vital to me. Thank you especially for your
patience, interest, and advice at my committee meetings, and your willingness to meet
with me at my request for other essential career advice. I was so fortunate to have the
privilege of meeting with an amazing panel of experts every six months.

I am forever indebted to Dr. F. Peter Guengerich. In addition to funding this work
(National Institutes of Health Grants R37 CA090426, P30 ES000267, and T32
ES007028), he has had the most profound impact on my scientific career. Few PIs of his
scientific stature are able to truthfully claim that their first priority is mentoring and
teaching students, but he proved this to me throughout my time in his laboratory. Dr.
Guengerich always struck the perfect balance of pushing me during successes and
encouraging during ruts, with constant support, kindness, and fairness (and even a little
humor). Dr. Guengerich helped me to improve my writing, become more critical of what
I read, plan appropriate experiments, and, simply, to think! Thank you, Dr. Guengerich,

for being the epitome of what it means to be a good Mentor and Scientist.

i1



The laboratory was a very supportive environment; Kathy Trisler, Kakie
Mashburn, Ellen Rochelle, Karen Angel, and Lindsay Folkmann made everything run
smoothly, always with a smile, as did Dr. Martha Martin whom I often relied on for
advice for everything P450. Dr. Goutam Chowdhury and Dr. Robert Eoff were great
sources of advice, training, and especially friendship. I am very grateful for Dr. Emre
Isin, who patiently trained me on many instruments and who will always be a dear friend
and mentor. I am indebted to Marlene Jayne, who registered me for classes, took care of
numerous forms, and dozens of other things I never had to worry about but for which I
am nonetheless grateful. Dr. Don Stec and Dr. Wade Calcutt also kindly provided
expertise and training on NMR and MS instruments, respectively. I am thankful for
lifelong friends met in the IGP program. They provided me with support, empathy, and
fun, which were vital to make my graduate school experience so positive.

I am most indebted to my brilliant and loving family. My parents, Chris and
Cindy, have given me nothing but love, support, kindness, encouragement, and humor.
Without them, none of my education would have been possible. I am eternally grateful to
their lifelong support of my education, both monetary, and, more importantly, their
teaching me that I could achieve anything I wanted. I am so thankful for my sister Laura,
who fortunately looks out for me even to this day, for her sweetness, loyalty, and great
sense of ridiculous humor. I thank you and admire you for showing me the importance of
working hard to achieve an important educational goal.

To Hans; you are the kindest and most supportive person, and I am so lucky to
have you in my life. Thank you for being a safe place to bring love, worries, fears, and

dreams, for your sacrifices and support, for your humor and delicious chocolate cakes.

iv



TABLE OF CONTENTS

DEDICATION ..ottt sttt sttt et sttt st sb et sbe et s e saeebeeanes i1
ACKNOWLEDGMENTS ...ttt ettt s 1
LIST OF TABLES ...ttt sttt ettt ettt vii
LIST OF FIGURES ...ttt sttt s viil
LIST OF ABBREVIATIONS ..ottt sttt sttt xi
Chapter
L. INTRODUCTION ...ttt sttt sttt 1
Cytochrome PAS0S ......ooiiiiiiiiiiiieee ettt s 1
SequEntial PASOS ........oooiiiiiiiieiiieeeeeee e 7
Steady-State and Pre-Steady-State Kinetics and Techniques ............ccccc........ 17
RESEATCH ATMS ...eoniiiiiiiiiieeiee et 24

II. COOPERATIVITY IN OXIDATION REACTIONS CATALYZED BY
CYTOCHROME P450 1A2: HIGHLY COOPERATIVE PYRENE
HYDROXYLATION AND MULTIPHASIC KINETICS OF

LIGAND BINDING ... eeeeeeeeeeeeeeeeeeeeeeesesesesesesasesenenas 27
INEEOAUCTION c.ceeiviieee ettt ettt e e ettt e e s e e eeesaaaseseseeesananaenes 27
Experimental Procedures ..........coceovviiiiiniieiienieececeee e 30
RESULLS ..ottt e e e ettt e e s e e e e et aaaseseseeesasannneees 40
DISCUSSION «..eeeiiiiiiieeeeeeeeetteeeee ettt ettt eeeeeeeeeeeteaaaaseeeseeeeesssanaseeseseessssanansees 78

I1I. COOPERATIVITY OF CYTOCHROME P450 1A2:
INTERACTIONS OF 1,4-PHENYLENE DIISOCYANIDE AND

1-ISOPROPOXY-4-NITROBENZENE ........ooeeeeeeeeeeeeeees 91
INEEOAUCTION .ottt ettt e e e ettt e e s e e eeesaaaseseseeesasananeees 91
Experimental Procedures ..........coceoviiiiiiniieiiinieieciccecee e 92
RESULLS ..ottt e e ettt e e e s e e et e baaa e seseeesasaneees 94
DISCUSSION ..eeeiiiiiiieee et eeeeitteeeee e et eeetea i ereeeseeeeestaaaeeseeeeesssasaneseseeessnnnnnesenes 102



IV.

KINETIC ANALYSIS OF THE THREE-STEP STEROID
AROMATASE REACTIONS OF HUMAN CYTOCHROME

| I N 107
INEEOAUCTION .ttt ettt e et ettt e s e e e eeraaanaeeseseeessannaneseeas 107
Experimental Procedures ...........cccoeviiiiniiiiniieiieeeiieeeieeee e 109
RESULLS ...ttt e e ettt e s e e e e et aa e seseeessaanaeseeas 122
DIISCUSSION ...eeeiiiiiiieeeeeeeeeitteeee ettt eett e e eeseeeeessaaareseeeeerssananesesesesssnnnneseees 141
V. SUMMARY AND CONCLUSIONS ... 148
| 30057 51 (@F. N N (00 1 T 156
REFERENCES ... e e e e e e e e e e e e eeeeeaesesesesesesesesasasasesesasasesesanenes 157
JaN 2 24 1A\ B ) O G 173

vi



LIST OF TABLES

Table Page
1. Classification of cytochrome P450s based on their major substrates ...................... 6
2. Quantitation of P450 19A1 expression and purification...........ccceceeevveerneeennnen. 117
3. Steady-state parameters of P450 19A1 turnover and dissociation constants....... 125

Individual rate constants for P450 19AT tUIMOVET .. .cveueeeeeeeee e 139

vii



LIST OF FIGURES

Figure Page
1. X-ray crystal structure of human P450 1A2 complexed with aNF ......................... 4
2. X-ray crystal structure of human P450 19A1 complexed with andro ..................... 5
3. A collection of common reactions catalyzed by cytochrome P450s ....................... 8
4. Generalized cytochrome P450 catalytic CYCle ......ccccueeriiiiiiiiiiiniiiiiieiiieeieeeee 9
5. Oxidation of pyrene by P450 TA2 ....coooiiiiiiiiiiieeeeeeeeeeteeete e 11
6. Examples of sequential reactions catalyzed by cytochrome P450s........................ 12
7. Conversion of androgens to estrogens by P450 19A1 .......ccccooviiiiiiiiniiiiiieenen, 13
8. Stopped-flow SpectrOphOtOMELET .......cc.eeeeiiiiriiiiiiiieeeiieeriee e 20
9. Rapid chemical-quench apparatus ........cc..cceceerveerieeiienieiiecreeeeee e 21
10. Time courses and chromatograms of the oxidation of pyrene by P450 1A2......... 34
11. Characterization of di-OH pyrenes: mass SPECtra........cccuervveerveeieeneerireeneeenneennnes 41
12. Characterization of di-OH pyrenes: UV Spectra........cocceeevuieiiiiiinieeinieenieeeeens 44
13. Characterization of di-OH pyrenes: fluorescence spectra ............cceceeveerveeneennes 45
14. Characterization of di-OH pyrenes: NMR spectra..........ccocceevveevieinienieenicenneennnes 46
15. Oxidations of aNF and pyrene by rabbit P450 TA2 .......ccccoeiiiiiiiniiniiniceeeee, 53
16. Steady-state kinetics of oxidations catalyzed by P450 1A2 .......ccccccevviiiinniennnnen. 55
17. Steady-state kinetics of pyrene 1-hydroxylation by human P450 1A2.................. 57
18. Absorbance and second-derivative spectra of P450 1A2 ......ccccccevviiiiiieenniennnnen. 58
19. Binding of ONF t0 PA50 TA2 ....ooiiiieeeeeeeee ettt 59
20. Steady-state ligand binding to ferric P450 1A2 .....c.cccooiiriiiiiiniiieeneceeeeeeene 60

viil



21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pre-steady-state kinetics of ligand binding to ferric P450 1A2 (absorbance) ....... 62
Pyrene/ferric P450 1A2 titrations ......c.cceevveeieenieriieenieeieesie e 64
Pre-steady-state kinetics of ligand binding to ferric P450 1A2 (fluorescence) .....66
Binding of pyrene to ferrous P450 TA2 ..o 68
Docking of ligands into a homology model of rabbit P450 1A2............ccceenneeee. 70

Steady-state kinetics of benzo[a]pyrene hydroxylation catalyzed by
PAS0 TA2 oo 73

Fitting of pyrene binding (UV-visible absorbance data) and oxidation
data to a kinetic model ............ccoiiiiiiiiiiiiiiii e 76

DynaFit files for fitting results of pyrene binding (UV-visible
ADSOTDANCE dALA)......uvviiieiiiiieiiiiieeee e e e eeeeerr e e e e e e e e terrareeee e 79

DynaFit results for fitting the v vs. substrate concentration plot for

pyrene 1-hydroxylation data ...........ccceeviiriiiiiiiiiiiiieeeee e 80
DynaFit results for fitting pyrene product formation data..........c..cccceevvercreennnenne. 81
Proposed events in ligand binding to ferric P450 TA2 ......cccooiiniiiiiiniiiieee 83
Pre-steady-state kinetics of Ph(NC), binding to ferric P450 1A2 .........cccocveeneee. 95
Pre-steady-state kinetics of ligand binding to ferrous P450 1A2 ............cccceeeee. 97
CD spectra of Ph(NC), binding to rabbit P450 1A2 ........coooveiviiiiniiiiiieiieeeen, 98
Inhibition of P450 1TA2 catalytiC aCtiVity .......ceevueerrireeriiieeniieeniieeniee e 100
Effect of Ph(NC), on the rate of enzymatic reduction of P450 1A2.................... 101
Docking of ligands into a homology model of rabbit P450 1A2 ................c....... 103
cDNA optimization for P450 19A1 expression in E. cOli .....c..cocceeveeeeueenucnncens 111
N-terminal sequence and purification of P450 19A1 protein ...........cccceeveeennenee. 113
Immunoblot of P450 19A1 ..o 116

Sample HPLC radiochromatogram following incubation of P450
19A1 with radiolabeled andro............cccocoeiiiiiiiiiiiiiiii 120



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Spectra of purified PA50 TOAT ....oooiiiiiee e 124
Steady-state binding of ligands to P450 19AT1 .....c.cccooiiiiiiiiiniiiiccceceeeee 126
Pre-steady-state binding kinetics of ligands to P450 19A1 .......cccccocieiininncens 128
DynaFit iterations for fitting stopped-flow spectroscopy binding data

and steady-state titration data..........c..eeevueeeriiieiniiieeniieeiee e 129
Reduction kinetics 0f P450 19AT ......cccooiiiiiiiiiiiiiiiiicce 132

Fe?*eCO vs. Fe** difference spectra in the absence and presence of
p p

TO-OH QNATO .ttt ettt s 133
Steady-state kinetics of P450 19AT aCtIVILY ...cccueevueeriieeniieiiinieniececereeseee e 135
PulSE-Chase aSSAYS .....eeivuiiiiiiiiiieeiee et 136
Kinetics of P450 19A1 catalysis under single turnover conditions ..................... 138
DynaFit iterations for global fitting ...........cceceeriiriiiiiiniieeeeeceeeee 140
Details of the proposed third step of P450 19A1 turnover ........ccccceceeeeevierneens 152
Conversion of estrone to 2-hydroxyestrone by P450 19AT1 ........cccceevviiinnneennnn 153
Conversion of 19-norandrostenedione to estrone by P450 19A1 ....................... 154



(CH,),CH-O-PhNO,
Ph(NC),

1-OH pyrene

di-OH pyrene

19=0 andro

19-OH andro

aNF

andro

CD

CHAPS

COSY
DTT
EDTA
ESI
FAD
FMN
HMBC
HMQC
HPLC

IPTG

LIST OF ABBREVIATIONS

1-isopropoxy-4-nitrobenzene

1 4-phenylene diisocyanide
1-hydroxypyrene

di-hydroxypyrene
19-aldoandrostenedione
19-hydroxyandrostenedione
a-naphthoflavone (5,6-benzoflavone)
androstenedione

circular dichroism

3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate

correlated spectroscopy

dithiothreitol

ethylenediamine tetraacetic acid
electrospray ionization

flavin adenine dinucleotide

flavin mononucleotide

heteronuclear multiple bond coherence
heteronuclear multiple quantum coherence
high performance liquid chromatography

isopropyl-p-D-thiogalactopyranoside

xi



kDa kilodaltons

LC-MS liquid chromatography-mass spectrometry

LTQ linear trap quadrupole

MS mass spectrometry

NADPH nicotine adenine dinucleotide phosphate (reduced form)
NMR nuclear magnetic resonance

OH hydroxy

P450 cytochrome P450

PCR polymerase chain reaction

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TB Terrific Broth

Tris tris[hydroxymethyl]Jaminomethane

tr retention time

UPLC ultra performance liquid chromatography

(A% ultraviolet

v enzymatic rate, typically in nmol product formed/nmol

P450/time

Xii



