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ABSTRACT

Given the paucity of data relating to the structofdluman CYP1Al, an enzyme of
considerable toxicological significance, the idiaam of this thesis was to generate a
chemically and structurally valid CYP1A1l homologydel. CYP1Al1 homology
models based on the CYP2C5 X-ray crystal strucamd a composite of the
CYP2C5, CYP2C8, and CYP2C9 X-ray crystal structuvese compared to a model
generated using the crystal coordinates of CYP1ARBe model using the CYP1A2
coordinates gave near ideal stereochemical quality was favored energetically.
Automated in silico docking studies identified active-site residuestepbally
involved in the orientation and binding of the ptgpic CYP1Al substrate, 7-
ethoxyresorufin. The most energetically favorabtiesep placed the carbon atom
adjacent to the ether oxygen of 7-ethoxyresorutid.4A from the heme iron, at an
angle of 106.4° to the plane of the heme. The CYPiAitants S122A, F123A,
F224A, A317Y, T321G, and I1386G were generated tplae the roles of these
residues in 7-ethoxyresorufin binding and turnowaangd generally confirmed the
importance of aromatic interactions over hydrogemnding in orientating 7-

ethoxyresorufin in a catalytically favorable origtidn.

The validated 3-dimensional structure of CYP1Al wabsequently employed to
elucidate structure-activity relationships with thaticancer prodrug, dacarbazine
(DTIC). In silico docking experiments demonstrated that DTIC oriestan close
proximity to S122, F123, D313, A317, 1386, Y259ddam96. Docking located the
site of metabolism of DTIC at 5.6A from the hemenirat an angle of 105.3° to the
plane of the heme. Binding of DTIC in the activeesivas stabilized by H-bonding

between Y259 and the N2 position of the imidazotg.rStructural modification of
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Abstract

the CYP1lAl enzyme to increase its catalytic efficie (Vma/Km) for N-
demethylation and the subsequent activation of DF&S facilitated by the CYP1Al
homology model. Twenty-nine CYP1A1 mutants wereegated and expressedHn
coli. DTIC N-demethylation by the CYP1Al E161K, E256K, and M58utants
exhibited Michaelis-Menten kinetics, with decreasek, that doubled the catalytic
efficiency relative to wild-type (P<0.05). The kties of DTIC N-demethylation by
the CYP1A1*2C and CYP1Al1*4 polymorphic variants waadditionally
characterized. There was an approximate 30% rextucticatalytic efficiency of the
CYP1A1*2C and CYP1Al*4 variants relative to wildsy. Thus, patients with
malignancies who carry either polymorphism may regpond as well to DTIC

treatment compared to those expressing the wild-gmzyme.

As a chemotherapeutic agent, DTIC has relativelgr pdinical activity in human
malignancies and exhibits numerous serious adwdfsets, which presumably arise
from bioactivation in the liver and other tissuesulting in systemic exposure to the
cytotoxic metabolite. Gene directed enzyme prodhegapy (GDEPT) provides a
means to enhance the efficacy and reduce the sgstexicities associated with
conventional chemotherapy. Thus, COS-7 and SK-MELeglls were transfected
with cDNA encoding an open reading frame (ORF) cosnpg the CYP1ALl (wild-
type or mutant) coding sequence (CDS), a picorahv2A cleavage peptide,
followed by the cytochrome P450 oxidoreductase (JOZRS. Cell line sensitization
assays using the wild-type, E161K, E256K, and 1483XP1A1-2A-OxR constructs
were attempted, but the generation of stable redklwas not successful. However,
data obtained from transiently expressed CYP1AI®BA&R motifs in COS-7 and

SK-MEL-28 cells revealed the synthesis of both HOMP1A1 and OxR proteins.

Xiv



Abstract

This study elucidated important structural chanasties of human CYP1Al and
how manipulation of protein tertiary structure canhance enzyme function.
Combination of kinetic analyses withn silico docking data has allowed
interpretation of the structure-activity relationsh of CYP1Al and DTIC.
Moreover, the successful generation of CYP1Al ereg/nwith catalytically
enhanced DTIC activation highlights their potentiaé as a strategy for P450-based

GDEPT in the treatment of metastatic malignant mataa.
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CHAPTER 1
INTRODUCTION

1.1 Overview

The concept of overexpression of individual cyteche P450 enzymes in tumor
cells is now becoming well recognized as a meandeteelop novel targets for
anticancer therapy. The outcome in terms of cyiottyxor lack of response to an
anticancer drug is dependant on both the relatmeuat and the activity of the
individual P450(s) within the tumor. Clearly, enbad expression of individual
P450s in tumor cells increases the potential faivaiton of anticancer prodrugs by

the tumor cells directly.

For successful anticancer treatment using a prodtu important to establish
whether activation occurs at the tumor site, inliver (or other ‘non-target’ tissues),
or a combination of both. Extensive activation otreemotherapeutic agent by an
organ remote to the tumor site can lead to undadsiraystemic exposure to the
cytotoxic drug metabolites that kill host cells@sposed to the tumor cell target. In
an attempt to combat this problem, several “nextegation” selective cytotoxic
agents entering clinical-trial have been designedourad P450s, e.g.
aminophenylbenzothiazoles and aliphatic amine Niexi (Patterson & Murray
2002). However, these leads still appear to beiorfesince most of the drugs are
subject to more complex metabolic activation paysvéhan many conventional

drugs.
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Since the activation of many prodrugs used in clhpractice is dependant on the
intrinsic ability of the liver to metabolize theudy, activation is sensitive to changes
in hepatic enzyme activity. Despite this, few sasdiexamine the metabolic
activation of anticancer agents in patients cagyimariant P450 alleles.
Interindividual variation in P450-mediated metabwoli resulting from genetic
polymorphism, effectively renders each patient uaiguith respect to prodrug
activation, as well as drug dosage and kinetics.afga that potentially improves
tumor/drug selectivity and one which minimises peols associated with

interindividual variation is gene directed enzymedsug therapy (GDEPT).

Chemotherapy has long been the sole treatment ftastatic melanoma. In
Australia and the United States the prodrug daeambgDTIC) is currently the only
approved chemotherapeutic agent targeted spebyficathe treatment of metastatic
melanoma. However, treatment with DTIC is genera$gociated with relatively
poor outcomes and the co-administration of otherapies offers minimal clinical
advantages. DTIC is primarily activated by the chitomes P450 CYP1Al and
CYP1A2. To date, no studies have characterizeditietics of DTIC metabolism in
patients carrying wild-type or polymorphic CYP1Ae#és, or their cellular response
after bioactivation. However, numerous studies haweestigated the substrate
selectivity of the CYP1A enzymes (Lewis et al. 19981 et al. 2003; Liu et al.
2004; Taly et al. 2007). Therefore, an opporturitysts to examine the structure-
activity relationships between CYP1A1l and DTIC, lewer, the chemical structure
of CYP1A1l has not been elucidated. Thus, a validin®nsional structure of
CYP1A1l would not only aid our understanding of tmechanism(s) involved in
DTIC activation, but also aid our understandingndéractions with numerous other

CYP1AL1l drug substrates.
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The purpose of this thesis was to identify impdrtahemical and structural
characteristics of human CYP1A1l and how maniputatd the enzyme’s tertiary
structure may be used to enhance the activatidDTd€. Molecular modeling of
CYP1A1l elucidated a valid homology model that wasized in the successful
generation of a range of catalytically altered eneyg. By increasing enzyme-
substrate affinity these enzymes doubled the datadfficiency of DTIC activation.
The CYP1A1 mutants described are potential leadsi$e in P450-based GDEPT

for the treatment of metastatic malignant melanoma.

Despite ongoing attempts by the pharmaceuticalstmguo discover and develop
novel anti-cancer therapies, there have been no approved therapies for
metastatic melanoma use since 1998 (Proleukinprbizant form of interleukin-2;
FDA Center for Drug Evaluation and Research; lagdated: July 2010;
http://www.centerwatch.com/drug-information/fda-apgals). The  subsequent
chapters of this thesis highlight that specialized focusedn vitro studies may
potentially result in tailoring the activity of agexisting drug to one with enhanced

capabilities that may ultimately be employed in ¢heic by means of gene therapy.

1.2 Rationale for the study

The research described in this thesis proceededtne following broad concepts:

Little chemical or structural information is known regarding human CYP1A1, a key
enzyme involved in the activation of the widely used chemotherapeutic agent DTIC.
DTIC is currently the only approved non-biologic chemotherapy drug for metastatic
melanoma. While it is the best available treatment and the standard against which

new melanoma drugs are evaluated, it is unfortunately not particularly effective with
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an average response of only 19% with no significant improvement in overall patient
survival. Furthermore, DTIC is associated with severe adverse reactions, including
liver damage. An improved understanding of the enzyme-substrate interactions and
the kinetics of DTIC activation may provide a more targeted approach to cancer

treatment.

1.3 Cytochromes P450

1.3.1 Background

P450s are represented by 781 gene families andtittb@sa superfamily of
cysteinato-heme enzymes. These enzymes are presdhtorms of life, with fungi

being the largest contributor (310 families), falkd by bacteria (205 families,
including 10 Archaeal), animals (110 families), it (95 families), and protists (61
families). Excluding variants and pseudogenes, ethare approximately 8128
uniquely named P450 amino acid sequences. Of tl2&&& are found in animals

(last updated: July 2010; http://drnelson.uthsded&0.statsfile.html).

Individual P450 enzymes are discrete gene prodwitis molecular masses of
approximately 57,000 Daltons (Da)B00 amino acid residues). All P450s are
related but differ from one-another in amino acédjieence and the mechanism by
which each gene is regulated. Coding sequence (G28ations give rise to
differences in secondary- and tertiary-structured (altimately quaternary structure),
and subsequently determine the chemistry of thdeproactive-site. It is the
chemistry of the protein active-site that estaldsiP450 substrate and inhibitor

selectivities. Different members of the P450 sugmilfy have distinct, but often
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overlapping substrate selectivities, with some arey acting on the same substrates,

but possessing different stereo-selectivity oredldht kinetic mechanisms.

P450s are classified according to the electrorstesirprotein each enzyme requires
for catalysis. Electrons can be supplied to theORatzyme from either NADH/FAD
(class 1), NADPH/FAD-FMN (class II), no electron rdwr (class IllI), or NADPH
directly (class IV) (Meunier, de Visser & Shaik 2Q0Werck-Reichhart &
Feyereisen 2000). Mammalian class | P450s areddaat the inner mitochondrial
membrane and are involved in steroid synthesis. Mitechondrial mammalian
P450s, along with the soluble bacterial P450sizatithe class | electron transport
chain which involves the reduction of a flavin ahen dinucleotide (FAD)-
containing reductase by NADH. Two electrons arenthansferred from FAD to
ferrodoxin reductase (FxR; £&;). The FxR protein subsequently acts as an electron
shuttle by transferring each electron to the P4&yme for catalysis. Class Il P450s
are involved in the metabolism of drugs and othemabiotics and are localized in
the endoplasmic reticulum (ER) membrane (Petersdtrdugh 1986). The electron
transport chain of class Il P450s, which are foumdhost eukaryotic cell types, is
composed of a complex oxidoreductase (OxR) flav@monhich has both FAD and
flavin mononucleotide (FMN) domains (Meunier, des88r & Shaik 2004; Peterson
& Prough 1986). Potentiometric studies have shdwat EAD serves as the initial
electron acceptor from NADPH, while FMN serves educe the P450 holoenzyme
(Figure 1.1) (Fleming et al. 2003). The electrawfito the heme iron is presumed to
be regulated by a substrate dependant increadeeinetiox potential of the heme
(Johnson et al. 2005b). An additional COOH-terminanchored electron donor,
cytochrome B which also utilizes electrons from NADPH, has rbdeund to

enhance the activity of some class Il P450 enzyiWa=ck-Reichhart & Feyereisen
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2000). Class Il enzymes are self-sufficient anguree no electron donor. They are
involved in the synthesis of endogenous mediatetgh as prostaglandins, in
mammals. P450s that receive electrons directly fWdDPH belong to class IV.
Unique to fungi, these soluble P450s have thetghidi reduce nitric oxide (NO) to

nitrous oxide (NO) (Werck-Reichhart & Feyereisen 2000).

This thesis focuses on the mammalian microsomalscdbP450 enzymes. Further
classification of the class Il P450 enzymes is @il on the basis of their catalytic
activity. Activities may be classified in three et groups: (i) monooxygenase
activity, where an oxygen atom is incorporated iatsubstrate; (ii) oxidase activity,
resulting in the formation of superoxide anion cats or hydrogenperoxide
(uncoupling of the catalytic cycle); and (iii) thproduction of free radical

intermediates from substrate/reductase activitgénmnaerobic conditions).

Membrane
anchor

Figure 1.1 The P450 oxidoreductase, flavin adenindinucleotide and flavin
mononucleotide complex. Electrons from the membrane bound NADPH-OxR
complex migrate from NADPH to FAD, to FMN, and thiamally to the P450 heme
Fe.
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The primary reaction catalyzed by class Il P450thés hydroxylation of a carbon
atom, according to the catalytic cycle represemédeigure 1.2. For hydroxylation to
proceed, the activation of molecular oxygen)(® required. This is achieved by the
heme prosthetic group situated within the active-sf the P450 holoenzyme, which
utilizes electrons donated from the NADPH-OxR campFleming et al. 2003). The
heme group is comprised of an®*Fprotoporphyrin-IX-complex covalently linked to
an atom of sulfur provided by a highly conservedtewe residue within the
carboxy-terminal domain of the P450 enzyme (FiduB. In the non-catalytic state,
the sixth coordination site of the ¥eatom is stabilized by a single water molecule
(de Graaf, Vermeulen & Feenstra 2005). In the pres®f a substrate, the reductive
activation of oxygen occurs from two one-electramations, and is targeted toward
the sixth coordination position. The first electn@uuces the substrate-bound ferric
heme (F&--R), facilitating the rapid binding of dioxygen dithe formation of a
ferrous-dioxygen intermediate eO,--R). It is at this point that other lone pair
electron donors, particularly carbon monoxide (C&n compete with Ofor the
iron electron pair acceptor site (Omura & Sato 1)64he second electron donation
forms a ferric hydroperoxy complex that is subsegyeprotonated (F&--H,0,-R).
The O--O bond is then cleaved leaving one atomxgfjen incorporated into the
substrate (R) with the remaining atom of oxygenuoed to form water (eq 1.1)
(Fleming et al. 2003; Guengerich 2001; Guengerichl.e2000; Meunier, de Visser

& Shaik 2004).

R'H + Q + 2é + ZH cytochrome P450 o ROH + HO

»

(1.1)

where R is the C-H bond of any P450 substrate aadéingle electron.
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Figure 1.2 Schematic representation of the catalydi cycle of class Il P450
enzymes.The main reaction is the monooxygenation pathwsedun hydroxylation
(black). Three alternative pathways are shown {bbaeresponding to the one- and
two-electron oxidase uncoupling reactions and #gr®xide shunt. The one-electron
oxidase produces a superoxide radical, which cdnsefjuently generate a radical
derivative of the substrate. The peroxide shumhéspathway used in generating an
activated iron-oxygen species. Taken from de Ghaafineulen & Feenstra (2005).

VS \}J <

Figure 1.3 The heme prosthetic group of the cytoclomes P450.0rthogonal
views of the F& protoporphyrin-IX-complex covalently linked to thiighly
conserved cysteine residue (labeled Cys420). Salfums are colored yellow. For
simplification, the & co-ordination site of the octahedrafFatom is not included.
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1.3.2 Orientation and membrane topology of cytochnmes P450

The membrane topology of P450s has been extensstelgied by numerous
chemical and computational approaches (Szczesnayskcet al. 1995). Class I
P450s reside on the cytosolic face of the ER andalaundergo recycling through
the pre-Golgi compartment (Szczesna-Skorupa e138). Initial data suggested
that P450s of the ER contained four to eight traamabirane helical domains, with
the active-site positioned within the membranelfitSubsequent findings identified
microsomal P450s as being bound to the ER by desiagchor’ site located at the
NH,-terminus. Moreover, the active-site was showndg@art of a large cytoplasmic
domain that potentially contains one or two addiélomembrane contact sites. The
presence of an NHerminal signal peptide is strong evidence forgéding
microsomal P450s to the ER membrane. The appargnalspeptide is not
proteolytically cleaved, but is actually retainewautilized as the membrane anchor
(Black 1992; Szczesna-Skorupa et al. 1998). Oncsocated with the ER
membrane, the mobility of the membrane bound P4 been likened to that of
Golgi and plasma-membrane proteins (2-6¥t@7/s) (Werck-Reichhart &
Feyereisen 2000). However, P450s are thought tbifeered from traversing the
membrane surface. Szczesna-Skoret. (1998) hypothesized that the mechanism
of P450 retention in the ER membrane may be relaiatie formation of protein-
protein aggregates. Since P450s are known to glasssociate with their redox

partners, this appears highly probable.

The orientation of microsomal P450s in the ER memeéris clearly dependant on
the location of the insertion signal, BHterminal anchor, and the halt-transfer signal
that serves to arrest polypeptide translocatiooutn the membrane. In addition, the

heme-containing domain may utilize amphipathicdediin binding to the cytosolic
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side of the membrane. Black (1992) hypothesized tthe plane of the active-site
heme is likely positioned at an angle somewhattgreéhan parallel to the membrane
surface. Likewise, research conducted by Baybusti§ar (2002) and Edwards et al.
(1991) concluded that P450s are most likely ortedtavith the heme positioned
perpendicular to the membrane. However, the exattra of the peripheral

membrane interactions of P450s remain incomplatbbracterized (Edwards et al.

1991; Szczesna-Skorupa et al. 1998).

Due to the challenges associated with crystallizimgmbrane-bound proteins,
mammalian P450 X-ray crystal structures have becawalable only in the last
decade. Crystallization of mammalian CYP1A2 (Sareteal. 2007), CYP2A6 (Yano
et al. 2005), CYP2C8 (Schoch et al. 2004), CYP2@8dter et al. 2004; Williams et
al. 2003), CYP3A4 (Yano et al. 2005), CYP2B4 (Scetital. 2004b), CYP2C5
(Wester et al. 2003a; Wester et al. 2003b; Williambsal. 2000b), and CYP2D6
(Rowland et al. 2006) was accomplished by trungatime NH-terminus, thus

generating a soluble form of the enzyme. Additibnahtomic force microscopy
(AMF) has been employed to directly investigate tbpography of membrane-
bound proteins. To determine the position of thBveamembrane-bound enzyme
relative to the membrane itself, rabbit CYP2B4 wasorporated into nhanometer-
scale phospholipids bilayer disks and visualizedAby (Bayburt & Sligar 2002;

Black 1992). Protein insertion occurred to a degtl3.5nm. The orientation of the
heme was estimated from results of anisotropy denagsurements after flash
photolysis. Angles of 41° 55° or 71° between kiggne and membrane were
observed for purified CYP2B4 from phenobarbitaltindd rabbits. For CYP2B4
from 3-methylcholanthrene induced animals, angle489 or 62° were observed,

therefore suggesting orientation of the heme laysremperpendicular to the

10
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membrane than parallel to it. Bayburt and Slig@0@) additionally investigated the
orientation of the redox transfer complexes. Thasvaccomplished by overlaying
the known structure of bacterial CYP102 with ralb¥P2B4. They suggested that
the overall fold of the CYP102-FMN domain resembthat of the mammalian
reductase FMN domain. If the CYP102-FMN domainasifjoned on the membrane
surface analogous to that proposed for mammali&0 Pdductase, then the heme
domain is orientated perpendicular to the membram& the hydrophobic tip of

CYP2B4 is inserted into the membrane surface (Eidu4).

Reductase

Figure 1.4 Orientation of mammalian OxR and P450 rkative to the membrane
surface. Cytochrome P450 (blue) is orientated with the h€érad) perpendicular to
the ER membrane. Note the position (yellow) whdveNHpurple) accepts electrons
from FAD (green); in the P450 this position (FMNlyas in close proximity to the
heme cofactor.

11



Chapter 1: Introduction

1.3.3 Human cytochromes P450

Human P450s are integral in regulating the stesatgslevels of endogenous
hormones and the numerous physiological substratpsred for cell proliferation

and differentiation (Guengerich 2001; Nebert & M@lsl991). In addition, human
P450s are the major catalysts involved in the aitformation of pharmaceuticals
and are therefore of considerable interest in teomsrug therapy. Notably, the
class Il P450 enzymes typically insert an atomtwfospheric molecular oxygen £0O

into a substrate which results in the hydroxylatiepoxidation, and dealkylation of

substrates to name a few.

Due to the large number of human P450s, indiviénalymes require naming on the
basis of evolutionary relatedness to their primamino acid sequence (Figure 1.5).
Members in a given gene family generally have nibes 40% identity with other

members of the same family, while members of thmeshuman P450 subfamily
have greater than 55% amino acid sequence ideartilyappear to lie on the same

chromosome cluster (Nelson et al. 1996).

P450s can be categorized as either xenobiotic-roktaly enzymes comprising
CYP1, CYP2, and CYP3 with some involvement from @YBr as P450s involved
in the synthesis of endogenous substrates suchteasids, fatty acids, and
prostaglandins, namely CYP11, CYP17, CYP19, and ZIYfamilies (Daly 2003;
McFadyen, Melvin & Murray 2004; Petushkova et al0@; Rendic 2002). The
principal human P450s in CYP1, CYP2, and CYP3 famitontribute primarily to
the conversion of exogenous lipophilic molecules water-soluble forms for

excretion from the body (eq 1.2).
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Figure 1.5 Evolutionary tree showing the relatednes of the main human P450s involved in the clearanad hydrophobic compounds.
The Tree was built using the Neighbor Joining met{iJ) of Saitou and Nei (Saitou & Nei 1987). Th& tNethod utilizes a matrix of distances
between all pairs of sequence to be analyzed. Tdissnces are related to the degree of divergeeteeen each gene. The Tree is calculated

after the sequences are aligned. Distance valeds garenthesis.
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R-H +Q+26+NADPH + /f @ohomersg R.OH + HO + NADP'

(xidation)

R-OH __tansferases | R-OX----- » Renal excretion
(conjugation)
(1.2)

where R is any P450 substrate and X is any cornijugaholecule (e.g. glucuronic

acid).

The CYP1 family is comprised of enzymes involvedhia metabolism of polycyclic
aromatic hydrocarbons, heterocyclic compounds, yhahthines, and aromatic
amines. CYP1 is comprised of two subfamilies; CYPd#d CYP1B. The CYP2
family includes enzymes that metabolize numerougamic compounds, namely
drugs, non-drug xenobiotics, and steroids, and istnsof eight subfamilies
comprising mammalian genes CYP2A through CYP2G @vd2J. The CYP3
family similarly metabolizes drugs and other xemoios as well as being responsible
for the @-hydroxylation of testosterone (Levy et al. 200Bamily CYP3 currently
consists of one subfamily, CYP3A, which includes gghes. Examples of drug

substrates of mammalian P450 enzymes are giveabieT..1.

Human P450s are expressed in varying amounts thoaignany tissues, with the
highest levels found in the liver. The relative mtiance of P450s in human liver can
be seen in Figure 1.6a (Yeo, Rostami-Hodjegan &&u@004). Some 57 different
P450 genes (plus 58 pseudogenes) are present inuthan genome, with eight
accounting for more than 90% of drug oxidationsZ12A6, 2C8, 2C9, 2C19, 2D6,

3A4, 3A5) (Figure 1.6b) (Code et al. 1997).

14



Chapter 1. Introduction

Table 1.1 Representative substrates of the princip®450 enzymes from families
CYP1, CYP2, and CYPS3.

P450 Enzyme Drug Substrate
CYP1lAl phenacetin, dacarbazine, pregnenolone
CYP1A2 caffeine, clozapine, phenacetin, tacrinepfiylline
CYP2A6 nicotine
CYP2C8 cerivastatin, paclitaxel, repaglinide
CYP2C9 ibuprofen, phenytoin, tolbutamidwarfarin
CYP2C19 omeprazole, proguarimephenytoin
CYP2D6 codeine, debrisoquine, fluoxetine, metoprolol,

perhexiline, tamoxifen
CYP2E1 ethanol, enflurane, halothane

Ca-channel antagonists, cyclosporine, HIV-protease
CYP3A4/5 inhibitors, midazolam, nifedipine, simvastatin,
tacrolimus
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CYP2D6
1.8%
CYP2C19
3.2%

CYP2A6
8.3%

CYP2B6

5%

CYP2C8
5.5%

CYP1A1

3%

CYP2E1
4%

CYP2B6
3%

CYP2C18/2C19
8%

Figure 1.6 The relative abundance of human P450 eymnes in the liver (a); and
the percentage of pharmaceuticals metabolized by spective P450 enzymes (b).
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1.3.4 Human cytochrome P4501A subfamily

Human CYP1Al and CYP1A2 share 72% amino acid sespuglentity, but display
differing substrate and inhibitor profiles, althtbugsome substrates can be
metabolized by both enzymes. For example, 7-etle®oyufin isO-deethylated by
both enzymes, albeit more effectively by CYP1AIntI@&YP1A2, whereas CYP1A2
exhibits a preference for 7-methoxyresorufin (Buteal. 1994; Hanioka et al.
2000). The basis of this overlapping substratectiglty was investigated by Liu et
al. (2004) whereby five reciprocal active-site ntistas between CYP1Al and
CYP1A2 (viz. residues 122/124, 221/223, 225/2272,3nd 382) were used to
identify key residues involved in alkoxyresorufiretabolism (Figure 1.7). Residue
substitution led to loss of 7-methoxy- and 7-ethresprufinO-deethylation activity
compared to wild-type, except for the CYP1A1l S12fiitation which increased
both activities. In addition, it was shown that atidns at position 382 in both
CYP1A1l and CYP1A2 shifted the substrate selectiivityn one enzyme to the other,
confirming the importance of this residue. Intereggy, the CYP1A1l G225V mutant
gave rise to a significant loss of heme and higrelke of apoenzyme. Notably,
mutagenesis of the CYP1Al active-site residuesluwaebin the stabilization and

orientations of DTIC have not been reported.

17



Chapter 1. Introduction

CYP1A1-WT
S122 N221 G225 L312 V3
e M BE LW S
CYP1A2-WT
T124 T223 V227 N312 L382
L] LT L] L] |

Figure 1.7 Location of the reciprocal mutation site in CYP1Al and CYP1A2
employed in the study of Liuet al. (2004).

1.3.5 Human cytochrome P4501A1

1.3.5.1 Background

CYP1ALl is the focus of this thesis. TE&P1Al1 (P1-450) gene, located at 15q22-
g24, comprises seven exons and six introns andsspah0 base pairs (Jaiswal,
Gonzalez & Nebert 1985; Kawajiri et al. 1986). Hmm@YP1Al (EC:1.14.14.1) is
mainly present in the skin, lungs, placenta, amdplyocytes, and plays an important
role in the metabolic activation of chemical caogens. Basal CYP1Al protein
expression in all tissues is thought to be low @tekt al. 2004), but varying levels
of CYP1A1l mRNA have been detected following indoctby polycyclic aromatic
hydrocarbons (PAH’s). Table Al.1 (Appendix 1) listest substrates, inhibitors, and
exogenous inducers of CYP1Al. CYP1Al is capablexadlizing benzo[a]pyrene
and other PAH’s to carcinogenic species (Chua et2@00; Chun, Shimada &
Guengerich 1996; Liu et al. 2003; Sparfel et al040 This enzyme is strongly
induced by cigarette smoke and potentially assediawvith lung cancer (Han,

Pentecost & Spivack 2003; Patterson & Murray 20Q2ke many other P450s,
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CYP1Al is polymorphic and genetic variation is thoughplay a role in determining
cancer susceptibility (Balasubramanian et al. 26{ah, Pentecost & Spivack 2003;

Miyoshi et al. 2002).

1.3.5.2 Interindividual variability in human CYP1AL expression

Nine CDS polymorphic alleles of ti&YP1A1 gene have been identified (Table 1.2).
The frequencies of the four most common varianteled, CYP1A1*2A,
CYP1A1*2C, CYP1A1*3, and CYP1A1*4, vary betweenfdient populations: 2.7-
5.1% in Caucasians; 10-15% in Japanese; 13.6-2m58#ricans; and 2.7-22% in
African-Americans (Garte et al. 2001). CYP1A1*2Ada@YP1A1*2B are in linkage
disequilibrium. Some polymorphisms in the mRNA gndtein coding sequences of
CYP1A1 have been hypothesized to be responsiblmferindividual differences in
the susceptibility to chemically induced diseaset bave not been extensively
studied in terms of both functional and clinicahsequences. Of the polymorphisms
reported in the coding region of CYP1Al, only a feewve measurable functional
consequences (Han, Pentecost & Spivack 2003). Pamtecost and Spivack (2003)
examined 1.5kb of the promoter region G¥P1Al. Thirteen single nucleotide
polymorphisms (SNP’s) were identified, with the ordy occurring as multi-SNP
combinations in individual patients. The majority GYP1Al haplotypes were
shown to have no functional effects compared towth@-type promoter sequences.
In contrast, two constructs of composite polymaspis (C2923T-G2875A-T3777G
and C2923T-T3777G-G4335A) appeared to result ilgaif&cant increase in basal

promoter activity (1.38- and 1.50-fold, respectiel
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Table 1.2CYP1A1 polymorphisms.

Data were obtained from http://www.imm.ki.se/CYebdk/.

Allele

CYP1A1*1A
CYP1A1*1B

CYP1A1*1C

CYP1A1*2A

CYP1A1*2B

CYP1A1*2C

CYP1A1*3
CYP1A1*4
CYP1A1*5
CYP1Al1*6
CYP1A1*7
CYP1A1*8
CYP1A1*9
CYP1A1*10

CYP1A1*11

Protein

CYP1Al.1
CYP1A1l.1
CYP1Al.1

CYP1Al.1

CYP1A1.2

CYP1A1.2

CYP1Al.1

CYP1Al1.4

CYP1Al1.5

CYP1Al.6

CYP1Al1.8
CYP1A1.9
CYP1A1.10

CYP1Al1l.11

®Denotes linkage disequilibrium.

Nucleotide
Changes

None
C-3219T
G-3229A

T3801C (Mspl)

A2455G; T3801C
(Mspl)

A2455G
T3205C
C2453A
C2461A
G1636T
2346_2347 T insertion
T2414A
C2461T
C2500T

C2546G

Trivial
Name

Wild-type

ml

m2

m3

m4

Effect

1462V

1462V

T461N
R464S
M331I
Frame shift
448N
R464C
R477W

P492R
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1.3.5.3 Regulation of human CYP1Al

CYP1Al (along with CYP1A2 and CYP1B1l) is regulatby the aromatic
hydrocarbon receptor (AhR). The AhR is a ligandvatéd transcription factor that
mediates a toxic response toward specific chenpiclditants, including PAH'’s and
polychlorinated dioxins, most notably benzo[a]pwdgBaP), 3-methylcholanthrene
(3-MC), 2,3,7,8-tetrachlorodibenzmdioxin (TCDD), andp-naphthoflavone NF)
(Denison & Nagy 2003; Nebert et al. 2004; Shimad&w§ii-Kuriyama 2004). The
AhR is a member of the basic helix loop, helix (HHPAS) protein superfamily
(Galijatovic et al. 2004), whose members play ampdrtant part in facilitating
intercellular signaling via sensory pathways (RoblOkey & Harper 2004). The
AhR is a critical mediator of a cell signaling sst, whereby its activation gives rise
to the altered regulation of numerous genes. Ahdrssluble cytosolic protein which
forms a complex with the chaperone proteins hsp®@ dsp23 and an
immunophillin-like protein (involved in its immunoppressive behavior)
(Figure 1.8). Upon ligand activation, the AhR trdacates to the nucleus, dissociates
from the hsp proteins, and forms a heterodimer aitbther bHLH/PAS protein, the
AhR nuclear translocator (ARNT). The ligand-AhR-ARNomplex then interacts
with a 3-GCGCT-3 DNA core binding motif, commonly termed the xeraitd (or
drug) response element (XRE; DRE), present in jpleltcopies upstream of the
CYP1A1 gene promoter (Le Ferrec et al. 2002). The DNAnoobAhR-ARNT dimer
then recruits cofactors, allowing the complex tgulate expression o€YP1Al
(Levine-Fridman, Chen & Elferink 2004; Roblin, Oke§ Harper 2004).
Interestingly, the humafYP1Al gene also contains a negative regulatory domain
about -800 bases from the transcriptional stagt @&alijatovic et al. 2004). This is

not evident in other species.
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Research conducted by Harptral (2004) shows that CYP1A2 and CYP1B1 are
constitutively expressed in the liver of AhR-nulice. In addition, CYP1A2 and
CYP1B1 are induced in AhR-null mice by phenobartoindicating that the
expression of CYP1A2 and CYP1B1 can be regulatethtiprs other than the AhR
(e.g. the constitutive androstane receptor, CAR). dntiast, CYP1Al expression
appears to be highly dependent on the AhR. Trangfeof the full-length human
AhR cDNA into BP8 rat hepatoma cells (AhR deficlemas sufficient to induce
substantial CYP1A1 mRNA levels without the presemfean exogenous AhR
ligand. This was achieved using the human elongaiator i-subunit promoter
(hEF-10). Additionally, the AhR antagonist, 3,4-dimethotayfone, is known to
inhibit CYP1AL1 expression in a concentration deggnidnanner (Roblin, Okey &

Harper 2004).

The AhR transcription factor is additionally invel in cell cycle regulation
(Levine-Fridman, Chen & Elferink 2004). This suggethat in the absence of an
exogenous ligand, the AhR functions to promote gedwth. Studies with 5L rat
hepatoma cells (AhR-positive) demonstrated that DGObduces a & phase cell
cycle arrest not detected in BP8 cells. Other figdisuggest that some endogenous
AhR agonists may also be substrates for the CYRd&#&yme (Chang & Puga 1998).
CYP1Al-mediated depletion of the endogenous AhRnistydherefore creates a
negative feedback mechanism which suppresses pedohR activity under
normal physiological conditions. Evidence preserligd_evine-Fridman, Chen and
Elferink (2004) further suggests that the durattdmAhR activity can dramatically
impact on the cell cycle response to growth factord other extra-cellular signals
(consistent with the hypothesis that the AhR fuorddi as a regulator of cell cycle

progression through Johase) and that growth factor-stimulated CYP1Aduation
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during the G1-to-S phase transition inactivates AR by rapidly depleting the
endogenous ligand. In addition, failure to inhiBHR activity resulted in cell cycle

arrest.

Differences in the susceptibility of individuals tiee adverse actions of PAH’s may
be due to differing CYP1A1 expression and genetigations inCYP1Al. The same
can be said for interindividual differences in taeels of expression of the AhR, and
the occurrence of AhR polymorphism. In additionthe multiplicity of genotypic
transcriptional malfunctions, further exogenous poonds can account for the
disruption of post-transcriptional inhibition. Fexample, fluasterone (t6fluoro-5-
androsten-17-one), a synthetic analogue of the okmeventative hormone
dehydroepiandrosterone (DHEA), has been shown hibiinthe rate of CYP1Al
promoter-controlled transcription. Fluasterone nmaty inhibited TCDD-induced
transcription of CYP1A1l by hindering the XRE bingimotif, as measured by
ethoxyresorufin O-deethylase (EROD) activity. In the presence of RBA
polymerase Il inhibitor actinomycin D, fluasterormaused an increase in the
degradation of CYP1A1 mRNA (Ciolino, MacDonald & ie002). In contrast,
CYP1B1 mRNA remained unaffected, further indicatthgt the expression of the

CYP1AL1 gene is regulated by unique factors.
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Figure 1.8 The molecular mechanism of activation ajene expression by the Aromatic Hydrocarbon Recept (AhR).
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1.3.5.4 Inhibition of human CYP1A1

Many chemicals includingi-naphthoflavone, 7-hydroxyflavone, synthetic chemo-
preventative organoselenium compounds such as 1PR3-, and 1,4-
phenylenebis(methylene)selenocyanate, vinylic atetyéenic PAH’s such as 1-(1-
propynyl)pyrene, and 4-(1-propynyl)biphenyl haveeeadentified as inhibitors of
CYP1Al (Appendix 1, Table Al.1). Recently, ChunpKand Guengerich (1999)
reported that the natural products resveratrolrhagontigenin are also inhibitors of
human CYP1A1l. For example, thesiGralue for rhapontigenin (3,3-trihydroxy-
4'methyl-thoxystilbene) inhibition of CYP1A1l was QM. As a mechanism-based
inhibitor, rhapontigenin showed a 400-fold seletgifor CYP1Al over CYP1A2
and a 23-fold selectivity over CYP1BL1. In additichapontigenin did not show any
significant inhibition of EROD activity in humanvir microsomes which contain
negligible amounts of CYP1Al1 (Chun et al. 2001).ttWrespect to resveratrol
(trans-3,4,5-trinydrostilbene), there was a 50-fold seletyivin its inhibition of
CYP1Al over CYP1A2, with an Kg value of 28M. Prior to this study, resveratrol
was perceived to be a potential cancer chemo-ptatrem agent due to its ability to
inhibit oxidation/reduction enzymes and induce agation enzymes. However, the
mechanism-based inactivation of CYP1Al with rhammmin suggests that this

compound would be a more potent and selective ckmenentative agent.
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1.3.6 Heterologous expression of human P450 enzymes

1.3.6.1 Background

The heterologous expression of recombinant protg@iagides a means of obtaining
higher yields of a target protein compared to thiesels found endogenously in
cells. Mammalian expression systems are routinegddor a variety of recombinant
proteins, however the over-expression of P450s ammalian cell lines has been
less successful (McManus et al. 1990). Greateresscthas been achieved using
yeast (lkushiro et al. 2004), insect (Ong et al98)9 and bacterial expression
systems, with bacteria being the simplest and roost effective (Boye et al. 2004;
Gonzalez & Korzekwa 1995). Bacteria also has theaathge of accommodating
foreign genetic material (Fujita & Kamataki 2002)dgproducing very high yields of
protein in a relatively short amount of time duetmpetent cell replication (Baneyx
& Mujacic 2004). However, the production of functa proteins IinE. coli,
especially from eukaryotic origin, can be problemalue to differences in codon
usage and the formation of inclusion bodies (JanaDé&b 2005). Table 1.3
summarizes some of the molecular tools used toeas& expression yields of

functional recombinant proteins.
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Table 1.3 Molecular tools and techniques used forpbdimizing heterologous
protein expression inEscherichia coli. Modified from Jana & Deb (2005).

Component

Host strain

Plasmid copy
number

Antibiotic
selection

Promoter

Transcription
termination

MRNA stability

Translation
signal

Codon usage
(E. cali)

Signal peptide

Temperature

Growth
conditions

Media and
supplements

Remarks

Choice of host strain can impact expression via tlhbst’s
genotype. Sufficient cellular machinery is requifedcorrect
protein translation and folding.

Gene dosage, as manipulated through plasmid compen
can greatly affect protein expression.

Choice of antibiotic resistance on the expressiasmid can
influence heterologous expression.

Strong or weak, inducible or constitutive; promotand
regulation are major influences on protein expmgswhich
iIs also affected by relative orientation and sttengf
promoters on the plasmid.

Effectiveness and spacing of transcription ternarsaffect
expression.

The stability of the mRNA affects yield. Secondatgucture
at the 5' end of the message often plays a crititel

The ribosome binding-site affects the amount obsdme

loading and clearance, and hence, expression. 8agon
structure at the 5' end can affect the accessibdit the

ribosome binding-site.

Numerous differences occur between human and lecter
codon usage. Utilizing the optimdt. coli codons often
improves yield.

An amino signal peptide, used for targeting a pnote a
specific region of the bacterial cell, can greahhance the
expression yield through protein folding and siabil

Temperature has a profound affect on protein fgidamd
stability. Improves yields of soluble proteins.

Growth conditions, oxygen levels, growth rate, carlsource
and fermentor configuration all affect yield.

Supplementation with rare elements can aid theecorr
folding of recombinant proteins and stabilizatiomridg
transport across membranes.
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1.3.6.2 Expression of modified P450s in Escherichia coli

Unlike most eukaryotes and many bacteria, enteteliacsuch ag. coli lack P450s,
which makes them a useful organism for recombinaxpression. Successful
synthesis of P450s i&. coli requires the nucleotide CDS of the desired prdteine
cloned downstream of an efficient promoter andsdioe binding-site in a high copy
number plasmid. Transcriptional activation of th@moter gives rise to mRNA
molecules that await ribosome-mRNA complexation édficient translation. As
described by Barnes (1996), the nascent polypefhiele associates with the coli

membrane, binds a molecule of heme, and foldsiigtinal tertiary structure.

The bacterial plasmid of choice for many labor&srexpressing P450s is pCW
ori(+) (Figure 1.9), a derivative of the pHSe5 phd backbone. pCW ori(+)
contains a pBR322 origin of replication, thae 19 gene that encodes a repressor
protein which binds to thkac operator and blocks transcription down-stream f3the
lactamase gene for conferring ampicillin resistaraied a bacterophage origin of
replication. Transcription and translation of pC\W(®) is controlled by dacUV5
promoter and two copies of thac promoter cassette with translation initiation
coming from the phage T4 lysozyme gene. A trpAgcaiption termination cassette
is located down-stream of the multiple cloning SiCS). Protein synthesis is
induced with isopropylB-D-thiogalactopyranoside (IPTG), a molecular minoic
allolactose, a lactose metabolite that triggerssiteption of thelac operon. The
modified CheW chemotaxis gene Bf coli and thef3-galactosidase gene aid insert

selection.
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MId (5247) lac UV5 promoter
Apd (5044) \ TAC Promoter

Lactose operon repressor
Hpd (4745)

TAC promoter
—___BanHI (563)

- Shine-Dalgarno seq.
Ndé (587)

7, Agé(592)

\ Xbd (1096)
\| 'sal (1102)

-\ Hirdin (1127)

beta GAL

\ trpAtrans. term.
\ Naé (1408)

pBR322 ori Avd (1618)

Figure 1.9 Plasmid map of the pCW ori(+) bacterial expression plasmid
Elements are drawn to scale.

Due to the fact that all class Il P450s bind to B membrane, truncation of the 5'
terminus of the CDS to remove the hydrophobic tramebrane domain typically
increases the yield of many P450s in bacteria. hlas been observed by several
investigators, primarily utilizing CYP2C family pieins (Boye et al. 2004; Guo et al.
1994; Iwata et al. 1998; Sandhu, Baba & Guenget#98). Additionally, the Nkt
terminus can be modified to target expressionB#80 to a desired. coli organelle
(Luirink et al. 2005), which in turn decreases likelihood of secondary-structure
formation of message around the ribosome assenitblyad the ATG). Table 1.4
lists several signal sequences used for targetegsage to different locations within

the gram-negative bacterial cell (Figure 1.10). aldition, the leader sequence
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obtained from the bovine microsomalotiydroxylase cytochrome P450, P45017A
is required. In an attempt to optimize bacteriapression, Barnes, Arlotto and
Waterman (1991) showed that modification to thstfgeven residues of P45017A
greatly enhanced holoenzyme formation. Specificéitly second codon was changed
from TGG (Trp) to GCT (Ala), the preferred secommtion for expression of the
bacteriallacZ gene. In addition, amending the DNA CDS of ree&l4, 5, 6 and 7 of
P45017A to utilize the bacterial codon usage redube Gibbs free energAG) of
MRNA self-hybridization. Use of the P4504-8ignal peptide (1d-leader sequence)
has a profound effect on the yield of functional5@47A in E. coli and has
subsequently been used by numerous groups to sfidibgexpress large amounts of
mammalian P450s iB. coli (Boye et al. 2004; Fisher et al. 1992; Gillam et1&97;
Lewis, Mackenzie & Miners 2007; Pritchard et al9T9Richardson et al. 1995; Shet

et al. 1994).

The heterologous expression of P450&.icoli is usually conducted in K-12 strains
where heme is impermeable to the gram-negative qipee. This makes
holoenzyme P450 expression somewhat limited intaddio the fact that heme is
potentially toxic to the cells (Harnastai, Gilepl&anov 2006). The ability of most
bacteria to produce the heme precursor 5-amindlgeulcid @-ALA) via ALA
synthase (C-4 path) is not sharedibyoli, which synthesiz&-ALA from glutamate
(C-5 path) (Avissar & Beale 1989). Since cellulante content plays a role in the
regulation ofd-ALA production, endogenous heme biosynthesisgistly controlled
with almost no free heme present under normal miltonditions (Woodard &
Dailey 1995). Moreover, heme has a relatively Idfindy for the nascent P450
polypeptide. To combat this problem bacterial aeisuare commonly supplemented

with exogenou$-ALA.
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Table 1.4 Common signal peptides used in the expsesn of eukaryotic proteins
in bacteria. Basic amino acids, blue; hydrophobic amino aciddlow. Red stars
represent cleavage sites that mark the end of sigcoial peptide. Refer to Figure
1.10 for a schematic representation of gram-negdtacteria.

Inner Membrane Proteins Signal Peptide

Phage fd, major coat protein MKKSLVLKASVAVATLVPMLSFAAE

Phage fd, minor coat protein M  KKLLFAIPLVVPFYSHS AE
Periplasmic Proteins Signal Peptide
Alkaline phosphatase M KQSTIALALLPLLFTPVTKA RT

Leucine-specific binding protein ~ MKANATIIAGMIALAISHTAMA* DD

B-lactamase of pPBR322 MSIQ HFRVALIPFFAAFCLPVFA HP
Outer Membrane Proteins Signal Peptide

Lipoprotein M  KATKLVLGAVILGSTLLAG CS

LamB L RKLPLAVAVAAGVMSAQAMAD

OmpA MMITMKKTAIAIAVALAGFATVAQA AP

In the bacterial heterologous system used for P480& not uncommon for
overexpressed proteins to form insoluble aggregasdked ‘inclusion bodies’.
Inclusion bodies usually result from proteins tFat to fold correctly and tend to
accumulate in the cytoplasm or periplasm (FigurEO)l.depending on the signal
peptide used (Table 1.4). The recombinant protsumlly accounts for 80-95% of
the inclusion body and is contaminated with outesmbrane proteins, ribosomal

components, and a small amount of phospholipids rardeic acids (Baneyx &
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Mujacic 2004). In the case of P450s, heme incotmmras critical for obtaining the

correct folding conformation.

Ribosomes

Nueloid

QOuter
membrane

Cell wall &
periplasm

Cytoplasmic
membrane

Pilus

Flagellum

Figure 1.10 Schematic representation of the structal organisation of gram-
negative bacteria.Amended from Pugsley (1993).
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Once successful expression of P450 has been adhieeenbranous extracts usually
undergo spectral analysis to determine the funatidoloenzyme concentration.
This is achieved by reducing the protein prepamationtaining the oxidized P450
with sodium dithionite (Nz5,04) followed by exposure to Gg to uncouple the
P450 catalytic cycle (Figure 1.2). The initial oxied P450 present in the native
protein preparation gives a Soret band at 4l4nmtin@on coefficient;
124mM*'cm™). Reduction of the heme Eeto Fé* shifts the Soret band to 427nm
(149mM'cmi?). Treatment with C@) also displaces any g bound to the Fé
allowing the absorption spectra to be determinadbfath apo- and holo-enzyme
forms (Figure 1.11). In the reduced apo- form bowitth CQy), a shift in the Soret
band to 420nm is observed along with a marked as&dn absorbance intensity
(213mM'cmi?). The reduced P450 with bound GQyives rise to an absorbance
peak at 450nm (91mNem™) characteristic of the holo- form of the enzymdyke

& Takayama 1975; Omura & Sato 1964a; Omura & Satxib).

To generate an active systam vitro, P450s require the donation of electrons,
utilized for reducing the heme ¥efrom the redox partner (section 1.3.1). Bacteria,
however, do not contain a suitable endogenous repaxner, hence, the
heterologous expression of P450s additionally reguexpression of OxR. Dual
expression may be achieved by a number of meth@psa CYP-OxR fusion
construct (Deeni et al. 2001; Fisher et al. 1992hé&r, Shet & Estabrook 1996; Shet
et al. 1994; Shet et al. 1993), (ii) a bicistropiasmid (Boye et al. 2004; Gillam et al.
1997; Parikh, Gillam & Guengerich 1997), or (iihet simultaneous co-
transformation of different P450 and OxR plasmidsr{g & Porter 1996; Fujita &
Kamataki 2002; Iwata et al. 1998; Lewis, Macker&ib®liners 2007; Pritchard et al.

1998). It should be noted that mixing of bactemsmbrane preparations generated
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from separate P450 and OxR expressions can rettgastnzymatic activity (Boye
et al. 2004). However, the generation of an acthreed-membrane system is not
successful with those P450 enzymes that contaydeophobic signal peptide, but is
feasible for those P450s expressed with a trunddkédterminus (e.g. CYP2CAS3-

20 truncation) (unpublished observation). It appehat the more hydrophilic nature
of the truncated P450 allows greater flexibilitythre bacterial membrane and can

therefore align and couple more freely with thegemented OxR.
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Figure 1.11 P450 CO difference spectré&Spectrum A (red) shows the formation of
the ferrous FE-CO complex of a typical holo-P450 after reductisith sodium
dithionate and bubbling with G (450 peak). Spectrum B (blue) shows the inactive
reduced apo-enzyme peak at 420nm with a deep traugB5nm, two small peaks at
540nm and 575nm, and a trough at 560nm. The P4@60iesphas a substantially
larger Soret molar absorption coefficient thanhbie- form.
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Like P450, the measurement of OxR concentratioegsally important and is
commonly attained by the method outlined by Yasbhko& Masters (1976).
NADPH-dependent reduction of cytochrongeis monitored by the increase of
absorbance at 550nm. The rate of reduction of byteuec (nmol/mg protein/min)
iIs used as a measure of OxR activity in expressetbrane fractions. The
OxR:P450 ratio can be critical for the derivatiohkaetic parameters for a drug
substrate, whereby an excess of OxR over P450 ohanee catalytic activity
(Venkatakrishnan et al. 2000; Yamazaki et al. 1999jditionally, many P450-
dependant reactions have been shown to be stirdulatecytochromebs. This
possibly occurs via direct electron transfer to Rd&0 from cytochrombs (holo-bs)

or through a conformational effect on the P450he &bsence of electron transfer

(apodbs) (Yamazaki et al. 1997; Yamazaki et al. 2001).

1.3.6.3 Recombinant expression of human CYP1Al

Guo et al. (1994) were the first to express thé&lémgth cDNA encoding human
CYP1A1l, along with several modified constructs,luding one carrying the bi#
leader sequence, B coli. Little expression was observed with the nativguseice
and several modified constructs, but successfuression (20-25nmol P4507 L
culture) was achieved with a construct in which #la codon GCT was placed in
the second position and thétérminal codons were maximized for AT content and
minimized for potential secondary structure formatof the message transcript.
Naphthoflavone was found to protect against deatitur by detergents during the
solubilization of membranes and was therefore adttedall buffers used for
purification. The recombinant CYP1Al catalyzed featyresorufinO-deethylation

and benzola]pyrene 3-hydroxylation wiky, (Vmay values of 0.58M (8.3 nmol
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min/nmol P450) and 38V (2.5 nmol mifnt/nmol P450), respectively. To further
optimize expression, Chun, Shimada and Guengeti@86) utilized the pCW ori(+)
plasmid to code for a fusion protein consistingtled complete CYP1A1l coding
sequence (with second amino acid change, Ala) ateddy a Ser-Thr linker to rat
OxR (beginning at amino acid 57). Expression wasicglly 150nmol P450 t

culture, similar to the levels observed with CYP1Ehimada et al. 1998). The
favorable difference in CYP1Al expression comparedhat of Guoet al (1994)

was thought to be due to the addition of the hereeyssord-ALA to cultures.

The purified fusion protein was shown to catalyeeo[a]pyrene 3-hydroxylation,
7-ethoxyresorufinO-deethylation, and zoxazolamine 6-hydroxylation adicw to

Michaelis-Menten kinetics. However, the catalytatity of the fusion protein was
markedly lower than that of a similar fusion prateonstructed with rat CYP1ALl.
This was thought to reflect the inherently lowertiaty of human CYP1Al

compared to the rat enzyme, reflecting structunfie@nces arising from the
differing coding sequences in each species (Figut2). Notably, no increase in
turnover was observed when purified OxR or cytooleobs was added.
Furthermore, the authors found that the catalyttvitly of the enzyme was
considerably higher within purified fractions inntast to enzyme still localized in

membranes.
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1
human CYP1A1l
rat CYP1Al
51
human CYP1A1
rat CYP1A1l
101
human CYP1A1l
rat CYP1A1l
151
human CYP1A1l
rat CYP1Al
201
human CYP1A1
rat CYP1A1l
251
human CYP1A1l
rat CYP1A1l
301
human CYP1A1l
rat CYP1Al
351
human CYP1A1
rat CYP1A1l
401

M...L FPIS M SATEFLLAS VI FCLVFWV

50
RASRPQWKG KNPPGPWW

MPSVYGPAF T SATELLLAV TT FCLGFWW RVTRTWWKG KSPPGPWIG

100

PLIGHMLTLG KNPHIALSRM SQQYGDVLQIRIGSTPVVVL GLDTI RQAL
PFIGHVLTLG KNPHISLTKL SQQYGDVLQIRIGSTPVVVL GLNTI KQAL

150

VRQGDDFKGHRPDLYTFTLI S NGQSBFSPD SGRVYWAARRRAQNELKSFS
VKQGDDFKGHRPDLYSFTLI A NGQSVFNPD SGR-WAARRRAQMLKSFS

IASDPASSTS CYLEEHVSKEAEVLIS TLCQE
IASDPTLASS CYLEEHVSKEAEYLIS KFCK

200
LMAGRGHMP RYVVVSVIN
LMAEVGHMP KYLVVS\AN

250

VICAICFGRR YDHNHQELLS LVNLNNNFGE WGSMPADF PILRYLPNP
VICAICFGRR YDHDDQELLS | VNLSNEFGE VTGSGPADF PILRYLPNS

300

SLNAFKDLNE KFYSFMKMWV KEHYKTFEKG HIRDITDSLI HC@EKQLDE
SLDAFKDLNK KFYSFMKKLI KEHYRTFEKG HIRDITDSLI HC@RRLDE

NANVQLSEK | | NIVLDLFG AGFDNVTTAI
NANVQLSDK VI TIVFDLFG AGFDT TTAI

LDTVIGRSRR PRLSDRSH.P YMEAFILETF
LDTVIGRDRQ PRLSDRQ.P YLEAFILETF

human CYP1A1 K GFYIPKGRC VFVNQWQH DKLWNPSE

rat CYP1A1 N
451

human CYP1A1l
rat CYP1Al
501

GFYIPKGHC VFVNQWENH DELWGDPNE

350
SWSLMYLMN RVQRKIQEE
SWSLMYLWN RI QRKIQEE

400
RHSSFVPFTI HSTTRDTSL
RHSSFVPFTI HSTI RDTSL

450
FLPERFLTPD Al DKVLSEK
FRPERFLTSS T LDKHLSEK

500

VIl FGVGKRK CIGETI ARWE VFLFLAILLQ R VEFSVPLGY VDMTRYGL
VI LFGLGKRK CIGETI GRLE VFLFLAILLQ Q MEFNVSPCE VDMTRAYGL

524

human CYP1A1 T MKHACCEHF QVILRS... ...

rat CYP1A1 T

LKHARCEHF QVQVRSSGPQ HLQA

Figure 1.12 Sequence alignment of human CYP1A1 andt CYP1ALl. Alignment
similarity is 85.1% (red and green) while idenidy77.7% (red only).

37



Chapter 1: Introduction

1.4 Cytochromes P450 and neoplastic disease

1.4.1 Metabolic conversion of anti-cancer drugs

P450s are responsible for the metabolism of mosesqobed cancer
chemotherapeutic agents (Guengerich et al. 2000)géyerating inactive or
metabolically activated products, or both. While5B4nzymes are predominantly
located in the liver, there is substantial evidetitat individual P450s are also
expressed in other tissues such as the brain, kidgey, and the gastrointestinal
tract (Guengerich 2000; Murray et al. 1992; Patter& Murray 2002; Rooney et al.
2004). In addition, there is also evidence showi®b0 expression in resected
human tumors. Of particular interest is expressioma variety of solid tumors
including breast, colon, lung, esophagus, ovaridagder, prostate, stomach, and
soft tissue sarcomas (Lord, Bongiovanni & Bralle§02; McFadyen, Melvin &
Murray 2004; Miyoshi et al. 2002; Rooney et al. 200ndeed CYP1Al, CYP1B1,
and CYP3A4 are known to be over-expressed in tanf{bturray et al. 1992;
Patterson & Murray 2002; Rooney et al. 2004; Schwya&hen & Waxman 2002)

and may influence the fate of certain cytotoxicggrwithin the tumor.

1.4.2 Cytochrome P450-based prodrug cancer therapy

One promising area for the improvement of tumogdselectivity, and one which
escapes the problems associated with inter-indiidariation, is Gene-Directed
Enzyme Prodrug Therapy (GDEPT) (Aghi, Hochberg &dkefield 2000; Cass et
al. 2001; Daly 2003; Denny 2002; Hughes et al. 2002nson 2003; Xu & McLeod
2001). GDEPT is a two step approach. In the fitep a drug-activating enzyme is

targeted and expressed in the tumor tissue. The(geencoding the enzyme(s)
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should be of either non-human origin or human pnateat is deficient or expressed
in low concentrations in normal tissue (Denny 200B)e protein must achieve
sufficient expression in the tumors and have higtalgtic activity (Daly 2003). In
the second step a non-toxic prodrug, which is astsate of the exogenous enzyme
that is now expressed in the tumor, is administergstemically (Xu & McLeod
2001). The net gain is that the prodrug can bevaietd within the tumor, producing

high local concentrations of the active moiety.

Although GDEPT is susceptible to the same techroballenges as other areas of
medicine utilizing gene therapy, it has severalamtizges over other cancer gene
therapies due to its ability to not only reducetsysc exposure, but also transiently
replace a polymorphic gene that may confer a ‘p@orextensive) metabolizer’
phenotype. In addition, GDEPT is known to producéystander effect’, which
extends the cytotoxic response beyond those cellssfected with the prodrug-
activating P450. A limitation of GDEPT, however tigt only a small proportion of
tumor cells become activated using current enzymoelrpg combinations. In an
effort to overcome this problem, the approach ohyn@searchers is to generate new
activation competent drugs, i.e. prodrugs thaedffieiently activated and effective at
killing neighboring cells via a bystander effectuX& McLeod 2001). Since
recombinant DNA technology can be utilized in GDERit alternative solution is to
design specific P450 enzymes with enhanced prodetiyating abilities. Thus,
mutant forms of human enzymes can be generatedesglisected mutagenesis and,
in doing so, avoid the expected immune response w&l the use of non-human

proteins [e.g. rat CYP2B1 (Kan, Kingsman & Nayl®02)].

Much remains unknown about the use of P450 enzymeSDEPT, with the

majority of questions relating to the design of e@losubstrates. An increased
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understanding of the metabolism of antineoplastjenés within the body is also
essential in order to develop more highly speaaliand directed therapies. As such,
enhanced tumor mediated metabolism by P450s reqfimther investigation to
utilize the specific activation of prodrugs by enms, whose expression, or kinetic
activity is limited to, or can be enhanced in, @ancells. GDEPT utilizing P450’s
may offer the possibility of a truly targeted cheherapy so long as overproduction
of the toxic metabolite is constrained to the turaovironment, thereby minimizing

systemic toxicity.

1.5 Structure and function of the mammalian cytochomes P450

1.5.1 Background

Structure-activity analyses in P450s have beenngakein understanding the
mechanisms responsible for substrate selectivétgioselectivity, stereoselectivity,
and substrate orientation (Lewis 2003; Lewis, M&ddickins 2002; Lewis, Lake &
Dickins 2004; Miles et al. 2000; Ridderstrom et &001). Using various
experimental and analytical approaches, links betwstructure and function have
elucidated numerous relationships, from the sutestr@cognition sites (SRS)
proposed by Gotoh (1992) to the interactions affgctflexibility of the heme
prosthetic group by Hudecek et al. (2007). TechHnamvances in structural and
computational techniques, such as nuclear magrresonance (NMR), X-ray
diffraction, and computational modeling, have sabsally increased the P450
knowledge base at the molecular level. Of furtimeportance was the development

of site-directed mutagenesis, which allows the dad substitution of active-site
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amino acids and hence a better understanding ofhmistry of substrate access,

catalysis, product egress, and enzyme inhibition.

1.5.2 Crystal structure determination

Due to the large molecular size of P450s, appboatof NMR for structure
determination has been somewhat limited. In copttas use of X-ray diffraction
has proved to be a more powerful method for eldutidathe structures of P450s,
including those with bound substrate. The genanadtiomammalian P450 structures
has been challenging largely due to the difficuttyobtaining large quantities of
protein in a homogeneous state for growing diffaactquality crystals (Zhao &
Halpert 2007). The first P450 crystal structurevedlwas that of CYP101 (P450)
from Pseudomonos putida in 1985 (Poulos et al. 1985). The structure of CP
was bound with the bicyclic terpene, camphor, whigs located in a buried pocket
adjacent to the oxygen binding site of the hembe TYP101 structure was refined
to an R-value (statistical measure of fit) of 0&23a resolution of 2.6A. Availability
of the CYP101 crystal structure was particularlgfus for resolving the topology
and secondary structure in the region surroundiegheme. Furthermore, elucidation
of the CYP101 crystal structure was an importariestone allowing researchers to
make comparisons with the eukaryotic P450s. Howeestrapolation of the
CYP101 structural data to eukaryotic P450s provifficwdlt, primarily due to the
membrane binding of mammalian P450s and the limssguence identity among
P450 enzymes (generally 10-30%) (Lewis 2002a).dutiteon, as a class | P450 the

residues responsible for the alignment of CYP10d i redox partner (FAD) are
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markedly different to that of the mammalian clads proteins (FAD-FMN;

section 1.3.1).

Hasemann et al. (1995) proposed that regions oftifumal significance among
P450s should be conserved at the secondary steuettel despite differences in the
primary sequence. To this end, they published &tras of the class | P450 enzyme
CYP108 (P45@Q, Pseudomonas sp.) and the first structure of a soluble class Il ®45
enzyme, CYP505 (P45Q-3; Bacillus magaterium). The comparison between all
three P450 crystal structures (CYP101, CYP108, @M&505) revealed a tertiary
arrangement with a highly conserved core of seagrsiaucture elements. The
substrate recognition regions exhibited the greéaté#ferences, with large shifts in

the B', F and G helices (Figure 1.13).

The first mammalian P450 to be crystallized wasrta@YP2C5 (Williams et al.
2000a). CYP2C5 was modified to increase its salylbéind aid crystallization. The
crystallized form of CYP2C5 differed from the naienzyme by deletion of the
transmembrane domain (residues 3-21), in additiomd¢orporating D2A, Q22K,
N23T, G25S, and R26K mutations that were introdutedmprove heterologous
expression. A further five substitutions were mad202H, R206E, 1207L, S209G,
and S210T, to reduce membrane association, phagjghdependence for catalysis,
and protein aggregation (Cosme & Johnson 2000)m€oand Johnson’s (2000)
results identified that the residues of the F andheBx, and the F-G loop were
responsible for the membrane interaction of CYP2@8 the aggregation state of
truncated CYP2C5 in solution. Structurally, the Q@5 crystal revealed that
attachment to the ER membrane occurs through allmgdrophobic surface that
neighbors the N-terminal transmembrane anchor, #vad orientation of the

electrostatic dipole in the membrane bound enzyppears optimal for maximizing
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OxR alignment and electron transfer (section 1.3rlpddition, the entrance to the
putative substrate access channel between theddyisadnd the N-termindd-sheet
system was also shown to be located in the membedtechment surface

(Figure 1.14a).

The CYP2CS5 crystal structure shows the enzymediosed conformation. It is also
clear that significant structural differences ocbetween the mammalian CYP2C5
compared to the soluble microbial CYP101, CYP108¢d &£YP505 structures
(Figures 1.13 and 1.14), particularly in the ackite. In a subsequent study, Wester
et al. (2003a) co-crystallized CYP2C5 with the aplfenazole analogue,
4-methylN-methyl-N-(2-phenyl-2H-pyrazol-3-yl)benzenesulfonamide (DMZ), at

2.3A resolution (Figure 1.14b).

Like rabbit CYP2CS5, the crystallization of rabbi¥E2B4 was achieved in both the
presence and absence of substrate. The initial B¥P2ructure was obtained by
(Scott et al. 2004a) at 1.6A resolution (R-valu@l@), the most accurate mammalian
structure at that time. The crystallized proteiffeded from the native enzyme by
truncation of the N-terminus (3-21) and mutationre$idues E2A, G22K, H23K,

P24T, K25S, A26S, H27K, and R29K to facilitate pintexpression. The structure
of CYP2B4 revealed an open cleft, formed by the@®'F, and G helices, which

extends from the protein surface toward the hemd& Ris structure is representative

of an open enzyme conformation (Figure 1.15a).
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Figure 1.13 Crystal structures of CYP101 (P45%@w), CYP108 (P45Q:,), and CYPS505 (P456\u.3). The largest differences occur in
the B', F, and G helicies (cyan).
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Figure 1.14 The tertiary structure of rabbit CYP2C5 crystalized with and
without substrate. (a) The overall fold of rabbit CYP2C5 (pdb; 1NR6yhlighting

the F-G loop and the N-terminfisheet system shown in cyan. The F-G loop was
omitted from the final crystal structure and is sedpuently not represented as a loop
using the model viewer, PyMOL (seen as a helif)) The recrystallized structure
(pdb;  1IN6B) bound with  4-methyl-N-methyl-N-(2-phér2H-pyrazol-3-
yl)benzenesulfonamide (DMZ) in two different catatyorientations.

Scott et al. (2004a) found that, compared to thé®35 structure, the open cleft in
CYP2B4 is generated by the repositioning of higtdypserved secondary structures.
Interestingly, CYP2B4 crystallized as a dimer, witte F' and G' helices of one
molecule filling the open cleft of a second moleguherefore trapping the enzyme
in the open conformation. The structure of CYP2B4rystallized with the specific
inhibitor, 4-(4-chloro-phenyl)imidazole (CPI) (1.94esolution; R-value 0.215),
adopted a closed conformation similar to that deemammalian CYP2C5 (Figure
1.15b). The differences between the open and clesedtures of CYP2B4 were
primarily due to the relocation of the B', C, andhiFough G helices. Collectively,

this was termed the ‘lid’ domain (Scott et al. 2004
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Figure 1.15 The open and closed conformations of pait CYP2B4. (a) The open

conformation of CYP2B4 (pdb; 1PO5). (b) CYP2B4 (pdSUO) co-crystallized

with 4-(4-chloro-phenyl)imidazole (CPI) highlighgnthe orgasnization of the F-G
loop ‘lid'.

Elucidation of the structures of the human drug abelizing P450s CYP2A6,
CYP2C9, CYP2C8, CYP3A4, and CYP2D6 followed in mrably quick
succession. All CDS required truncation of the memb bound N-terminal domain
in addition to mutations necessary for protein Biization. Three structures of
CYP2C9 have been solved; the first structure wadggamded (pdb; 10G2, 2.6A)
(Figure 1.16a) and the second was co-crystallizéth ¥he anti-coagulant drug
warfarin (pdb; 10G5, 2.55A) (Figure 1.16b) (Willianet al. 2003). The third
CYP2C9 structure solved by Wester et al. (2004)w&ub significant differences
compared to the 10G5 crystal (RMSD 0.74A). The talystructure of Westesat al.
(2003) (pdb; 1R90, 2A) (Figures 1.16c and 1.16d3 w@mplexed with flurbiprofen
and contained fewer modifications to the CYP2C9 CD®e 10G5 structure
reported by Williamset al. (2003) was essentially CYP2C5-like, with extensive

modifications in residues 30-53, 97-121, 196-23%] 467-478. Specifically, the
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K206E, 1215V, C216Y, S220P, P221A, 1223L, and I[234ubstitutions all
corresponded to residues found in CYP2C5. In anditihe location of the bound
warfarin in the 10G5 structure was positioned & dstal end of the active-site
cavity with the site of hydroxylation in an unprative orientation some 10A from
the heme Fe (Figure 1.16b). The refined 1R90 CYPa&€&ture displays the native
conformation of the F to G helix region and exlglan extra turn at the N-terminus
of the A helix. In addition, the distinct conform@at of the B to C helix region
allows R108 to hydrogen bond with D293 and N283henl-helix. Furthermore, the
1R90 structure described by Westeal. (2003) highlights the role of R108 and its
importance in stabilizing and orientating the biglof the acidic flurbiprofen in the

CYP2C9 active-site for productive catalysis (Figlirged).

Like CYP2B4, human CYP2C8 was crystallized as amginc dimer formed by the

interaction of the F, F', G', and G helices (Schetlal. 2004). Interestingly, two
palmitic acid molecules were bound at the dimeerfiace, suggesting a peripheral
binding site that may contribute to drug interagtioduring CYP2C8 catalyzed
biotransformation (Figure 1.17). The 2.7A (R-vald®48) structure of CYP2C8
(pdb; 1PQ2) additionally identified an active-sit@lume almost twice that of rabbit
CYP2C5, which is consistent with the large sizet®preferred substrate paclitaxel
(853.9 gmot) (Kerdpin et al. 2004). The increased volume @ @YP2C8 active-

site reveals a shift in the F' helix which estdids a cavity abov@-sheet 1.

However, flexibility in the F-G helix region is iy to be reduced in CYP2CS8

dimers (Schoch et al. 2004).
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Figure 1.16 Bound and unbound crystal structures ohuman CYP2C9.(a) The
crystal strucuture of CYP2C9 in the absence ofniiggdb; 10G2, 2.6A) and (b)
cocrystallized with warfarin (WARF) located 10A frothe site of catalysis (pdb;
10G5, 2.55A). (c) The refined crystal structureC¥P2C9 generated by Westr
al. (2003) (pdb; 1R90, 2A), (d) 1R90 complexed withrifiprofen (FLURB), the
site of catalysis positioned 4.9A from the heme Fe.
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Figure 1.17 The crystal strucuture of CYP2C8 showras a symmetric dimer.
The fatty acid binding site is located at the dizeion interface. Palmitic acid
(PAL).

The first crystal structure of a CYP3A enzyme welsieved by Yano et al. (2005) in
the presence of the substrate erythromycin. Howealectron density maps did not
reveal the location of the substrate molecule #edefore could not be resolved in
the final crystal structure. The CYP3A4 crystal ipd TQN) was determined to
2.05A resolution (R-value 0.241) and, like CYP2a&384%), it revealed a large
active-site volume (1386 % which is not surprising considering CYP3A4 oxieh
some of the largest P450 substrates (e.g. macrafitibiotics, cyclosporin) (Polasek
& Miners 2006). However, the shapes of their cawitdiffer markedly, due to
differences in secondary and tertiary structureraagement. The major differences
are seen in the F to G helix region that passestbeeheme, creating a large cavity

in CYP3A4. Close inspection of the CYP3A4 structugeeals helices F and G do
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not extend over the active-site cavity (Figure )1.88 they do in the CYP2C
structures (Figures 1.16 and 1.17). In fact, the' Bhd G'-G loops are markedly
elongated in the CYP3A4 structure and are compridedsidues 209-217 and 237-
242, respectively. The replacement of helicesi{gm@YP2C proteins) with loops in
CYP3A4 introduces the desired flexibility requirdd accommodate large or
multiple substrates. Docking studies conducted bynodret al. (2005) revealed that
7,8-benzoflavone and testosterone could bind sanatiusly within the CYP3A4

active-site. Interestingly, several possible corabons of locations were observed.
Similar to CYP2C9, R106 (corresponding to R108 MPRC9) resides at the distal
end of the active-site cavity and participates metwork of hydrogen bonds linking

Y53, D61, D76, R372, and E374 (Figure 1.18).

The first CYP2A enzyme to be crystallized was CYB2@&ano et al. 2005).
CYP2A6 is not considered a major drug metabolizamgyme (section 1.3.3;
Figure 1.6), however, this enzyme contributes tmtme metabolism and is able to
activate tobacco-specific procarcinogens (TyndaleSé&llers 2001). To better
understand the mechanism of substrate and inhibitoling in CYP2A6, Yanet al.
(2005) generated crystal structures in both thegmee of coumarin (substrate) at
1.9A resolution (pdb; 1710, R-value 0.23) (Figurd9h), and in the presence of
methoxsalen (inhibitor) at 2.05A resolution (pdbZZ11l, R-value 0.261)
(Figure 1.19b). The volume of the CYP2A6 cavityaproximately one quarter that
of CYP2C8, CYP2C9, and CYP3A4 and is well suited dmall planar substrates
that fit within the narrow, hydrophobic active-sifehe CYP2A6 active-site shows

features in common with CYP101.
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Figure 1.18 The crystal strucuture of human CYP3A4. The CYP3A4 structure
identifies greater flexibility is achieved in the fhrough G helix region by
minimizing the rigid helix strucutre. This allowh& accommodation of large
substrate molecules and may also contribute tordtedphic cooperativity by
allowing multiple binding sites for smaller substranolecules. Through hydrogen
bonding, R106 (cyan) is important for the orierdatand stabilization of substrates
in the distal end the CYP3A4 active-site.
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Figure 1.19 The bound and unbound crystal structure of CYP2A6.The crystal
strucuture of CYP2A6 comparing the binding sites(&) coumarin (COUM) and (b)
methoxsalen (METH).

Human CYP2D6 is responsible for the metabolism ahynclinical drugs (section
1.3.3; Figure 1.6) particularly those containingofpnated) basic nitrogen’s and
planar aromatic rings. CYP2D6 was crystallized ndgeby Rowland et al. (2006).
The CYP2D6 structure was solved to 3.0A (pdb; 2FBQalue 0.232) and was
solubilized using mutations based on its homologih WCYP505 (P458\-3). The
CYP2D6 structure (Figure 1.20) shows similaritiesthat of CYP2C9 (RMSD
1.16A), but important differences occur in the Fotlgh G helix region. The F helix
in CYP2D6 is two turns larger and arcs down towtiwe heme, thereby decreasing
the active-site volume (540GR There is no evidence of an F' helix, althougimell
G' helix was reported by the authors. However, Rogkt al. (2006) acknowledge
that the quality of electron density maps in th& feop region is unsatisfactory. The
crystal structure suggests that F120 is used ttralotie orientation of substrates

relative to the heme.
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Figure 1.20 The crystal structure of CYP2D6 (2F9Q)The inward arching of the
F helix is responsible for the small active-siteitta F120 (cyan) is located in SRS1
and aids the productive alignment of aromatic sabes for catalysis.

During the course of this thesis, the human CYP&ABtal structure was elucidated
by Sansen et al. (2007). Determination of the f@tP1 family enzyme was
achieved at 1.95A resolution (pdb; 2HI4, R-valug28) as a complex with the
inhibitor, a-naphthoflavone. As for CYP2C5 (Wester et al. 20036YP2C8

(Schoch et al. 2004), CYP2B4 (Scott et al. 200day, CYP2A6 (Yano et al. 2005),
the N-terminal transmembrane domain of CYP1A2 vessaved (at residue 42) and
modified to encode the MAKKTSSKGKL (G1 construcgrrinus. In addition, a

further CYP1A2 3-26 deletion construct was crystatl. Both constructs were
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designed to reduce protein aggregation and increahkeility. The final model
comprises residues 34-513 refined from the supesmipn of the derived
structures. No mutations were made to increaseesgjm yields, although the
pCW-CYP1A2 expression construct was coexpressel pleismids containing the
chaperone proteins GroEL and GroES in an attemphpoove protein folding and
yield (Baneyx & Mujacic 2004). Analogous with othawystallized P450 structures,
the most conserved regions are the heme bindie@sid the proximal surface of the
protein where OxR, NADPH, and cytochromgbind. Similarly, the most divergent
regions appear in the substrate active-site, tiiHlix, and F-G helix regions. One
notable difference in CYP1A2 is thé°F' and G' helices rather tharhelices. Even
though CYP1A2 shares <29% sequence identity witlPZA6, CYP2B4, CYP2C5,
CYP2C8, CYP2C9, and CYP3A4, the secondary strucisirelearly maintained
(Figure 1.21a). In the presencewhaphthoflavone the CYP1A2 structure appears
in a closed conformation with the active-site cawtlculated at 363A slightly
larger than CYP2A6 (260 % (Figure 1.21b). Interestingly, Sansen et al. {300
reported the absence of water in the CYP1A2 aditeewhen complexed with-
naphthoflavone, which may describe the predomigahifh-spin Fe state in the
substrate free ferric enzyme (i.e. no water at sheth coordination site on the

heme Fe).
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Figure 1.21 The bound and unbound crystal structure of human CYP1A2.(a)
The secondary and tertiary structure of human CYP{2HI4) closely resembles
that of other crystallised P450s. (b) The CYP1A&bitor a-naphthoflavone (ANF)
is positioned in the active-site cavity in closepaximation to the heme Fe. The
CYP1A2 active-site is well adapted for planar arbcmeompounds.

1.5.3 Three-dimensional molecular modeling

1.5.3.1 Background

Protein modeling may be used to predict protencstire. The structure and function
of a protein are interconnected through the amirid eesidues that determine the
tertiary structure. Thus, based on an understanding protein’s function and its
primary sequence, predictions relating to protéiacsure can be made. Modeling is
necessary when the structure of a protein canndetermined experimentally, or if
poor resolution is obtained with the crystallizedtpin. In the case of the class Il
P450s, their hydrophobic and membranous naturetlgréienits the solubility
required for trouble-free crystallization, highligig the need to elucidate P450

structures by molecular modeling.
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Currently, protein modeling is classified into thrgeneral categories (Krane &

Raymer 2003):

(i) ab initio modeling, where a protein structure is generatedtitizing the primary

sequence of the protein in question with no diteset of known structure(s). This is
achieved by predictors that use potentials derfv@th distance data between atoms,
rather than physical descriptors (e.g. electrastaptitential, hydrophobic contacts,

etc.).

(i) Fold recognition modeling or ‘threading’, wieethere is little similarity in the
primary sequence but the target protein contaifmddathat is already known. These
techniques exploit the differences in the distidnutof inter-residue distances for

different combinations of amino acid residues.

(i) Comparative or ‘knowledge-based’ modeling, eavl the data derived from
nuclear magnetic resonance (NMR) or the X-ray eti@graphy of related protein
structures are utilized to guide the modeling psscéor comparative modeling to
be successful, significant amino acid sequence hmgyamust exist between the

guery and template protein(s).

Although considerable progress has been madabimitio and fold recognition
protein structure prediction (Lazaridis & Karplu®0®; Teodorescu et al. 2004),
comparative protein modeling remains the most ateyrediction method available
(Moult 1999). However, the accuracy of a proteimugure derived from
comparative modeling is still highly dependant anhbthe crystal template quality
and sequence homology (Acharya & Lloyd 2005; Sipg®3). For the purpose of

this thesis, only comparative modeling will be dissed.
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There are many variations in comparative modelgupniques (Wallner & Elofsson
2005). The most common technique involves the ldeak of the structure into
conserved core regions and the loops that intertbekn. Rigid templates that
represent the conserved regions are obtained framologous proteins of known
structure and are usually found within the Brooldrawrotein Data Bank (PDB).
There are currently 66478 structures in the PDBiaec(last updated July, 2010). If
more than one homologous template is availabley the atomic coordinates of all
homologous residues (dependant on alignment) arallysaveraged. All variable
loop regions of the model are then searched withsn PBD to resolve those
fragments whose anchor regions have a good geanfdétto the template. Loop
analysis usually provides a geometric tool wherdy retrieved fragment (and
subsequent tertiary structure) is scored on thés bEs'fit quality’ to the anchor

regions sequence homology, steric interactions ségr@ochemistry.

1.5.3.2 Mode refinement through molecular mechanics

Homology models generated from comparative modelisgally begin as ‘off-

lattice’ homology models, meaning that all origmaas high energy protein
structures that require geometry optimization ametg@y minimization. The potential
energy functions used to relieve high energy conétions, termed Force Fields
(FF), need to consider both dominant and subtléofacassociated with protein
stability in order to manipulate the energy of earhino acid within the protein
structure. The objective of a FF is to derive papraximated energy function for
which known crystallized proteins are representetheir energy minimized state.
At the atomic level, a FF acts on individual regslloy using statistically significant

side-chain conformations (rotomers) to represeatfigxibility of each amino acid
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(Gordon, Marshall & Mayo 1999). A variety of stostia and deterministic search
algorithms are then used to find the combinatiomarmfno acid side-chain rotomers
that complement the neighboring residue fold akednby a potential energy
function. The potential energy terms commonly usedrFs describe the packing
among non-covalently bound atoms (e.g. van der ®daices), electrostatic
interactions (e.g. distance attenuated chargegrnat coordinate energies (e.g.
torsional strain, dihedral angle), hydrophobic eotd, hydrogen bonding (e.g. angle
dependant potential), and solvent (e.g. octancMgasr free energy of transfer) and
entropic factors (e.g. conformational freedom) @ aor, Marshall & Mayo 1999;

Krane & Raymer 2003). A simple example of a FFeisrsin equation 1.3.

AG =AGyan der waalst AGH-bond + AGsoivent + AGcoulomb (eq. 1.3)

where AG is the Gibbs free energy, with van der Waals,ddel) solvent, and
Coulomb potentials describing atom packing, sideckalechain/sidechain-

backbone interactions, solvation, and electrostatergies, respectively.

In most cases, energy minimization leads to thenopation of the static atomic
structure and therefore only establishes a localggnminimum for those residues in
a specific configurational space (Lesyng & McCamni®@93). Hence, there is no
guarantee that the local energy minimum represatisof the global minimum of
the protein. Additionally, the relative weightstbbse descriptors making up the FF
need to be correctly balanced in order to providen@e realistic refinement.

However, the unrealistic weighting of electrostadind van der Waals interactions
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can generate non-optimal atom packing and unsadidiiydrogen bond donor or

acceptor sites (Linge et al. 2003).

1.5.3.3 CYP1A1 model construction

Extensive structure analysis of CYP1Al has beemraptished by Lewis and his
colleagues (Lewis, Modi & Dickins 2002; Lewis 2002zewis 2002b; Lewis,

loannides & Parke 1994a,1994b; Lewis, Ito & Lakd@0OLewis & Lake 1996;

Lewis, Lake & Dickins 2004; Lewis et al. 1999). Thewis laboratory has primarily
focused on the molecular modeling and quantitasivecture-activity relationships
of CYP1A enzymes and their interaction with drugd ather chemicals, particularly
those associated with human drug metabolism. Wtgizthe substrate bound
CYP101 structure (Poulos et al. 1985), the firshbtngy model of rat CYP1A1 was
elucidated by Lewis, loannides & Parke (1994b)reestigate the selectivity and
species differences between CYP1Al and CYP1A2 (t&vlLake 1996; Lewis et

al. 1999).

Using the SwissProt database sequence of CYP1Aggsion P04798), Szklarz and
Paulsen (2002) constructed the first homology mafeCYP1Al based on the
coordinates of crystallized rabbit CYP2C5 (pdb writbT6). In order to evaluate
whether the CYP2C5 structure was the best availadheplate, the CYP1Al
sequence was additionally aligned with those of Iaeterial crystal templates
CYP505 (P45@ys), CYP101 (P45Q,), CYP108 (P45Q,), and CYP107A1
(P45Q,p. Based on this alignment, CYP1A1 showed greadesitity with CYP2C5
(28.8%) (Figure 1.22). The model was used to méyakck three substrates, 7-
methoxy-, 7-ethoxy-, and 7-pentoxyresorufin inte #ictive-site of CYP1Al. The

compounds were docked in productive binding origonta, leading to theilO-
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dealkylation using the docking module of Insight-The docked resorufins, along
with benzo[a]pyrene, were shown to be stabilizedinipaby hydrophobic
interactions. The key amino acids that potentialiteract within 5\ of these
substrates were documented as residues 111 of Beli22 and 123 of the '&C
loop; 224 and 228 of helix F; 312, 313, 316, 3120,3and 321 of helix I; 381 and
382 of the loop between the K helix and sheet 386, of sheet 1-4; 497 and 498 of
sheet 4-2. These residues therefore provide caedsii®s for mutagenesis as their
replacement with other amino acids can be expdotatter catalytic activity. In this
regard, V382 was identified computationally to eff€YP1A1’s activity towards 7-
methoxy- and 7-ethoxyresorufin through its inte@civith the alkoxy chain of each
substrate (Szklarz & Paulsen 2002). This was ledafirmed by Liu et al. (2003)
who showed that activity of the wild-type CYP1Alzgme was highest with 7-
ethoxyresorufin and lowest with 7-pentoxyresorfilpon substitution of V382 with
alanine, the activities toward 7-methoxy- and 7ogtmesorufin fell 10-fold,
although little change iK,, values were observed (Table 1.5). The V382A mutant
displayed the highest catalytic efficiency with &apoxyresorufin, suggesting that
replacement of Val with Ala at position 382 incresghe active-site volume and
allows better oxidation of the larger substrateg(Fé 1.23). In contrast, generation
of a V382L mutant significantly decreased oxidatioh all alkoxyresorufin

substrates.
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1 50
human CYP1A1 MLFP | SMSAT EFLLASV FC LVFWIRASR PQVPKGLKNP PGPWGWPLIG
rabbit CYP2C5 ... MDPVVV LVLGLCCLL LSIVKQNSEG...... KLP PGPTPFPI IG
51 100

human CYP1A1 H M.TLG.KNP HLALSRMSQQ Y@VLQ Rl GST PVWVLSGL DTl RQALVRQ
rabbit CYP2C5 N | LQ DAKDI SK SLTKFSEC YGPVFTVYLGMKPTVVLHGY EAVKEALVDL

101 150
human CYP1A1 CDDFKGHRPDL YTFTLI SNGQ SMSFSPDSEP V WAARRRLAQ NGLKSFS AS
rabbit CYP2C5  CGEEFAGRGSV PILEKVSKGL G| AFS..N AK T WKEMRRFSL MT LRNFGVIGK

151 200
human CYP1A1l DPASSTSCYL EEHVSKEAEV LI STLQELM\ GPGHFNPYRY VWVSVTNVIC
rabbit CYP2C5 R....... S | EDRI QEEARC LVEELRKTM\ SP..CD PTFI LGGAPCNVIC
201 250

human CYP1A1 Al CFGRRYDH NHQELLSLVN . LNNNFGE/VV GS..GNPADF IP | LRYLPNP
rabbit CYP2C5  SVI FHNRFDY KDEEFLKLME S LNENVRILS SPWLQVYNNF PALDYRG.

251 300
human CYP1A1 SLNAFKDLN E KFYSFMQKNW KERYKTFEKG HI ROT DSLI EHCQEKQLDE
rabbit CYP2C5 IHKTLLKNA DYIKN FI MEKR/ KEHQKLLDVN NPRLCFI DCH. IKMEQE....

301 350
human CYP1A1 NA NVQLSDEK | | NIVLDLFG AGFDTVTTAI S WSLMYLVMN PRVQRKI QEE
rabbit CYP2C5.N  NLEFTLES LVIAVSDLFG AGTETTSTTL R YSLLLLLKH PEVAARVQEE

351 400
human CYP1A1 LDTVIGRSRR PRLSDRSHLP YMEAFI LETF RHSSF/PFTI PHSTTRDTSL
rabbit CYP2C5 | ERVIGRHRS PCMQDRRVP YTDAVI HEIQ RFIDL LPTNL PHAVTRDVRF

401 450
human CYP1A1l KGFYIPKGRC VFVNQWINH DQKLMWWNPSE FLPERFLTPD GAIDKVLSEK
rabbit CYP2C5  RNYFIPKGTD | ITSLTS VLH DEKAFPNPKV FDPGH-LDES G.NFKK SDY

451 500
human CYP1Al V || FGMGKRK Cl GETI ARNE VFLFLAILLQ RVEFSVPLGV KVDMIPIYGL
rabbit CYP2C5 F MPFSAGKRM CVGEGLARVE LFLFLTSI LQNFKLQS. LVE PKDLDITAVV

501 517
human CYP1A1 TMKH ACCEHF QWVQLRS.
rabbit CYP2C5 NGFV SVPPSY QLCFIPI

Figure 1.22 Sequence alignment between human CYPlAhd rabbit CYP2CS5.
Initial alignment gave 44.3% similarity (red & gréeand 28.8% identity (red only).
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Table 1.5 Comparison of kinetic parameters of CYP1A (WT) and the V382A
and V382L mutants. Taken from Liu et al. (2003).

Variant

CYP1A1
(WT)

CYP1Al
V382A

CYP1Al
V382L

Substrate

7-methoxyresorufin
7-ethoxyresorufin
7-pentoxyresorufin
7-methoxyresorufin
7-ethoxyresorufin
7-pentoxyresorufin
7-methoxyresorufin
7-ethoxyresorufin

7-pentoxyresorufin

CH;  CHs
b

Km (um)

1.3
0.60
0.3
0.8
0.55
0.15
2.0
2.3

1.8

CH;

Vmax

-1
(nmol. min  /nmol P450)

2.4

11
0.4
0.2
1.1
0.6

0.15

0.15

0.01

CHy  CHs
\clﬁ

CHa

| | |
HahN*—C —CO7  HN*—C —CoOp  HN*—C —COy

|
H

Valine

H

Alanine

I
H

Leucine

Vmax/ Km

1.9
17.9
1.33
0.23

2.0
4.5
0.07
0.07

0.004

Figure 1.23 The amino acid substitutions made by &larz et al. (2003).

Variablity in side-chain volume affects the kinstaf 7-methoxy-, 7-ethoxy-, and 7-
pentoxyresorufin dealkylation by CYP1A1l. The smatlelecular volume of alanine
increases the void volume of the P450 active-piéentially accommodating larger

substrates.
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One important approach to studying the structute4c relationship of CYP1Al
for enhanced DTIC metabolism involves a combinatbmolecular modeling and
computational chemistry. Prior to the commencenwnthis thesis no CYP1Al
homology model had been generated using human 4gtlates. Importantly, the
ways in which X-ray diffraction data are collectaad refined have a strong impact
on the final quality of the homology model. Thisirge the case, the current
published models might be considered inherentlgdneate, not only based on the
template used, in some cases chimeras (CYP2C5; 1GR®2C9; 10G5), but
additionally in the resolution of the structurahiglates. By generating a model
based on human templates, with inclusion of thgelgr homologous CYP1A2
(~80%), increased accuracy of secondary and tersimucture organization would
be achieved, therefore enabling the key residueshiad in CYP1Al substrate
selectivity to be identified. From this, accurategctions can be made as to what
amino acid substitutions would enhance or inhilmkzyene/substrate affinity and

DTIC activation.
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1.6 Research aims

The primary aim of then silico studies presented in this thesis was to generate a
CYP1Al1 homology model with the greatest possibleuescy. The CYP1Al
structure could then be utilized to generate meditnzymes, capable of enhanced

DTIC bioactivationin vitro.

Specific aims were:

1. Generate a chemically and structurally valid CYPh&inology model based

on crystallized human P450 homolog€hkapter 3.

2. Validate the CYP1A1 homology model by utilizingwstture-activity analysis

with the prototypical CYP1AL1l substrate, 7-ethoxgredin —Chapter 4.

3. Characterize those residues that are criticallferalignment and orientation
of DTIC in the CYP1A1l active-site and elucidate @riprotein mutations

will enhance DTIC activation Ehapter 5.

4. Evaluate the bioactivation and cytotoxicity of stéel CYP1A1 mutants with
enhanced DTIC activation kinetics in the mammatah lines SK-MEL-28

and COS-7 €hapter 6.
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MATERIALS AND METHODS

2.1 Materials

2.1.1 Equipment

Table 2.1 Equipment used in the experimental procedes.

Equipment Model

Microfuge® 18 bench top centrifuge

J2-21M/E centrifuge, L8-70M Ultracentrifuge

Innova" 4330 refrigerated incubator shaker

Thermomixer Comfort 96-well plate shaker

Plate incubator (agar; 37°C)

Inverted microscope (CK2)

Hy-Lite Haemocytometer

Gene Genius Bio Imaging System

Manufacturer

Beckman Instruments, Geyma

Beckmiastruments, Germany

New Brunswick Scientific,
NJ, USA

Eppendatstralia

Scientific EQuipment
Manufacturers, Australia

OLYMPUS, NSW, Australia

Hausser Scientific, USA

SYNGENE, USA
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Equipment Model

LAS-400 Imager (chemiluminescence)

Cary 300 UV-VIS spectrophotometer

ABI 3130-XL DNA sequencer

DTX 880 Multimode Detector

Mini-Protearf Ill Cell (PAGE), Mini-Sulf’ Cell
GT (AGE)

RobocycleP Gradient 96 PCR machine

DNA Thermal Cycler 480

VC505 Ultrasonic processor

Series 1100 HPLC; autosampler, degasser,
quaternary pump, thermostated column
compartment, fluorescence detector

Series 1200 HPLC; autosampler, degasser,
quaternary pump, thermostated column
compartment, UV detector

Chapter 2: Materials and Methods

Manufacturer

Fuji film, NS®stralia

Varian Australtg. Ltd.

Applied Biosystems
VIC, Australia

Beckman Coulter
NSW, Australia

BIO-RAD Life Science
NSW, Australia

Stratagene, CA, USA

Perkin Elmer
Massachusetts, USA

SONICS & MATERIALS Inc.,
CT, USA

HEWLETT PACKARD,
VIC, Australia

Agilent Technologies,
VIC, Australia
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2.1.2 Chemicals and reagents

All chemicals and reagents used in this thesis wérthe highest analytical grade

available. Table 2.2 lists major chemicals and eetgy and their respective

suppliers.

Table 2.2 Sources of chemicals and reagents used the experimental

procedures.

Chemical/Reagent

1kb DNA Ladder

4-methylumbelliferone, 7-ethoxyresorufin, amino-ilazole-
carboxamide, ammonium persulphdgdenercaptoethanol,
bovine serum albumin, ColorBursprotein markerd-
aminolevulinic acid, 5-3,3-dimethyltriazine-1-imitze-4-
carboxamide, dithiothreitol, ethidium bromide, isgpyl -
D-1-thiogalactopyranoside, 4-morpholinepropanesutfo
acid, NZ-Amine (casein hydrolysate), sodium-1-hepta
sulfonate, resorufin, sodium dithionite, triethylae Tris-
base, triton X-100, trypan blue, tween-2Bloramphenicol,
G418 sulfateBioMax Light Chemiluminescence Film

30% acrylamide/bis solution 19:1 (5% C), bromopheno
blue, Trans-BIdt Transfer nitrocellulose

acetonitrile (HPLC grade)

agar, tryptone, yeast extract

Dulbecco's Modified Eagle Medium

Supplier

New England
Biolabs
United Kingdom

Sigma-Aldrich
NSW, Australia

BIO-RAD
Life Science
NSW, Australia

Optigen Scientific
SA, Australia

US Biologicals
MA, USA

Invitrogen
VIC, Australia
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Chemical/Reagent

dimethyl sulfoxide, ethylenediaminetetraacetic,isod
dodecyl sulfate

foetal bovine serum

Lipofectamine 2000, Lipofectamine LTX, MEM non-
essential amino acids, MEM sodium pyruvate,
penicillin/streptomycin solution, peptone, tryp&DTA
solution 0.25%, , Opti-MEM, PLUS reagent

protease inhibitor cocktail, EDTA-free

rubidium chloride (RbCl), tetramethylethylenediamin
ampicillin

sucrose

xylene cyanol FF

neomycin sulfate (G418)

Supplier

Merck (BDH)
VIC, Australia

TRACE Bioscience

NSW, Australia

Invitrogen
VIC, Australia

Roche Diagnostics

NSW, Australia

Amresco
OH, USA

Chem Supply
SA, Australia

Pharmacia
NSW, Australia

Astral-Scientific
NSW, Australia
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2.1.3 Analytical and preparative kits

Table 2.3 shows the analytical and preparative k#sd in this thesis, and their

respective suppliers.

Table 2.3Analytical and preparative kits used in the experinental procedures.

Kit

QIlAprep® Spin Miniprep Kit, QIAquick Gel
extraction kit, QIAquick PCR purification kit,
QlAexpres§ Detection kit (tetra-HIS)

Fast-Link" DNA Ligation kit
MultiTox-Fluor Multiplex Cytotoxicity kit

QuikChang® Il Site-Directed Mutagenesis kit

Supplier

QIAGEN, VIC, Australia

Epicentre, WI, USA
Promega\SW, Australia

Stratagene, CA, USA
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2.1.4 Enzymes

Table 2.4 shows all enzymes used and their resgestippliers. All enzymes were

supplied free of nucleases.

Table 2.4 Enzymes used in the experimental procedes.

Enzyme Buffer Supplier
Antarctic phosphatase AP unique
Kpnl #1
New England Biolabs
EcoRl, Xbal #2 United Kingdom
BamHI, Sall #3
Ndel #4
Lysozyme (chicken egg) - Sigma-Aldrich, NSW, Australia
Pfu HS Polymerase Ultra Il Stratagene, CA, USA
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2.1.5 Antibodies for immunochemical detection of poteins

Table 2.5 shows all antibodies used in this thasdtheir respective suppliers.

Table 2.5 Primary and secondary antibodies used inthe experimental
procedures.

Antibody Supplier

Anti-human CYP1A1 IgG CHEMICON International, MA, USA
QlAexpres§ Tetra-His HRP-conjugate QIAGEN, VIC, Australia

ZyMax" Goat anti-rabbit IgG (H+L)

] ZYMED Laboratories, CA, USA
HRP-conjugate
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2.1.6 Software forin silico chemistry and data analysis

Table 2.6 shows all software programs used in thesis and their respective
suppliers. All molecular modeling and cheminformasgoftware was licensed

according to the conditions relating to use by @damic institution.

Table 2.6 Molecular modeling, stochastic, and chemfiormatic software used in
the experimental procedures.

Program Developer
JPRED University of Dundee, United Kingdom
INFOALIGN EMBOSS, Cambridge, United Kingdom
Vector NTi v9.0 Invitrogen, Victoria, Australia
HMMER-2.3.2 Janelia Farm Research, Virginia, USA

European Bioinformatics Institute,
Cambridge, United Kingdom

PROCHECK v3.5.4

SYBYL 7.3-8.1 TRIPOS, MO, USA

Center of Applied Molecular
Engineering, Salzburg, Austria

ProSa2003 v4.0

University College Dublin, Dublin,
ClustalW, ClustalX-1.8

Ireland
EnzFittef Biosoft, Cambridge, United Kingdom
SPSSv12.0.1 SPSS Inc., IL, USA
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2.2 Methods

2.2.1 Buffers and solutions

All buffers and solutions were prepared from molacwiology grade solutions
using the methods outlined by Sambrook and Rug26€i01). Sterilization was

achieved either by autoclaving (121°C) or ultradiion (0.2-0.4fm).

2.2.2 Molecular biology techniques

2.2.2.1 Bacterial strains

DH5a cells, a K-12 strain oE. coli, were used for all routine DNA manipulations
and for the heterologous expression of OmpA-rOXRy-CYP1A1 wild-type, and
mutant constructs. DHb6chemically competent cells were freshly prepargdgithe
method outlined by Hanahan (1985). Briefly, DHéells were streaked from a 40%
glycerol stock onto a Lauria-Bertani (LB) agar pland incubated overnight at 37°C.
A single colony was isolated and subcultured in hith with orbital shaking
(225 rpm; New Brunswick Scientific, Innova 4330)33°C for 16hr. The subculture
was then used to inoculate prewarmed LB broth (@&miL) at 1:100 dilution in
500mL conical flasks. Cultures were grown to anagptdensity of 0.3-0.5 AU at
600nm, transferred to sterile Falotubes and placed on ice for 10min prior to
centrifugation at 1,912g (3,000 rpm; Sigma laboratory 4K15) for 10min a£4%he
supernatant fraction was decanted and the cektpedsuspended in 30mL of RF1
buffer (100mM rubidium chloride, 50mM manganeseodile, 30mM potassium
chloride, 10mM calcium chloride, 15% w/v glycerdillowed by incubation on ice
for 45min. Cells were then pelleted at 5,311¢6,000 rpm; Sigma laboratory 4K15)

for 10min at 4°C, the supernatant fraction decardad the cell pellets resuspended
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in RF2 buffer (10mM MOPS, 10mM rubidium chloridé5niM calcium chloride,
15% w/v glycerol) to a final volume of 8mL. The kelispension was subsequently
incubated on ice for 10min and aliquoted (iDPinto sterile 1.5mL tubes. All tubes

were snap frozen in a Dewar flask containing deyand ethanol and stored at -80°C.

2.2.2.2 CYP1Al and OxR cDNA

N-Terminus modifications previously shown to promdiigh levels of bacterial
expression of human P450s were made to the wild-§BP1A1 cDNA (GenBank
accession no. NM_000499). The CYP1Al cDNA was mediffor bacterial
expression by replacing the first 18 codons wittsthof the bovine CYP17A leader
sequence (MALLLAVFL) (Figure 2.1). To facilitate wetion, a 6xHis tag was
added to the C-terminus of CYP1A1l by PCR usinhgligonucleotides containing the
desired additiondNdel andXbal restriction sites (shown in italics) were addiatn
incorporated for cloning purposes: forward primer,
5 ATCATATGATCATGGCTCTGTTATTAGCAGTTTTTCTGTTCTGTCTGG'3
reverse primer, 'STATCTAGAACCTAGTGATGGTGATGGTGATGAGAG
CGCAGCTGCATTTGG 38 The 1551bp PCR product was digested Wtel and
Xbal and ligated into the pCW ori(+) plasmid (Figur@®. The pCW 1&d-CYP1Al
construct was transformed into DHEE. coli cells and colonies screened for the
CYP1ALl insert by restriction enzyme analysis. TH¢ADsequence was confirmed
on both strands by sequencing (ABI 3130-XL DNA ss=wer; Applied Biosystems,
Victoria, Australia). The OxR expression construpgnerated using the bacterial
plasmid pACYC, comprised the OmpA signal sequensed upstream of the full

length native rat OXR sequence (Shen et al. 1988ufe 2.2b; Table 1.4).
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CYP1Al MLFPISMSAT EFLLASVI FC LVFWM RASR PQVPKGKNPP...
170CYP1IAL M------ A- --LLAVFLFC LVFWM RASR PQVPKGKNPP...

Figure 2.1 Amino acid alignment showing the 5 N-teninal domain of the
native CYP1A1 and the 1a-CYP1A1 CDS.

2.2.2.3 Transformation of competent E. coli

Competent cells (section 2.2.2.1) were thawed eraitd a 5L aliquot transferred
to a pre-chilled sterile 1.5mL tube. Whole plasm(i@£uL; ~25ng), ligation reaction
products (2.AL), or nicked plasmids (218.; <250ng) were added to the cells, which
were then incubated on ice for 30min. Uptake ofpla DNA was induced by
heating the chemically competent cell/lDNA solutibm 42°C for 50 sec. The
transformation stock was cooled on ice (2min), thransferred into a 13mL round
bottom aerobic subculture tube containingI00f pre-warmed (42°C) NZYamine
broth. Transformations were subsequently incubat&¥°C with shaking (225 rpm)
for 1h. A 20QuL aliquot of the transformation stock was platedoobB agar plates

containing the desired antibiotic and incubatedight at 37°C.

In the event that plasmid cloning was not efficiasing DH%x cells, XL10-Gol®
Ultracompetant cells (Stratagene, La Jolla, CA, WYSActivated with [3-
mercaptoethanol were utilized. The high transforomagfficiency (HTE) phenotype
of XL10-Gold® cells improves competent cell performance and wallothe
transformation of large plasmids and ligated DNAegRrdless of cell type, all
transformations were conducted in NZ¥mine broth, plated onto LB agar plates,

and subsequently subcultured in LB broth.
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Figure 2.2 Circularised pCW 17-CYP1A1l and pACYC OmpA-rOxR plasmids.
(a) the CYP1A1 coding sequence was ligated int@¢/ backbone using thddel
and Xbal restriction sites. (b) The OxR expression constoaontains the bacterial
OmpA leader sequence and was generated using pihession plasmid, pACYC.
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2.2.2.4 Plasmid amplification by bacterial subculture

pCW 1%4-CYP1A1l and pACYC OmpA-rOxR plasmids were subcetur
individually to amplify the number of plasmid patés. Single colonies were
isolated from agar plates containing DHTells transformed with the desired
plasmid or ligation product. Colonies were indivadly used to inoculate 5mL LB
subcultures containing the desired antibiotic fasmid selection; selection for pPCW
and pACYC required ampicillin (Anfp 10Qqug/mL) and chloramphenicol (Chfgr
50ug/mL), respectively. Subcultures were incubate878C with shaking (200 rpm)

for 16h.

2.2.2.5 Identification of plasmid DNA

Purification of plasmid DNA was achieved using Q#Aprep Spin Miniprep kit
according to the manufacturer’s instructions (Tgb®. Plasmid DNA was digested
with type Il restriction enzymes to resolve thegfreentation pattern specific to the
size of each plasmid containing P450 or OxR CDSe Tstriction digests were
prepared by mixing dL of plasmid DNA (~50-200ng), 1x NEB Buffer, BSA,
0.25uL of restriction enzyme(s) and water to a finalurak of 1QuL. Digests were
incubated for 60min at 37°C, followed by agarosk ejectrophoresis to visualize

plasmid fragmentation.

2.2.2.6 Agarose gel electrophoresis of restriction digests
Digestion products (3fL) were routinely resolved by mixing samples withl2of
6x DNA loading buffer (0.25% (w/v) bromophenol bjie25% (w/v) xylene cyanol,

30% (w/v) glycerol), with electrophoresis througbo@v/v) agarose gels in Tris-
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acetate EDTA buffer (40mM Tris-acetate, 1ImM EDTAntaining 250ng/mL of
ethidium bromide at 100V for 20min. DNA bands wesamined by exposing the
gel to UV light (245nm; transilluminator). The s&ef the bands in each lane were
estimated by comparison with a set of DNA molecul@ight markers (1kb DNA

ladder; NEB, cat. no. N3232L).

2.2.2.7 Extraction of DNA from agarose gel

Preparative gels were run at 100V for 20min, oil thé desired band was isolated,
and subsequently excised from the gel under UMt I{§65nm). Exposure to UV

radiation was minimized to limit the formation oyrpnidine dimers. The gel slice

was then transferred into a microcentrifuge tube #re DNA extracted using the
QIAquick gel extraction kit, using a modified versi of the manufacturer’s

instructions (Table 2.3). Briefly, the gel slice svdissolved by adding 3x volume of
QG" buffer (viw) to the gel with subsequent heating2&C for ~5min. After the gel

had completely dissolved, 1x gel volume of isoprapav/w) was added and the
sample loaded on the purification spin column piedi The column was

centrifuged for 1min and the eluate discarded. DIMA was washed with PE

buffer (750uL; 2x 1min) and then eluted in wated|(B).

2.2.2.8 Ligation of DNA fragments

Fast-Link" DNA ligase (Epicentt® was used for most ligation reactions. Fast-
Link™ catalyzes the formation of phosphodiester bondsvden terminal 5'-
phosphate and 3'-hydroxyl groups of adjacent nticles. The ratio of the vector and

insert varied depending on the type of ‘ends’ (sbhe 1:2, or blunt; 1:5) generated
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during restriction digestion. All ligation reacti®nvere conducted at 25°C for 30min
followed by heat inactivation of the enzyme at 70f@& 15min prior to

transformation (section 2.2.2.3).

2.2.3 Mutagenesis

2.2.3.1 Generation of CYP1AL mutants

The CYP1A1l residues S116, S122, F123, E161, E1881VF224, V228, E256,
Y259, N309, L312, D313, G316, A317, D320, T321, Y3886, 1458, T461, 1462,
and T497 were mutated to generate 116A, 122A, 1223A, 161K, 166Q, 191M,
224A, 228T, 256K, 259F, 309T, 312F, 313A, 313N, 31817G, 317Y, 320A,
321G, 321P, 321S, 322A, 386G, 386V, 458P, 458VN4@62V, and 497S variants.
This method employed the QuickChafigeé Site-Directed Mutagenesis kit (Table
2.3), but due to the high GC content of the CYPTBNA the primer design method
described by Zhengt al. (2004) was used to minimize primer hetero-dimeiara
The partially overlapping primers used for mutagenhare given in Chapters 4 and
5. Mutations were confirmed by nucleotide sequemnan both strands (ABI 3130-

XL DNA sequencer, Applied Biosystems, Victoria, Aadia).

2.2.3.2 Mutagenesis primer design

All oligonucleotides were prepared using a parbatrlapping primer design. This
method overcomes the problems associated with prpag self-annealing and
hetero-dimerization and reduces the formation afpha loops. The following
criteria were applied to primer design: at leaghenon-overlapping bases should be

introduced at the 3' terminus of the primer, theggéted mutation(s) should be
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included in both primers, and at least one G oh@ukl be placed at the end of each
terminus. All oligonucleotides were synthesizedSiagma-Genosys (Sigma-Aldrich;

Sydney, Australia) and purified by PAGE.

2.2.3.3 Mutagenesis polymerase chain reaction (PCR) conditions

All PCR mutagenesis reactions were carried outtenile 0.2mL microfuge tubes.
Reaction mixtures (30.) contained: parental plasmid template (50-100pg)mers
(0.2mM each), pfuUlttd I Fusion HS DNA polymerase buffer (1x),
deoxyribonucleotide triphosphates (10mM each), ftfa® II Fusion HS DNA
polymerase (Stratageheat. no. 600672; 2.5U), DMSO (5% v/v), and steviker.

A ‘master mix’ of all reagents (template DNA andypoerase omitted) was used to
eliminate the likelihood of reaction variation. Atiquot (4{iL) of the ‘master mix’
was delivered into each reaction vessel contaitengplate (0-fL) and the contents
vortex mixed. Finally, polymerase |{lL) was delivered to each tube and reactions
covered with mineral oil (2 drops) to inhibit evagon during thermal cycling.
Negative control reactions without DNA template véncluded to assess whether

template or reaction component contamination oecurr

2.2.3.4 PCR cycling parameters

All reactions were carried out for a total of 1&les using a RobocycfRiGradient
96 PCR machine (Stratagene, CA, USA) thermal cydieless stated otherwise. The
PCR reaction consisted of three stages: templateA Qienaturation, primer
annealing, and chain extension. During the firstleyPfu HS Ultra Il Polymerase

(Stratagene, CA, USA) was activated by incubatio®58C for 2min. All subsequent
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cycles consisted of denaturation of the templa@5&€ for 1min, primer annealing at
52°C for 1min, polymerization and extension at 68C5min (1 kb/min plasmid

length), and in the final cycle, a conclusive straxtension at 68°C for 10min.

2.2.3.5 Parental template removal from mutagenesis products

Mutagenesis products were purified using the QIl8kUuPCR Purification Kit
according to the manufacturer’s instructions (Tgb®. The eluted products (30)
were digested with Dpnl restriction enzymeul(1 NEB buffer # 4). Since the Dpnl
enzyme requires its cut-site to be methylated, dméyparental template is digested,
leaving the mutagenesis PCR product unaltered.llFin@pnl enzyme was heat
inactivated (65°C, 15min) andull of each mutant construct transformed intqui0

of DH5a cells (section 2.2.2.3).

2.2.3.6 Agarose gdl electrophoresis of mutagenesis products

Mutagenesis products|{6) were routinely resolved by mixing samples wifll2of
sterile water and |2 6x DNA loading buffer (0.25% (w/v) bromophenolukl
0.25% (w/v) xylene cyanol, 30% (w/v) glycerol) prim agarose gel electrophoresis
(section 2.2.2.6). The desired mutation produclskeixan intense band at the size of
the entire plasmid (i.e. insert + vector backbowbgen estimated against a set of
DNA molecular weight markers (1kb DNA Ladder; NEBels were run at 100V

for 20min.
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2.2.4 Protein preparation and quantification

2.2.4.1 Preparation of human liver microsomes (HLM)

Human liver tissue was obtained from the humarr ligank’ of the Department of
Clinical Pharmacology, Flinders Medical Centre. Apgl for the harvesting of
human liver tissue and its use in xenobiotic metabostudies was obtained from
the Flinders Medical Centre Research Ethics Coremigind from the donor next-of-

kin.

HLM were prepared by the differential centrifugatianethod described by
Bowalgaha et al. (2005) using five human livers ,(H10, H15, H29 and H40). All
steps involved in the preparation of HLM were aairiout between 0°C and 4°C.
Briefly, frozen liver tissue samples (~1g) were mrgled in polycarbonate
centrifuge tubes containing 5ml of ice cold phogehauffer (0.1M, pH 7.4) and
1.15% (w/v) KCI. Tissue was coarsely minced praohbmogenization (Ultra Turrax
T25 tissue grinder, 2x 20,500 rpm for 30sec, wilbex cooling). Homogenates were
transferred to a 30mL Potter-Elvehjam homogenisexchanical drive at 1480 rpm)
and homogenized over 8x strokes at full speed. Hemates were centrifuged at
700x g (3,000 rpm; Beckman J2-21M/E centrifuge, JA-2@rpfor 10min followed
by a second spin at 10,006X11,000 rpm; Beckm&nhJ2-21 M/E centrifuge, JA-20
rotor) for 10min. The supernatant fraction was désd and then centrifuged at
105,000xg (34,000 rpm; Beckm&hL8-70M ultracentrifuge) for 75min at 4°C. The
resulting pellet was resuspended in ice cold phatephuffer (5mL; 0.1M, pH 7.4)
containing 1.15% (w/v) KCI and again centrifuged 1&5,000x g (34,000 rpm,;
Beckmar? L8-70M ultracentrifuge) for 60min at 4°C. The nusomal pellet was
resuspended in 1mL of ice cold phosphate buffekMQ.pH 7.4) containing 20%

(v/v) glycerol. Total P450 content was determineddll HLM preparations (section
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2.2.4.5) prior to storage at -80°C. The mean P4B@ent of HLM preparations used

throughout this thesis was 589nmol/mg total protein

Pooled HLM were prepared by mixing equal proteiroants of microsomes from

H7, H10, H15, H29, and H40.

2.2.4.2 Expression of heterologous CYP1Al and OxR

pCW 14-CYP1Al (wild-type and mutants) and pACYC OmpA-Oxtere co-
transformed into DH& E. cali cells. Cells were cultured using a modificatidrihe
protocol of Boye et al. (2004). Briefly, overnigtulltures (5mL) grown in LB broth
with ampicillin (10Qug/mL) and chloramphenicol (5@/mL) at 37°C were used to
inoculate a 100mL culture of Terrific broth confam 10Qug/mL ampicillin and
50pg/mL chloramphenicol. Cultures were grown at 3@t shaking (160 rpm) for
4h, or until reaching an optical density of 0.70@ AU at 600nm. Cultures were
cooled to 30°C and isopropyl-1-th@b-galactopyranoside (IPTG; 1mM) ard
aminolevulinic acid &ALA; 1.0mM) added. The cultures were subsequegtbwn

at 30°C with shaking (160 rpm) for an additionah4® <1% dissolved oxygen.

2.2.4.3 Harvesting of bacterial cultures and preparation of membranes

Bacterial cells used for the heterologous expressib 170-CYP1A1l and OxR
constructs (section 2.2.4.2) were harvested and braamas prepared according to
Gillam et al. (1993). Briefly, cultures were chdl®n ice (10min) and centrifuged at
5,000xg (6,500 rpm; JA-20 rotor, Beckman J2-21M/E cengé&ufor 10min at 4°C.
The supernatant fraction was discarded and thepe#t resuspended in TES buffer

(100mm Tris-base, 0.5mM EDTA, 500mM sucrose, pH I8nlL/g wet-weight of
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cells). Following the addition of lysozyme (30f)g cells) to digest the outer
bacterial membrane, cell suspensions were dildteld (vith pre-chilled (4°C) sterile
water and incubated on ice for 30min with gentleksfg. The resulting spheroplasts
were sedimented at 10,000 (9500 rpm; JA20 rotor, Beckman J2-21M/E
centrifuge) for 10min at 4°C, the supernatant fomctdiscarded, and the pellet
resuspended in SRB (100mM phosphate buffer, pH 6@yl Mg(OAc), 0.1mM
DTT, 20% (v/v) glycerol; 5mL SRB per 50mL culturépheroplast preparations
were stored overnight at -80°C. The following dsgheroplasts were thawed on ice
and supplemented with PMSF (B0of 100mM stock per 5mL SRB) and protease
inhibitors (20l of 30mg/mL stock per 5mL SRB). Suspensions weneicated
(8sec bursts separated by 60sec cooling) 10 times salted ice-bath with the
sonicator set to continuous with 45% duty cycled #ren centrifuged at 10,00@x
(9000 rpm; JA20 rotor, Beckman J2-21M/E centrifuge) 20min at 4°C. The
resulting supernatant fraction was carefully rentbaed centrifuged at 180,00@x
(45000 rpm; 60Ti rotor, Beckman L8-70M ultracentgé) for 100min at 4°C. The
supernatant fraction was discarded and membranetioinga resuspended in
TES/water (1:1; 300L per 50mL culture) by gentle pipetting. Expresseeimbrane

bound protein was stored at -80°C until use.

2.2.4.4 Lowry estimation of total protein content

All protein estimations were performed in triplieaising the method described by
Lowry et al. (1951). Total protein content was det@ed in glass tubes at room
temperature in a total volume of 2.75mL. Mixturemtained the protein source
(25uL of 1:10 dilution in sterile water) and 41b of sterile water. Two mL of the

alkaline Lowry ABC solution (98% A, 1% B, 1% C; y/was delivered to each tube
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and incubated for 10min at room temperature. Uradlealine conditions the Gii
ions in the Lowry ABC solution form a complex widach peptide bond and are
subsequently reduced to Euons. Folin-Ciocalteu’s Phenol reagent (REMf 1:1
dilution in sterile water; Sigma-Aldrich cat. # F22) was then delivered to each tube
and the mixture incubated for 15min at room temfoeea During incubation the
Cu'* ions interact with radicals present in tyrosimgptophan, and cysteine residues
and react with the Folins to produce an unstabbelyst which is quickly reduced
forming molybdenum/tungsten blue. Absorbance wad e¢ 660nm (Cary 300 conc;
Varian Inc., Melbourne, Australia) and the concatidn of total protein calculated
by comparison to a calibration curve prepared WBBA (0-10Qug) using

equation 2.1.

slopeof calibratian curv
samplevolume(zL)

( OD,,, sample J
e

Totalproteinconc = x dilution factor (2.1)

2.2.4.5 Cytochrome P450 reduced difference spectroscopy

Total P450 content was determined by the metho®@rofira and Sato (1964) at a
protein concentration of 2mg/mL. Sodium dithioni{e20mg) was added to

membrane preparations, which were mixed by invaraiod then aliquoted into two
quartz cuvettes at room temperature. Cuvettes placed in both the sample and
reference positions of the spectrophotometer (G&§; Varian Inc., Melbourne,

Australia) and the background absorbance zeroeect@pwere recorded between
520nm to 400nm at a scan rate of 600nm/min aneetigh bandwidth of 1nm. Once

the baseline was recorded, carbon monoxide wasléditifirough the sample cuvette
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for 1min (~1.5 bubbles/sec) and the carbon monoxifference spectra recorded.
P450 content and concentrations were calculatedgusguations 2.2 and 2.3

respectively.

CYP content(nmol/mL) = [ (AbS. - Absgior)nxlv?_lllu;s_? factorxloooj (2.2)
CYP concentrabn (nmol/mg)= P450conten(hmo|/mL) (2.3)
proteinconcentrabn (mg/mL)

2.2.4.6 Determination of P450 oxidoreductase content

Oxidoreductase activity was measured indirectiypgishe method of Yasukochi and
Masters (1976)In order to estimate the rate of reduction of chtome c, the
reaction mixture contained 1mM KCN, 5QM cytochromec, expressed protein
(100ug), and 0.3mM NADPH in 0.3M potassium phosphatefdsufpH7.7). The
reaction mixture was gently mixed by inversion dhen aliquoted into two quartz
cuvettes at room temperature. Cuvettes were plackdth the sample and reference
positions of the spectrophotometer (Cary 300; \rahec., Melbourne, Australia) and
zeroed against background. The reaction was iedidty the addition of NADPH
(25uL) to the sample cuvette. Spectral data were obthbry observing the reduction
of cytochromec measured over 1min at 550nm. Since NADPH was ilgiin the
reduction of cytochrome, the linear region of the kinetic curve was used t
extrapolate the OxR activity of membrane preparstiover 1min. The nmol

cytochromec reduced/min/mg protein was determined using equa2i.4 with an

86



Chapter 2: Materials and Methods

extinction coefficient of 19.1mMcm™. OxR content (nmol/mg protein) was
calculated using a specific activity of 3000nmoltachrome ¢ reduced/nmol

OxR/min (equation 2.5) (Li et al. 1999; Nadler &&iel 1991).

nmol/min/ng protein= ] _
19.1mMcm ™ x1cmx proteinconc(mg/mL)

0D, /min x1000x totalvolume(mL) j 2.4)

(2.5)

OxR concentraon (nmol/mg)= ( nmolcytochrome reduced/rm/mgj

3000

2.2.5 Tissue culture

2.2.5.1 Counting of cells

Cells were counted using a hemocytometer. Equalmes of cells and 0.4% Trypan
blue solution (2pl) were mixed together in a sterile microfuge. T@amber of the
hemocytometer was filled with the homogenous sthicell suspension (2D by
capillary action beneath a coverslip. Each chambedivided into nine 1.0mm
squares (Figure 2.3). The total number of celhefive central 1.0mm squares was
counted using a Clay Adams (BD, NSW, Australia) celnter and averaged. The
coverslip supported over the hemocytometer enstiredtotal volume over each
1.0mm square is 1x10cn? (length x width x height; 0.1cm x 0.1cm x 0.01cffihe
cell concentration per milliliter was determinedngsequation 2.6.

numberof cellspermL =

2.6
((averag@umbercellsin 1><10‘4mL)(diIutionfactor))(lxlo“mL) (2:6)

87



Chapter 2: Materials and Methods

1.0mm
central
square

1.0mm
central
square

Figure 2.3 Counting of cells with a hemocytometerCells stained with trypan blue
were loaded onto the hemocytometer and the avenagder of cells in each 1.0mm
square counted. The number of cells/mL of cell saspn is then calculated as
described in equation 2.6.

2.2.6 Western blotting

2.2.6.1 Polyacrylamide gel electrophoresis (PAGE)

Equal amounts of total protein from each recomhbinamezyme preparation were
subjected separately to SDS PAGE (Laemmli 1970)telr extracts (25-1Q@)
were combined with 5x denaturing sample bufferLl(5250mM Tris-base; pH 6.8,
50% (v/v) glycerol, 5% (w/v) SDS, 0.2% (w/v) brontegmol blue, 250mM DTT)
and made up to a final volume of | #5with sterile water. Samples were denatured
by heating at 95°C for 5min, loaded (25 onto 4% stacking gels, and

electrophoresed at 100V (150W/150mA) until the Sasyppassed through the
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stacking gel (~30min). Samples were then sepa@aetD% polyacrylamide running
gels at 170V (150W/150mA) until the solvent frohited from the base of the gel
(~60min). SDS PAGE was conducted in running bu(@mM Tris-base, 192mM
glycine, 3.5mM SDS) using the BIORAD Mini-PROTEANIII Electrophoresis

Cell.

2.2.6.2 Protein transfer

Following PAGE, proteins were rectilinearly transéel to Trans-BlIdt Transfer
Medium pure nitrocellulose membrane (BIORAD; Qu4h using the BIORAD
Mini-PROTEAN" Il Electrophoresis Cell at 90V (150W/150mA). Tsder
occurred at 4°C with stirring for 2h in pre-chillé4PC) transfer buffer (25mM Tris-
base, 192mM glycine, 20% (v/v) methanol). Membranese initially washed in
TBST (3x 2min; 60mL; 50mM Tris-base, 37.5mM NaCl2% (v/v) tween-20) to
remove any residual methanol that contributes tk¢gmaound staining, followed by a
rinse in TBS (2x 30sec; 60mL; 50mM Tris-base, 3WbiaCl). Immunodetection
of P450 proteins was achieved by sequential incomlstat room temperature with

gentle agitation on a reciprocal shaker. Incubatieere performed as follows:

* Membrane blocking was achieved in 3% blocking sofu{25mL; TBS, 3%
(w/v) skim milk powder) overnight at 4°C (withoubhaking) followed by

rinsing in TBS (2x 60mL).

* Incubation of rabbit anti-human CYP1A1l (polyclonglyimary antisera
(Hakkola et al. 1996) (CHEMICONINTERNATIONAL) diluted 1:3000 in

1% antibody incubation solution (25mL; TBST, 1% \{vskim milk powder)

89



Chapter 2: Materials and Methods

was performed for 2h at room temperature with sigakollowed by washing

in TBST (3x 10 min; 60mL).

* Membranes were gently washed in 1.5% blocking smu2x 10min; 25mL;

TBS, 1.5% (w/v) skim milk powder) followed by rimgj in TBS (2x 60mL).

+ Incubation of ZyMax Goat anti-Rabbit IgG (H+L) secondary HRP-
conjugated IgG (ZYMED, Invitrogen) diluted 1:400®.375pg) in 1%
antibody incubation solution for 1h at room tempar@ with shaking,

followed by washing in TBST (3x 15min; 60mL).

e Membranes were placed in TBS (60mL) until exposute

chemiluminescence substrates.

2.2.6.3 Immunodetection detection of proteins

Immunoreactivity was detected using the BM Chemihaacence Blotting Substrate
(POD; Figure 2.4) (Roche Diagnostics GmbH, Mannh@enmany) according to the
manufacturer’s instructions and recorded on eiterat autoradiographic detection
film (Kodak) or digitally, using the FUJIFILM LASQD image reader (version 2.0;
FUJIFILM Life Science Corporation; Tokyo, Japan) @onjunction with Multi
Gauge image viewer (version 3.0; FUJIFILM Life Sae Corporation). The
autoradiographic film was processed manually, usfoglak GBX developer and

Kodak GBX fixer and replenisher reagents (2min).
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Electrophoresis of ColorBurst electrophoresis malkc weight markers (8,000-
220,000 Da; Sigma-Aldrich) was used to estimatentiodecular mass of individual
P450 proteins separated on Western blots. Theivelabigration of the known
molecular weight of each protein standard (myosolet; 220kDa, BSA-red;
100kDa, GDH-blue; 60kDa, ADH-red; 45kDa, carbonimtygdrase-orange; 30 kDa,
trypsin inhibitor-blue; 20kDa, lysozyme-red; 12kDend aprotinin-blue; 8kDa) in
Tris-glycine (4-20% gel) could not be used as shatsl for quantitative molecular

mass determinations, but only as a qualitative. tool

2.2.6.4 CYP1Al isolation

The molecular masses of protein bands detected tissnCYP1A1 primary antisera
were determined by comparison with the known proggandards (section 2.2.6.3).
The mass of each protein band under investigatias @@mpared with the expected
molecular mass to confirm the presence of CYP1AJpriotein extracts. Several

controls were included to verify the specificitytbe protein-antibody interactions:

» Purified bacterially expressed d-CYP1Al was electrophoresed with all

mammalian cell extracts as a positive control.

» Specificity of the immunoreactive bands detectedh®y CYP1Al antibody
was determined by pre-absorption of the antibodih véin immunogenic
peptide. A 20-fold excess of peptide was combingt the antibody in 1mL
of sterile PBS supplemented with rabbit serum (E¥d incubated at 4°C
overnight. The peptide/antibody complex was theedus place of the

primary antibody.

92



Chapter 2: Materials and Methods

« The specificity of primary antibody binding was eehined by

electrophoresis of 400ng of CYP1A1l antisera on RB-PAGE gel.

* The specificity of secondary antibody binding am@miluminescence was

determined by omission of the primary antisera.

2.2.7 Enzyme kinetics

Under the reaction conditions employed, rates of Red AIC formation were
required to be linear with respect to both incutrattime and holo-CYP1A1l
concentration. Furthermore, all kinetic experimewesre undertaken with protein
stored for less than four weeks and which had lsebjected to only one freeze-thaw

cycle.

2.2.7.1 Incubation conditions

All incubations containing recombinant CYP1Al pmsel in this thesis were
performed in phosphate buffer (0.1M, pH 7.4) atQiff a total incubation volume of
0.2mL. Enzyme activity was initiated by the additiof NADPH generating system
(ImM  NADP", 10mM glucose-6-phosphate, 2IU glucose-6-phosphate
dehydrogenase, 5mM Mggl The formation of metabolites from different drug
substrates required varying incubation conditiond will therefore be described in
each relevant chapter. Where appropriate, substtaté& solutions were prepared in
organic solvents such that the final concentratibsolvent in incubations was <1%.
Dilutions of all stock solutions were confirmed BWPLC to ensure substrate
linearity. Drug-enzyme reactions were terminated pogcipitation of all proteins

present in incubations, and each metabolite asstiged the soluble fraction. The
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method of protein precipitation varied dependingtiba incubation conditions and

will therefore be described in each relevant chapte

2.2.8 HPLC conditions

The separation and detection of Res employed a ¢éteRackard Series 1100 HPLC
system (Hewlett Packard, Victoria, Australia). Thgstem 1100 consisted of a
gradient solvent delivery system (quaternary punmpdpile phase degasser, auto

sampler, thermostated column compartment, anddigance detector.

The separation and detection of AIC required anehgiSeries 1100 HPLC system
(Agilent Technologies, Victoria, Australia) compng of a gradient solvent delivery
system (quaternary pump), mobile phase degasseéo, sampler, thermostated

column compartment, and variable wavelength UV-d&sector.
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CHAPTER 3

COMPARATIVE HOMOLOGY MODELING OF
HUMAN CYP1Al

3.1 Introduction

Differences in P450 amino acid sequence give riszethie distinct substrate
selectivities of the members of this enzyme fam8yructure-function analyses and
directed-evolution techniques have traditionallememployed to identify residues
involved in substrate selectivity. More recentlhese techniques have been
complemented byn silico approaches based on the X-ray crystal structufes o
mammalian and bacterial P450 enzymes. X-ray crystalctures are currently
available for a limited number of human P450s {sectl.5), and these ‘static’
structures provide the necessary structural templdbr homology modeling.
Moreover, analysis of these structures (in additmnhe bacterial and rabbit P450
crystal structures) has revealed a universal fglgiattern derived from the numerous

conserved regions (de Graaf, Vermeulen & Feen§io®;20tyepka et al. 2007).

The aim of homology modeling is to build a 3-dimenal model for a protein of
interest (referred to here as the ‘target’ protdiay¥ed on one or more proteins of
known structure. In order to achieve a structurai@fid and useful model, it is
necessary that reasonable sequence similarity l{ysed0%) exists between the
target and the template. By partitioning both targed template sequences into
conserved core regions, the target proteins streictan be deduced from that of the

template (Greer 1981). In the case where more tmhomologous template is
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used, the atomic coordinates of each template aeeaged to generate a ‘static’
template of conserved regions. In the absence G¥RB1A1 crystal structure, the
generation of a chemically valid homology model @ important factor for
characterizing structure-function relationships. thaugh, CYP1Al homology
models based on several crystallographic templatetyding P450:rp, P45Q\3,
P45Qam, and rabbit CYP2CS5, have been reported (lori e2@05; Lewis, Lake &
Dickins 2004; Szklarz & Paulsen 2002; Testa 200ddne utilize human

crystallographic X-ray data.

The ability to obtain a valid target structure ist solely dependant on utilizing a
homologous template (Lewis 2002a). Moreover, itingortant to estimate the

accuracy of the modeled protein. Errors in struadtanodels emerge from a variety
of sources but initially arise from the incorressgnment of homologous regions
between template and target via the amino acidesegualignment. In this study,

rigorous optimization was achieved with all sequealignments. One way to ensure
the removal of bias from the amino acid alignmentoi score all homologs (relative

to the query sequence) based on a formal probéabgisoring method.

In the present study a profile hidden Markov stiates model (HMM) was employed
to aid generation of each CYP1Al model. HMM aretdseknown for their
application in temporal pattern recognition suctspsech, handwriting, and gesture
(Eddy 1998). For the purpose of generating a pmogtiucture based on closely
related homologs, HMM can be used to generate testatal model of multiple
sequence alignments by capturing the position-Speaiformation about how
conserved each column of an alignment is, and whesidues are more likely to
occur at a particular position. This property of MMherefore resolves important

information about the degree of conservation atifipepositions in the multiple
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alignment, and the varying degree to which gaps iasdrtions are allowed. In
contrast, traditional pair-wise alignment softwateh as BLAST and FASTA use

position-independent scoring parameters.

HMM theory was utilized here to describe the praligbdistribution of CYP1Al
amino acids over those sequences deposited inrli&rdd consortium database. This
approach ensured the identification of human P45@s were closely related to
CYP1ALl. In total 33 CYP1Al homology models were gmted throughout this
study, although only three will be described dudh®e optimization of alignment,
modeling, and refinement methods. Two CYP1A1 homgylmodels were generated
based on single homologs using either the rabbiPZY5 [CYP1A1-(2C5)] or the
human CYP1A2 crystal coordinates alone [CYP1A1l-(JAZ third model was
additionally generated utilizing a homologous bast that consisted of the human
CYP2C8 and CYP2C9, and the rabbit CYP2C5 crystairdioates [CYP1Al-
(HMM)]. All models were generated for comparativerposes and their structures

and stereochemistry’s evaluated.

In humans, CYP1AL1 preferentially metabolizes PABtc{ion 1.3.5.1). However, 7-
ethoxyresorufin (Eres; Figure 3.1) is employed muostlely as the prototypic
CYP1Al substrate (Lewis, Lake & Dickins 2004). C¥YH1 catalyses theO-
deethylation of Eres; the site of oxidation is thearbon. Given the widespread use
of Eres as a model CYP1A1 substrate, this compevasiutilized in the automated

in silico docking performed with the most valid CYP1A1 model
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Figure 3.1 The chemical structures of 7-ethoxyresafin (Eres) and its
metabolite resorufin (Res).(a) Eres ig0-deethylated by CYP1A1, with the site of

oxidation located at the carbon atento the ethoxy oxygen. (bPD-deethylation by
CYP1A1 forms the more soluble fluorescent metabphes.

The general aim of this chapter was to generateeancally and energetically valid

structure of human CYP1A1.
Specific aims were to:

1. Identify and score those mammalian P450s that lasely related to human

CYP1Al.

2. Optimize the alignment of homologous crystal tesigs by both amino acid
residue type and secondary structure to revedkte residues” required for

modeling in addition to conserved regions of teytistructure.
3. Generate 3-dimensional homology models of humanIZ2MP

4. Computationally refine each model to create a chalyi and energetically

realistic structure.
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5. Conductin slico docking experiments using the prototypical CYP1Al
substrate Eres to resolve those potentially immoremino acid residues
involved in the binding and orientation of substgtwithin the CYP1Al

active-site.

3.2 Materials and methods

3.2.1 Profile hidden Markov models

The computational progranmmmsearch was employed to search the UniProt
database for statistical descriptors of CYP1A1 endcore homologs relative to the
CYP1A1 seed consensus (HMMER-2.3.2) (Eddy 1998)aee represented by two
scoring criteria: the HMMER raw score and an E-ealThe best E-value is

calculated from the bit score, which is a log-oddsre (equation 3.1).

P (squHMM)J

s = Iogz( P (seq|null)

(eq 3.1)

where P(seq|HMM) is the probability of the targetjsence according to the HMM
and P(seq|null) is the probability of the targequence given a “null hypothesis”

model of the statistics of random sequence.

E-values denote the expected number of false pesitvith scores at least as high as
the query sequence. The E-value is dependant orizkeof the database which is

searched.
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3.2.2 Sequence alignment and optimization

Homolog alignments were optimized by both amina aesidue type and secondary
structure using ClustalX-1.8 and Cn3D respectivelyith alignment data
characterized by the computational software INFGAMNI (EMBOSS).
INFOALIGN measures sequence length, the number aggsg and numbers of
identical, similar and different residues or basethis sequence when compared to a
reference sequence, in addition to the percentgehbrtween the reference sequence

and the query sequence.

3.2.3 Homology modeling

Three homology models of CYP1Al were generateccfonparative purposes: (a)
CYP1A1-(2C5) was generated using the rabbit CYP2@5Stal coordinates (1N6B,
INRG6); (b) CYP1Al-(HMM); a composite model genedatasing the combined
crystal coordinates of human CYP2C8 (1PQ2) and CYPRA OG5, 1R90), along
with the coordinates of rabbit CYP2C5 (1N6B, 1NR&hd (c) CYP1A1l-(1A2);

which utilized the coordinates of CYP1A2 (2HI4)ktished during the course of

this thesis.

The CYP1A1-(2C5), CYP1Al-(HMM), and CYP1A1l-(1A2) dels were
constructed with COMPOSER (SYBYL7.3, Tripos™) byang of the p-mutation
homology matrix (Dayhoff, Schwartz & Orcutt 1979re@r 1981). Data and crystal
structures for those homologs identified by thefirddMM were obtained from the
Brookhaven Protein Data Bank (PDB). The minimummidg required for selection
of homologous sequences was 0.28 (28%). The higtoesiptable inter-€ distance

between equivalent residues within a sequence pageegion (SCR) was 1.5A,
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with a RMS difference of 0.00001A considered sigaifit. Loops positioned

between SCRs foreign to homologs within the basiaere found by loop threading
all crystal structures of the PDB. Loops with the@snstringent fit to the anchor
regions of SCRs were built with the anchor coortdinaf the model left intact. Phi
() Psi (p) torsional angles of the database loops were tatjus match those of the
flanking anchor regions of CYP1Al. The heme prasthgroup was modeled as a
separate heteroatom based on its coordinationetcstifur atom of the conserved

cysteine at residue 457.

3.2.4 Computational refinement of homology models

Refinement of all models was achieved by scannirmnfohain and side-chain
torsions to relieve unacceptable van der Waalsaotsit starting with those torsions
furthest from the main-chain. The backbone of eacllel was defined and held as
an aggregate while the remainder of the model wiagwized by the Powell method
(Powell 1977) (conjugate-gradient minimizer) usitige Tripos Force Field
(TRIPOS 5.2). The aggregate was then removed add @atein minimized as a
whole. An initial simplex optimization was achievedth a threshold value of 1000
kcal.mol'. The number of iterations performed during eachimization step was

10,000 with a termination gradient of <0.05 kcallthA.

3.2.5 Structure analysis of homology models

Protein structure analysis involved examinatiothef data obtained by PROCHECK

v3.5.4 (Laskowski et al. 1993) and ProSa2003 v(&ippl 1993). The program
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PocketPicker (Weisel, Proschak & Schnider 2007) wawployed to confirm the
presence of the proposed substrate access ands egrasnels in the CYP1Al

homology models.

3.2.6 Automated substrate docking

Automated docking of Eres into the active-site ofR1A1l was achieved using
FlexX (SYBYL7.3, Tripos ). The ligand was reconstructed in the active-sitiag

an algorithm based on pattern recognition posetang (Olson 1994). Placement
of the ligand was consensus scored (CScore) baseils dnteractions with the
protein. Key residues involved in stabilizing arrieotating Eres in the active-site of

the most chemically valid CYP1A1 model were ideatf

3.3 Results

3.3.1 Identification of closely related P450 homots

The profile HMM returned position- and residue-gpecinformation about the
degree of residue conservation at various positiohsCYP1Al against those
sequence parsed domains of the UniProt databad®00QB sequences). Protein
sequences showing the lowest E-values relativeddXYP1A1l query were, in rank
order, CYP1Al <1A2 <2C8 <1B1 <2C5 <2C9 <2C19 <2IBJ2 <3A7 <3A5
<3A4 <2D6 <2A6 with all sequences being of humaigio except for rabbit
CYP2CS5 (Table 3.1). In the absence of CYP1A2 cilgsggeaphic data, CYP2C8 was
the best crystallized homolog for generation of ¥PCA1l homology model,

followed by CYP2C5.
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Table 3.1 hmmsearch of the UniProt sequence database with a profile HM.
CYP1A1 query is highlighted in red with human P4&0nologs in blue.

Sequence

PC4798|CP11 _HUMAI
P00184|CP11_MOUSE

P00185|CP11_RAT
P79761|CP15_CHICK
P56591|CP11_SHEEP

P00187|CP12_RABBIT
P05176|CP11_RABBIT
P00186|CP12_MOUSE
P04799|CP12_RAT
*P05177|CP12_HUMAN
P79760|CP14_CHICK
Q64429|CP1B_MOUSE
Q64678|CP1B_RAT
*P10632|CPC8_HUMAN
Q16678|CP1B_HUMAN
P15123|CPCG_RABBIT
P11371|CPC4_RABBIT
*P00179|CPC5_RABBIT
P12394|CPT7_CHICK
P00181|CPC2_RABBIT
Q29510|CPCU_RABBIT
P17666|CPCE_RABBIT
*P11712|CPC9_HUMAN
P00180|CPC1_RABBIT
P33261|CPCJ_HUMAN
P33260|CPCI_HUMAN
P51589|CPJ2_HUMAN
P56656/CPZ4_MOUSE
P08683|CPCB_RAT
P00182|CPC3_RABBIT

Description

Cytochrome P450 1/
Cytochrome P450 1A1

Cytochrome P450 1A1
Cytochrome P450 1A5
Cytochrome P450 1A1
Cytochrome P450 1A2
Cytochrome P450 1A1
Cytochrome P450 1A2
Cytochrome P450 1A2
Cytochrome P450 1A2
Cytochrome P450 1A4
Cytochrome P450 1B1
Cytochrome P450 1B1
Cytochrome P450 2C8
Cytochrome P450 1B1
Cytochrome P450 2C16
Cytochrome P450 2C4
Cytochrome P450 2C5
Cytochrome P450 17A1
Cytochrome P450 2C2
Cytochrome P450 2C30
Cytochrome P450 2C14
Cytochrome P450 2C9
Cytochrome P450 2C1
Cytochrome P450 2C19
Cytochrome P450 2C18
Cytochrome P450 2J2
Cytochrome P450 2C39
Cytochrome P450 2C11
Cytochrome P450 2C3

Score

1066.¢
1048.9

1038.8
1036.1
1022.4
998.3
997.1
990
967.3
955.9
942.7
848.9
818.9
790.8
787.4
784
778.3
776.4
776.2
770.4
758.2
756.4
743
741.4
738.5
737.1
735.8
731.9
727.1
718.7

E-value

0
0
0
0
5.20&-
1.29&-
1.60E-292
1.10E-285
2.98E-2
2.80&-2
4.80E-2
5.20E-241
1.58E-2
1.66E-2
1.68E-2
8 3DE -
3ADE-
3.2DE-
2 2D -
9.2PE
3ZE
3.70E-218
120E-
8 ZDE-
2.20&-
5.1108-2
820E-
2.3¢E-21
7 B0E-
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Sequence Description Score E-value
Q64458|CPCT_MOUSE Cytochrome P450 2C29 712.4 6200E-
P56655|CPZ3_MOUSE Cytochrome P450 2C38 705.4 7 2400E-

P05178|CPC6_RAT Cytochrome P450 2C6 692.5 5.60E-203
P05179|CPC7_RAT Cytochrome P450 2C7 691.3 1.30E-202
P56654|CPZ2_MOUSE Cytochrome P450 2C37 687.3 2210E-
054750|CPJ6_MOUSE Cytochrome P450 2J6 676.5 3.98E-1
P24470|CPCN_RAT Cytochrome P450 2C23 670.8 1.9GE-19
P24462|CP37_HUMAN Cytochrome P450 3A7 668.1 1.305-1
P20815|CP35_HUMAN Cytochrome P450 3A5 663.2 3.90E-1
P20814|CPCD_RAT Cytochrome P450 2C13 663.1 4.10E-19
P20678|CPH2_CHICK Cytochrome P450 2H2 662.4 6.59E-1
054749|CPJ5_MOUSE Cytochrome P450 2J5 658 1.40E-192
P19225|CPCM_RAT Cytochrome P450 2C22 647.5 2.00E-18
P51590|CPJ3_RAT Cytochrome P450 2J3 644.4 1.70E-188
P05180|CPH1_CHICK Cytochrome P450 2H1 644.1 2.288-1
P52786|CPJ1_RABBIT Cytochrome P450 2J1 642.8 5 IR0 -
*P08684|CP34_HUMAN Cytochrome P450 3A4 637.7 1.886-1
P56657|CPZ5_MOUSE Cytochrome P450 2C40 628.3 1133E-

®Scores were obtained for complete sequences imgjuali protein domains:Denotes mammalian
P450s where crystal data is available.

Note that X-ray crystal structures are not avadator all sequences related to the
CYP1A1 HMM. Moreover, some crystallized homologsega greatly reduced score
relative to the CYP1A1l query, indicating that setpee homology is not ideal for
modeling. Homologs identified by the HMM used in sieting are shown in Table
3.2. The sequence identities represented in TaRlg@ustalW algorithm) clearly

shows that in the absence of CYP1A2 crystal dagactbsest homolog to CYP1Al
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should be that of CYP2C9. This identifies degengramong the traditional pair-
wise alignment software which use position-indegendscoring parameters, and
that of HMMER which assigns statistical scoringbtoth residue type and residue

position.

3.3.2 Amino-terminal truncation of the CYP1A1 querysequence

Increasing the solubility of eukaryotic P450s bynowing the hydrophobic NH
terminus is critical for successful crystallizatioand subsequent structure
determination (section 1.5.2). Consistent with éxperimental approach, the MH
terminus of CYP1Al was modified prior to modelingse of the TMHMM Server
(v.2.0) revealed a transmembrane helix comprisasgdues 12 through 29 in the full
length CYP1A1 sequence (accession P04798) (Figi¥e Residues 1 through 11
were predicted to be on the luminal side of the BRJ residues 30 to 512 largely
cytosolic. Numerous hydrophobic domains are saadtehroughout the CYP1Al
cytoplasmic domain which may potentially associait the ER membrane. On the
basis of these observations, the first 32,Nétminal residues from the CYP1Al
protein sequence were removed. Removal of thesguess ensures deletion of the
transmembrane helical domain in addition to pard ohembrane associating region

which spans the first 100 amino acid residues (Ei@.2).
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Table 3.2Hmmsearch results showing the crystallized P450s used in gemnating
each respective homology modelAlignment data were generated using the
ClustalWw algorithm.

Protein Crysta(lp'l;)eg;plates Id(e(;)t)ity Sir?%rity
CYP1Al1 - 100 100
CYP1A2 2H14 72 80.1
CYP2C8 1PQ2 27.7 42
CYP2C5 1DT6, 1INRG6, 1IN6B 28.2 43.4
CYP2C9 10G2, 10G5, 1R90 28.7 43.5

3.3.3 Optimization of P450 sequence alignments

The alignment of all crystallized P450s reveals seowation in the secondary
structure motifs among 2B, 2C, and 3A P450 fami(iegure 3.3). The structural
overlay (Figures 3.4a and 3.4b) of the alignmemnsm Figure 3.3 additionally
reveals an analogous tertiary fold. Although thgrahent and conserved secondary
structure motifs display a strong correlation fdt erystallized isoforms, the
alignment data for CYP2B4 (1PO5) and CYP3A4 (1WQGQN) were omitted to
avoid bias from protein structures with low sequemomology to CYP1Al. In
addition, data from the CYP2C5 protein structuge(sfically 1DT6) was removed
since the extended region between P211 through 2#3not present in the crystal
data. Results from the subsequent alignment weitealiy used to guide the
homology modeling process for each of the threeatsogenerated [CYP1A1-(1A2),

CYP1A1-(2C5), and CYP1A1-(HMM)].
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A 56
1WO0G_A 59
1TQN_A 60

1PQ2_A 116
1DT6_A 116
INR6_A 116
IN6B_A 116
10G2_B 115
10G5_A 115
1R90_A 117
1PO5_A 116
1W0G_A119
1TQN_A 120

1PQ2_A 176
1DT6_A 176
INR6_A 176
IN6B_A 176
10G2_B 175
10G5_A 175
1R90_A 177
1PO5_A 176
1W0G_A179
1TQN_A 180

1PQ2_A 236
1DT6_A 236
INR6_A 236
IN6B_A 236
10G2_B 235
10G5_A 235
1R90_A 237
1PO5_A 236
1WO0G_A239
1TQN_A 240

40
MA-KKTSSk-GK| ~~~PPGPTPLPIIGNMLQIDVKDCKSFTNFSKYGPVFTVYFGMNS5
MA-KKTSSk-GKI~~~PPGPTPFPIIGNILQIDAKDI SKSLTKFSECY®VFTVYLIGMKP 55
MA-KKTSSk-GKI~~~PPGPTPFPIIGNILQIDAKDISKSLTKFSECYGPVFTVYL.GMKR 55
MA-KKTSSk-GKI~~~PPGPTPFPIIGNILQIDAKDI SKSLTKFSEZY@VFTVYLGMKFS5
MA-KKTSSk-GR-~~~PPGPTPLPVIGNILQIGIKDI SKSLTNLSK/YGVFTLYFGLKP 54
MA-KKTSSk-GR-~~~PPGPTPLPVIGNILQIGIKDI SKSLTNLSK/Y@VFTLYFGLKP 54
MA-KKTSSgGK| ~~~PPGPTPLNIGNI LQIGIKDISKSLTNLSKVYGPVETLYFGLKP 56
MA-KKTSSk-GK|~~~PPGPSPLPVLGNLLOMDRHMBRSFLRLREK CDVFTVYLGSRP55
MA-YGTHSRGLIKKIGIPGPTPLPFLGNILSYHKGF CMFDMECHKKKVWGFYGM@P 58
MAIYGTHSh~GLKKIGIPGPTPLPFLGNILSYHKG FCMFDMECHKKXVWGFYDGQCE9

10 110

120
IVVFHGYEAVKEAIDNGEEFSGRGSBPISQRIT KGLGIISSNCKRWKEIRRFSLTTERN 115
TVVLHGYEAVKEALWDLGEEFAGRGSVPILEKVSKGLGIAFSNANKEMRRFSLMRIN 115
TVVLHGYEAVKEALWDLGEEFAGRGPILEKVSKGLGIAFSNATWKEMRRFSLMRN 115
TVVLHGYEAVKEALWDLGEEFAGRGARILEKVSKGLGIAFSNATWKEMRRFSLMRN 115
IVVLHGYEAVKEAIDLGEEFSGRGFPLAERARGFGIVFSNBKWKEIRRFSLMTRN 114
IVVLH GYEAVKEAIDLGEEFSGRGFPLAERANRGFGIVFSNBKWKEIRRFSLMTRN 114
IVVLHGYEAVKEAIDLGEEFSGRGIFPLAERANRGFGIVFSKEWKEIRRFSLMTLR 116
VVVLGETDAIREALVDQAEABGREIAVVDPIFQGYGVIFANGRWRALRRFSLATMRILS
VLAIT DPDMIKTVLVKECYSVFTNRRPFGPVGFMKSAISIDEEWKRLRSLEPTFTSG 118
VLAIT DPDMIKTVLVKECYSVFTNRRPFGPVGFMKSAISIAEEWKRLRSLEPTFTSG 119

140 150
FGMGKREDRVQEEAHCLVEELRTKASPCDPFILGCAPCNVICSVVE)KRFDYKQN 175
FGMGKREDRIQEEARCLVEELRKNASPMPTFILGCAPCNVICSVIFHNRFDYKEE 175
FGMGKREDRIQEEARCLVEELRRKNASPMPFTFILGCAPCNVICSVIFHNRFDYKEE 175
FGMGKREDRIQEEARCLVEELRTNASPMPTFILGCAPCNVICSVIFHNRFDYKEE 175
FGMGKREDRVQEEARCLVEELRKASPMPFTFILGCAPCNVICSII FHKRFDYKQQ 174
FGMGKREDRVQEEARCLVEELRKASPMPTFILGCAPCNVICSII FHKRFDYKQQ 174
FGMGKREDRVQEEARCLVEELRKASPCDFFILGCAPCNVICSII FHKRFDYKQQ 176
FGME&RSVEERIQEEARCLVEELRIKGALLDNTLLFHSITSNIICSIV FGKRFDYKBV 175
KLKEMWIIAQYGDVLVRNLRREAEGKPVTLKDVFGAYSMDVITSTSEVNIDSLNNPQ178
KLKEWPIAQYGDVLVRNLRREAESKPVTLKDVFGAYSMDVITSIFGVNIDSLNNPQL79

16 170

180

200 210 22 230 240

FLTLMKRFNENFRILISPWIQVCNNFPLIDCF PGTHNKVLKNVALTRSYIREKVKEHQ@A5
FLKLMESLHENVELGTPWLQVYNNFPAIDYFPAGHKTLLKNADYIKNFIMEKVKEK)K 235
FLKLMESLHENVELGTPWLQVYNNFPALLDYFPGIHHCKNADYIKNFIMEKVKEHQK235
FLKLMESLHENVELGTPWLQVYNNFPALLDYGMHKTLLKNADYIKNFIMEKVKEHQK235
FLNLMEKLNENIEILSSPWIQVYNNFPALLDYFAENKLLKNVAFMKSYILEKVKEHQE34
FLNLMEKLNENIEILSSPWIQVYNNFPALLDYFAGNKLLKNVAFMKSYILEKVKEHQE34
FLNLMEKLNENIKILSSPWIQICNNFSIIDYFPGT HNKLLKNVAFMKSYILEKVKEHQ236
FLRLLDLFFQS-SLISSF SSQVFELESGFLKHFPGHRQIYRNLQEINTFIGQSVEKHRAS35
DPFVENTKKLLRFDFLEFFLSITVF PFLIPILEVLN ICVFPREVTNFLRKSVKRMKES238
DPFVENTKKLRFDFLEPFFLSITV FPFLIPILEVLN ICVFPREVTNFLRKSVKRNESR 239

260 270
SLDVNNPRBIDCFLIKMEQEKdngkSEFNIENLVGTVADLFVAGTETTSTTLRYGLLLI295
LLDVNNP®FIDCFLIK MEQER~~nLEFTLESLVIAVSDLFGAGTETTSTTLRYSLLLL292
LLDVNNPREIDCFLIKMEQEN~~~nNLEFTLESLVIAVSDLFGAGTETTSTTLRYSLLLL292
LLDVNNPRBIDCFLIKM EQEr~~nLEFTLESLVIAVSDLFGAGTETTSTTLRYSLLLL292
SMDMNNP®EIDCFLMKMEKKhNgpSEFTIESLENTAVDLFGAGTETTSTTLRYALLLL294
SMDMNNP®EDCFLMKMEKENNgpSEFTIESLENTAVDLFGAGTETTSTTLRYALLLL294
SMDMNNP®IDCFLMKMEKENNgpSEFTIESLENTAVDLFGAGTETTSTTLRYALLLL296
TLDPSNPRBIDVYLLRMEKDBsdpsS EFHHQNLILTVLSLFFAGTETTSTTLRYGFLLM95
LEDTQKHRUFLOLMIDSQNSketesHKALSDLELVAQSIIFIFAGYETTSSVLSFIMYE 298
LEDTQKHRVELQLMIDSQNSkete sHKALSDLELVAQSIIFIFAGYETTSSVLSFIMYE 299

28 300
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310 320 330 34 0 350 360
oo T OO 1O S
1PQ2_A 296 LKHPEVTAKVQEEIDHGRHRSPCMQDRSPYTDAVVHEIQRYSLVPTGWPHAVTTD 355

1DT6_A 293
INR6_A 293
IN6B_A 293
10G2_B 295
10G5_A 295
1R90_A 297
1PO5_A 296
1WO0G_A 299
1TQN_A 300

LKHPEVAARVQEEIERGRHRSPCMQDRSRWITDAVIHEIQRFIDLLPTNLPHAVTRD352
LKHPEVAARVQEEIERGRHRSPCMQDRSR¥YITDAVIHEIQRFIDLLPTNLPHAVTRD352
LKHPEVAARVQEEIERGRHRSPCMQDRSRWITDAVIHEIQRFIDLLPTNLPHAVTRD352
LKHPEVTAKVQEEIERNGRNRSPCMQDRSPRYTDAVVHEVQRYILLPTSLPHAVTCD354
LKHPEVTAKVQEEIERNGRNRSPCMQDRSPRVTDAVVHEVQRYILLPTSLPHAVTCD354
LKHPEVTAKVQEEIERNGRNRSPCMQDRSRYTDAVVHEVQRYILLPTSLPHAVTCD356
LKYPHVTERVQKEIEQWGSHRPPALDDRAKRY TDAVIHEIQRL®LIPFGVPHTVTKD 355
LATHPDVQQKLQEEIDAVRNKAPPTYDTVLEBYLDMVVNETLRLHA MRLERVEKD 358
LATHPDVQQKLQEEIDAVHNKAPPTYDTVLEYLDMVVNETLREPIA MRLERVCKKE359

370 380 390 40 0 410 420

1PQ2_A 356
1DT6_A 353
INR6_A 353
IN6B_A 353
10G2_B 355
10G5_A 355
1R90_A 357
1PO5_A 356
1W0G_A359
1TQN_A 360

TKFRNYLIPKGTTIMALLTSVLHDDKEFPNPNIFDPGHFLDKNGNFKKSDYFMPFSA4IISR
VRFRNYFIPKGTDIITSLTSVLHDEKAFPNPKVFDPEEDESGNFKSDYFMPFSAGKR12
VRFRNYFIPKGTDIITSLTSVLHDEKAFPNPKVFDPGEEDESGNFKSDYFMPFSAGKR12
VRFRNYFIPKGTDIITSLTSVLHDEKAFPNPKVFDPGHFLDESGNFKKSDYFMPFSAGER
IKFRNYLIPKGTTILIS LTSVLHDNKEFPNPEMFDPHHFLDEGGNFKKSKYFMPFSAGKR
IKFRNYLIPKGTTILIS LTSVLHDNKEFPNPEMFDPHHFLDEGGNFKKSKYFMPFSABKR
IKFRNYLIPKGTTILIS LTSVLHDNKEFPNPEMFDPHHFLDEGGNFKKSKYFMPFSAGKR
TQFRGYVIPKNTEVFPMSSALHDPRYFETPNTFNPGHFLDANGALKRNEGFMPFSIAGER
VEINGMFIPKGVVVMIPSYALHRPKYWTEPEKFLPERFSKKNKDNIDPYIYTPFGSG#E8
VEINGMFIPKGVVVMPSYALHRPKYWTEPEKFLPERFSKKNKDNIDPYIYTPFGSG#H

430 440 450 46 0 470 480

1PQ2_A 416
1DT6_A 413
INR6_A 413
IN6B_A 413
10G2_B 415
10G5_A 415
1R90_A 417
1PO5_A 416
1W0G_A419
1TQN_A 420

1PQ2_A 476
1DT6_A 473
INR6_A 473
1IN6B_A 473
10G2_B 475
10G5_A 475
1R90_A 477
1PO5_A 476
1W0G_A479
1TQN_A 480

ICAGEGLARMELFLFLTTILQRNLKS\DDLKNLNTTAVTKGIVSLPPSYICFIP VHHH 475
MCVE&GLARMELFLFLTSILQNKLQS.VEPKDLDITAVVNGFVSVPSYQLCFIPI HHH 472
MCVE&GLARMELFLFLTSILQRKLQS.VEPKDLDITAVVNGFVSFPSYQLCFIPI HHH 472
MCVE&GLARMELFLFLTSILQNKLQS.VEPKDLDITAVVNGFVSVPSYQLCFIPI HHH 472
ICVGEALAGMELFLFLTSILQRNLKS.VDPKNLDTPVVNGFASVIPFYQLCFIPVHHH 474
ICVGEALAGMELFLFLTSILOQRNLKS.VDPKNLDTPVVNGFASVIPFYQLCFIPVHHH 474
ICVGEALAGMELFLFLTSILQRNLKS.VDPKNLDTTPVVNGFASVPPRYCFIP IHHH 476
ICLGEGIARTELFLFFTTILQNFSIAS PVPPEDIDLTPRESGVGNVPPQMRFLARHHH 475
NCIGMRFALMNMKLALIRVLGISFKFCKETQIPLKLSLGGLLQPEKWLKVES®GTV 478
NCIGMRFALMNMKLALIRVLGISFKRFCKETQIPLKLSLGGLLOQPEKWLKVES®GV 479

He~~~~~ 476
Sgahhhh 485
Sgahhhh 486

Figure 3.3 Structural alignment of crystallized cybchromes P450 based on
secondary structure.Helices are shown in green, sheets in yellow, $ompblue,

with black

denoting no secondary structure assignme
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Figure 3.4 The 3-dimensional alignment of all crysillized human P450
structures. (a) Overlay of tertiary structures based on seapndtructure alignment
show little deviation in the &€carbon backbone; helices green, sheets yellowpsloo
blue. (b) Individual crystallized P450s in the dagrare identified; 1DT6 (CYP2C5)
dark blue, 1IN6B (CYP2C5) green, 1NR6 (CYP2C9) brow®G2 (CYP2C9)
yellow, 10G5 (CYP2C9) grey, 1R90 (CYP2C9) orangeQ2 (CYP2C8) magenta,
1PO5 (CYP2B4) tan, 1ITQN (CYP3A4) blue, 1IW0G (CYP3Apdrple.

Two versions of the primary sequence alignment wggeerated. The first was
generated by the modeling software, SYBYL 7.3, wbgr only position-
independent scoring parameters were utilized t@igda a model template with the
highest possible number of seed residues (i.eduesiwhose &€ coordinates are
definitively used in the model). The second wasialy generated by themmalign
alignment with each sequence to the HMM, thus gemey a statistical model of
multiple sequence alignments, which captures be#idue- and position-specific
information. Eachhmmalign alignment was optimized using ClustalX alignment

software where regions of decreased sequence signida gaps were manipulated to
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fall within loop regions of the crystal template(8oth sets of alignment data for

each homology model were scored using the INFOALEsRware.

Of the three alignments conducted, two gave maykeatproved results after
optimization with ClustalX compared to the alignrteergenerated by SYBYL
(Table 3.3). Optimization of the CYP1Al-CYP2C5 (IBMBNRG6) alignment
resulted in a decrease in both the number of gagsgap length in the CYP1Al
sequence (Table 3.3). The CYP2C5 residues scoredhss ‘identical’ or ‘similar’
increased from 120 to 148 and from 75 to 79, raspadyg. Conversely, alignment
optimization decreased the number of ‘differensideies from 285 to 254. The zero
‘percent change’ obtained for CYP1Al identifies ttrel manipulations were
conducted within the CYP2C5 template. Moreovereduction in ‘percent change’
for CYP2C5 was observed, from 75% to 69%, indicatineater complementarity to
CYP1Al. Data obtained for the CYP1A1-CYP2C5-CYPAC8P2C9
(IN6B/INRG6, 1PQ2, 10G2/10G5, 1R90) alignment is encomplex due to the
increased number of templates used. However, thdtseare similar (Table 3.3).
Once again, the number of gaps in CYP1Al is reddeceh 11 in the SYBYL
alignment to 6 in the ClustalX alignment. Reorgatitn of all sequences generated
a significant increase in the number of ‘identica@sidues in CYP1A1; from 119 to
148, a 5% increase over the entire template. Bhisflected by the reduction in the
‘percent change’ value, from 75.5% to 69.2%. Napsasingly, the CYP2C8 (1PQ2)
template exhibited the least change relative to CAE confirming its relatedness to
CYP1A1l based on themmalign data (Table 3.1). Not surprisingly, no difference
was observed in the alignment of CYP1Al and CYPX2&I4) due to the high

homology and relatedness of the two templates.
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Table 3.3 Optimization data for the multiple sequene alignment of the CYP1Al query to the homologoutemplate(s) used for
modeling.

Sequence Alignment ng:;rr]]ce ﬁg%g?ﬁ Gaps Gap length  Difference  Ildentity Similarity Ck(];)r)lge
CYP1Al Sybyl 482 489 5 7 0 482 0 0
1N6B/INR6 480 489 4 18 285 120 75 75
CYP1Al 481 487 4 6 0 481 0 0
1N6B/INR6 ClustalX 481 500 6 19 254 148 79 69.23
CYP1Al 486 497 6 11 286 119 81 75.51
1N6B/INR6 480 498 4 18 76 370 34 22.91
1PQ2 Sybyl 479 495 4 16 99 353 27 26.30
10G2/10G5 475 489 3 14 63 396 14 16.63
1R90 481 500 4 17 74 390 17 18.92
CYP1Al 481 487 4 6 245 148 88 69.23
1N6B/INR6 481 500 7 19 76 371 34 22.86
1PQ2 ClustalX 479 495 6 16 101 351 27 26.72
10G2/10G5 478 493 6 16 66 393 18 17.61
1R90 483 504 7 21 76 391 16 19.04
CYP1Al Sybyl 476 477 1 1 74 402 0 15.54
2H14 497 499 1 2 95 347 55 30.18
CYP1Al 476 477 1 1 74 402 0 15.54
ClustalX

2HI14 497 499 1 2 95 347 55 30.18
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3.3.4 Molecular modeling of human CYP1Al

The CYP1A1-(2C5), CYP1Al-(HMM), and CYP1A1l-(1A2) dels were
constructed with COMPOSER (SYBYL7.3, Tripos™) usthg optimizechmmalign
template alignments (Table 3.3). As expected, thaity of tertiary and secondary
structure of the initial models was variable angateled greatly on both the quality
of the sequence alignment (specific to a localiaexh), and the initial resolution of

each crystal template.

Initial energy data obtained for all models iddetf poor side-chain rotamer
probabilities, poor solvation energies, pooo @emperature factors (B-factors;
positional variability), and poor fractional suréa@rea for side-chains (data not
shown). Energy calculations encompassing bondcsireg, torsional strain, and van
der Waals forces (vdW) are given in Table 3.4. Blaprisingly, all energy data for
the CYP1A1-(1A2) homology model, other than the vtihm, is the most favored
energetically. Conversely, the vdW term was mostofad with the CYP1Al-
(HMM) homology model. All other energies for CYP1AHMM) are distinctly
better compared to the CYP1A1-(2C5) homology motkis may imply that better
energetics are obtained in a structure generatddimgreased structural degeneracy
(i.,e. from many reasonable crystal templates) costpdéo a structure based on a

single poor crystal homolog as in the case of ti@TCA1-(2C5) homology model.
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Table 3.4 Energy data for the unrefined CYP1A1l homiegy models.

(kfgli;?nyol) CYP1A1-(2C5) CYP1Al-(HMM) CYP1A1-(1A2)
Bond stretch 9090 8148 4380
Angle bend 4045 3556 2480
Torsional energy 1548 1562 1445
Out of plane bend 596 552 316
vdw 1.3x10? 6.7x10" 8.5x10"
Total energy 1.34x106° 6.71x10" 8.51 x10"

Solvent accessible
23542 23801 22632

surface area (B

3-Dimensional plots of each raw CYP1Al model wenelartaken to identify the
regions with high energies. Residue energies betwder5 and 30kcal.mdlare
represented in Figure 3.5 by tube diameter andrcalithough there is no distinct
trend with the locations of high energies in eaabdea, it is obvious that numerous
unfavorable energies result in an increase in tdieent accessible surface area of
each model (Figure 3.5; Table 3.4). Residue folthglementarity and packing

ability is clearly related to the homology betwearget and template proteins.
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Figure 3.5 Unrefined CYP1A1 homology models plotedith tube diameter relative to residue energy(a) CYP1A1-(2C5),
(b) CYP1A1-(HMM), and (c) CYP1A1-(1A2). Colors regsent the following energy range (kcal.iok0.6 purple, 0.6-5 blue,
5-10 cyan, 10-15 green, 15-20 yellow, 20-25 oraagd,>25 red.
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3.3.5 Homology model refinement

Compared to the unrefined models (section 3.3Mdgcessive minimizations gave

rise to greatly improved energetics along with aredase in the solvent accessible
surface area (Figure 3.6). The 3-dimensional eneigis displayed in Figure 3.6a

show each model after the first minimization, whimbmprised 10,000 iterations.

However, the majority of residues still exhibiteteegies >10 kcal.mdl As shown

in Figure 3.6b, a marked decrease (<5 kcal’nivl the total energy for each residue
in all CYP1A1l models occurred after a further 10 0@rations (or termination at

<0.05 kcal.mob).

The fully minimized CYP1A1-(2C5), CYP1Al-(HMM), andCYP1A1-(1A2)

homology models all display the highly conservedoselary structure motifs
analogous to all crystallized P450s (Figure 3.7ddifionally, each model returned
RMSD values between 0.98A and 2.5A relative to easimolog in the basic set

(Table 3.5).

Based on the final energy of models as a whole, BWIP(1A2) obtained a total
energy value of 406.85 kcal.nplwhich is in close approximation to the mean total
energy calculated for all P450 crystal structurd&7(92 kcal.mot; Table 3.5).
Moreover, CYP1A1-(1A2) presented a greatly redubedd stretching energy of
211.67 kcal.mot compared to the CYP1A1-(2C5) (592.35 kcal.Mand CYP1A1-
(HMM) (1240.7 kcal.mof) models, indicating less bond extension or congioes
and hence less electron density overlap betweemsat@lthough energetically
favorable, the decreased bond stretching energfCidP1A1-(1A2) is lower than
those obtained for all crystal structures (Tabl®),3and is potentially an artifact

intrinsic to either the query sequence and homaégplate combination, or the
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static nature of protein crystallization. Eviderafehe ‘query sequence and homolog
template combination artifact’ exists in the bortdetching energy of CYP1Al-
(HMM), where greater degeneracy in bond stretchimgntroduced due to the
increased number of homologs in the basic set. &hghding energies of all models
are in good agreement with those of the crystalctires. However, the energy
required to overcome torsional strain is approx@tyaR.5-times that of the torsional
energies of the crystal structures (Table 3.5)ividdal analysis of omega and zeta
torsional angles in the main-chain of each modehiified deviations in the peptide
bond planarity and the presence af @trahedral distortions in CYP1A1-(2C5) and
CYP1A1-(HMM), but not in CYP1A1-(1A2). Similarly,casuch distortions exist in
the crystal structures. Interestingly, the torsisteains seen in CYP1A1-(2C5) and
CYP1A1l-(HMM) are prevalent in SRS1 through SRS6 chimay impact on
substrate docking experiments. In addition, catealasrdW forces indicate that the
three-dimensional folding of CYP1A1l-(2C5) may conteerrors (Table 3.5),
implying a less stable structure for human CYP1Aiis may be due to unfavorable
amino acid packing density or an effect generatgdnlappropriately minimized
hydrogen atoms. In contrast, CYP1A1-(1A2) and CYRPLAMM) display strong
negative vdW forces demonstrating complementantyniost residue interactions.
The large differences between the vdW forces of CAR(1A2), CYP1A1-(2C5),
and CYP1A1-(HMM) vdW forces (viz. -3275.55, -163,#hd -3201.38 kcal.md)
respectively) is due in part to the steep distanependence of the energy term.
Differences between the vdW forces of the crystaicsures and those of CYP1ALl-
(1A2) and CYP1A1-(HMM) may be attributed to by tesence of hydrogen’s in the

crystallographic data.
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CYP1A1-(2C5) CYP1A1-(HMM) CYP1A1-(1A2)

Figure 3.6 Energy minimized CYP1A1l homology modelplotted as tube diameter relative to residue energy(a) Displays each
model after the initial 20,000 minimization itexais on the side-chains, and (b) shows each moelthé second 10,000 minimization
iterations on the entire protein. Colors repregéet following energy ranges (kcal.rifpl <0.6 purple, 0.6-5 blue, 5-10 cyan, 10-15
green, 15-20 yellow, 20-25 orange, and >25 red.
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Figure 3.7 CYP1A1 homology models(a) CYP1A1-(1A2), (b) CYP1A1-(2C5),
and (c) CYP1A1l-(HMM). The models show structurademblance to that of the
crystallized P450s. Helices are shown as red ripp@tsheets are in yellow, and
loops colored green. The structural overlay (dplkdigs all crystallized homologs of
the basic set (LNRG6; blue, 1N6B; green, 10G5; 1&4)2; yellow, 1R90; cyan, and
2HI14; magenta). See Table 3.5 for RMSD data caledlaetween homologs.
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Table 3.5 Comparative minimization data for CYP1Alhomology models and the crystallized homologs of éhbasic-set?

Model/Crystal

CYP1A1-(2C5)
CYP1A1-(HMM)
CYP1A1-(1A2)
CYP1A2 (2H14)
CYP2C5 (1NR6)
CYP2C5 (1N6B)
CYP2C8 (1PQ2)
CYP2C9 (10G5)

CYP2C9 (1R90)

Solvent
Accessible

Surface Area

(A%
22053.5
22579.59
22191.83
21281.85
20566.95
21248.57
21292.09
21039.68

20944.57

2HI4

1.14

0

2.68

2.66

2.3
2
e

2.65

3.61

Homolog RMSD

Bond Angle

Stretching Bending

INR6 1IN6B 1PQ2 10G5 1R90 Energy® Energy®

1.04 0.98 - - - 592.35 1339.

1.76 1.71 2 195 25 1240.7 1265.38
- - - - - 211.67

1237.74 1159.08

0 651.64 981.66

0.655 0 747.85 1048.43

1.073 1.053 0 719.78 1064.78

1.451 1.327 0.995 0 927.7 1202.14

1.883 1.923 1.924 1.946 1073.85 1032.37

Torsional
Energy”

1189.99

1155.73

1445.361253.68

465.44

424.51

457.15

463.06

469.05

452.7

van der
Waals
Forceg

-163.79
-3201.38
-3275.55
-1989.26
-2048.59
-1847.57
-1774.86
-1826.72

-1916.06

4Data are specific to the energy calculations geedray the Tripo&" Force Field® Root Mean Squared Deviation (RMSD) is calculatednfthe @ backbone.

®Energy units in kcal.mdl

Total

Energy®

3889.08

1072.18

406.85

780.4

-135.64

270.61

354.74

676.83

560.6



Chapter 3: Comparative Modeling of CYP1A1

3.3.6 CYP1AL1 protein structure quality

Evaluation of the models for protein structure gyatlentified various anomalies in
the stereochemistry of CYP1A1-(2C5) with php) (@and psi () torsional angles
(dihedral angle betweep C'-N-C*-C' andy: N-C*-C'-N) from 26 residues (6.2%)
residing on the high energy plateau of the Ramastaanfp,y] plot and a further 75
residues (18%) in ‘additionally allowed’ regionsdétre 3.8a). The composite model,
CYP1A1-(HMM), showed improved stereochemistry wotily 14 residues (3.3%) in
unfavored regions and 84 residues (20.2%) in ‘aaithdly allowed’ regions (Figure
3.8b). These data suggest that a homology modedrgesd with a composite of
distally related homologs may bias the protein falda lesser extent than a single
poor homolog such as rabbit CYP2C5. As expected, dlosest homolog to
CYP1A1l, CYP1A2, gave near ideal stereochemicalityutdr the CYP1A1-(1A2)
homology model, with only three residues in gensipallowed/disallowed regions.
Moreover, 87.7% of all residues were positionedhi@ most favored valleys of the
Ramachandran Plot (Figure 3.8c). The stereocherdii@ obtained for CYP1ALl-
(1A2) resembles the stereochemical qualities oftatized human P450s (Figure
3.8d). Thus, the structural and physicochemicak datllectively identified the
CYP1A1-(1A2) homology model as the most chemicalgtid model to use in

automated molecular docking experiments.
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Figure 3.8 Ramachandran Plots for all CYP1A1 homolgy models and the
CYP1A2 crystal structure. (a) CYP1A1l-(2C5), k) CYP1Al-(HMM), and ¢
CYP1A1-(1A2) homology models.d( A Ramachandran Plot of crystallized
CYP1A2 (2HI4). Phi @) and psi ) torsional angles for all residues are displayed.
Red troughs correspond to the most favored steegoisttries witha-helicies@ = @

= -60°,3-sheetgp = -135° andp = 135°, and left-handed helicigs= 60° andp = 45°.
Glycine residues are not subject to steric con#sand are shown as triangles. The
ring constraints of proline results ip = -65°. Residues highlighted in red text
identify those positioned in either ‘generouslyualéd’ or ‘disallowed’ regions.
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3.3.7 The tertiary organization of human CYP1A1l

Detailed investigation of the CYP1A1-(1A2) homologydel revealed twelve-
helices and fivep3-sheets, designated A-L and 1-5, respectively. Tadditional
helices, B and K, are also present. Figure 3@wsha schematic representation of
the CYP1AL1 tertiary organization based on the CYRIPA2) homology model.
The tertiary structure of CYP1A1-(1A2) shows classemblance to crystallized
CYP1A2, with a RMSD of 1.14A (Table 3.5). The volemf the active-site cavity of
CYP1A1-(1A2) was calculated as 33941.0A grid resolution; SiteID™), slightly
less than that of the CYP1A2 crystal structure f893Like CYP1A2, the CYP1A1-
(1A2) homology model is devoid of the F* and &helices that usually disrupt the
F-G loop in many mammalian P450s. Compared to CYR1ilke CYP1A1l structure
varies in arrangement @fsheets at the C-terminus. The E-F loop is tigatet more
uniform in the CYP1A1 model leading into the F-Relfhe F-helix itself remains
intact at the anterior (unlike CYP1A2) and curveward to form, in part, the ceiling
of the active-site cavity. The G-helix extends afdidonal thirteen residues in
CYP1A2, implying greater flexibility in the G-H Ipoof CYP1Al based on the
CYP1AL1 structure. The H-1 loop of CYP1ALl protrudesre equatorially compared
to the axial (constricted) H-1 loop of CYP1A2. Moxeer, the additionaB-3 sheet

observed in the H-I loop of CYP1A2 is not appaierthe CYP1A1 structure.
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C-Terminus

——— e e
SRS3
B5-2
1 SRS2
e

SRS5 HEME SRS1

N-Terminus

Figure 3.9 Schematic representation of the secondaand tertiary organization

of CYP1A1-(1A2). a-Helices are displayed in blup;sheets in red, the main-chain
in black, substrate recognition regions in greerd the heme in yellow. Residues
defining each SRS are presented in Table 3.6.
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Table 3.6 Substrate recognition site residues thdbrm the active-site cavity of
human CYP1A1.

RESHNE Type® Strjftzcr)g Cll\?cr))t/if b SRS
1115 Nonpolar, aliphatic B'-C loop 1
M121 Polar, uncharged B'-C loop 1
S122 Polar, uncharged B'-C loop 1
F123 Aromatic B'-C loop 1
F224 Aromatic F-Helix 2
G225 Nonpolar, aliphatic F-Helix 2
F258 Aromatic G-Helix 3
Y259 Aromatic G-Helix 3
D313 Negatively charged I-helix 4
G316 Nonpolar, aliphatic I-helix 4
A317 Nonpolar, aliphatic I-helix 4
D320 Negatively charged I-helix 4
T321 Polar, uncharged I-helix 4
F381 Aromatic K-Helix/B2-3 loop 5
V382 Nonpolar, aliphatic K-Helix/[32-3 loop 5
1386 Nonpolar, aliphatic K-Helix/B2-3 loop 5
L496 Nonpolar, aliphatic  35-1/35-2 loop 6
T497 Polar, uncharged  [35-135-2 loop 6

2 Amino acid types are characterized by charge staeH 7.0.°See Figure 3.9 for schematic
representation of the secondary and tertiary straabrganization” Substrate recognition regions
adapted from those reported by Gotoh (1992).
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3.3.8 Automated docking of 7-ethoxyresofufin (Eres)

Using the CYP1A1-(1A2) homology model, Eres wasksakinto the protein active-
site using the automated docking software, FlexXHK®L7.3, Tripos ). The
binding mode of Eres was assisted by the inclusionirtual water molecules that
bridged interactions between the ligand and the gmcket targeted for docking.
Key residues involved in formation of the CYP1Aliae-site pocket are presented
in Table 3.6. The best-pose orientation placesadfearbon adjacent to the ether
oxygen of Eres at 4.4A from the heme iron at arlean§106.4° perpendicular to the
heme plane from the pyrrole nitrogen (Figure 3.10H)ese measurements are
similar to the geometries calculated for thé*F@-O-R intermediate using covalent
atomic radii and are comparable to the experimentditdh reported by Meunier, de
Visser and Shaik (2004), Ogliaro, de Visser andilSli2002), and Shaik et al.
(2005). Binding and orientation of Eres within thaive-site involves residues S120,
S122, F123, F224, F258, Y259, D313, T321, V382, 86, with all residues
positioned within a 3A radius from the substratég@Fe 3.10b). The hydroxyl
oxygen of S120 resides 3.4A from the carbonyl grdigtal to the catalytic site of
Eres. Although this distance is too great to hydrogond directly to the substrate, it
is likely a water bridge is utilized to stabilizeet substrate. Hydrogen bonding is,
however, observed from S122 to the oxazine ringgeryof Eres. An edge-to-face
aromatic interaction occurs between the centrakimearing of Eres and F123, in
addition to the parallel displaced aromatic intéoacs with F224, F258, and Y259
(Figure 3.10b). Each phenyl ring of this triadpissitioned at a mean distance of
4.60A from one another and would be expected tdritmrte to the binding of
polycyclic aromatic compounds in the CYP1Al actve. T321 and V382 are

positioned at the front of the active-site, stainlg the ethoxy group of Eres (Figure
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3.10b). TheB-branching of T321 and V382 restricts flexibility these residues to
that of the main-chain conformation. Thus, T321 ¥882 act as a ‘steric boundary’
for the substrate. Additionally, T321 has the &pilo form H-bonds with a variety of
polar substrates and may also interact with watgeaules in the active-site. Being
charged and polar, D313 is in close proximity te gartially positively charged C4
carbon of Eres positioned between the oxygen ob#eazine ring and the carbonyl
group distal to the catalytic site of Eres (FigBt&0b). This interaction may affect
the orientation of the substrate in the active-sitbe 3-branched residue 1386
additionally lies within 3A of Eres. Due to its iigconformation, 1386 may be
involved in both the recognition of hydrophobicdigls and, more importantly, in
reducing flexibility at the substrate access/aetite boundary (Figure 3.10b).
Closer inspection of the residues in the vicinifyi386 reveals a potential substrate
access channel primarily consisting of nonpolaphatic amino acids (Table 3.7).
The surface opening of the access channel is debgeesidues V228, N232, L240,
and N245 (Figure 3.11). The polar uncharged naitind232 may aid the orientation
of substrates for entry into the access channek Ghannel itself is arranged
primarily by residues which make up the F-G loogghveontributions from residues
located in the B -helix and the K-help2-3 loop. In contrast to the substrate access
channel, a proposed product egress channel almadtiserely exists of polar,
uncharged residues, signifying this is not an a#iBve access channel for highly
aromatic CYP1A1l substrates (Table 3.7). The egodssinel extends from the
active-site beneath the G-helix, running parabeihte terminal end of the I-helix and
is enclosed by the B"-helix/C-loop (Figure 3.11).cbntrast to lipophilic substrates
entering the access channel via the membrane atéatthsurface of CYP1A1l, the

egress channel would allow more polar metaboldegadily exit the active site into
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the cytoplasm. The surface opening of the egreaarai is defined by residues of
the B’-helix/C-loop clamping against the G- ancelites. R134 and R135 of the C-
helix flank M121 of the B -helix/C-loop and may beolved in a mechanism used
for gating or reducing elasticity of the productess channel at such times when the

protein exists in a closed conformation.

For comparative purposes, automated docking of s also performed with the
human CYP1A2 crystal structure. The active-sitadiess of CYP1Al (Table 3.6)
and CYP1A2 share 72.2% sequence identity, withetbfices occurring at M121
(L123 in CYP1A2), S122 (T124), G225 (V227), Y25241), and V382 (L382). As
with M121 of CYP1Al, L123 of CYP1A2 contributes nmmally to the binding of
Eres (Wade et al. 2004). However, like S122 of CXP1T124 in CYP1A2 forms
an H-bond with the oxazine ring oxygen of Eres. &82CYP1AL1, corresponding to
V227 in CYP1A2, resides at the distal end of théelx, the region of least
homology between the two enzymes. The F-helix irPCX1 is terminated by the
tight turn generated by G225, whereas this heliextended by a further residue in
CYP1A2. Replacement of Y259 in CYP1Al with L261 @YP1A2 marginally
increases the size of the active-site cavity araimedl/G-helix junction in the latter
enzyme. Compared to V382 in CYP1Al, L382 of CYPpA@trudes deeper into the
active-site toward the ethoxy substituent of bolErds. The V382L mutation in
CYP1Al has been shown to dramatically decrease ERCIYity by disrupting

alignment of the ethoxy substituent (Wade et ab40
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Figure 3.10 Orthogonal imaging of the key residuemvolved in formation of the
active-site pocket of CYP1Al with thea-carbon of the ethoxy substituent
positioned in the desired orientation for O-deethydtion. (a) substrate orientation
along the I-helix, (b) binding and orientation afeE within the active-site showing
the involvement of S120, S122, F123, F224, F258% D313, T321, V382, and
1386, with all residues positioned within a 3A naslfrom the substrate.
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Table 3.7Residues proposed to form the substrate access aegress channels in

CYP1Al.

Access
Channel

L109

T111

F113

E226

V227

V228

G229

S230

G231

N232

P233

A234

D235

L240

N245

Type®

Nonpolar,
aliphatic

Polar,
uncharged

Aromatic

Negatively
charged

Nonpolar,
aliphatic

Nonpolar,
aliphatic

Nonpolar,
aliphatic

Polar,
uncharged

Nonpolar,
aliphatic

Polar,
uncharged

Nonpolar,
aliphatic

Nonpolar,
aliphatic

Negatively
charged

Nonpolar,
aliphatic

Polar,

Secondary

Structure
Motif °

B1-3/B"-Helix

B'-Helix

B'-Helix

F-G loop

F-G loop

F-G loop

F-G loop

F-G loop

F-G loop

F-G loop

F-G loop

F-G loop

F-G loop

F-G loop

F-G loop

Egress

Channel

S116

N117

Q119

S120

Q263

N309

L312

Type?

Polar,
uncharged

Polar,
uncharged

Polar,
uncharged

Polar,
uncharged

Polar,
uncharged

Polar,
uncharged

Nonpolar,
aliphatic

Secondary
Structure
Motif

B'-Helix/C-
loop

B'-Helix/C-
loop

B'-Helix/C-
loop

B'-Helix/C-
loop

G-Helix

[-Helix

[-Helix
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Secondary Secondary

Access a Egress a

Channel Type Structure ol Type Structure
Motif Motif

uncharged

F251 Aromatic G-Helix

Nonpolar, K-Helix/B2-3

1386 aliphatic loop

Nonpolar, K-Helix/32-3

P387 aliphatic loop

2 Amino acid types are characterized as they woultlioat pH 7.0° See Figure 3.9 for schematic
representation of the secondary and tertiary straatrganization.
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Access chanmel Active-site Egress channel

Figure 3.11 Surface toplogy and secondary structureiews of the proposed
substrate access channel and product egress chann@&ater molecules (blue
spheres) flood the protein cavity occupying thesstabe access channel (red), active-
site (blue), and product egress channel (greenfirdihillic substrates enter the
CYP1Al active-site via the membrane attachmentoregdf the protein (N
terminal domain) with the more polar metabolitdeaeed into the cytoplasm via the

product egress channel.
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3.4 Discussion

Previously published homology models of CYP1Al shibve desired secondary
structure motifs characteristic of human P450s (sewannides & Parke 1994b;
Lewis, Lake & Dickins 2004; Szklarz & Paulsen 20032pwever, since most models
reflect the bacterial or rabbit homologs with whittey were modeled (<28%
homology), variance in the backbone and loop regigives rise to structural
distortions. Changes in secondary and tertiaryroegdion directly affect the active-
site architecture and may distort enzyme-substirateractions. Of the published
human CYP1Al1l homology models, only two were gemeraising mammalian
homologs, namely rabbit CYP2C5 (Lewis, loannidesP&ke 1994a; Szklarz &
Paulsen 2002). Generation of a chemically valid CXP homology model using
human P450 templates is required for predictingrdiele side-chain stereochemistry
and in-turn, bettern silico predictions of substrate binding and orientatidhis
thesis is the first to report a human CYP1A1l horgglmodel based on human data

at >80% sequence similarity.

The comparative modeling data presented here ddmates that the CYP1Al
homology model based on a composite of homologseha CYP2C5, CYP2CS,

and CYP2C9, resulted in a structurally and enecghyi superior CYP1Al

homology model (Figure 3.7; Table 3.5) comparethtd based on rabbit CYP2C5
alone. Thus, in the absence of crystallographia éata highly homologous protein,
the generation of a homology model using a comeasitdistally related proteins
appears more valid. Use of a profile HMM identifiE¥P1A2 and CYP2C8 as the
closest crystallized homologs to CYP1Al based ositjpm- and residue-specific
distributions. However, generation of a CYP1Al middased on CYP2C8 (1PQ2)

alone (data not shown), the closest CYP1A1 homd®g4% identity, 41.8%
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similarity) in the absence of the CYP1A2 crystatlqghic data, confirmed the
proposed ‘composite homology model theory’. Anaysi CYP1A1-(2C8) revealed
a reasonable model based on energetic considesatiom one that was disfavored
structurally based on stereochemistry, indeed nswethan the CYP1A1-(2C5)
homology model. The CYP1A1-(2C5) and CYP1Al-(HMMnhmology models also

displayed structural inaccuracies, particularly idBons in peptide bond planarity,
poor residue packing densities, and distortion€dintetrahedral angles. Although
these deviations occurred from SRS1 through SR&8; were not evident in the
crystallized homologs of the basic-set nor in tRéPCA1-(1A2) homology model.

Stereochemical analysis of the crystal structufegh® basic-set and all homology
models identified additional anomalies in the CYRIRC5) and CYP1A1l-(HMM)

structures (Figures 3.8a and 3.8b).

The CYP1A1-(1A2) homology model displayed 87.7%albfresidues with optimap
and Y torsional angles and therefore showed close tal idecondary structure
organization (Figure 3.8c). This result is compéedb the features of crystallized
P450s, for example: CYP1A2 (2HI4); 90.4% RamachandiCYP2C9 (1R90);
86.5%, CYP2C8 (1PQ2); 85.5%, and CYP2C5 (1NR6)9%®6.Based on structural
and energy data, CYP1A1-(1A2) is clearly the madidvmodel to use in automated
substrate docking experiments. It should be noltemyever, that the molecular
mechanics employed to predict the energies assdcigth the conformation of each
model was based on a data-set of discretely chystdlproteins. Importantly, the
absolute numerical value of each calculated endrgy no physical meaning
however, differences in energies between each nwitlgh this study are physically
meaningful, as are the comparisons of relative @egibetween the different crystal

structures.
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Detailed investigation of the CYP1Al1 homology modeVvealed a number of key
residues that were involved in the active-site pbcnd the substrate access and
egress channels (Tables 3.6 and 3.7). The largeiypolar substrate access channel
consists of residues that make up the F-G loop raednders inward toward the
active-site incorporating residues from the B’zhefind the K-helif32-3 loop
(Figure 3.11). Such regions are highly variablesaguence among all P450s and
highly variable in structure among the crystallizedteins. Despite variability in the
F-G loop regions of the different homology modetngrated (Figure 3.7), structural
similarities also exist between the CYP1Al-(1A2dadYP1Al-(HMM) models.
Not surprisingly, perturbations within the F-G lomggion would clearly have effects
on substrate access. Based iaonsilico predictions, the loop composition of the
CYP1A1-(1A2) model is ideal with respect to botdeschain stereochemistry and
secondary structure (Figure 3.8). The polar sutestgress channel is proposed to
extend from the active-site beneath the G-helixinnag parallel with the I-helix,
enclosed by the B’-helix/C-loop (Figure 3.11). Tpreposed substrate access and
egress channels of CYP1A1 show close resemblanbe fow2a and pw2c pathways
identified by Sudarko, Williams, and Wade in numerdacterial and mammalian
crystal structures (Schleinkofer et al. 2005; Watlal. 2004; Williams et al. 2000a).
Not surprisingly, the presence of such channelsvireconclusively determined if

proteins adopted a closed conformation.

Automatedin silico docking was used as a tool to identify key ressdimeolved in

the orientation and stabilization of Eres withie @YP1A1 active-site cavity (Figure
3.10). The most energetically favorable pose plabedcatalytica-carbon adjacent
to the ether oxygen of Eres at 4.4A from the henom,iat an angle of 106.4°

perpendicular to the planar heme (Figure 3.10).088122, F123, F224, F258,
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Y259, D313, T321, V382, and 1386 were all positidwethin 3A of the best posed

substrate molecule.

In summary, numerous computational techniques veenployed to generate the
chemically valid human CYP1Al homology model présdrhere. Such techniques
are dependant on the quality of the structural datdained from X-ray

crystallography and nuclear magnetic resonancetrgiseopy. A structure-based
approach (section 1.5.3.1) was then employed tatifyethe residues involved in the

binding and orientation of Eres in the CYP1Al aetsite.
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CHAPTER 4

EXPERIMENTAL VALIDATION OF THE
CYP1A1 HOMOLOGY MODEL

4.1 Introduction

An understanding of the structural organization ahdmical interactions between
P450 enzymes and their respective substrates adabifor characterizing structure-
activity relationships. The two major methods udedpredict the interactions
between enzymes and their substrates are: (i)datkeling, which utilizes statistical
correlations between molecular and structural deses, and (i) molecular
modeling approaches, which combine theilico analysis of substrate binding (via
docking) with protein modeling (Yu et al. 2006). tlre vast majority of cases, the
latter is used to predict the key residues involvesubstrate binding and orientation
in the enzyme active-site. Despite the availabititysite-directed mutagenesis as a
tool to investigate structure-activity relationshipf enzymes, not all molecular
modeling studies experimentally validate computalomodels. Chapter 3 of this
thesis described the energetically favorable bigdih Eres in the CYP1Al active-
site using molecular docking. Moreover, those nes#dinvolved in binding and
orientation of Eres were identified. However, thesilico docking of Eres does not
give rise to an estimate of binding affinity or gnm®e function, nor an estimate of

enzyme conformational change during binding ofdhiestrate.

To date, the analysis of mammalian structure-agtiwelationships has primarily
focused on the CYP2B, CYP2C, CYP2D, and CYP3A srbitfies (Domanski &

Halpert 2001). Mutagenesis is usually targeted radipted active-site residues
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whereby substitutions are made to the corresponalinigo acid of a closely related
enzyme or homolog. Substitution of amino acids his tway usually results in
alterations in substrate selectivity and/or catalgfficiency. Negishiet al. (1996)
addressed the functional flexibility of mammaliad5Ps by introducing certain
neutral amino acid substitutions and suggestedth®asize of the side-chain is the
most important descriptor of substrate selectiuitygreby outweighing other factors

such as polarity or charge (Negishi et al. 1996).

However, other factors often play a major part @tedmining the role of a side-
chain. For examplar-stacking and electrostatic interactions are atgcal. Haining

et al. (1999) investigated therstacking interactions of a substrate with specific
amino acids in the CYP2C9 active-site. A CYP2C9 blwgy model identified F110
and F114 as potential hydrophobic, aromatic aditeresidues which maygstack
with the phenyl ring of warfarin (Haining et al. 9%). To test this hypothesis
Haining et al. (1999) generated F110L, F110Y, and F114L mutahte F110Y
mutant did not express. However, F110L and Fl14ltamtuproteins were tested
with numerous substrates. The F110L mutant comglgtdisplayed modest changes
in kinetic parameters, independent of substrateerdstingly, the F114L mutant
exhibited significant changes in the metaboliteéosafor each warfarin enantiomer.
These data supported the hypothesis thatacking at F114 occurs with particular

aromatic substrates.

In structure-activity studies utilizing CYP3A4, tH210A mutant was shown to
exhibit marginally higher testosterone hydroxylasgivity compared to the wild-
type (Harlow & Halpert 1997). In comparison, a LElfhutant displayed a 2-fold
increase in testosterone hydroxylase activity (blar& Halpert 1998). Additionally,

studies conducted with CYP2B1 by Heal. (1992) revealed that substitutions to
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amino acids containing larger side-chains at théyrporphic Gly478 residue
affected the total androstenedione and testostdngdeoxylase activities (He et al.
1992). Surprisingly, however, testosterone metéboliormation dramatically
decreased with substitution to alanine, providingdence that minor spatial
reorganization of the void volume in the P450 aetite can dramatically affect

productive substrate orientation and potentiallysstate recognition.

Based on the above considerations, it appearsheatructural role each amino acid
plays in forming the substrate active-site is esakfor the productive orientation
and catalysis of P450 substrates. Changes in eitkerdue position, the
complementary and energetically favored fit to djaeent amino acid, or in residue

type, can alter substrate selectivity or enzymeadyigs.

Superposition of the CYP1Al homology model agaitist crystallized human
CYP1A2 structure reveals that all but five putataeive-site residues are highly
conserved (Figure 4.1). Table 4.1 lists the altern@sidues found at identical
locations within the CYP1A1 and CYP1A2 active-si{ese Table 3.6 for a full list
of CYP1Al active-site residues; section 3.3.7).hAitgh the number of different
active-site residues between CYP1Al and CYP1A®ws bs noted above, changes
in amino acid type and the relaxation of adjacengimboring structures must also be
taken into consideration. This is evident from therk of Liu et al. (2004) that
generated the five reciprocal mutants between CYIPdwd CYP1A2 (section 1.3.4).
Typically, residue substitutions dramatically reddc methoxyresorufin O-
deethylation (MROD) and EROD in both CYP1Al and AR (Liu et al. 2004).
Interestingly, the authors did not identify whidsidues confer substrate selectivity,
or which chemical interactions are critical for th@oductive alignment of

alkoxyresorufins in the CYP1A active-site.

139



Chapter 4: Validation of the Model

Inspection of the superimposed CYP1Al and CYPlAdcsires reveals a number
of homologous residues that neighbor the five a#ttr CYP1A2 residues discussed
above. Consideration of the spatial assembly oidues between CYP1Al and
CYP1A2 shows that homologous amino acids adoptdifft spatial coordinates.
Therefore, homologous amino acids located in idahtprimary sequence position
may be functionally dissimilar between proteinsrddted mutagenesis experiments
carried out in this chapter utilized mutants whietioduce residues with side-chains
of sizes and charges both similar and markedlerbfit from those of the wild-type
and, importantly, not corresponding to an alterrf2460. Substitutions of this type
should more accurately verify the roles of aminadscinvolved in CYP1Al
substrate orientation, selectivity, and catalydibus, the studies reported in this
chapter focused on confirming the predictivity bet'staticc CYP1A1l homology
model generated in Chapter 3, and were additioraittyed to define the critical
physicochemical properties responsible for the petide alignment and orientation

of substrates in the CYP1A1 active-site.
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Chapter 4: Validation of the Model

Table 4.1 Differing active-site residues of CYP1AAnd CYP1A2. All remaining
residues from SRS1 through SRS6 are conserved.

CYP1Al1 CYP1A2
Met121 Leul23
Serl2: Thrl24
Gly22t Val227
Tyr25¢ Leu26!
Val38Z Leu38:

The substrate chosen for structural validationhef CYP1A1 homology model was
7-ethoxyresorufin (Eres), the same compound usedhfelico docking experiments
(section 3.3.8). Eres is routinely used for deterng the contribution of CYP1A
enzymes during drug metabolism experiments in thesgnce of multiple P450
enzymes (Chang & Waxman; Hakkola et al. 1996; Nalkagt al. 2002; Shimada et
al. 2002). Furthermore, Eres is frequently emploged 'model’ CYP1A1 substrate
due to its relative selectivity for CYP1A1 over C¥A&2. This was the basis for the
use of Eres in molecular docking experiments, aod the characterization of
CYP1AL1 structure-activity relationships. The repdrapparenk,, values for EROD
catalyzed by cDNA-expressed human CYP1Al range foHi0.uM (Chang &
Waxman; Chun et al. 1997; Guo et al. 1994; Liule@03). However, few studies
have published kinetic plots of EROD by human CYRlAnd the Michaelis-

Menten equation has typically been uncritically émgpd for kinetic modeling.

The general aim of this chapter is to confirm thedgctivity of the CYP1Al

computational model generated in Chapter 3.
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Specific aims were to:

=

Heterologously co-express active CYP1Al and OxR.icoli.

2. Use directed mutagenesis to confirm the activetgsgdues involved in the

binding and orientation of substrates within theRIAL active-site.

3. Define the critical physicochemical properties esidues responsible for the

productive alignment and orientation of Eres in@é1A1 active-site.

4. Confirm the kinetic constants for 7-ethoxyresorufixdeethylation by

CYP1A1l.

4.2 Materials and methods

4.2.1 Targeted mutagenesis

4.2.1.1 Identification of 7-ethoxyresor ufin-binding residues for mutagenesis

A number of active-site mutations were requireccoofirm the predictivity of the
CYP1A1l computational model generated in Chapte®ites for mutagenesis were
determined based on their proximity to the dock&dcture of Eres generated
silico. This was achieved by identifying all residueshivita 3A radius of the docked
structure (section 3.3.8; Figure 3.10b) and comaiten of the nature of the side-
chain/substrate interaction. Of particular intengste the edge-to-face and parallel-
displaced aromatic interactions arising from aromamnino acids, and the hydrogen
bonding interactions from polar amino acids. Resglpotentially involved in the
activation of oxygen at the sixth coordination piosi of the heme were also
targeted. All substitutions were guided by constien of the importance of the
original side-chains functional group(s) and howeythcontribute to substrate

alignment, orientation, and enzyme activity.
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4.2.1.2 Generation of active-site mutants

The wild-type 16-CYP1A1 cDNA in pBluescript-1I-SK(+) was used a® ttemplate
for mutagenesis using the one-step site-directedl site-saturation mutagenesis
protocol described by Zheng, Baumann and Reymob@4(2(section 2.2.3). Primers
employed for mutagenesis are shown in Table 4.2alyanesis PCR conditions and
cycling parameters are described in sections 3238d 2.2.3.4, respectively. All
mutations were confirmed by DNA sequencing on sttands (ABI 3130-XL DNA

sequencer, Applied Biosystems, Victoria, Australia)

4.2.2 Protein expression and immunochemical deteoti

4.2.2.1 Co-expression of CYP1AL with OxR

The pBS-CYP1A1 wild-type, S122A, F123A, F224A, AY17T321G, and 1386G
constructs generated by mutagenesis were ligated tihre pCW ori(+) bacterial
expression plasmid usidgdel andXbal restriction sites (section 2.2.2.2). Individual
pCW constructs were transformed into OHZE. coli cells that were stably
transformed with the pACYC OmpA-rOxR construct. Apilin/chloramphenicol
selected colonies were screened for the correcdnpts by restriction enzyme
analysis. Cells were cultured and membrane frastisaparated as described in
sections 2.2.4.2 and 2.2.4.3, respectively. Thal tototein of membrane fractions
was determined by the method of Lovetyal. (1951) (section 2.2.4.4) and expressed
holo-enzyme was quantified by cytochrome P450 redutifference spectroscopy

(Omura & Sato 1964a; Omura & Sato 1964b) (sectidhds). OxR activity was
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determined using cytochroneeas an alternative electron acceptor using the adeth

outlined in section 2.2.4.6 (Yasukochi & Mastergap

4.2.2.2 Immunochemical detection of CYP1A1 wild-type and mutants

Equal amounts of total membrane protein (25u9) veetgected separately to SDS
PAGE (section 2.2.6.1). Separated proteins weaptilirearly transferred onto
nitrocellulose (section 2.2.6.2) and probed withti-aoman CYP1Al primary
antiserum (1:3000 dilution) and anti-rabbit IgG4@0Q0 dilution; H+L-HRP) as the
secondary antibody (Pierce Biotechnology, Inc., Kad, IL, USA), using
microsomes (25g) prepared from the liver of a non-smoker as aatieg control.
Membrane-bound peptides conjugated with HRP werdectkd by BM
Chemiluminescence (Roche Diagnostics, Mannheimm@ey) and subsequently

exposed to Omat auto-radiographic film (Kodak, Aalsd).
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Table 4.2 Primers used for site-directed mutagessis®®

(0]
CYP1A1l Primer Overlap AG of
Mutant (5' forward to 5' reverse) Heterodimerization
(kcal/mal)
5'CAGAGCATG CCCTTCAGCCCAGACTCTGG 3
S122A -36.3
3'GTCATTACCAGTCTCGTACCGGAAGTCG &
F123A 5GCATGTCC GCCAGCCCAGACTCTGGACC 3 40.7
3'CATTACCAGTCTCGTACAGGEGTCGGGTC 5! e
" 5'GAATAATAAT GCCGGGGAGGTGGTTGGETC 40.9
3'GGATCAGTTGGACTTATTATTASGCCCCTCC & e
5CTCTTTGGA TATGGGTTTGACACAGTCAC
A317Y -34.4
3'GCAGAACCTGGAGAAACCATACCCAAAC Y
321G 5GGTTTGAC GGAGTCACAACTGCTATCTGC 344
3'GGAGAAACCTCGACCCAAACTECAGTGTTG 5 ha
5'CCTTCACC GGCCCCCCACAGCACAACAAGAG
1386G -41.9

3'GAAGGAAGCAGGGGAAGTGGGGGGTGT 5

 Mutagenic nucleotides are highlighted in ré@vild-type CYP1A1 (Accession NM_000499) was usethasparent template to
generate all mutants.
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4.2.3 Enzyme kinetics and the derivation of kinetiparameters

4.2.3.1 Measurement of 7-ethoxyresorufin O-deethylase activity

EROD activity was determined in opaque glass tdie37°C in a total incubation
volume of 0.2mL. Incubation mixtures contained epressed CYP1A1l (0.1pmol)
and OxR (0.7 + 0.1pmol), NADPH generating systenmNL NADP*, 10mM
glucose-6-phosphate, 21U glucose-6-phosphate depgdase, 5mM MgG) and
Eres (0.05-3.AM) in phosphate buffer (0.1M, pH 7.4). Eres stockusons were
prepared in methanol such that the final conceaotratf solvent in incubations was
<1%. Dilutions of the Eres stock solutions were fcomed by HPLC to ensure
linearity; ¥ values were typically >0.999. Following a 5 mirefincubation at 37°C
in a shaking water bath, reactions were initiatad the addition of NADPH
generating system. Incubations were terminated a@min by the addition of 0.2mL
of methanol (4°C) containing the internal standdranethylumbelliferone (4-MU;
12mM; freshly prepared). Reaction mixtures werdesomixed, cooled on ice for 10
min, centrifuged (5000xg for 10min at 4°C), and an aliquot of the supemmata

fraction (15uL) injected onto the HPLC column.

4.2.3.2 Measurement of resorufin formation

Res was separated on an Ultrasphere C18 columnX2&66mm, pm; Beckman

Coulter, Fullerton, CA, USA) which was eluted w2OmM phosphate buffer (pH
6.8)/methanol/acetonitrile (AcN) (50:40:10) contam 0.02% triethylamine (TEA)

at a flow rate of 1.5mL/min. Res and 4-MU were morgd by fluorescence
detection at excitation and emission wavelength&3ff and 584nm, respectively.

The respective retention times of Res and 4-MU vie@enin and 2.9min. Unknown
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concentrations of Res were determined by referettcea calibration curve

constructed over the concentration range 0.012jo\.

4.2.3.3 Measurement of 7-ethoxyresorufin binding by equilibrium dialysis

To identify the possibility of non-specific bindingf Eres to protein in incubation
mixtures, the binding of Eres t8. coli membranes was measured by equilibrium
dialysis according to the method described by Mel.WMiners and Birkett (2000).
Equilibrium dialysis was performed in Teflon™ digsly cells (Dianorm G.
Maierhofer GmbH, Minchen, Germany) divided into te@mpartments (A and B)
with a 12.4 kDa cut-off dialysis cellulose membrgB8ema Aldrich; cat. # D9652).
One side of the dialysis cell was loaded with ausoh of Eres (0.05438M) in
phosphate buffer (1mL, 0.1M; pH 7.4) and dialyze@iast co-expressed CYP1Al
(0.1pmol) with OxR (0.7 £ 0.1pmol) suspended in gftwate buffer (ImL, 0.1M; pH
7.4). The dialysis cell assembly was incubated78C3n a rotating water bath (12
rpm) for 3hr. Each dialysis experiment had contasssisting of Erégbuffer® and
Eres + proteitVbuffe® at the highest Eres concentrationu to ensure
equilibrium was attained. A 0.2mL aliquot was remdvfrom both sides of the
dialysis cell and the protein precipitated by tleiton of 0.2mL of methanol (4°C)
(section 4.2.3.1). Dialysis samples were then woméxed, cooled on ice for 10min,
centrifuged (5000xg for 10min at 4°C), and an aliquot of the supemmateaction

(15pL) injected onto the HPLC column.
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4.2.3.4 Estimation of kinetic parameters for 7-ethoxyresor ufin metabolism

The rate of Res formation over a range of substateentrations (0.05-3u81) was
measured under the initial rate conditions giveseantion 4.2.3.1. Kinetic constants
(Km, Vmax, andKsj) for Res formation were derived from fitting eitltee Michaelis-
Menten (MM) equation (eq 4.1) or the substratebitlin (SI) equation (eq 4.2) to
the experimental data. Goodness of fit was assebsad the F-statistic, 95%

confidence intervals®walue, and standard error of the parameter fit.

MM equation:

V — V max[S] (4.1)

Km+[S]

wherev is the rate of reaction (rate of metabolite forma), Vinax is the maximal

velocity, [ is the substrate concentration, dfglis the Michaelis constant.

Sl equation:
V

V — max
Ty -
[S] Ks

wherev is the rate of reaction (rate of metabolite forma), Vinax is the maximal

velocity, [§ is the substrate concentration, alg is the constant describing the

substrate inhibition interaction.
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Statistical analysis (multivariate general lineamodal; Tukey post hoc) was
undertaken using SPSS version 12.0.1 (SPSS Incafgju, USA). Values d?<0.05

were considered significant.

4.3 Results

4.3.1 Directed mutagenesis of the putative activétes residues

In order to validate the homology model of CYP1Ad series of mutants were
constructed with single amino acid substitution§ap2, F123, F224, A317, T321,
and 1386. S122, F123, and F224 were all substititedalanine to truncate each
corresponding side-chain beyond thgd @tom. A317 was substituted for tyrosine to
sterically hinder the productive access of substratthe CYP1ALl catalytic site, and
T321 and 1386 were substituted with glycine in ertleremove the structural rigidity
associated with @ branching, thereby introducing flexibility in th@ain-chain
around each residue. It should also be noted hleab122A and T321G substitutions
resulted in decreased polarity at these positiovisije the F123A and F224A

mutations resulted in loss of aromaticity.

4.3.2 Heterologous expression of CYP1A1l wild-typend mutants

The CYP1A1l wild-type, and mutants S122A, F123A, #82A317Y, T321G and
I1386G, were individually co-expressed with OxR. Téwgression of holo-enzyme
achieved irkE. coli (>4 experiments), estimated from the carbon monodifference
spectrum, varied between wild-type CYP1Al and eaciiant. Mean expression of

the wild-type CYP1A1 construct containing theolléader sequence was 44.2pmol
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P450/mg protein. Except for a 2-fold increase iforenzyme for F224A (81.8pmol
P450/mg protein), expression of all mutants wenrgilar to, or lower than, that
obtained for the wild-type. The mean yield of F12&As 40pmol P450/mg protein,
while yields of S122A, T321G, and 1386G were 20,2, and 17.0pmol P450/mg
protein, respectively. No functional holo-enzyme swdetected for the A317Y
mutant. Levels of co-expressed OxR displayed redhtilittle variation between

wild-type and mutant enzyme expressions, with amgald of 201 (x50)pmol

reductase/mg protein (>20 experiments).

Despite differences in functional protein expressiwestern blotting showed that
total P450 expression (holo- and apo-enzyme) wassistent (Figure 4.2).
Interestingly, the CYP1Al immuno-reactive bandtfue A317Y mutant was similar
to that of the wild-type. This result confirms batie orientation and positional
organization of the I-helix relative to the hemedgicted by the CYP1A1 homology
model. Residue 317 protrudes into the active-diteva the parallel plane of the
heme. The unfavored A317Y substitution resultsasslof a productive substrate
binding mode due to steric hindrance (Figure 4S)milarly, steric interactions
between the A317Y mutant and the heme iron will eahgp competitive binding of
lone pair electron donors ¢Gor CO), resulting in the absence of reduced holo-
enzyme in the F&CO vs F&" difference spectra. e product was detected at
417nm, indicating that heme was present yet patytmis-incorporated in the

nascent active-site.
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Figure 4.2 Immunoblot of wild-type and mutant CYP1Al proteins showing
relative total (holo + apo) expression25ug of the indicated membrane preparations
were resolved by SDS-PAGH|otted to nitrocellulose, and probed with anti-
CYP1Al antiserum. CYP1A1-WTlgne 1), CYP1A1-S122A l@ne 2), CYP1A1l-
F123A (ane 3), CYP1A1-F224A fane 4), CYP1A1-A317Y (ane 5), CYP1A1l-
T321G (ane 6), CYP1A1-I1386G lane 7), and human liver microsomes; negative
control(lane 8). Immuno-reactive bands are present at 58kDa.

Figure 4.3 Steric hindrance arising from the A317Ymutation. The A317Y
residue (red) blocks productive access of the satesto the catalytic heme centre.
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4.3.3 Assay optimization and reproducibility

Linearity of Res formation, with respect to incubat time and P450 protein
concentration, was assessed using the wild-type 1@¥Pprotein. Holo-enzyme
concentration, determined by difference spectrogcdpection 2.2.4.5), and
incubation time varied from 0.1-0.75pmol CYP1A1l d@d0min, respectively. The
linearity of Res formation was investigated at tsutostrate concentrations, 0.05 and
3.0uM. Res formation was linear to 0.75pmol CYP1Al whbka incubation time
was held constant at 20min (Figure 4.4a). Simila@ROD activity was linear for
incubation times to 20min when CYP1Al concentratieas held constant (Figure
4.4b). Thus, the CYP1Al concentration (0.1pmol) amcubation time (10min)
utilized in incubations (section 4.2.3.1) ensunaitidl rate conditions, with substrate

utilization < 20%.

Overall within day assay reproducibility was aseddsy measuring Res formation in
eight separate incubations of the same batch afesgpd CYP1A1l. Coefficients of

variation were 6.1% and 3.8% for Eres concentratiai0.05 and 8M, respectively.
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Figure 4.4 Time and protein linearity of EROD activty. Linearity with respect to
(a) holo CYP1Al content and (b) incubation timesabstrate concentrations of
0.05uM (m) and 3uM (e).
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4.3.4 Nonspecific binding of 7-ethoxyresorufin t&. coli membranes

The non-specific binding of Eres . coli membrane proteins was negligible at
concentrations of 0.QM (3.2%), 0.uM (3.0%), and 3.AM (0.65%). Correction of

kinetic data for non-specific binding was not tHere required.

4.3.5 Effects of active-site mutations on CYP1Al @&thoxyresorufin

O-deethylase activity

4.3.5.1 7-ethoxyresorufin O-deethylase in vitro kinetic parameters

The importance of selected residues for the agtioft CYP1Al was analyzed by
deriving the kinetic parameters of both wild-typelanutant CYP1ALl proteins. The
kinetic parameters obtained for EROD with wild-tyged mutant CYP1A1 proteins
are summarized in Table 4.3. Wild-type CYP1Al ahd S§122A, F224A, and
T321G mutants all catalyzed Er@sdeethylation. In contrast, the F123A, A317Y,
and 1386G mutants lacked activity. With the exaapbf T321G (Michaelis-Menten
kinetics), the active mutants all exhibited kinsticharacteristic of substrate
inhibition and data were well modeled by the sudistinhibition equation (Figure
4.5). The kinetic parameters for Er@sdeethylation by wild-type CYP1AIV{ax
28.6 £+ 3.8pmol/min/pmol P450K,, 0.51 + 0.1uM) are in good agreement with
literature reports, although previous studies haemerally not acknowledged
substrate inhibition (Chun et al. 1997; Guo etl894; Liu et al. 2003). The S122A
substitution produced a 2-fold increasevifux (58 + 11pmol/min/pmol P450) and a
74% increase Ky, (0.9 £ 0.2uM), resulting in no significant change Mya/Kn
(P>0.05). The F224A and T321G mutations both de@e€V,.x by an order of

magnitude (2.5 0.7; 3.0+ 0.4pmol/min/pmol P450, respectively) compared tio-w
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type CYP1A1, but differed in terms of effect &i,; the F224A mutation decreased
Km by 75% (0.13t 0.0uM) whereas the T321G mutation had no significafeacf

on this parameteK, 0.67+ 0.06uM; P = 0.458).
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Table 4.3Kinetic Parameters for EROD activity by wild-typad mutant CYP1A%L

a a
Enzyme (pmol/mi\rllr/nsxmol P450) App?;rﬂ])t o Ksi (p|/mi>1//ToarXr<Ic<>|m P450)
wild-type® 28.6+ 3.8 0.51+0.10 2605 56
S122/ 58+ 11* 0.89+ 0.22* 1.6£0.2 65.1
F123A né na na na
F224/° 25+0.7* 0.13+ 0.01* 3.8£1.2 18.4*
A317Y na na na na
T321G 3.0+ 04* 0.67+£ 0.06 - 4.5*
1386G na na na na

3apparent, Vimays andKg values are given as mearSD of four experimentSRate data for EROD activities were best fitted iy $ubstrate inhibition modél321G was best
fitted to the Michaelis-Menten equatidimplies no detectable activity. *P<0.05 comparethe corresponding parameter for the wild-type CXP1
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Figure 4.5 Eadie-Hofstee plots for EROD by (a) wildype CYP1A1l, (b)

CYP1A1-S122A mutant, (c) CYP1A1-F224A mutant, andd) CYP1A1-T321G

mutant. Data points are the average of duplicate measursm&he solid lines
represent data model-fitted using the non-lineaveuitting program EnzFitter
(Biosoft, Cambridge, UK). Plots are representatiféour separate experiments.
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4.3.5.2 In silico enzyme-substrate interactions

Although substitution of S122 to an aliphatic ateni(S122A) eliminates the H-
bonding interaction between CYP1Al and Eres withia active-site (Figure 4.6b)
loss of the polar interaction at S122 appearsvoka H-bonding of the phenoxazine
carbonyl of Eres to Y259. Docking with the S122Atant shows formation of an
enhanced productive binding mode wheredhearbon adjacent to the ether oxygen
of Eres resides at 3.9A from the heme iron at ajleaof 133.4° perpendicular to the
planar heme. Structurally, the S122A mutation wedie CYP1A1 active-site cavity
at SRS1, thereby marginally increasing the actiteex®lume compared to the wild-
type (Figures 4.6a and b). In the F224A mutant3R&2 region of the active-site is
substantially enlarged with H-bonding again seeimfrS122 to the oxazine ring
oxygen of Eres (Figure 4.6c). The distance of dhearbon adjacent to the ether
oxygen of Eres was measured at 4.2A from the heore at an angle of 117.3°
perpendicular to the planar heme. Substitution aapT321 to an aliphatic, non-
polar glycine (T321G) removed the restricted seeoyndstructure generated Iy
branching of the threonine. The glycine introducedformational flexibility in the
I-helix, implementing a tighter turn at residue 3#ierefore increasing the active-
site volume at SRS4 (Figure 4.6d). Docking expentaeonducted with the T321G
mutant shows orientation of the productive bindmngde with H-bonding at S122 to
the oxazine ring oxygen of Eres (Figure 4.6d). Bhearbon adjacent to the ether
oxygen of Eres was positioned 3.6A from the henom iat an angle of 117.8°

perpendicular to the pyrrole nitrogen of the plamame.
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Figure 4.6 Enzyme-substrate interactions in wild-tpe and mutated CYP1A1l
enzymes with EROD activity. (a) CYP1A1l-WT, (b) CYP1A1l-S122A, (c)
CYP1A1-F224A, and (d) CYP1A1-T321G. Wild-type Enesse (yellow); mutant
residues and Eres pose (green).

4.3.6 Kinetic and structural analysis of 7-ethoxyrsorufin O-deethylase activity

Kinetic data for Res formation by the wild-type, 22A, and F224A were best
described by the substrate inhibition equation, rehg kinetic data for the T321G
mutant were best fit by the Michaelis-Menten equatfFigure 4.5). The observed
substrate inhibition is uncompetitive in form, snahibition occurs at high substrate

concentrations in the absence of a ‘true inhibitor’
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Due to the small, longitudinal shape of the CYPB&live-site cavity, in conjunction

with the electronically rich nature of Eres, it islikely inhibition occurs by

simultaneous binding of two (or more) substrate eooles at different sub-sites
(Figure 4.7). Indeed, attempted docking of a secsurastrate molecule within the
CYP1A1l active-site proved unsuccessful. Thus, ituMtoappear that substrate
inhibition arises from the binding of a second $tdie molecule outside of the
active-site. Docking experiments showed that poiteractions within the substrate
access channel, from T111, S230, and N232, propatential binding sites for a
second substrate molecule. Interestingtysilico data revealed that unproductive
binding of Eres in the CYP1Al active-site may arfsem substrate molecules
adopting a ‘reverse’ binding orientation. The ngammetrical nature of Eres, along
with product Res, allows ‘reverse’ binding to besegetically favorable. ‘Reverse’

binding is established by H-bonding of the ethoxygen of Eres to the Y259

residue (Figure 4.8).
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Figure 4.8 ‘Reverse’ binding of Eres in the CYP1AHRctive-site. The symmetrical
nature of Eres, allows ‘reverse’ binding to be geécally favorable whereby H-
bonding (blue dash) of the ethoxy oxygen occurt Wi259 (red).

A shift from substrate inhibition to Michaelis-Menmt kinetics was observed for the
T321G mutant (Table 4.3). Of the total number ofldiog poses returned for each
enzyme, the T321G mutant exhibited <5% of substmadéecules in the ‘reverse’

orientation. Enzymes which exhibited substrate hbitlon identified on average

38.8% of substrate molecules in the ‘reverse’ daton with the wild-type, S122A,
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and F224A enzymes highly ranking the reversely boEnes molecule (i.e. within

the top three poses). The mechanistic implicatadricese observations are unclear.

4.4 Discussion

Automatedin silico docking identified S122, F123, F224, A317, T324d 4386 as
key residues involved in the orientation and siz&iion of Eres within the CYP1A1
active-site cavity. These residues are represgntafiSRS 1, 2, 4, and 5 (Table 3.6;
section 3.3.7) and were targeted for structuressigtanalyses. In conjunction with
thein silico data, each residue within the subset was suleditwith different amino
acids in an attempt to identify the structural apldysicochemical properties
responsible for EROD activity. The altered ERODaist of each mutant was then
compared to that of wild-type CYP1Al in an attengptidentify structure-activity

relationships.

The F123A, A317Y, and 1386G mutants exhibited a plete lack of EROD activity
(Table 4.3) despite displaying expression levelapd- and holo-enzyme comparable
to that of the wild-type (Figure 4.2). This reswhas expected with the A317Y
mutant due to the steric bulkiness of the tyrosemdue protruding into the active-
site cavity (Figure 4.3), therefore hindering proike access of Eres to the heme
iron. Likewise, the lack of EROD activity with tH886G mutant was expected as a
result of increasing conformational flexibility tdfe K-helixf32-3 loop in addition to
altering the electrostatic environment about thendagrosthetic group. Moreover,
solvent effects and perturbation of the substrateess-channel may affect the
activity of this mutant. However, the complete ladsactivity observed with the

F123A mutant was unexpected. On closer inspectioe,geometrically preferred
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interactions between Eres and aromatic residueBirvithe CYP1Al active-site
identified o orbital attractions between the edge-face oriertanf F123 and the
oxazine ring of Eres. The-o attraction was clearly favored over the marginédlss
energetically favorable repulsion mrt face stacking electronic interactions (Hunter
& Sanders 1990), which could quite easily arisethia highly aromatic CYP1Al

active-site.

The phenylalanine positioned at residue 224 isuérfted by parallel displaced

o attractive forces and is part of a closely packetltof aromatic residues (F224,
F258, and Y259) forming, in part, the ceiling oBEtRYP1Al active-site (Figure
4.1b). These aromatic groups clearly aid the aligmnof planar aromatic substrates
via electrostatic and orbital interactions. Losghad aromaticity associated with the
F224A mutant was not sufficient to completely aBlolEROD activity and highlights
the contributions of other aromatic interaction®vided from F258 and Y259.
Substitution of F224 to alanine not only removed #romaticity but additionally
introduced a greater spatial void for Eres to da@nfor productive catalysi$hus,
despite an almost 4-fold increase in the apparemdiry affinity for the F224A
mutant (reflected b¥,), a significant reduction in EROD activit¥{a, resulted

due to less than optimal substrate alignment dveheme catalytic site (Table 4.3).

Based on docking experiments, the significant insEROD activity observed with

the T321G mutant was not caused by misalignmetiteoSubstrate (Figure 4.6d) and
is reflected in the binding affinity (measurediag being comparable to that of the
wild-type enzyme (Table 4.3). The decreas&in/Knm, by the T321G mutant arises
from the almost 10-fold decreaseVnax and is most likely due to the disruption of
either the axial water, positioned above the haaméhe water bound in the I-helix at

the so-called ‘proton transfer groove’. The watesleoules in question are well
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documented throughout the crystallographic litemaiChun et al. 1997; Ogliaro, de
Visser & Shaik 2002; Williams et al. 2003) and &mown to mediate proton
transport during catalysis via interactions at thighly conserved threonine
positioned at T321 in CYP1Al (Haines et al. 200lanva & Mazumdar 2006;
Meunier, de Visser & Shaik 2004; Otyepka et al. ZBhaik et al. 2005; Williams et
al. 2000a). The axial water molecule, which usuadlis as the sixth coordination site
of the octahedral heme Fe and is positioned betwbensubstrate and iron, is
potentially displaced in the T321G mutant. Moregveéisruption to the I-helix
architecture in the CYP1A1l model suggests thatwla¢er bound in the proton
transfer groove is the main cause of decreased ERSillity by the T321G mutant.
The T321G mutation further indicates that solvemeractions occur in the CYP1Al

active-site and are important in productive ERODvég.

Most surprising was the doubling of tMg.« (relative to wild-type) observed with
the S122A mutant (Table 4.3). Since numerous veesalare responsible for
conferring catalytic activity (e.g. substrate asgesubstrate orientation, enzyme-
substrate affinity, etc.), it is usually easier thsrupt substrate turnover via
mutagenesis than it is to enhance it. Removal efwell documented S122 polar
interaction (Otyepka et al. 2007; Schleinkofer le2Q05; Szklarz & Paulsen 2002)
with the S122A mutant was initially undertaken im attempt to introduce
‘sloppiness’ in the CYP1A1 active-site, with incsed K, and decreased substrate
turnover due to a less favored substrate oriemtatio actual fact, then vitro data
disprove the notion that the interaction with Sli22essential for binding and
aligning Eres for optimal catalytic turnover. Ttes$ of H-bonding of the oxazine
ring oxygen of Eres in the S122A mutant (Figurebd.ivoked a more productive

binding orientation with H-bonding of the phenoxeszicarbonyl of Eres to the Y259
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residue occurs. Docking data obtained with the 812itant revealed the angle of
the catalytica-carbon had increased to 133.4° compared to thaheofwild-type
(106.4°). Reorientation of the substrate in thisynea may facilitate product egress

without perturbing the productive catalytic positiof the ethoxy substituent.

500 -
= 400- ®
[1h]
£
= O ]
32’ 300 ®
&5
[T |
3 £ 200 /
U'Jo
£
£ 1004
0 ] 1 I I ] ]
0 1 2 3 4 5 6

Ethoxyresorufin (M)

Figure 4.9 Typical Michaelis-Menten plot publishedfor the metabolism of Eres
by recombinant CYP1A1.Taken from (Chun et al. 1997).

Most P450 catalyzed reactions are adequately destioy the Michaelis-Menten
equation, as were data obtained for the T321G mufaigure 4.5d). However,
kinetic analysis of EROD activity undertaken on thikd-type, S122A, and F224A
CYP1Al proteins clearly identified substrate inkidn as the preferred kinetic
model (Figures 4.5a, b, and c). All previous repart Res formation by CYP1Al
indicate Michaelis-Menten kinetics. However, indpats of published kinetic plots
clearly display characteristicsiggestive of substrate inhibition (Figure 4.9) (Chun et

al. 1997). It should be noted that the occurrerfdeyperbolic curves forced through
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non Michaelis-Menten kinetic data is not uncommonhe literature. In other cases
the paucity of data points precludes any meanirggidction of an alternative model
(Houston & Kenworthy 2000). The substrate inhibitidata observed with CYP1Al
draws parallels with data published by Lin et @0q1) for EresO-deethylation by
CYP1A2. The authors propose that substrate inbibitih most cases behaves as
partial inhibition, since inhibition does not appoh zero even at very high substrate
concentrations. The kinetic model for substrateibition (Figure 4.10) shows
formation of an unproductive SES inhibitory comptie to the binding of a second
substrate molecule to a second binding site. Howena# all proteins allow multiple
ligands to bind in a single active-site that proesotliirect hydrophobic interactions,
electrostatic effects, or H-bonding between eagand (Atkins 2005). In an attempt
to identify a second substrate binding site in CXPlexperiments were conducted
where an Eres molecule was docked in the actieeeawity of CYP1Al (in the
productive binding orientation) and docking of acaed Eres molecule was
attempted. The simultaneous binding of two Eresecules was not possible, which
is not surprising considering the narrow, longihalishape of the CYP1A1 active-
site cavity (Figure 4.7). However, polar interano8 within the substrate access
channel from T111, S230, and N232 were identifischatential Eres binding sites
which may be invoked in the reduction of substtateover at high concentrations.
Based on furthern silico data, the energetically favorable ‘reverse’ omion of
Eres (Figure 4.8) warrants comment. In this casandtion of the unproductive
substrate binding orientation appears plausibletduke symmetrical nature of Eres.
The concept of symmetrical substrates binding ‘ie\gerse’ orientation is not novel
with shifts in regioselectivity observed in the g@lwonidation of many

hydroxysteroids (Bowalgaha et al. 2007; Jin, Madken& Miners 1997).
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Chapter 4: Validation of the Model

Additionally, the more highly symmetrical productrgerated by CYP1A1 mediated
O-deethylation of Eres, Res, may behave as a rdlerisihibitor when present in the
reaction mixture, thus further complicating theosdiation of a single mechanism for

the observed substrate inhibition.

E+S<—ES—— P
+S
SES

Figure 4.10 Mechanism that produces substrate inhibon. Binding of a second
substrate molecule to the enzyme-substrate (ESpleonforms the unproductive
SES inhibitory complex. Modified from (Cornish-Bowsl 2004).

In summary, the predictivity of the CYP1Al compudgadl model generated in
Chapter 3 was confirmed using directed mutagenesiglentify the active-site

residues responsible for the orientation and stzabibn of Eres during productive
catalysis. The validation of the structural orgaitizn of CYP1A1l has contributed to
the understanding of Eres structure-activity relahips. The complete loss of
EROD activity observed with the F123A mutant highlis the importance of
aromatic interactions over hydrogen bonding froml32. Additionally, many P450
catalyzed reactions are adequately described ylesienzyme Michaelis-Menten
kinetics. However, kinetic analysis of the ERODiaty of the wild-type, S122A,

and F224A CYP1ALl proteins clearly identified sulggrinhibition as the preferred

kinetic model.
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CHAPTER 5

ENHANCED ACTIVATION OF THE
CHEMOTHERAPEUTIC AGENT DACARBAZINE

5.1 Introduction

Dacarbazine (5-(3,3-dimethyltriazen-1-yl)-1-imidéed-carboxamide; DTIC; NSC-
45388) is a triazene derivative of 5-diazoimidazblearboxamide (NSC-22420), an
intermediate compound made during the transformabio5-amino-1-imidazole-4-
carboxamide hydrochloride (AIC; NSC-113496) intoafzhypoxanthine (NSC-
22709) (Figure 5.1) (Luce et al. 1970). DTIC wastfsynthesized by (Shealy et al.
1961) and was investigated as a possible antit@gent due to its increased stability
in solution compared to the lead antitumor agentigzoimidazole-4-carboxamide

(Carter & Friedman 1972), which had shown actiaijainst numerous carcinomas.

During initial toxicological studies in dogs and nkeys, DTIC produced
myelosuppression, lymphoid depletion, and hepatid eenal toxicity. As in dogs
and monkeys, the major adverse effect of DTIC imans is myelosuppression.
Anemia also occurs in almost all patients but can rbild. Leukopenia and
thrombocytopenia occurs in 65-80% of all patieatsl] bone marrow biopsies show
a decrease in cellularity in patients with cytoperlo change in DTIC tolerance is

observed throughout treatment.
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5-amino-1-imidazole-4-carboxamide

(AIC)
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3-(3,3-dimethyltriazen-1-yl)-1-immdazole-4-carboxammde
(DTIC)
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I ]

8-azahypoxyzanthine

Figure 5.1 The chemical synthesis of DTICDTIC is a derivative of the intermediate produenhgrated in the transformation of
5-amino-1-imidazole-4-carboxamide (AIC) to 8-azatwyranthine.



Chapter 5: Enhanced Activation of DTIC

DTIC produces a considerable response in both satiwbrs and leukemias in rodent
models. However, DTIC activity in humans is modpstnarily due to the lower
activity of P450 enzymes responsible for its a¢ctoracompared to that observed in
rodents (Reid et al. 1999). Thus, in humans, DT$Cessentially restricted to
intracranial carcinoma, malignant melanoma, neastbina, soft tissue sarcoma,
Hodgkin's disease, and neuroendocrine tumors (B&ae4). DTIC is typically used
in a curative regimen with other chemotherapeutiends for the majority of
malignancies, however it is the most effective Enggent for the treatment of
malignant melanoma. DTIC produces a reasonableéuamdir response in patients
with melanoma (~19%) (Luce et al. 1970), but mdastak significantly higher in
male patients over the age of 65 years (Linos eR@D9). Treatment of Stage-I
melanoma has a good prognosis, although five yeatival rates in patients with
stage-1V disease remains poor at only 5-10%, widthierapies and chemotherapies
resulting in response rates of ~10%. During thet pasnty years, all phase-lll
clinical trials in metastatic melanoma includingothierapy and chemotherapy,
immunotherapy, and innovative drugs, have failedsbow improved responses

compared to DTIC (Erdmann 2010).

DTIC requires metabolic activation in order to b@eocytotoxic. When converted to
its active metabolite, DTIC induces apoptosis andagenicity via the formation of
O-alkylguanine-DNA adducts (Figure 5.2). The main abelic pathway involves-
hydroxylation of one of th&l-methyl residues by P450 enzymes to form the reacti
N-demethylated species, 5-(3-hydroxy-methyl-3-methgzen-1-yl)-imidazole-4-
carboxamide (HMMTIC). This metabolite is chemicallynstable, losing
formaldehyde to generate 5-(3-methyl-triazen-1iyl}dazole-4-carboxamide

(MTIC) (Rooseboom, Commandeur & Vermeulen 2004;a8anet al. 2004). Rapid
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Chapter 5: Enhanced Activation of DTIC

decomposition of MTIC vyields the major plasma andner metabolite 5-
aminoimidazole-4-carboxamide (AIC) and the reactivgpecies methane
diazohydroxide, which produces molecular nitrogad a methyl cation believed to

be the DNA-alkylating species (Meer et al. 1986).

N-Demethylation of DTIC is monitored by the formatiohAIC, the decomposition
product of the initial oxidative metabolite HMMTI@igure 5.2). P450-dependant
N-demethylation of DTIC, giving rise to the formatiai AIC, is confirmed by
observationsn vitro: (i) AIC formation is dependant on the presencehaf P450
generating system and (ii) AIC formation does notw in incubation mixtures

excluding P450 enzyme.
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H,N o HyM 0
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3-(3,3-dimethyltriazen- 1-y1)- 1 -imidazole- 3-{ 3-hydrozy-methyl-3-methyl-triazen- 1 -y13-
4-carbozamide (DTIC rmidazole-4-carbozamide (HWDWTIC
-HCHO
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S-arminoimidazole-4-carboxgamide (AIC)

Figure 5.2 Pathways of dacarbazine (DTIC) metabolm. Taken from Reickt al.
(1999).
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The only study to specifically investigate the roleCYP1Al in DTIC activation
was conducted by Reid et al. (1999). The authomortethat the DTICN-
demethylation pathway leading to MTIC formation wpasmarily catalyzed by
CYP1A1l, CYP1A2, and CYP2EL. The most potent inbisitof theN-demethylation
of DITC werea-naphthoflavone (CYP1A1l and CYP1A2), chlorzoxaz¢G¥P2E1
and possibly other P450’s), and disulfiram (predaantly CYP2E1). Concentration-
dependant inhibition by chlorzoxazone and disutfiravas observed over the range
of 20-20QuM, whereas inhibition bya-naphthoflavone was essentially complete
(>85%) at concentrations above |2, indicating a predominant role for the
CYP1A enzymes. Consistent with the predominant cdl€YP1A enzymes, DTIC
N-demethylation activity correlated significantly twviphenacetirO-deethylase and
caffeine N3-demethylase activity in microsomes from a parfehuman livers. In
contrast, the correlation between DTNEdemethylation and the CYP2E1 marker,
chlorzoxazone 7-hydroxylation, was not significa@TIC metabolism (200-
200QuM) by recombinant human CYP1Al and CYP1A2 gave eeBpe Kn (Vmay
values of 59AM (0.684nmol/min/mg protein) and 6™ (1.74nmol/min/mg
protein). Analysis of the CYP2EL1 kinetic data otlee same concentration range
suggested &, value greater than 2.8mM. Higher concentration®®fC were not
examined by Reidt al (1999) due to the limited aqueous solubility ofIDTHuman
CYP2C9, CYP2C19, CYP2D6, and CYP3A4 did not demateyDTIC (Reid et al.

1999).

Efforts to improve DTIC activation have focused thhe development of chemical
analogues that improve the delivery of the metlytatmetabolites responsible for
DNA alkylation. For example, the recent clinicalvdlopment of temozolomide

(Figure 5.3), an analogue of DTIC, was based on aegsumption that greater
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exposure to MTIC could be achieved by the chenhgdrolysis of temozolomide at
physiological pH, rather than by the hepatic/extepatic metabolism associated
with DTIC (Stevens et al. 1987). The disadvantagesaech a mechanism is
highlighted by the non-specific activation of teratmmide. The activated metabolite
requires transfer to the tumor site via the cirtarla system, resulting in systemic
exposure to the cytotoxic metabolites. Containntdnthe cytotoxic metabolites in
the tumor environment would clearly reduce the sslveeffects experienced during

conventional chemotherapy with DTIC.

Figure 5.3 Structure of temozolomide.

The gene directed enzyme prodrug therapy (GDEPpioagh, introduced in section
1.4.2, is currently being utilized in two clinicadals for the treatment of cancer.
Oxford BioMedica are developing an approach usingiract Moloney murine
leukaemia virus (MLV)-based vector for gene delywef human CYP2B6, termed
MetXia, in combination with orally administered déyphosphamide for the
treatment of solid tumors (Kan et al. 2001). In iddd, the Bavarian Nordic
Research Institute in Germany is currently condhgcticlinical trials using

encapsulated allogenic cells expressing rat CYPRBtellulose sulfate capsules
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followed by treatment with ifosfamide in patientsttwinoperable (stage IlI-1V)
pancreatic adenocarcinomas (Lohr et al. 2001).oAltin the results from preclinical
trials are encouraging with respect to the vectrd promoters utilized for gene
expression, improvements in the efficiency of therapeutic enzymes are required.
Only a handful of P450-based GDEPT strategies usiunmgan enzymes have been
published (Table 5.1). Interestingly, none of thetelies utilize therapeutic P450’s
with improved or enhanced prodrug activation. Femfore, only a handful of
studies have incorporated the co-expression oPdte0 redox partner, cytochrome
P450 oxidoreductase. There are, however, a numb@uldications which have
increased the catalytic efficiency of certain P45zymes with the aim to improve
the performance of P450-based GDEPT (Chen et &4;20ounaidi et al. 2006;
Kumar et al. 2005; Nguyen et al. 2008). Notably shadies with CYP1A1 or DTIC

have been performed.
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Table 5.1 P450-based GDEPT strategies using humametrapeutic enzymes.

Human P450 Prodrug Reference
CYP1A2 Paracetamol Thatcher et al. (2000)
Cvclonhosphamide/ Jounaidi & Waxman (2000,
CYP2B6 y ifoz ha‘r)ni o 2001); Kan et al. (2001);
P Schwartz & Waxman (2001)
Cyclophosphamide/ Jounaidi, Hecht & Waxman
Cypacs ifosphamide (1998)
CYP2C9 Cyclophosphamide/ Jounaidi, Hecht & Waxman
ifosphamide (1998); Zhou et al. (2000)
Cyclophosphamide/ Jounaidi, Hecht & Waxman
CYp2Cls ifosphamide (1998)
Cyclophosphamide/ Jounaidi, Hecht & Waxman
CYP2C19 ifosphamide (1998)
Cyclophosphamide/ Jounaidi, Hecht & Waxman
CYP3A4 ifosphamide (1998)

GDEPT potentially provides a clinically effectivp@oach to cancer therapy using
P450'’s for prodrug activation (El-Aneed 2004; Jatemet al. 2006; Kan, Kingsman
& Naylor 2002; McFadyen, Melvin & Murray 2004; Sgoture, Sparreboom & Figg
2005). However, since this approach requires thstesyic administration of the
prodrug, P450-based GDEPT would appear most effegthen catalytic efficiency
is high. Therefore, the general aim of this chaptas to structurally modify the
human CYP1Al enzyme to increase its catalytic ifficy (VmadKm) for N-

demethylation and subsequent activation of DTIC.
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Specific aims were to:

1. Conductin silico docking experiments to identify the critical amiagid
residues involved in the binding and orientatiorbdfiC within the CYP1Al

active-site.

2. Use directed mutagenesis to confirm the activetgsgdues involved in the

binding and orientation of DTIC within the CYP1Adtae-site.

3. Use the data obtained in (2) to generate mutartts aliered DTIC intrinsic

clearance.

4. Heterologously co-express high yields of mutant CXP proteins with OxR

in E. coli.

5. Characterize the kinetic parameters for D N&lemethylation by wild-type

and mutant CYP1A1 proteins, and CYP1AZ2.

6. Identify the structure-function relationships resgible for the enhanced

activation of DTIC by mutant CYP1A1 enzymes.

5.2 Materials and methods

5.2.1 Model generation

Homology models containing mutations were builthgsthe wild-type CYP1Al
homology model generated in Chapter 3 as the tamgection 3.3.4). Targeted
residues were mutateth silico, incorporating the desired amino acid. Each
substituted residue was energy minimized as a sulbgbe entire protein molecule
using the Powell conjugate gradient method with emergy cutoff set to

0.05kcal/mol.A. A ‘hot region’ of 6A surrounding ehsubstituted residue was
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established where the side-chains of all residuese vallowed to be minimized. A
further ‘intermediate region’ of 12A was generaténl set the minimization
environment without side-chain movement. Minimieatiby this method allows
changes in the energetic forces felt by residues e¢ither adjoin or neighbor the

substituted amino acid.

5.2.2 Automated substrate docking

Automated docking of DTIC utilized the wild-type ®YAl homology model
generated in Chapter 3 along with all mutant proteodels (section 5.2.1). Docking
was achieved using the FlexX docking suite (SYB¥, 7Tripos ; section 3.2.6).
Docking of the ligand was consensus scored (CSdmaegd on its interactions with
the protein and the key residues involved in bigdamd orientation of DTIC in the

protein active-site.

5.2.3 Targeted mutagenesis

5.2.3.1 Identification of DTIC-binding residues for mutagenesis

Active-site residues involved in the binding andeptation of DTIC were targeted
based on their proximity to the docked DTIC molecgéneratedh silico. Residues
within a 3A radius whose side-chain chemistry iatéed with the docked substrate
were considered for mutagenesis. In addition, vesidthought to affect the
electrostatic environment surrounding the heme réldectase binding domain, sites
of genetic polymorphism, and residues potentiafiyolved in the metabolism of

heterocyclic amines in rat CYP1A1l, were targetell sAbstitutions were guided by
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consideration of the importance of the side-chaimcfional group(s) and how they

contribute to substrate alignment, orientation, angyme function.

5.2.3.2 Generation of CYP1AL1 mutants

The wild-type 16-CYP1A1 cDNA in pBluescript-11-SK(+) was used a® ttemplate
for mutagenesis, as described in section 4.2.YithePs employed for generating 29
CYP1Al mutants are shown in Table 5.2, while mutages PCR conditions and
cycling parameters are described in sections 3238d 2.2.3.4, respectively. All
mutations were confirmed by DNA sequencing on sttands (ABI 3130-XL DNA

sequencer, Applied Biosystems, Victoria, Australia)

5.2.3.3 Construction of the CYP1A2 expression plasmid

Analogous to CYP1Al, the N-terminal membrane anobiomwild-type CYP1A2
cDNA (accession NM_000761) was replaced with a fiediisequence derived from
bovine CYP17A. Generation of the d-hydroxylase leader sequence in CYP1A2
followed the method described by (Polasek et al620Briefly, polymerase chain
reaction (PCR)-directed mutagenesis was used tetedelodons 3-10 using the
following primers: Sense, 5 T@ATATG GCTCTGTTATTAGCAGTTTTT
CTGTTCTGCCTGGTATTCTGGGTGC-3; antisense, S5MGCTT TCAATT
GATGGAGAAGCGCCGC-3. To facilitate directional ligah into the pCW ori(+)
expression plasmidydel andHindIll restriction sites (bold text) were incorporated
into the sense and antisense CYP1A2 oligonuclestidespectively. The 1515-bp

17a-CYP1A2 PCR products were digested wWiNtel andHindlll prior to ligation.

The pCW 16-CYP1A2 construct was transformed into DHE. coli cells (section
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2.2.2.3) and colonies screened for the desiredtimgerestriction enzyme analysis
(sections 2.2.2.5 and 2.2.2.6). ThendiZYP1A2 DNA sequence was confirmed on

both strands (ABI 3130-XL DNA sequencer; Applied o8ystems, Victoria,

Australia).
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Table 5.2 Primers used for site-directed mutagenesi®<

CYP1A1
Mutant

S116A

S122T

E161K

E166Q

V191M

N223E

V228T

E256K

Y259F

Primer Overlap
(5' forward to 5' reverse)

5'CCCTCATC GCTAATGGTCAGAGCATGTCC 3
3'GTGGAAGTGGGAGTAG CGATTACCAG 5
5'CAGAGCATG ACCTTCAGCCCAGACTCTGG 3

3'GTCATTACCAGTCTCGTAC  TGGAAGTCG 5
S'CCTCAACCTCCTGCTACCTGGAAAAGCATGTGAGCAAGGAGG 3
3'GGAGTTGGAGGACGATGGACCTTTCGTACACTCGTTCCTCC 5

5'GGAAGAGCATGTGAGCAAG CAGGCTGAGGTCCTGATAAGC 3

3'CCTTCTCGTACACTCGTTGTCCGACTCCAGGACTATTCG &'
S'CTTTAACCCCTACAGGTATGTG ATGGTATCAGTGACCAATG 3
3'GAAATTGGGGATGTCCATACAC TACCATAGTCACTGGTTAC &'
S'CCTGAATAAT GAGITCGGGGAGGTGGTTGGC 3
3'CGGATCAGTTGGACTTATTA CTCAAGCCCC 5’
5'GGGAGGTG ACTGGCTCTGGAAACCCAGC 3
3'CTTATTATTAAAGCCCCTCCAC TGACCGAGAC 5'
S'ACCTGAAT AAGAAGTTCTACAGCTTC 3

3'CGGAAGTTCCTGGACTTA  TTCTTCAAG 5'

S'GAAGTTCT TCAGCTTCATGCAGAAGATG 3

3'GGACTTACTCTTCAAGA AGTCGAAG 5'

AG° of Heterodimerization
(kcal/mal)

-34.98

-33.04

-83.02

-77.91

-72.08

-38.8

-35.08

-27.44

-26.91



CYP1A1
Mutant

N309T

L312F

D313A

D313N

G316V

A317G

D320A

T321P

T321S

V322A

Primer Overlap
(5' forward to 5' reverse)

S'GATCATTA CCATCGTCTTGGACCTCTTTGG 3
3'CAGTCTACTCTTCTAGTAAT GGTAGCAGAS
S'CATCGTCTT TGACCTCTTTGGAGCTGGG 3
3'CTAGTAATTGTAGCAGAA ACTGGAGAA &
S'CGTCTTGG CCCTCTTTGGAGCTGGGTTTGAC 3'
3'CTCTTCTAGTAATTGTAGCAGAAGGBGAGAAACC 5
S'GAAGATCATTAACATCGTCTTGRACCTCTTTGGAGCTGGG 3
3'CTTCTAGTAATTGTAGCAGAAC TGGAGAAACCTCGACCC &
S'CCTCTTTG TAGCTGGGTTTGACACAG 3'
3'GCAGAACCTGGAGAAAC ATCGACCC Y
S'CTTTGGAG GIGGGTTTGACACAGTC 3
3'GCAGAACCTGGAGAAACCTCCACCCAAAC &
S'CTGGGTTTG CCACAGTCACAACTGCTATCTC 3
3'CTGGAGAAACCTCGACCCAAAGGTGTCAGTG 5
S'CTGGGTTTGAC CCAGTCACAACTGCTATCTCC 3
3'CTGGAGAAACCTCGACCCAAACI&EI CAGTG 5
S'GGTTTGAC TCAGTCACAACTGCTATCTCC 3
3'GGAGAAACCTCGACCCAAACTEGTCAGTG 5
5'GACACAG CCACAACTGCTATCTCC 3
3'CTCGACCCAAACTGTGTC GGTGTTGAC &

AG° of Heterodimerization
(kcal/mal)

-28.5

-31.68

-38.06

-74.01

-30.42

-33.37

-36.15

-35.7

-26.11

-28.06



CYP1lAl Primer Overlap AG° of Heterodimerization
Mutant (5' forward to 5' reverse) (kcal/mal)

1386V S'CCTTCACC GICCCCCACAGCACAACAAG 3 -36.65

3'GGAAGCAGGGGAAGTGG CAGGGGGTG &

5'GCATGGGCAAGCGGAAGTGTCCGGTGAGACCATTGCCCG 3

1458P 3'CGTACCCGTTCGCCTTCACAGEGCCACTCTGGTAACGGGC 5' 89.94

5'GCATGGGCAAGCGGAAGTGEGICGGTGAGACCATTGLCCCGC 3

1458V 3'CGTACCCGTTCGCCTTCACACAGCCACTCTGGTAACGGGCG 5 -90.23

5'CGGAAGTGTATCGGTGAGAACATTGCCCGCTGGGAGGTC 3

T46IN (*4) 3'GCCTTCACATAGCCACTCT TGTAACGGGCGACCCTCCAG 5 -80.66

5'CGGAAGTGTATCGGTGAGACGI TGCCCGCTGGGAGGTC 3!

62V (*2) 3'GCCTTCACATAGCCACTCTGGAACGGGCGACCCTCCAG &' 83.31

5'GGGCTA TCCATGAAGCATGCCTGC 3

T497S -28.46
3'GGGGGTAGATACCCGAT AGGTACTTC S

4 Mutagenic nucleotides are highlighted in réWvild-type CYP1A1 (Accession NM_000499) was usedhasparent template to generate all mutah@®igonucleotides used
to generate S122A, F123A, F224A, A317Y, T321G, B8bG mutants can be seen in Table 4.2 (sectioi.2)2
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5.2.4 Protein preparation and quantification

5.2.4.1 Optimization of CYP1AL and OxR co-expression

The pCW 16-CYP1A1l wild-type cDNA'’s, all CYP1Al1l mutants (Tab&?2), and
the pCW 16-CYP1A2 wild-type were individually transformed cnDH5a E. coli
cells that were stably transformed with the pACYGn@A-rOxR construct.
Ampicillin/Chloramphenicol selected colonies wereregned for the correct
plasmids by restriction enzyme analysis (sectios2%5 and 2.2.2.6). Cells were
cultured using a modification of the method desalibn section 2.2.4.2. Briefly,
overnight cultures (5mL) grown in LB broth with amidin (100pug/mL) and
chloramphenicol (L0g/mL) at 37°C were used to inoculate 100mL cultuoés
Terrific broth containing 10@g/mL ampicillin, 1qug/mL chloramphenicol, and rare
elements solution (28M FeCk.6H,0O, 2uM ZnCl3.4H,0, 2.54M CaChk.6H,0, 2.5uM
NaM0oOs, 1.7uM CaCh.2H,0, 1.85iM CuCh, 2uM H3BOs, 3uM HCI). Cultures
were grown at 37°C with shaking (160 rpm) for 4h,uatil reaching an optical
density of 0.7 to 0.9 AU at 600nm. After coolinga6°C, cultures were induced with
isopropyl-1-thioB-D-galactopyranoside (IPTG; 1mM) adekminolevulinic acid &
ALA; 1.0mM) and then grown at 26°C with shaking @QI'®m) for an additional 64h
in <1% dissolved oxygen. Membrane fractions wepasged as described in section

2.2.4.3.

5.2.4.2 Quantification of holo-CYP1A1 and OxR proteins
The total protein content of wild-type and mutantembrane fractions was
determined by the method of Lowey al. (1951) (section 2.2.4.4). Expressed holo-

enzyme was quantified by cytochrome P450 reducdterednce spectroscopy
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(section 2.2.4.5). OxR activity was measured usiyigpchromec as the alternate

electron acceptor by the method outlined in seci@w.6.

5.2.5 Enzyme kinetics and the derivation of kinetiparameters

5.2.5.1 Measurement of DTIC N-demethylation activity

AIC formation was determined in opaque glass tuie37°C in a total incubation
volume of 0.2mL. Incubation mixtures contained epiessed CYP1A1l (5.0pmol)
and OxR (10 + 0.5pmol), NADPH generating systemNILMADP*, 10mM glucose-
6-phosphate, 21U glucose-6-phosphate dehydrogerasd) MgCh) and DTIC
(100-600QM) in phosphate buffer (0.1M, pH 7.4). Followindmin pre-incubation
at 37°C in a shaking water bath, reactions wetetad by the addition of NADPH
generating system. Incubations were terminated &@min by the addition of 2.0

of ice cold 70% perchloric acid. Reaction mixtuvesre vortex mixed, cooled on ice
for 10 min, centrifuged (500@xfor 10min at 4°C), and an aliquot of the supemiata

fraction (20uL) injected onto the HPLC column.

5.2.5.2 Estimation of kinetic parameters for DTIC metabolism

The rate of AIC formation over the range of sulisti@ncentrations (100-600®1)
was measured under the initial rate conditions rgivesection 5.2.5.1. The kinetic
constants Km, Vmax N, andSsg) for AIC formation were derived from fitting eithe
the Michaelis-Menten (MM) equation (eq 4.1; sect.3.4) or the Hill equation
(eq 5.1) to experimental data. Goodness of fit assessed from the F-statistic, 95%

confidence intervals?walue, and standard error of the parameter fit.
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Hill equation:
— V max[S]n
Sy + [S]"

(5.1)
where v is the rate of reaction (rate of metabdiiienation), Vinax is the maximal
velocity, Sis the substrate concentratidy is the substrate concentration a¥ 4

andn is the Hill coefficient.

Statistical analysis (multivariate general linearodal; Tukey post hoc) was
undertaken using PASW Statistics version 18.0 (SlR8Chicargo, USA). Data are
given as the mean = SD of four separate experimeitis values of P<0.05

considered significant.

5.2.6 Assay for DTICN-demethylation

5.2.6.1 Measurement of amino-imidazol e-carboxamide formation

AIC was separated using a Waters Nova™P@{8 column (150 x 3.9mm,uh;
Waters Corporation, MA, USA) consisting of mobildgse (A) 10mM heptane
sulfonic acid, 5% (v/v) acetonitrile (AcN), and @ol(v/v) TEA, adjusted to pH 3.0
with 85% orthophosphoric acid (filter sterilized48u) and mobile phase (B) AcN
(100%). The following mobile phase gradient wasdu® elute AIC: 100% A held
for 5.1min, then changed to 70% A/30% B over 0.7nand held for 0.1min,
followed by returning to 100% A over 0.1min and chdbr 5.1min. AIC was
monitored by UV detection at 267nm. The retentiametof AIC was 5.2min using a

mobile phase flow rate of 1.0mL/min. Unknown cortcations of AIC were
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determined by comparison of the peak area to &radilon curve constructed in the

concentration range 2.5 to 104.

DTIC stock solutions were prepared as a 1:1 mato of HCI in water. Dilutions
of the DTIC stock solutions were confirmed by HPtcCensure linearity;*rvalues
were >0.991. Samples were prepared by dilutin@@ Mith mobile phase and an
aliquot (4uL) injected onto the HPLC column. Thédwing isocratic mobile phase
was used to elute DTIC: 80% A and 20% B held oveim4 Elution was monitored
by UV detection at 267nm. The retention time of DWas 1.4min using a mobile

phase flow rate of 1.0mL/min.

5.3 Results

5.3.1 Automated docking of DTIC

5.3.1.1 Wild-type CYP1A1

Using the CYP1A1 homology model generated in Chra@pt®TIC was docked into
the protein active-site following the procedure lioed in section 3.2.6. The
energetically favored pose of DTIC places thearbon of the side-chaiN-methyl
at 5.6A from the heme iron at an angle of 105.3p@edicular to the heme plane
from the pyrrole nitrogen (Figure 5.4a). This measwent is dependant on free
rotation about théN-dimethyl side-chain of the triazene. Interestinghye angle of
DTIC in the CYP1ALl active-site is not dissimilar tikat of Eres (106.4°), but the
distance from thex-carbon of the catalytic methyl to the heme Fehsua 20%
greater than for Eres (4.4A). Figure 5.5 showsacegilling view of docked DTIC
overlaid with Eres. The overlay identifies that tbatalytic carbon targeted for

hydroxylation in DTIC resides further from the henagalytic Fe, compared to Eres.
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Binding and orientation of DTIC within the activeéesinvolves 1115, S120, S122,
F123, F224, F258, Y259, D313, G316, A317, 1386, 44@6, with all twelve
residues positioned within a 3A radius from DTIGg{fe 5.4b). The van der Waals
surface of the substrate identifies strong intépastwith S122, F123, D313, A317,
1386, Y259, and L496. In contrast to the dockedsEstructure, there are no
interactions with T321 or V382. H-bonding can ocbetween the hydroxy oxygen
of S122 and the triazene N6 nitrogen of DTIC. Hoarewased on the speciation of
DTIC at pH7.4, H-bonding at this location is unlkenless the active-site pH drops
below 4.0 during substrate binding or catalysisrtit@er H-bonding is observed
between the hydroxy hydrogen of Y259 and the N2matac nitrogen of the
imidazole ring. H-bonding at this location is lilggb occur in all substrate molecules
at physiological pH (Figure 5.6). Parallel displdc@romatic interactions are again
predominant with F224, F258, and Y259 (Figure 5.41bhe free rotation of thBl-
dimethyl substituent of DTIC appears to be dependarthe size of residues located
at positions 317 (I-helix; SRS 4) and 386 (K-hgiB43 loop; SRS5). Intriguingly,
residue 317 is the small nonpolar aliphatic alanamel residue 386 is thep€
branched nonpolar aliphatic isoleucine. These ®gidues constrain the width of the

catalytic region of the active-site to 5.4A.

190



Chapter 5: Enhanced Activation of DTIC

Figure 5.4 Orientation of DTIC in the CYP1Al activesite. Orthogonal image of

(a) thea-carbon of theN-dimethyl substituent positioned in the energelyctvored
orientation forN-demethylation, and (b) the key amino acids invdlirebinding and

orientation of DTIC.
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Figure 5.5 Overlay of docked DTIC and Eres(a) DTIC (yellow) superimposed
with Eres (green) in the CYP1ALl active-site. (ba&pfilling view of docked Eres
and DTIC in the CYP1A1 active-site.
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D313 is in close proximity to the aromatic nitrogdasest to the triazene substituent.
At pH7.4 this nitrogen is negatively charged in 98#®TIC molecules (Figure 5.6).
Thus, strong charge interactions contributed by DBty affect the orientation of

DTIC in the CYP1A1l active-site.

5.3.1.2 Mutant CYP1A1l enzymes

Structural models were built to assist interpretatof the differences observed in
catalytic efficiency. The CYP1Al mutants listedTiable 5.3 were generated based
on the criteria described in section 5.2.3.1. Theonale for each mutation is
summarized in Table 5.3 with reference to the imalgewing the docked DTIC

molecule relative to the wild-type docking pose.
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Table 5.3 CYP1A1 mutants generated to determine wbin residues affect DTIC catalytic efficiency.

DTIC Image

a -
Mutant | RMSD RENEElE Orientation® Reference
S116 forms part of the product egress channel sinddlose proximity to Y259 (2.5A). Substitutiom Ala will
S116A 0.1307  abolish the polarity at this position and enlarige product egress channel. S116 H-bonds to Q140 ifathe  95.2°; 6.2A 5.7i
egress-channel) which may additionally affect paidigress.

S122A 0.0287 gteemovmg the potential H-bonding interaction aides 122 may allow DTIC to move more freely in tHetive- 99.7° 5.5A 5 7ii
If H-bonding to DTIC is maintained the larger Thaynforce DTIC deeper into the active-site, clogethe o.

St2at 0.0408 heme Fe. Thr is the alternate residue found in GNP1 115.2° 4.3A 5.7

F123A 0.0739 | This substitution affected catalytic efficiencyEROD via areo orbital interaction. 114.6°; 4.8A 5.7iv
This mutation is known to affect reductase bindingCYP1A2. A triple mutant of E163K/V191M/K170Q in o.

E161K 0.0718 CYP1A2 caused a 5-fold increase i kompared to the wild-type with 7-methoxyresor#msubstrate. 126.3% 4.3A 5.1v

E166Q 0.0512 As for E161K. 105.3°; 5.0A 5.7vi

V191M 0.058 As for E161K. 106.8°; 4.9A 5.7vii

F224A 0.1327 This substitution reduced catalytic efficiency d2@D 3-fold due to itge1t interaction with the highly aromatic 106.0% 4.7A 5. 7viii
Substrate.

V228T 0.0978 Heterocyclic aromatic amine metabolism by rat CYR1i8 more efficient than with human CYP1A1. This 108.29: 5.8A 5 7ix

substitution is based on the rat sequence and ffext aubstrate access to the active-site via potaractions.

E256K 0.0680 As for V228T, except this mutation nadfgct aromatic interactions involving F258 and592 95.4°; 6.8A 5.7x



Mutant

Y259F

N309T

L312F

D313A

D313N

G316V

A317G

D320A

T321G

T321P

T321S

V322A

RMSD?#

0.1174

0.0631

0.0652

0.0434

0.0678
0.0449
0.0297
0.0693
0.0525
0.0728

0.0212

0.0441

DTIC

REEEE Orientation®
This substitution removes the H-bogdihility of Tyr but retains the aromaticity of shiesidue. 120.4°; 4.0A
As for V228T except this mutation nadfect product egress due to enhanced polar irteresc 102.8°; 5.7A
A ghange to Phe may alter the orientation of F256@ 4259 and subsequently affect aromatic stackinthé 92 20 6 5A
active-site. '
A change to Ala will remove the charge state asdediwith Asp. If D313 H-bonds to DTIC then the B3l 101.7° 4.5A

mutation should abolish this polar interaction.
N297 in CYP2A6 is critical for the metabolism oftmigen-containing compounds. This residue resides a

position 313 in CYP1Al. Removal of the charge iattion by substitution with Asn may improve DTIC 122.6°; 4.1A
substrate alignment.

An increase in side-chain volume manstrain DTIC in the CYP1ALl active-site. 132.694.

This substitution should increasevtiiame at the base of the active-site allowing DTiGre space to orientate. 111.7°; 4.5A

This charged residue of the I-helix may interadghwieighboring residues in the F-helix and &e1/5-2 loop 102.6° 5.2R
therefore impacting on the orientation of residweSRS2 and SRS6, respectively. R

This substitution should affect thgrahent of water in the active-site cavity above leme Fe. 124.5°; 3.8A
Residue 321 is located in the I-helix. A chang®tto should hinder DTIC activation by altering thectrostatic i
. - s : 113.8°; 4.3A
interactions contributed by the I-helix.
This mutation will remove thB-branching of Thr without affecting the alignmeffitwater in the active-site. 110.8°; 5.0A

This substitution has been shown t¢oeiase the M., for Eres, phenacetin, and MelQ metabolism by CYP1A  119.5° 4.5A

Image
Reference

5.7xi

5.7xii

5.7xiii

5.7xiv

5.7xv

5.7xvi

5.7xvii

5.7xviii

5.7xix

5.7xx

5.7xxi

5.7xxii



. DTI Im

Mutant RMSD? Rationale Wl b age
Orientation” Reference

1386G 0.0326 EROD ac_tivity was abolished by this mutation polgsiue to an increase in flexibility of the K-helg2-3 loop 115.5° 4.9A 5. 7xxiii

thus altering the environment about the heme.

This substitution should allow greater freedom atation for the side-chaiiN-dimethyl group of DTIC yet

o- H
maintain the3-branching and rigidity of the K-helig2-3 loop main-chain. 127.1°; 3.9A ST

1386V 0.0359

This residue is located in thg4-2/L-helix loop and neighbors the conserved Cyspoesible for heme
1458P 0.0362  incorporation at position 457. Substitution to prelwill maintainB-branching yet incorporate a turn into this 112.2°; 4.5A 5.7Xxv
loop. This may cause a shift in heme orientatiars thffecting substrate turnover.

As for 1458P, except substitution with Val shouldaintain the main-chain conformation but alter the

1458V 0.0505 electrostatic environment about the heme. 106.4% 4.8A 5o
T461N 0.0343 -Igr'}ilscn;létt?\}::t%;]SthS':()Pt E;eesneréri)r;r?éZ% of Caucas@n is termed CYP1A1*4. The affect of this mataton 105.3% 5.0A 5 7xxvii
UGV ooum I TG e 8 SN e o o e aparese, 220 o Afcan Amercans Thaoaeiaah  .poc
T497S 01016 A change to Ser at residue 497 should increasadtiee-site volume but retain the H-bonding neces$ar 123.49% 4.7A 5 7xxix

stabilization of the surrounding secondary struegur

2Root mean squared deviation (RMSD) is calculatethfthe @ backbone compared to that of the wild-type CYP1érhplate” DTIC orientation is based on the distance ofdhearbon targeted fdx-dealkylation from
the heme Fe and its angle relative to the planaehe
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Figure 5.7 Enzyme-substrate interactions generatesvith DTIC and each in
silico CYP1A1 mutant. Wild-type DTIC pose (yellow); mutant residues dndIC
pose (green). See Table 5.3 for the correspondiagée reference.
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5.3.2 Heterologous expression of CYP1Al, CYP1A1 nauits, and CYP1A2

Wild-type CYP1A1 and CYP1A2 and mutant CYP1A1l enegn(listed in Table 5.3)
were individually co-expressed with OxR. The expr@s of holo-enzyme achieved
in E. coli (>3 experiments), estimated from the carbon monoxiféerence
spectrum, varied between each enzyme. Mean expredata is given in Table 5.4.
Interestingly, expression of the wild-type CYP1Adnstruct yielded, on average,
141 (£8)pmol P450/mg protein using the optimizedthnd described in section
5.2.4.1. Thus, this method results in approximatB-fold higher expression of
holo-CYP1Al1 compared to the method described inti@ec4.2.2.1 and was
therefore utilized to express the P450 proteinsegerd in this Chapter. Both the
V191M and D320A CYP1lAl mutants yielded greater ttz20pmol P450/mg
protein with ~45% of all mutants yielding=100pmol P450/mg protein.
Approximately 20% of all mutants yieldecbOpmol P450/mg protein. Apart from
E166Q, those mutants that expressed less than 3@p4B0/mg protein affect direct
access to the heme prosthetic group. This resujtinthcate that the ‘rare elements
solution’ utilized in the expression of P450 prateisection 5.2.4.1) may enhance
expression yields by stabilizing the heme duringpiporation and folding iE. coli.
Levels of co-expressed OxR varied to a lesser éxteith a mean yield of 292

(x64)pmol reductase/mg protein (>60 experiments).
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Table 5.4 Holo-P450 yields for enzymes expressedigncoli.

Enzyme pmol P450/mg Proteirt Standard Deviation
CYP1A2 128 2
CYP1A1 141
S1164 10:
S1224 56 2
S1221 61 0.5
F123A 9 3
E161K 94 9
E166¢ 33 7
V191M 22¢ 9
F2245 54 12
v228T 95 11
E256K 11¢ 36
Y259F 11t 5
N309T 13z 2
L312F 11¢ 4
D313A 57 3
D313N 35 3
G316V 168 13
A317C 101 5
D320A 222
T321C 59
T321F 59 12
T321¢ 57
V322A 27
1386C 22
1386V 42 32
1458F 134 26
1458V 89 6
T461N 41 1
1462V 10¢ 4
T497¢ 84 5

*Expression yields are given as the mean + SEBadxperiments.
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5.3.3 Assay optimization and reproducibility

Linearity of AIC formation with respect to incubami time and P450 protein
concentration was assessed using the wild-type @YPdnd CYP1A2 proteins.
Holo-enzyme concentration, determined by differeswectroscopy (section 2.2.4.5),
and incubation time were varied from 10-60pmol ofFAAl1 and 30-120min,
respectively, and from 10-30pmol of CYP1A2 and P®ihin, respectively. The
linearity of AIC formation was investigated at twabstrate concentrations; 300
and 300QM for CYP1Al and 10AM and 300@M for CYP1A2. AIC formation
was linear to 40pmol CYP1A1 when the incubationetiwas held constant at 60min
(Figure 5.8a). Similarly, DTICN-demethylase activity was linear for incubation
times to 60min when the CYP1Al content was heldstant at 20pmol (Figure
5.8b). AIC formation was linear to 30pmol CYP1A2 avhthe incubation time was
held constant at 60min (Figure 5.8c), and lineadlMN-demethylase activity for
incubation times to 60min when the CYP1A2 concditnawas held constant at
10pmol (Figure 5.8d). Thus, the CYP1Al and CYP1Aacentration (5pmol) and
incubation time (60min) utilized in incubations ¢8en 5.2.5.1) ensured initial rate

conditions, with substrate utilization <10%.

Overall within day assay reproducibility was assdsky measuring AIC formation
in eight separate incubations of the same bataxpfessed CYP1Al and CYP1A2.
Coefficients of variation for CYP1Al were 3.6% ahd% for DTIC concentrations
of 250 and 3000M, respectively. Coefficients of variation for CYR2 were 3.9%

and 1.5% for DTIC concentrations of 250 and 3(MQrespectively.
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Figure 5.8 Time and protein linearity of CYP1Al and CYP1A2 DTIC N-
demethylase activity. Linearity with respect to (a) holo-CYP1Al conterfh)
CYP1AL1 incubation time at substrate concentratmm300uM (m) and 300QM (e),
(c) holo-CYP1A2 content, and (d) CYP1A2 incubatidime at substrate
concentrations of 1QM (A) and 300QM (@).

5.3.4 Effects of CYP1A1l mutations on DTIC activatin

All wild-type CYP1Al1l and CYP1A2, and mutant CYP1A&nzymes were
characterized for DTICN-demethylase activity to generate kinetic paranseter
Derived kinetic parameters are summarized in Talie With the exception of the
CYP1A1l 1386G mutant, all enzymes catalyzed D N&lemethylation. The wild-
type CYP1A2 and mutant CYP1Al enzymes S122A, S12RT66Q, D313A,
D313N, T321G, T321P, T321S, and T497S all displayedative cooperative

kinetics and data were modeled using the Hill eéguatVild-type CYP1Al and all
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remaining CYP1Al mutants displayed hyperbolic V/[8pts characteristic of
single-enzyme Michaelis-Menten kinetics and dataeweell described by the
Michaelis-Menten equation. Although full kinetic opd were generated for all
enzymes, only those that exhibited a significantiat®n in catalytic efficiency
compared to the wild-type CYP1A1l enzyme will becdssed. Noteworthy, the
enhanced catalytic efficiency of DTIN-demethylation obtained by the CYP1Al

E161K, E256K, and 1458V mutants was of great imgnace to this study.

Figure 5.9 shows representative Eadie-Hofstee ot TIC N-demethylation by
wild-type CYP1Al and CYP1A2, and mutant CYP1Al eneg E161K, V228T,
E256K, 1386V, 1458V, T461N, and 1462V. The kinet@rameters for DTION-
demethylation by wild-type CYP1AMNfax 28 + 4pmol/min/pmol P45, 408 + 43
uM) are in good agreement with the only other CYPIdeta available with this
substrate (CYP1AYnax 10.2 = 2. 1pmol/min/pmol P45&;, 595 + 111uM) (Reid et

al. 1999).
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Table 5.5 Derived kinetic parameters for DTIC N-demethylase activity by wild-type CYP1Al and CYP1A,

and mutant CYP1A1l

enzymes.
Vmax Km or SSO Vmax/Km . a0
Enzyme ) ) Hill Coefficient
(pmol/min/pmol P450) (M) (uL/min/pmol P450)

CYP1A2° 38+0.5 1502 + 30* - 0.70

CYP1A1? 28+¢ 408 + 4: 0.06¢ -
S116£ 26.7 412 0.06¢ -
S1224° 81.€ 32823: - 0.44
S1221° 23.2 113 - 0.70
F1234¢ 23.F 1836: 0.001 -
E161K? 30+5 249 + 2 0.12¢+ -
E166C° 34.€ 149: - 0.60
V191M 23 501 0.04¢ -
F2244 31.¢ 46€ 0.067 -
V228T2 32.4+1F 386+ 22 0.09( -
E256K? 29+3 238 + 3~ 0.127 -
Y259F 25.¢ 1082 0.02¢ -
N309T 33.¢ 532 0.06¢ -
L312F 32.7 77¢ 0.042 -
D313A° 40.4 1095 - 0.60
D313N° 26.F 2284¢ - 0.7¢




V max Km or Sso V max! Km . ..
Enzyme _ _ Hill Coefficient
(pmol/min/pmol P450) (UM) (UL/min/pmol P450)
G316V 19.7 6963 0.003 -
A317¢ 21.1 12207 0.001 -
D320A 18.2 1091 0.017 -
T321CP 8.7 1117 - 0.70
T321F" 23.1 254: - 0.7¢
T321¢P 56.€ 311¢ - 0.60
V322A 32.2 68C 0.047 -
1386C nd® nd nd nd
1386V 442 + 4* 765+ 3C* 0.0%8 -
1458F 33.1 587 0.05¢ -
1458V?2 22+ 4 183+ 61* 0.11¢& -
T461N 35+3 694+ 154* 0.05( -
1462V 24+5 502+ 52 0.04¢ -
T4975 126.4 112571 0.000 -

*Km and Vjax Values are given as the mean + SD of four experlisn‘éData from fitting with the Hill equatioriNo detectable activit;?.'l’ he kinetic model for these mutants
could not be characterized. *P<0.05 compared t@thheesponding parameter for the wild-type.
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Figure 5.9 Representative Eadie-Hofste plots for DIC N-demethylation. (a) wild-type CYP1A1l, (b) CYP1A1l-E161K, (c) CYP1AR28T,
(d) CYP1A1-E256K, (e) CYP1A1-1386V, (f) CYP1A1-1498(g) CYP1A1-T461N, (h) CYP1A1-1462V, and (i) witype CYP1A2.
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The kinetic parameters for DTIN-demethylation by wild-type CYP1A2/fax 38 +
0.5pmol/min/pmol P450$, 1502 + 3@uM, n = 0.70) differed from those published
by Reid et al. (1999) V¥max 13.8 + 2.4pmol/min/pmol P45y, 659 + 8§M).
However, Reidcet al. (1999) did not present kinetic plots for DTNEdemethylation
by CYP1A1 or CYP1A2, and hence the validity ofifigf their data to the Michaelis-

Menten equation cannot be assessed.

The majority of CYP1A1l mutant proteins exhibitedstantial decreases in catalytic
efficiency CLi) (Table 5.5). However, the E161K, E256K, and 1458\stitutions
all produced an approximate two-fold increase indbiig affinity (i.e. decrease in
Km) with no change iWna thereby doublingCLiy (P<0.05). The V228T mutant
exhibited an elevate¥,.x generating a 23% increase@h;y; for this mutant. There
were significant increases in boW,.x and K, of the 1386V mutant (P<0.05),
resulting in no overall change i@L;,; (P=0.872). Interestingly, the most common
polymorphic CYP1Al variants T461N (CYP1Al1l*4) and6®/ (CYP1lA1*2)
exhibited a decrease @@L of almost 30%, arising from an increaséVipux andK,

for T461N and an increase kg, for the 1462V mutant.

From the results obtained with the different CYPIAlitants, five double mutants
were constructed in an attempt to further enhaneeatalytic efficiency of DTIQN-
demethylation by CYP1A1l. As shown in Table 5.6,smgnificant increase €Ly
was obtained with the CYP1Al double mutants E25GKHK, E256K/V228T,
E256K/V322A, E256K/I1386V, or E256K/I458V, comparetb the wild-type

CYP1A1l enzyme.
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Table 5.6 Kinetic parameters of DTIC N-demethylation by CYP1Al double
mutants.

Enzyme _Vmax K VimaolK
(pmol/min/pmol P450) (UM) (UL/min/pmol P450)

CYP1Al 28+ 4 408 + 43 0.069
E256K/E161K 19.3 343 0.056
E256K/V228T 23.0 426 0.054
E256K/V322K 30.4 652 0.047
E256K/I386\} 45.1 767 0.059
E256K/1458\} 26.1 383 0.068

%K andVa values for double mutants were obtained in dufgicRate data for DTIG-demethylase
activities were model fitted using the Michaelis#en equation.

The molar ratio of P450:0xR in the microsomal meanies of vertebrate liver can
be as high as 20:1 (Estabrook et al. 1971). Astchiotesection 5.2.5.1, the P450:0xR
ratio for the wild-type CYP1Al was approximate21. The P450:0xR ratio for
wild-type CYP1A2 and all CYP1A1 mutants was in taage of 1:1.9 to 1:3.1 and as
such these ratios are unlikely to contribute to thiéerences seen in DTIQN-

demethylation activities.

5.3.5 Kinetic and structural analysis of DTIC actiation

Kinetic data for DTIC activation by the wild-typeY®1Al were best described by
the Michaelis-Menten equation, while data for wigpe CYP1A2 were best
described by the Hill equation (Figure 5.9). Thegateve cooperative kinetics
observed with the wild-type CYP1A2 enzyme is likewviseen with the CYP1A1l-

S122T mutant, a mutant that was generated to bePX22-like” (Table 5.5).
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Differences in the active-site residues between TAPand CYP1A2 are displayed
in Table 4.1 (section 4.1). The kinetic parametersDTIC N-demethylation by the
CYP1A1-S122T mutantMpmax 23.3pmol/min/pmol P450,5$1132uM, n = 0.70) are
reasonably similar to those documented for wildetypCYP1A2 ¥max
38pmol/min/pmol P450$50 1502uM, n = 0.70). Relative to CYP1A2, the decrease
in Vmax Observed for the CYP1A1-S122T mutant is most \ikdle to the mis-
alignment of DTIC in the CYP1A1l active-site genethby aromatic contributions
from Y259, which is substituted for leucine in CY&2L Confirmation of this
interaction is additionally seen in the CYP1A1-SA28utant, also well modeled by
the Hill equation (r = 0.996). Thus, the CYP1A1 residue located at tjuwsil22
(corresponding to residue 124 in CYP1A2) contribute the negative cooperativity
observed for DTION-demethylation by CYP1A2. The enzyme-substrateratteon
that leads to negative cooperativity is thus nqieshelant on polarity but appears to
rely on the terminal side-chain methyl which is exfitsin serine (see Appendix II).
The kinetic parameters displayed in Table 5.5 iflerihat, relative to wild-type
CYP1A1l, it is primarily the binding characteristiSg) of DTIC that are altered in
enzymes modeled by the Hill equation. Allosteridmarefore creates a decrease in
the hyperbolic nature of the V/[S] plots in thisseacausing negative homotropic
cooperativity of substrate binding (n<l1). In the EM1-S122T mutant, the
introduction of the methyl side-chain of threonisesufficient to alter the active-site
chemistry. Usually it is a ‘modifier molecule’ thelhanges the binding characteristics
of the enzyme for the substrate (Palmer 1981). Kewaen this case, it is the altered
chemistry of the active-site which has changed ldimeling characteristics of the

enzyme for the substrate in the absence of a tadifier.

212



Chapter 5: Enhanced Activation of DTIC

A switch to negative cooperative kinetics is alsersin the E166Q, D313A, D313N,
T321G, T321P, and T321S mutants. Residues 166 amdaB both in locations
involved in electron transfer to the heme catalggatre. The E166Q substitution is
located in the D-helix on the outer surface of C¥XRland may influence protein-
protein interactions between CYP1Al and OxR (FigGrg0a). Residue 321 is
located in the I-helix and aids the alignment otevan the ‘proton transfer groove’
(Figure 5.10b). In addition to the structural imfhces that affect efficient electron
transfer, it is likely a switch to negative coopesa kinetics occurs due to a substrate
dependant change in the redox potential of the heétr&hould be noted that, the
T321G mutant displayed shift to Michaelis-Mentemekics with Eres (section
4.3.5.1). Not surprisingly, the reactivity of DTIE-demethylation is dependant on
the charge state of the residue at 166 and alsend@pt on the polarity of the
residue at position 321 (Table 5.5). Relative ta#ier enzymes displaying negative
cooperative kinetics, the D313A and D313N substihg showed considerable
increases irssp. Replacement of one of the terminally charged exyg of aspartate
to an amino group had no effect on enzyme reagt{ftgure 5.10c). However, the
tightness of substrate binding was greatly redymédarily due to the charge states
of both DTIC and N313 at pH 7.4. Less of an eff@tiS; is seen with the alanine

mutant, which removes the strong charge interadigiween aspartate and DTIC.
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D-helix

I-helix

%

D313A

D313N /H

I-helix

Figure 5.10 Mutations that affect electron transferto the heme Fe(a) CYP1Al-

E166Q, (b) CYP1A1l-T321G/T321P/T321S, and (c) CYP-DQIL3A/D313N.

Mutant residues (green) are displayed relativeh® wild-type CYP1Al docked
DTIC molecule (yellow).
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5.4 Discussion

As a chemotherapeutic agent, DTIC has relativelgr pdinical activity in human
malignancies and results in numerous deleteriousrad effects. However, since its
approval by the FDA in May 1975, DTIC is still theost effective single agent used
when treating metastatic malignant melanoma andowsirsarcomas (Erdmann
2010). The pharmacology and pharmacokinetics ofD@te well understood, but
only a single study has investigated the metabolisthis compound by
cytochromes P450 (Reid et al. 1999). Given that®ndquires metabolic activation
by P450’s to become cytotoxic, an ideal opportusiists to enhance the activation
of DTIC using gene-based therapy. If the activawdrDTIC can be localized to a
specific tissue type, organ, or tumor environmémén in the presence of CYP1A
specific inhibitors, higher concentrations of tmert prodrug may be systemically
administered thereby alleviating prodrug activatiorihe liver and possible hepatic
toxicity. GDEPT appears to be a valid approachaocer therapy using the P450’s
for prodrug activation (El-Aneed 2004; Johannesalet2006; Kan, Kingsman &
Naylor 2002; McFadyen, Melvin & Murray 2004; Scupe, Sparreboom & Figg
2005). However, this strategy only appears valithd affinity between the prodrug
and the drug-activating enzyme is high (Iéi). The present study was therefore
undertaken to alter the catalytic efficiency of C¥H for the activation of DTIC by

utilizing the CYP1A1 homology model generated ira@ter 3.

The expression of CYP1ALl i&. coli is problematic due to low yields, normally 20-
25nmol P450/mg protein (Guo et al. 1994), compaoechost other P450’s (usually
200-700nmol P450/mg protein) (Gonzalez & Korzekv@®3; Jana & Deb 2005;

Johnson et al. 2005a; Polasek et al. 2004; Polesak 2006). As the vast majority

of mutations were generated in residues that mpkbeiCYP1ALl active-site, it was
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important to optimize the expression system to en&nough holo-enzyme was
produced for each kinetic study. Expression of wikl-type CYP1Al construct

yielded on average 141pmol P450/mg protein (Tab#, Swhich represents an
approximate 3.5-fold greater amount of holo-CYPld&dnpared to the expressions
undertaken in Chapter 4 (44pmol P450/mg protem}utn, this was almost double
that reported previously. All mutants expressedotesizyme in the range of 22-
225pmol P450/mg protein, with V191M and D320A CYHlmutants yielding

~220pmol P450/mg protein. Mutants that previousigressed poorly or displayed
no holo-enzyme were found to express levels grehter 50pmol P450/mg protein
using the method outlined in section 5.2.4.1. rkgéngly, the expression of
CYP1A2 (128pmol P450/mg protein) was roughly hddétt obtained using the
method outlined by Polasek et al. (2006), suggegdhat expression conditions were
optimized primarily for CYP1A1 protein folding. THevels of OxR obtained using
the optimized expression method shows no signific#iference in yield compared
to the method outlined in 4.2.2.1. Thus, the effgcthe ‘rare elements solution’ is
clearly P450 specific and potentially related tabdtzation of the heme prosthetic
group during incorporation and protein folding. fh@rmore, increased levels of
holo-enzyme obtained in expressions using low commagons of chloramphenicol
(used for clonal selection) identified that foldirgd nascent CYP1Al may be
inhibited by this antibiotic (Halpert, Miller & Geky 1985; Harnastai, Gilep &

Usanov 2006).

The narrow, elongated shape of the CYP1A1l actitee-glosed conformation)
allows DTIC to orientate in close proximity to S1EA23, D313, A317, 1386, Y259,
and L496 residuesn silico docking experiments identified that alternate aragid

substitutions clearly affect the binding and oraion of DTIC in the CYP1Al
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active-site (section 5.3.1.2). In the wild-type yme, DTIC places the-carbon of
the catalytic methyl at 5.6A from the heme iroraatangle of 105.3° perpendicular
to the heme plane with H-bonding predominantly deem Y259 to the N2 aromatic
nitrogen of the imidazole ring. Variations in theiemtation and intermolecular
bonding of DTIC are seen in all mutants (Table &igure 5.7). In addition to Y259,
H-bonding interactions of mutant enzymes utilizedidues at positions 122, 313,
and 316, and were clearly dependant on residue. typgerestingly, the energy
favored orientation of DTIC in the E256K mutantealed H-bonding not only from
the N2 nitrogen of the imidazole but also from Hi@ of the carboxamide to Y259.
The observed stronger intermolecular interactioy beassociated with the increase

in affinity (i.e. decreasel,; Table 5.5).

All enzymes catalyzed DTI®I-demethylation except for the 1386G mutant, despite
the presence of holo-P450. The lack of both D N&emethylation and Ere®-
deethylation (section 4.3.5.1) confirms earlierpscions of introduced flexibility in
the K-helixf32-3 loop that impacts on the substrate access ellaoctive-site
boundary. The CYP1A1 computational model identifiest F123 relaxes into a void
in the CYP1Al substrate access channel generatethdy386G mutant. The
aromatic side-chain of F123 pivots inwards towdrd heme prosthetic group by
25.4°. Although the distance between F123 and 189®e wild-type (3.1A) is the
same as that between F123 and G386 in the mutdsatfhie decrease in side-chain
size (-2.2 A) which results in constriction at tf@YP1A1 substrate access
channel/active-site boundary. Proline 387 is sirilaaffected by the glycine
substitution in the I386G mutant. Interestinglyolpre behaves like a [Ebranched
residue because its side-chain is connected tprthitein backbone. In this sense, the

proline at residue 387 can be considered chemiaglyosite to that of glycine
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(substituted at residue 386), thus disrupting thesgate-access channels main-chain
architecture. However, this disruption is clearlgt rsufficient to hinder heme

incorporation during protein folding or the acce$£Q,).

The kinetic parameters for DTIGI-demethylation by wild-type CYP1A1Vfax
28pmol/min/pmol P45, 408uM) and CYP1A2 Vmax 38pmol/min/pmol P4505;
1502uM, n = 0.70) were well described by the Michaelisiien and Hill equations,
respectively. In contrast to this thesis, the D N&lemethylation data reported by
Reidet al. (1999) were not critically model-fitted. The datiatained for CYP1A2 in
this study were additionally fit using the MichaeMenten equation givingmax =
27.85 = 0.5pmol/min/pmol P450 and, = 655 + 43IM. Interestingly, theKy, is in
close agreement to that described by Reid al. (1999) W¥max 13.8 =
2.4pmol/min/pmol P450K,, 659 + 8&iM). However, in this study, the Hill equation
was distinguished from the Michaelis-Menten equabyg use of the F-statistic, 95%
confidence interval,?r and standard error of the parameter fit valuesthermore,
the concentration range of DTIC used in experimgragformed by Reidkt al.
(1999) was limited to 200-20Q®1 due to the solubility of DTIC. However, this
problem was overcome in the current study, and d@enwider concentration range

(up to 600@M) was investigated.

DTIC N-demethylation by the CYP1Al E161K, E256K, and M5&utants
exhibited Michaelis-Menten kinetics (Figure 5.9)jthwdecreases K, that doubled
the catalytic efficiency (Table 5.5). By contra8kax values of the E161K, E256K,
and 1458V mutants were not significantly differeatthat of the wild-type CYP1A1
enzyme (P = 0.998, 1.000, and 0.348, respectividiple 5.5). The mechanism(s)

associated with the substrate binding affinity iedent for each of these ‘high-
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active’ mutants. The substitution of glutamate lf@ine generates a swap in charge-
state of the substituted amino acid (negative taitpe), with a change in
protonation at physiological pH (glutamate de-pnated, lysine protonated). It is
difficult to interpret the structure-activity reiabships in the E161K mutant from the
static CYP1A1 model due to the possible involvemeintytochrome P450 OxR.
However, it is well known that glutamate is fregtigmnvolved in the formation of
salt-bridges, where it pairs with a positively ded amino acid to create a
stabilizing hydrogen bondConversely, substitution to lysine disfavors thenfation
of salt-bridges with positively charged residueshaugh lysines may pair with a
negatively charged amino acid (e.g. aspartate)s,Tthe localized charge effects
seen with the E161K mutant may aid a more compleéangralignment of OxR via
intermolecular interactions between the two prateirhe CYP1A1 homology model
revealed that localized charge effects seen with ER56K substitution aids the
formation of H-bonding to D253, giving rise to a#d conformation of the main-
chain of the G-helix. Most evident is the modifioat in side-chain orientation for
F258 and Y259, which clearly impacts on substrigmenent in the CYP1A1 active-
site (Figure 5.11). Amino acid substitution in &8V CYP1Al mutant distinctly
affects the alignment of the heme prosthetic gr(ftigure 5.12). Importantly, &
branching is preserved thus maintaining the rigidfarmation of the34-2/L-helix

loop.
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Figure 5.11 Effects on side-chain orientation for E58 and Y259 in the E256K
CYP1Al1l mutant. The E256K substitution modifies the side-chain mia¢ion of

F258 and Y259 (green) which alters DTIC alignmeompared to the wild-type
CYP1A1l enzyme (yellow).
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Figure 5.12 Effects on heme electrostatics in the4%8V CYP1Al mutant.
Substitution to valine in the 1458V CYP1Al mutagfrden) maintains the main-
chain conformation yet alters the electrostaticimment about the heme prosthetic
group relative to the wild-type (yellow).
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Of the numerous genetic polymorphisms associatéld @¥P1A1 (section 1.3.5.2)
three show moderate frequencies in the general lpopo CYP1A1*2A (nl)
generated by the nucleotide change T3698C in tHiar&ing region; CYP1A1*2C
(m2) generated by the nucleotide change A2455G in(b& forming 1462V; and
CYP1A1*4 (m4) generated by the nucleotide change C2453A in(b& forming
T461N (Table 1.2). Interestingly, th@l genotype correlates with lung cancer
(Kawaijiri et al. 1990). Furthermore, studies in aagse populations revealed 97%
linkage of themd polymorphism to then2 genotype (pValm2 = 0.972; assuming
Hardy-Weinberg equilibrium), suggesting an increlasasceptibility to lung cancer
for carriers of the 1462V mutation (Hayashi et B991). However, studies in other
ethnic groups do not support the Japanese findi@gscorbi, Brockmoller & Roots
1996; Nebert, McKinnon & Puga 1996). Interestingtyyitro studies investigating
CYP1Al dependant EROD activity and the 3-hydroxglatof benzo(a)pyrene
showed no differences in kinetics between the 146\ wild-type enzymes
(Persson, Johansson & IngelmanSundberg 1997), ugithdlifferential metabolic
activation of 1B-estradiol and estrone was shown to be dependarf\dplAl
genotype (Kisselev et al. 2005). Thus, the infleen€ CYP1A1 polymorphism on
drug metabolism is substrate dependant. In Cautssihe 1462V and T461N
polymorphic variants are present in 2.67% and 2.95%e population, respectively

(Cascorbi, Brockmoller & Roots 1996).

To my knowledge, this is the first study to chaeaize the kinetics of DTION-
demethylation by the CYP1A1*2Cnmg; 1462V) and CYP1A1*4 rpd; T461N)
polymorphic variants. A decrease of approximaté$o3in catalytic efficiency was
observed for both mutants, most likely arising fraltered electrostatics around the

heme prosthetic group. Furthermore, a statisticsiliyificant increase iK,, was
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observed with the T461N mutant (P<0.05). Thus,epas$i with malignancies who
carry either polymorphism may not respond as weDTIC treatment compared to

those expressing the wild-type enzyme.

In summary, this work has demonstrated that E16B256K, and 1458V
substitutions in human CYP1Al can enhance actimatb the chemotherapeutic
agent DTIC via theN-demethylation pathway. Kinetic analysis of DTIN-
demethylation by CYP1Al1 and CYP1A2 revealed Miclsaklenten and negative
cooperative Hill kinetics, respectively. Combinatiof the kinetic analyses with the
in silico docking data has permitted interpretation of theucsure-activity

relationships of this enzyme-substrate pair.
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CHAPTER 6

CHEMOSENSITIVITY OF MAMMALIAN CELLS
TO DTIC ACTIVATION

6.1 Introduction

Metabolism by P450 enzymes modulates the activfityusnerous chemotherapeutic
agents (Table 6.1). The objective of current cartberapy is to eliminate both
primary tumors and metastases. However, in doingts@atment is additionally

associated with numerous toxicities due to systeaxposure to the active moiety.

Despite the availability of temozolomide, nitroseas, platinum analogs, and the
microtubular toxins, DTIC continues to be the s&ddof care for most patients with
metastatic melanoma (Bhatia, Tykodi & Thompson 2008apman et al. 1999;
Eggermont 2005). The recommended dosage and adiraiiua of DTIC treatment
is 150-200mg/rfiday i.v. for 5 days, or an alternate bolus i.v.seloof 800-
1000mg/m with doses repeated every 3-4 weeks (Baxter 200#8.adverse effects
associated with DTIC treatment begin 0.5-1h afw@miaistration, indicating that

toxic metabolites have readily entered the systemaulation by this time.

Interestingly, few studies report the distribut@mDTIC in humans (Alberts & Chen
1980; Breithaupt, Dammann & Aigner 1982; Loo et H68; Luce et al. 1970).
During isolated extremity perfusion experiments foe treatment of malignant
melanoma of the extremities, concentrations of Diié&@e been recorded from 150-
500ug/mL perfusate. However, no evidence of AIC formativas observed. Yet, in
isolated canine liver perfusion experiments, theat@ic conversion of DTIC to

AIC was well demonstrated (Breithaupt, Dammann &rfér 1982), as it is im
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vitro experiments with human liver microsomes (Long &ld@02001; Reid et al.
1999). Thus, the problem associated with prodrutyaon in humans is the high
level of P450's found in the liver (Code et al. T99 The microsomalN-
demethylation of DTIC in the liver is prominent sn~13% of total liver P450’s is
comprised of CYP1A2 (section 1.3.3). Low levels@YP1A1 mRNA have been
detected in human liver following induction by PAHhowever functional CYP1Al
protein has not been detected (section 1.3.5.1)s,Timvolvement of extra-hepatic
CYP1Al in the activation of DTIC is far more de$ia for increasing the
concentration of AIC in peripheral tissues. One w@yncrease the concentration of
AIC in peripheral tissues during treatment woulddenhance activation of DTIC in

these regions and, at the same time, inhibit aobnavithin the liver.

The E161K, E256K, and 1458V mutant CYP1A1l enzymescdbed in Chapter 5
display enhanced catalytic efficiency for DTNEdemethylation in isolateth vitro
incubations using bacterially expressed enzyme. sfish, these enzymes are
potential candidates for use in GDEPT for the trestt of malignancies. However,

further validation of their effectiveness in mammaaln vitro systems is required.

In order to validate the cytotoxic effect of eaclutamt, bioactivation needs to be
exhibited in a mammalian cell line lacking endogen@YP1A1l. In this Chapter, the
African Green Monkey kidney fibroblast cell line,0S-7, and the human skin
malignant melanoma cell line, SK-MEL-28, were enyeld to determine the
cytotoxicity and the kinetic parameters of DTIK-demethylation by wild-type

CYP1A1l and the E161K, E256K, and 1458V mutants.
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Table 6.1 Anticancer agents that are known substras of the cytochromes P450.

Anticancer Agents P450 Enzyme
bexarotene 2C9, 3A4
busulfar 3A4
cisplatir 2E1, 3A«
cyclophosphamic 2B6, 2C9, 3A
cytarabne 3A4
dacarbazin 1A1, 1A2, 2E:
docetaxe 1B1, 3A4, 3A!
doxorubicir 2D6, 3AL
erlotinib 1A1, 1A2, 3A¢
etoposid 1A2, 2E1, 3A4, 3A
exemestar 3A4
fluvestran 3A4
gefitinib 3A4
idarubicir 2D6, 2C¢
ifosfamide 2A6, 2B1, 2B6, 2C9, 2C18, 2C19, 3A4,5
imatinib 1A2, 2C9, 2C19, 2D6, 3¢
irinotecar 3A4, 3At
letrozole 2A6, 3A4
paclitaxe 2C8, 3A4, 3A!
procarbazin 1A, 2B
tamoxifer 1A1, 1A2, 1B1, 2B6, 2C9, 2C19, 2D6, 2E1, 3A4, 3A5
teniposid 3A4, 3AE
thiotep: 2B1, 2C1:
topoteca 3A4
toremifent 1A2, 3A4
tretinoir 2C8, 2C9, 2E, 3A
vinblastine 3A4
vincristine 3A4
vinorelbine 3A4
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Previous work conducted in this laboratory demaitstt the absence of endogenous
CYP1A1l in COS-7 cells (Tassaneeyakul et al. 1992 absence of CYP1ALl in
SK-MEL-28 cells was similarly demonstrated by Matiet al. (2001), who
characterized the P450 enzyme expression pattérals @0 NCI human tumor cell
lines. In addition to SK-MEL-28 cells, these authdested the human malignant
melanoma cell lines LOX-IMVI, M14, MALME-3M, SK-ME{2, SK-MEL-5,
UACC-62, and UACC-257. It was found that SK-MEL-2#lls have low 7-
ethoxycoumarinO-deethylase (7-ECOD) (~1pmol 7-HC/min.mg) and coumd-
hydroxylase (~0.4pmol 7-HC/min.mg) activities, stalpgial 7-benzyloxyresorufin
O-deethylase (7-BROD) activity (~40pmol resorufinfiamng), and undetectable 7-
EROD activity. These data indicate that SK-MEL-28Is lack CYP1 enzymes.
Interestingly, all melanoma cell lines displayegnsiicant EROD activity apart from
SK-MEL-28. Moreover, marginal OxR activity was obssl in SK-MEL-28 cells
(~0.003nmol OxR/mg protein) (Matias et al. 2001heTabsence of endogenous
CYP1Al in both COS-7 and SK-MEL-28 cells impliegsk cell lines are ideal for

use in cell sensitization assays using DTIC wittraowsfected CYP1A1 and OxR.

One of the major concerns with gene therapy appesaatilizing P450’s is the need
to cotransfect OxR. The addition of exogenous Ox® been shown to further
enhance the rate of intratumoral drug activatiamh&hnes et al. 2006), and has been
demonstrated in cell culture along with numerousnahtumor models (Jounaidi &
Waxman 2000). However, the cotransfection approachimited as transfected
tumor cells cannot be placed under selectiarvifo) to ensure the presence of both
constructs as they are vitro or in transplanted cell animal models. In mamnmalia
systems, this problem has been circumvented thraagtof internal ribosomal entry

site (IRES) sequences to enable bicistronic exmessof multiple
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transgenes. However, the success of IRES-basedeygmession in gene therapy is
limited, primarily due to the excessive size of {haycistronic vectors and their
notorious nonstoichiometric translation of the desiproteins (de Felipe et al. 2004;

Provost, Rhee & Leach 2007).

An alternative approach uses the replication meshamf positive-stranded RNA
viruses such as the picornaviruses; poliovirus #oat-and-mouth disease virus.
Picornaviruses encode all of their proteins withisingle ORF. In the case of the
foot-and-mouth disease virus, an 18 amino acid ‘Z&ptide directs peptide
separation for each self-processing polyproteinusThone way to generate
stoichiometric amounts of heteromultimeric proteimgo separate each gene in the
vector with a viral 2A or 2A-like peptide. 2A-likeequences are not proteolytic
elements or substrates for cellular proteinasee mechanism of 2A cleavage
occurs during translation where the 2A peptide egblg interacts with the exit
tunnel of the ribosome therefore ‘skipping’ synibesf a glycine-proline peptide
bond at the C-terminus of the 2A sequence (de &dipal. 2006; de Felipe et al.,
2004). The nascent protein is released from thesdime which can then resume
translation of the downstream sequences. Tabléi2the major viral 2A and 2A-

like sequences.

The level of uncleaved 2A products during translatis documented as ~10% (de
Felipe et al. 2006). Data reported by Hadstal. (2006) showed that addition of a
glycine-serine-glycine (GSG) linker to the N-termménof the 2A sequence reduced

the level of uncleaved 2A products during transiatio ~1% (Holst et al. 2006).
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Table 6.2 Viral 2A and 2A-like sequences used forskipping’ peptide bond
formation at the C-terminus of the 2A peptide.

Virus Virus Family Host 2A or 2A-like Sequence
foot-and-mouth Picornavirida mammals -PVKQLLNFDLLKLAGDVESNPG*P...
equine rhinitis A Picornavirida mammals -——-QCTNYALLKLAGDVESNPG*P...

porcine teschovirus-1Picornavirida mammals - ATNFSLLKQAGDVEENPG*P...

thosea asigna virus Tetraviridae  insects - EGRGSLLTCGDVEENPG*P...

*Site of peptide bond skip. Taken from (de Felip@le2006).

Lengleret al. (2005) were the first to employ the 2A sequencth Wi450’s, where
the 2A cleavage of CYP2B1 and different fluoresceads were used to track
expression levels in HEK293 cells (Lengler et &102). Moreover, 2A skipping has
been shown in retrovirus and adeno-associated geng therapy strategies for the
expression of reporter proteins in transient otlstecell lines and in animals
(Szymczak et al. 2004; Wargo et al. 2009; Yangl.e2@08). However, it has not
been used in GDEPT to express a P450 with its redotxwer. The use of expression
vectors containing the CYP1A1-2A-OxR ORF would deathe transfection of a
single small construct into COS-7 and SK-MEL-28 Ixcelwhereby a 1:1
stoichiometric amount of each protein is translatied addition, use of the 2A-
peptide would alleviate the transfection constmpiaced on gene therapy strategies

which require the independent co-expression of iplalviral vectors.
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The general aim of this Chapter is to undertaketiinand cell sensitization assays
using DTIC in COS-7 and SK-MEL-28 cell lines. Thkeigh active’ CYP1Al
enzymes described in Chapter 5 will be individuaignsfected into each cell line as
a single CYP1A1-2A-OxR ORF. Experiments will be artdken to determine if the

observed kinetic parameters of AIC formation cates with cell survival.
Specific aims of this Chapter were to:

1. Measure the rate of multiplication and growth of &® and SK-MEL-28

cells.

2. Generate the desired mutant expression constroctsining the CYP1Al-

2A-OxR motif and prepare stable cell lines in CO8d SK-MEL-28 cells.
3. Determine the CYP1A1:OxR expression ratio.

4. Characterize the kinetic parameters for D N&lemethylation by wild-type
and mutant CYP1Al proteins stably expressed in CCGfid SK-MEL-28

cells.

5. Use the sulphorhodamine B (SRB) assay to detectytmoxicity of SK-
MEL-28 cells transfected with wild-type CYP1Al a@Y¥P1A1 mutants with

enhanced catalytic efficiency.

6. Determine if the cytotoxic effect seen in (5) i¢astatic or cytocidal.
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6.2 Materials and methods

6.2.1 Cloning of viral-2A fusion constructs

Generation of the CYP1A1-2A-OxR ORF utilized cDNAceding the full length
CYP1A1l gene (GenBank Accession No. NM_000499) aedfull length OxR gene

(GenBank Accession No. NM_031576).

6.2.1.1 CYP1A1-2A-OxR primer design

The pEF-IRES(5) expression plasmid containing pbeeine teschovirus-1 viral-2A
cleavage sequence (2A) and the OxR CDS was achleyeested PCR. The pCW
ori(+) 170-CYP1Al (wild-type and mutants) and pACYC OmpA-rOXBNA
templates were used in conjunction with the oligiaotides listed in Table 6.3. All
oligonucleotides were synthesized by Sigma-GendsSigma-Aldrich; Sydney,

Australia) and purified by PAGE gel electrophoresis

6.2.1.2 Nested PCR conditions
All PCR reactions were carried out using the resctiomponents outlined in section

2.2.3.3.

6.2.1.3 Nested PCR cycling parameters

All reactions were carried out for a total of 35Ik®s using a RobocycféiGradient
96 PCR machine (Stratagene, CA, USA) thermal cy®ering the first cyclePfu
HS Ultra 1l Polymerase (Stratagene, CA, USA) wasvated by incubation at 95°C

for 2min. All subsequent cycles consisted of deradion of the template at 95°C for
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1min, primer annealing across a temperature grade#n56-67°C for 45sec,
polymerization and extension at 72°C for 2min, anthe final cycle, a conclusive
strand extension at 68°C for 5min. The productsaiobd from all annealing

temperatures were pooled.

6.2.1.4 Nested template construction

Generation of the linear CYP1A1-2A-OxR construcig(ffe 6.1) was achieved in
three stages. Stage 1 utilized the primer pairs Edt-2A/Rev_1A1-2A and
For_OxR-2A/Rev_OxR-2A with 1d-CYP1A1 (wild-type and mutants) and pACYC
OmpA-rOXR DNA templates, respectively. Products gyated from CYP1Al
templates (1589bp) were digested wKhol and BamHI restriction enzymes and
subsequently gel purified using the method outlimedsection 2.2.2.7. Stage 2
utilized the primer pair For_OxR-2A_2/Rev_OxR-2Athvithe gel purified OxR
product generated in stage 1 (2082bp). Finallygestd utilized the primer pair
For_OxR-2A_3/Rev_OxR-2A with the gel purified OxRoduct generated in stage 2
(2105pb) producing the linear 2A-OxR fragment (2330 The 2A-OxR fragment
and the pEF-IRES(5) expression plasmid were didestith BamHI and EcoRV
restriction sites (Figure 6.1), the fragment gelifpad, and subsequently ligated
using the method outlined in section 2.2.2.8. dwihg transformation and plasmid
amplification (sections 2.2.2.3, 2.2.2.4, and 23),2the purified and digested
cDNA’s encoding the CYP1Al wild-type and E161K, BR5 1386V, T461N,
1462V, and 1458V CYP1Al mutants were shuttled inb@ pEF-IRES 2A-OxR
construct utilizing Xhol andBamHI restriction sites, thus generating the pEF-IRES
CYP1A1-2A-OxR expression plasmids (Figure 6.2ah atldition, the full-length

CYP1A1-2A-OxR inserts (wild-type and mutants) frone pEF-IRES CYP1A1-2A-
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OxR constructs were digested wikhol andEcoRV (blunt), ligated into the pCl-neo
mammalian expression plasmid digested witiol and Smal (blunt), forming the
pCl-neo CYP1A1-2A-OxR expression plasmids (Figurgbh All constructs were
confirmed by DNA sequencing on both strands (ABBGXL DNA sequencer,

Applied Biosystems, Victoria, Australia).

6.2.2 Tissue culture

6.2.2.1 Cdll lines

COS-7 and SK-MEL-28 cell lines were used for thebkt expression of CYP1A1l-
2A-OxR wild-type and mutant proteins. The COS-1 lieé (Figure 6.3a) originates
from the CV-1 cell line from the kidney of an Afac green monkeyQer copithecus
aethiops) and was developed via transformation with anioradgfective mutant of
SV40 that codes for the wild-type virus T-antige&TCC cat. no. CRL-1651). COS-
7 cells display adherent fibroblast morphology. Tinenan malignant skin melanoma
cell line SK-MEL-28 (Figure 6.3b) is a monoclonaintinuous culture obtained from
a 51 year old male human (ATCC cat. no. HTB-72).-NEL-28 cells display

polygonal morphology and are tumorigenic in nudeani
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Table 6.3 Primers used for generating the CYP1A1-QR viral-2A constructs by nested PCR.

Primer Name

For 1A1-2A
Rev_1A1-2A
Rev_1A1-2A-OXR
For_ OXR-2A
For_OXR-2A_2
For OXR-2A 3

Rev_OXR-2A

Oligonucleotide sequence (5' to 3')

AACCGCTCGAGCGGACCGGTGCCGCCACCATGCTTTTCCCAATCTCCATG
GCTAAAGTTGGTCGCGCCGGATCCAGAGCGCAGCTGCATTTGGAAGTGC
GGTTTTCTTCCACATCGCCCGCCTGTTTCAGCAGGCTAAAGTTGGTCGCG

ATGTGGAAGAAAACCCGGGCCCGATGGGGGACTCTCACGAAGACACCAG
TAGCCTGCTGAAACAGGCGGGCGATGTGGAAGAAAACC
GCTCTGGATCCGGCGCGACCAACTTTAGCCTGCTGAAACA

TTAGCGATATCGCACTAGTCTACTAGCTCCACACATCTAGTGAGTAGCGG



For 1A1-2A

Kozac sequence
Agel (16)
Ahol(T)

For OXR-2A
2A cut-site

For OXR-2A 2

2A cleavage sequence

For OXR-2A 3

CYP1A1

BamHI (1567)
Rev 1A1-2A

EcoRI(1465)

Sacl (2372)
OXR
/

Apall(3037)
Norl (3144)
Kpnl (3160)
Nhel (3366)
Rev OXR-2A
Spel (3673)
EcoRV (3683)

Figure 6.1 Linear CYP1A1-2A-OxR ORF constructed usig nested PCR.Oligonucleotides used in nested PCR
(blue), CYP1A1l and OxR CDS (green arrows), viral<d@avage sequence (orange), and unique restrietipypme sites

(red).
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pEF-1a
Asel (8276) = Intron

Amp / Vol (1428)

'\"f Kozac sequence

N

IRES CYP1A1-V2A-OXR(+) (WT) -r"

f1 ori 9350 | I CYP1A1
2300 op
SV 40/PA \ ; [0l
Hpal (6554) ! \-Li FeaRl (2886)
Not1 (6371) f}\ /t BanrHI (2988)
pac \/\\ V4 2A cut-sile
Sall (5826) \.‘*'_\, _,-"f.- &
o ‘%‘a_ o .\J';/“
IRES = —‘ OXR
FEeoRV (5108)
Spel (5094)

B CMV Enhancer
Belll (9112) Nelel (388)

SnaBI(494)
B 3 CMV Promoter
AmpR ,Z:%:’E%&&M Chimeric Intron
- iy L

& i ; Xhol (1092)

b dgel (1101}
Kozac sequence
Synthetic PolyA T7
o - s

~pCl-neo CYP1A1-V2A-OXR(#) (WT) o

911¢ bp

EcoRl (2550)

NeoR 2A cut-site
SV40 ori j ,
SV40 Enhancer/Promoter
Phage f1 2
Hpal (4942) OXR
SV40 (polyA)
T3

Figure 6.2 Mammalian expression constructs containg the CYP1A1-2A-OxR
ORF. (a) The pEF-IRES CYP1A1-2A-OxR expression constuiidizing puromycin
resistance (pac) and (b) the pCl-neo CYP1A1-2A-@xRBression construct requires
selection with G418 (geneticin; NeoR).
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6.2.2.2 Conditioned media

All cells were cultured in sterile tissue cultutasks (non-pyrogenic) in Dulbecco’s
Modified Eagle Medium (DMEM) (high glucose/L-glutamine/pyroxidine
hydrochloride; Invitroge®), penicillin/streptomycin solutionGIBCG®, penicillin G
+5000 Units/mL, streptomycin sulphate +50@0mL), 1% (v/v) MEM non-essential
amino acids (100x solutiomvitrogerf’), and 1% (v/v) MEM sodium pyruvate (100x
solution, Invitroger®) containing 10% (v/v) foetal bovine serum (FBS; AGE®
MultiSer" sterile). Stable cell lines transfected with thHeFHRES and pCl-neo
mammalian expression plasmids utilized ‘complet/lEM containing 0.pg/mL
puromycin (Sigma-Aldrich, NSW, Australia) and 1Q@0mL G418 (Geneticin;

Invitrogen,VIC, Australia), respectively.

6.2.2.3 Culture conditions

All cells were grown to 90-95% of their dividing macity (confluence) in 175¢m
sterile Nunclon' A surface tissue culture flasks by incubation aC3iffa controlled
humidified atmosphere of 10% GGnd 90% air (IR Sensor; Sanyo Electrical
Biomedical Co. Ltd., Japan). To subculture or Bmells, the conditioned medium
was decanted and the cultured cells rinsed with PB&L; pre-warmed to 37°C)
then covered with pre-warmed (37°C) 1x trypsin Sotu(3mL; Invitroger?®). Excess
trypsin was decanted and the cells incubated fan@n37°C, after which prostatic
cells were dislodged from the base of the tissuéui flask. Fresh ‘complete’
medium (20mL; pre-warmed to 37°C) was added to abés. Four mL of the
media/cell suspension was removed and transfeoredl?5cr sterile tissue culture
flask containing 16mL of ‘complete medium’ (1:5wdibn) for further culturing. The

new passage was incubated at 37°C until confluagain reached 90-95%.
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Figure 6.3 Mammalian COS-7 and SK-MEL-28 cells.(a) The COS-7 kidney cell
line from an African green monkey and (b) the humralignant skin melanoma cell
line SK-MEL-28.
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6.2.2.4 Generation of transient cell lines
Transient cell lines coexpressing CYP1A1 (wild-typel mutant) and OxR proteins
were generated in the absence of the selectahleiatict Cells were incubated for

48h post transfection (section 6.2.3.1) prior tovhating (section 6.2.2.6).

6.2.2.5 Generation of stable cell lines

Stable cell lines constitutively expressing the AR wild-type and mutant proteins
were prepared by diluting cells (1:10) in the dediantibiotic 48h post transfection.
G418 (100@g/mL) was used as the selective agent for cellsdbatained the pCl-
neo vector. G418 is toxic to prokaryotic and eukéicycells and blocks polypeptide
synthesis by inhibiting elongation. Resistance #1&is conferred by the neo gene
encoding an aminoglycoside 3'-phosphotransferaserivede from the

Micromonospora rhodorangea bacterium.

6.2.2.6 Cell harvesting

The cell-conditioned growth medium was decanted@ils rinsed with PBS (8mL;
pre-warmed to 37°C) then covered with pre-warmetP@3 1x trypsin solution
(section 6.2.2.3). To inactivate trypsin, transéectells were resuspended in 10mL
of ‘complete’ DMEM containing the desired selectahhtibiotic. The cultured cells
were subsequently centrifuged at 1,923,000 rpm; Sigma laboratory 4K15) for
10min at 4°C. The supernatant fraction was decaanteldthe cell pellet resuspended
in pre-chilled PBS, followed by a further spin @®12xg (3,000 rpm) for 10min at
4°C. The PBS washing process was repeated twice i3 finally decanted and the

cultured cells of each 175énflask resuspended in harvest buffer (BD0100mM

239



Chapter 6: Chemosensitivity to DTIC

phosphate buffer, ¥KIPOJ/KH,POy; pH 7.4). Harvested cells were frozen at -80°C

until further use.

Harvested cells were allowed to thaw on ice, supplged with protease inhibitors
(20uL of 30mg/mL stock per 5QQ. suspension), then lysed by sonicating (1sec
bursts separated by 60sec cooling) 6 times ontedsigle-bath, with the sonicator set
to ‘continuous’ with 40% duty cycle. Lysed cells neecentrifuged at 15,000y
(13000 rpm; Beckman 18 centrifuge) for 1min at 49@e resulting supernatant

fraction was carefully decanted and stored at -80%@ further use.

Cell Freezer stocks were prepared by aspiratingINEM and rinsing in PBS
(8mL; pre-warmed to 37°C). The cells were then cedenith 1x trypsin solution
(pre-warmed; 37°C) and incubated at 37°C for 5Smeéttfon 6.2.2.3). To inactivate
trypsin, cells were resuspended (by gentle pipgttin 10mL of ‘complete’ DMEM
containing the desired selection antibiotic. Théuwed cells were then centrifuged
at 212xg (1,000 rpm; Sigma laboratory 4K15) for 5min at motemperature. The
supernatant fraction was decanted and the cektpietim each 175cfculture flask
resuspended in 5mL FBS/10% DMSO solution. Cell saspns were subsequently
aliquoted into 1.0mL cryotubes (NUNQ and stored at -80°C overnight and then

transferred to long term storage under liquid N

6.2.3 Protein expression and immunochemical deteoti

6.2.3.1 Transfection of plasmid DNA
Plasmid DNA was transfected into cells in a 6-welimat. Cells were plated at a
density of 1.0x 10cells per well in 2.0mL of complete DMEM (withountibiotic)

two days prior to transfection so that cells weetwkeen 50-80% confluent on the
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day of transfection. The growth medium was replasgti 2.0mL of fresh DMEM
post-transfection. Plasmid DNA for transfection §&§p was diluted into 5Q@ of
Opti-MEM® | Reduced Serum Media (Invitrod@nwithout serum, to which PLUS
Reagent (10L; Invitroger”) was added. The DNA/Opti-MERIPLUS"™ solution
was gently mixed and subsequently incubated foridOat room temperature.
Lipofectamine LTX" Reagent (26L; Invitrogen, Victoria, Australia) was added to
each DNA/Opti-MEM/PLUS" solution and the mixture incubated for 30min at
room temperature to form the DNA-Lipofectamine LTXcomplexes. After
incubation, the DNA-Lipofectamine LTX complexes were delivered directly to
each well where transfection occurred. Plates wengbated at 37°C in a G@L0%)
incubator for 24h, after which time the growth mediwas replaced with 2.0mL of
fresh pre-warmed DMEM (without antibiotic). Twenrfiyur hours post-transfection,
cells were dislodged from each well by trypsiniaat{(20QuL), resuspended in 10mL
of fresh pre-warmed DMEM and subsequently transteinto a T75 tissue culture
flask (75cnf). Cells were incubated overnight prior to replacthe growth medium
with DMEM containing G418 (10Q@y/mL) or puromycin (0.ag/mL), which
allowed for the selection of stable transfecta@slls were maintained at 37°C in a
CO;, (10%) incubator and the growth medium (contairting selectable antibiotic)
replaced every 3-4 days until the cells were haecefrom T175 flasks (175cinat

90-95% confluency (section 6.2.2.6).

6.2.3.2 Quantification of holo-CYP1A1 and OxR proteins
The total protein contained in mammalian cell lgsalvas determined by the method
of Lowry et al. (1951) (section 2.2.4.4) with OxR activity caldald with

cytochromec as an alternative electron acceptor using 0.5mggnoltein (amended
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from section 2.2.4.6). The holo-P450 content wasdetermined using cytochrome
P450 reduced difference spectroscopy (2.2.4.5)tdube presence of endogenous
P450s other than CYP1Al (section 6.1). Thereforzyme concentrations from
mammalian cell lysates were estimated based orpéla& area of AIC formation
relative to that of the analogous bacterial enzyihéx-CYP1Al wild-type and
mutants). The use of mammalian cells transfectatl wi2A-OxR control (i.e. no
CYP1Al1 CDS) ensured AIC formation was specific tolohRCYP1Al. AIC
formation was determined using the method outlimedsection 6.2.3.3, except
incubation mixtures contained 40 (2mg/mL) of mammalian cell lysate and
600QuM DTIC. AIC formation was measured using the methedcribed in section
5.2.6.1. The concentration of holo-CYP1A1l in mamaratell lysates was estimated

using the derivation in equation 6.1.

PA;,; known
PA;,; unknown

(a) PAR=

(b) pgtogiveknowne,, = PARx[lysate,,] (eq. 6.1)

1000
ug togiveknown,g,

(c) pmolCYP/mglysate= ( Jx [known,,]

where PAR is the peak area ratio of AIC peak a(P&9 obtained using known and
unknown holo-CYP1A1 concentrations at substratecentration §]; [lysatan] is

the protein concentrationug) of lysate in incubations with unknown CYP1Al
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concentrations; and [know#] is the known concentration of holo-CYP1A1 (pmol

P450).

6.2.3.3 Detection of AIC formation by CYP1A1-2A-OxR
The measurement of DTIQ-demethylation activity was conducted using the
method described in section 5.2.5.1, except inéoibahixtures contained 2mg/mL

of expressed CYP1A1-2A-OxR.

6.2.3.4 Immunochemical detection of CYP1A1 wild-type and mutants

Equal amounts of total protein from each cell lgg&0pg) were subjected separately
to SDS PAGE (section 2.2.6.1). Separated protei@se rectilinearly transferred
onto nitrocellulose (section 2.2.6.2) and probethwainti-human CYP1ALl primary
antiserum (1:3000 dilution) and anti-rabbit IgG2Q00 dilution; H+L-HRP, 50%
glycerol) as the secondary antibody (Pierce Biatetdgy, Inc., Rockford, IL,
USA), using bacterially expressed wild-typeal@YP1Al (25ug) as a positive
control. Membrane-bound peptides conjugated wiRPHwvere detected by BM
Chemiluminescence (Roche Diagnostics, Mannheimm@ey) and subsequently
detected using the FUJIFILM LAS-400 image readeargwon 2.0; FUJIFILM Life

Science Corporation; Tokyo, Japan) (section 2.2.6.3

6.2.4 Cytotoxicity assays

6.2.4.1 Determination of cell cycletime
The MultiTox-Fluor Multiplex Cytotoxicity Assay ki{fPromega, NSW, Australia)

was utilized to measure the total cell cycle tiniesS&K-MEL-28 and COS-7 cells.
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This was achieved by measuring the protease actiedttricted to intact viable cells
and was measured using a fluorogenic, cell-permeegidptide substrate (glycyl-
phenylalanyl-amino-fluorocoumarin; GF-AFC). The suhte enters the intact cells
where it is cleaved by a live-cell protease to gateeamino-fluorocoumarin (AFC).
The fluorescent signal emitted by AFC is propordioto the number of living cells.

The live cell protease becomes inactive upon lésglbmembrane integrity.

Cells were plated at densities of 2%1@x1¢, and 6x16 cells/well (96-well format;
n=3) and incubated at 37°C in a £Q0%) incubator for 12-120h, after which time
the GF-AFC substrate (10Q0) was added to the growth medium, mixed, and
incubated a further 30min at 37°C protected fraghtliThe number of live cells was
measured by fluorescence detection at excitati@heamission wavelengths of 360
and 500nm, respectively (DTX 880 Multimode Detect®eckman Coulter, NSW,
Australia). The total number of live cells was ccdhted by comparison to a
calibration curve prepared with SK-MEL-28 and COS8ells in the range of 1x$0

to 1.5x10 cells/well.

6.3 Results

6.3.1 Determination of total cell cycle time

Determination of the cell cycle time is importaot énsure the seeding density of
cells for cytotocity experiments does not exceesl ¢hpacity of the 96-well plate
over the incubation period. At higher densitiesntaot inhibition of cell growth
occurs and nutrients from the medium can be exbdusbo quickly, thereby
affecting the experimental outcome. Figure 6.4 shgwowth curves generated for

each cell line. Table 6.4 lists the cell cycle tinfer cells at differing cell densities.

244



Chapter 6: Chemosensitivity to DTIC

Not surprisingly, the log phase of each cell linaswdifferent with cell cycle times
calculated between 36-60h for SK-MEL-28 cells amdween 72-96h for COS-7
cells. The prolonged log phase evident in COS-I& @acounts for the approximate
doubling in cell number over all incubation periagsnpared to SK-MEL-28 cells.
Interestingly, the doubling time at low cell degs{2000 cell/well) in COS-7 cells
(14h) is roughly three times faster than that olsgrfor SK-MEL-28 cells (38h).
Thus, cell interactions with neighboring cells riege proliferation in both COS-7
and SK-MEL-28 cells, yet in opposite ways (Tablé)6At low cell densities, SK-
MEL-28 cells have a prolonged quiesceny €ate, whereas COS-7 cells have a

transient nonproliferative state.
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Figure 6.4 Cell cycle growth curves for (A) SK-MEL28 and (B) COS-7 cells.

Cells were incubated at densities of 2000(4000@), and 6000¢) cells/well and
incubated from 12-120h.
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Table 6.4 Cell cycle times for SK-MEL-28 and COS-¢ells.

Cell doubling time (h)

Cell line
2000 (cell/well) 4000 (cell/well) 6000 (cell/well)
SK-MEL-28 38 29 29
COS-7 14 26 33

6.3.2 Heterologous expression of CYP1Al in COS-7 &sK-MEL-28 cells

The CYP1Al wild-type, and mutants E161K, E256K, a488V were transiently
co-expressed with OxR using the CYP1A1-2A-OxR ORKe pCl-neo mammalian
expression plasmid (section 6.2.3.1). The exprassioholo-enzyme achieved in
each mammalian cell line was estimated from then&dion of AIC via theN-
demethylation of DTIC (section 6.2.3.2). The meapression of all CYP1Al
constructs containing the CYP1A1-2A-OxR ORF was @8.5)pmol P450/mg
protein with little variation observed between wijghe and mutant yields. Likewise,
the level of co-expressed OxR displayed relativitle variation between wild-type
and mutant enzyme expressions, with mean yield48of+3.8)pmol reductase/mg
protein. Thus, the molar P450:0xR ratio for all YR expressions was
approximately 1:7. In addition, a 2A-OxR controlnstruct devoid of the CYP1Al
CDS confirmed the presence of expressed OxR (54pednictase/mg protein) but,
as expected, displayed no holo-CYP1Al in eithet beé. Attempts to stably
express CYP1Al or OxR in the COS-7 or SK-MEL-28 lieés were not successful.
Immunoreactive CYP1Al was detected in the CYP1lAIE2R transiently

transfected COS-7 and SK-MEL-28 cell lines (Figu&5a). However,
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immunoreactivity was not observed in lysates pregafrom stably expressed
CYP1A1l-2A-OxR (Figure 6.5b). A bacterially expredseecombinant CYP1A1l
positive control indicated that experimental coiotis and reagents were capable of

detecting CYP1ALl.
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COS-7

SK-MEL-28

COS-7

SK-MEL-28

Figure 6.5 Immunoblot of (a) transiently expressedand (b) stably expressed
wild-type and mutant CYP1A1 proteins in COS-7 and 8-MEL-28 cells. 100ug
of the indicated cell lysates were resolved by SD¥&E,blotted to nitrocellulose,
and probed with anti-CYP1A1 antiserum. Human limecrosomes (HLM) was used
as a negative control and bacterially expressed-QYP1A1(WT) acted as a
positive control. Immuno-reactive bands are preaeBBkDa (arrow).
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6.4 Discussion

COS-7 and SK-MEL-28 cells were transfected with theammalian expression
plasmid, pCl-neo, encoding the CYP1A1-2A-OxR ORpadsing either the wild-
type, E161K, E256K, or 1458V coding regions. Thensient expression of CYP1A1l
and OxR was achieved in both COS-7 and SK-MEL-28&,calbeit at markedly
reduced levels compared to bacterially expressexdeipr (section 5.3.2). The
picornavirus 2A cleavage peptide was emplyed tairens:1 translation of CYP1Al
and its redox partner, OxR. Interestingly, the o=@ molar ratio of holo-CYP1Al
to OxR was 1:7, suggesting heme incorporation amateim folding may be
unproductive under heterologous expression comditio these cell lines compared

to bacterial heterologous expression systems.

The generation of stable cell lines co-expressinigl-type, E161K, E256K, and
1458V CYP1A1 with OxR was required to characteribhe kinetic parameters for
DTIC N-demethylation in COS-7 and SK-MEL-28 cells. Idgalthe kinetics of
DTIC N-demethylation obtained with bacterially expressdattl-type and mutant
CYP1Al enzymes should be similar in COS-7 and SKEA2B cells. However,
differences in enzyme sources are known to affewttic parameters. For example,
single-enzyme Michaelis-Menten kinetics have beeported for phenaceti®-
deethylation by CYP1A2 in transiently transfected$:7 cells (Tassaneeyakul et al.
1993), yet in studies utilizing. coli expressed CYP1A2, data were best described by
the negative-cooperative Hill equation (PolasekioER Miners 2006). Likewise,
Michaelis-Menten data reported for heterologouslypressed CYP2C9 in
Supersomes, Baculosomes, reconstituted, and mlr#freyme systems exhibited
differences in product formation rates (Kumar et 2006). Unfortunately, the

generation of stable cell lines was not accomptishiéhis not only hindered the
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derivation of kinetic parameters but also meant tbanstitutive expression of
CYP1Al proteins could not be achieved in cell lisensitization assays. The
constitutive expression of CYP1Al was an importaspect in elucidating a valid

and reproducible dose response to DTIC.

The stable expression of proteins is influencedthrge factors; the transfection
method, the vector containing the transgene(s),thecchromosomal incorporation
of the transgene(s). In this study the use of fdwansfection methods
(Lipofectamine2000, Lipofectamine LTX PLUS, DOTABRnd electroporation) in
conjunction with a fluorescently tagged plasmidtooin(eYFP; data not shown) and
the presence of transiently expressed protein iitkghtthat the plasmids harboring
the CYP1A1-2A-OxR ORF were indeed transported theonucleus. In addition, the
use of two separate mammalian expression plasmias;IRES(5) and pCl-neo,
containing different selectable markers, puromydineetyltransferase and
neomycin phosphtransferase, respectively, did rbthe generation of stable cell

lines.

The linearization of plasmid DNA was employed topmove the chromosomal
incorporation of the CYP1A1-2A-OxR ORF, on the kasiat linearized plasmid
DNA taken up into cells in a DNase-resistant statws unchanged incorporation
of the linear fragment into a chromosome (BiswasnBtein & Sparling 1986; von
Groll et al. 2006). Incorporation of the DNA in shway ensures the CDS of each
transgene is uninterrupted. In contrast to lineArADcircular supercoiled plasmid
DNA demonstrates higher transfection efficiencedthough the CDS of the desired
transgene can be interrupted upon non-specificstae and incorporation of the
plasmid into the host chromosome. However, in ttisdy the transfection of

linearized plasmids did not aid the generation 6fSS7 and SK-MEL-28 stable cell
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lines. Interestingly, the incubation of cells iretdesired selectable antibiotic (48h
post-transfection) for 3-5 weeks appeared to selbose cells expressing the
resistance gene products. On this basis of thegefis, and my ability to produce
numerous stable cell lines (Kubota et al. 2007; iseat al. 2007; Udomuksorn et al.
2007), it appears that the degradation of the CYR2A-OxR mRNA may have

contributed to the absence of functional CYP1Al @x& proteins.

In summary, the generation of COS-7 and SK-MEL®le cell lines coexpressing
CYP1A1l and OxR requires further investigation. &yiag this, the modulation of
protein expression in gene therapy strategiestisaguired to be constitutivia vivo.
This study has, however, successfully developedcioy capable of self-processing
functional CYP1A1 coexpressed with OxR. To my knedge, this is the first study
to utilize the 2A-peptide to express a P450 wishr@dox partner. The use of the 2A-
peptide in a CYP1Al-based gene therapy strategyidialleviate the transfection
constraints placed on current gene therapy stegeghich require the independent

co-expression of multiple viral vectors.
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CHAPTER 7
GENERAL DISCUSSION

A major problem associated with the use of mosteachemotherapeutic agents is
the undesirable toxicity to non-tumor cells andamg Anticancer drugs typically
possess a narrow therapeutic index, have relatipety selectivity for cancerous
cells, and multi-drug resistance can result froml@rged treatment. One potential
therapeutic strategy is to increase tumor spetjfiend reduce systemic toxicity by
the use of prodrugs that are preferentially aotigain the tumor environment.
However, a potential disadvantage of the use ofinugs is the low efficiency of
enzymatic bioactivation, which in turn leads to weeajer potential for prodrug
metabolism by other competing enzymes. Therefbre, strategy would appear most
useful when the affinity between the prodrug arel phodrug-activating enzyme is
high (low Ky,) and/or turnover is high (higtiay, that is intrinsic clearanc€Ly) is

high.

The rationale for this study was based on theivelgtpoor clinical effectiveness of
DTIC in human malignancies and the occurrence nbsge adverse effects. Despite
this, it should be recognized that since its apgkrdy the FDA in 1975, DTIC
remains the most effective single agent used wheatihg metastatic malignant
melanoma and various sarcomas (Erdmann 2010). Gikah DTIC requires
metabolic activation by CYP1A1 (or CYP1A2) for ctawicity (Reid et al. 1999), an
opportunity exists to utilize this enzyme-prodruadrgs an approach to gene directed

enzyme prodrug therapy. As a first step, this thasiestigated the structure-activity
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relationships between human CYP1A1 and DTIC ushagen homology modeling,

site-directed mutagenesis and kinetic analyses.

As discussed throughout this thesis, the generatiocm chemically valid CYP1A1l
homology model using human P450 templates was &siskr predicting desirable
side-chain stereochemistry and, in-turn, bettersilico predictions of substrate
binding and orientation. Previously published CYR1#odels reflect the bacterial
or rabbit homologs with which they were modeled 82 homology) (Lewis,
loannides & Parke 1994b; Lewis, Lake & Dickins 20&klarz & Paulsen 2002),
potentially resulting in the derivation of subopéistructure-activity relationships.
The comparative modeling data presented here ddmtes that the CYP1A1-
(HMM) homology model resulted in an improved CYPlAbmology model
compared to a model based on rabbit CYP2C5 alanereistingly, the CYP1Al-
(2C5) and CYP1Al1l-(HMM) homology models displayederyy and structural
inaccuracies that were not observed in the CYPIIA2] homology model. The
CYP1A1-(1A2) model is the first human P450 struetldased on human data at
>80% sequence similarity and displayed optimal estelnemistry comparable to
those of the crystallized human P450s. Investigabd the CYP1Al active-site
architecture revealed a number of key residuesinwttie active-site pocket and the
putative substrate access and egress channelsonhgolar substrate access channel
consists of residues that make up the F-G looprpwrating residues from the B’-
helix and the K-helif32-3 loop. The polar substrate egress channel extieach the

active-site beneath the G-helix and is enclosetheyB -helix/C-loop.

Validation of the ‘static’ computational CYP1Al neldwas necessary to ensure
relatedness to the functional CYP1Al enzyme. Was achieved by correlating the

derived kinetic parameters of site-directed mutavite the structural data obtained
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by automatedn silico docking experiments. Experiments were performeith wie

prototypical CYP1A1l substrate, Eres. Docking expernts were undertaken with
the CYP1A1-(1A2) homology model due to its supesipuctural and energy profile.
Active-site residues involved in orientating anshddng Eres were identified. The
most energetically favorable pose placed the cadtom hydroxylated by CYP1Al

4.4A from the Fe atom of the Heme.

The predictivity of the CYP1Al computational modeés confirmed using the
active-site mutants S122A, F123A, F224A, A317Y, 132 and 1386G. These
residues were targeted to elucidate the structamdl physicochemical properties
responsible for productive EROD activity. F123A, 14Y, and I1386G mutants
lacked EROD activity despite displaying holo-enzymeCQg reduced difference
spectroscopy (F123A and 1386G) and the presenepafenzyme in immuno-blots
(A317Y). Unfavorable interactions asserted by thesatations include steric
hindrance within the active-site cavity (A317Y)eelrostatic disruption to the heme
prosthetic group (I386G), and the elimination obraatic interactions between
enzyme and substrate (F123A). Of the mutants thsplayed EROD activity,
changes in the derived kinetic parameters obtafoedEres O-deethylation were
initiated by displacingrto attractive forces (F224A), disrupting the alignmerft
axial water for catalysis (T321G), and abolishingpéhding interactions (S122A).
Most surprising was the doubling Wnax observed with the S122A mutant, relative
to wild-type. The loss of H-bonding of the oxazimeg oxygen of Eres invoked a
more productive binding orientation. Interestinglyesein vitro data contradict the
belief that H-bonding to S122 is critical for aligg alkoxyresorufins for productive

catalysis (Otyepka et al. 2007; Schleinkofer eR805; Szklarz & Paulsen 2002).
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The kinetic analysis of EROD activity clearly ideied substrate inhibition as the
preferred kinetic model for wild-type CYP1Al ancketB122A and F224A mutants.
However, formation of an unproductive SES comptaglies the binding of multiple

ligands in a single CYP1A1 active-site. Interedynglocking studies revealed that
the narrow and elongated profile of the CYP1Al \aeBite prohibits the

simultaneous binding of two Eres molecules, alttpymplar interactions within the
substrate access channel (involving T111, S230, MB82) were identified as

potential Eres binding sites. Moreover, the symynef Eres may provoke the
binding of substrate (or metabolite; Res) in a resly orientated unproductive
orientation. Validation of the structural organieat of CYP1A1 contributed to the
overall understanding of Eres structure-activity latienships, specifically

highlighting the importance of aromatic interacgoaver hydrogen bonding. The
CYP1A1 chemical structure elucidated here is thestna@curate available to date
(last updated July, 2010). This model was subgsetyetilized to better understand

the structure-activity relationships of DTIC.

Docking studies with DTIC revealed this substratierdates in close proximity to
S122, F123, D313, A317, 1386, Y259, and L496. Thergetically favorable pose
placed the carbon targeted for hydroxylation 5.64f the heme catalytic site, with
H-bonding predominantly occurring between Y259 #mel aromatic nitrogen of the
imidazole ring. Based on the predictivity of the deb with docked Eres, DTIC
binding and orientation was assessed with mutaeermtedn silico. All mutants

were designed to enhance tNedemethylation of DTIC by manipulating steric,
polar, aromatic, or electrochemical interactionbe Tautomated docking of DTIC
into eachin silico mutant identified variations in the orientationdantermolecular

bonding of DTIC.
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To determine the affect each mutation asserted &HCDON-demethylation, the
coexpression of recombinant CYP1A1l proteins withROxas achieved using an
optimized method that increased yield 7-fold coredato literature reports. The
kinetics of DTIC N-demethylation by CYP1A1Vnax 28pmol/min/pmol P450K,
408uM) and CYP1A2 Vmax 38pmol/min/pmol P450$, 1502 uM, n = 0.70) were
well modeled using the Michaelis-Menten and Hiluations, respectively. DTIG-
demethylation by the CYP1Al E161K, E256K, and I458Witants similarly
exhibited Michaelis-Menten kinetics, with loweringK,, values that resulted in the
doubling of catalytic efficiencies. It was diffidulo elucidate the structure-activity
relationships for the E161K mutant since this residesides on the surface of the
protein. It is believed that residue 161 is involve OxR binding (Parikh, Josephy &
Guengerich 1999). Thus, the localized charge effesgen with the E161K
substitution may aid a more complementary alignm#hOxR. For the E256K
mutant, data revealed that localized charge effecteance H-bonding to D253. Of
particular interest were modifications in the saff@in orientations of F258 and
Y259, which clearly impact on DTIC alignment ovdret heme catalytic site.
Interestingly, the decrease Ky, obtained with the 1458V mutant is apparently

induced by realignment of the heme prosthetic giitagif.

Characterization of DTION-demethylation by the CYP1A1*2Qm@; 1462V) and
CYP1A1*4 (m4; T461N) polymorphic variants revealed a decredsgpproximately
30% in catalytic efficiency. Surprisingly, the kires for these polymorphisms had
not previously been characterized with DTIC. Datdamed from the CYP1Al
model identified that the mechanism of reduced DTdQivation arises from
unfavorable alterations to the heme prosthetic gnaa electrostatic effects. These

polymorphisms may occur in frequencies up to 5.1®0CGaucasians, 15% in
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Japanese, 25.5% in Africans, 8.9% in Turkish, a@&b62n African-Americans
(Aynacioglu et al. 1998; Cascorbi, Brockmoller & ®®® 1996; Garte et al. 2001). A
30% reduction in the catalytic efficiency of DTICt&ation would presumably

decrease the already low 19% response rate to B&&iment.

In an attempt to characterize the cytotoxic posgntif the E161K, E256K, and
1458V ‘high-active’ CYP1Al enzymes, these constsuovere prepared for
constitutive expression in COS-7 and SK-MEL-28 s€llhe transient expression of
holo-CYP1A1 and OxR was achieved in both cell lingsfortunately, however, the
generation of stable cell lines was not achieveslls@&xpressing constitutive levels
of CYP1A1 proteins are critical for establishindiable and reproducible DTIC
concentration-effect relationships. Other studlest have investigated cytotoxicity
resulting from prodrug activation have generallypéged retroviral vector plasmids
as a means to improve transgene expression (Huavigpg@man 2001; Johannes et
al. 2006; Jounaidi, Hecht & Waxman 1998; JounaidiM&axman 2000; Kan et al.
2001; Kan, Kingsman & Naylor 2002). The use ofaeiral vectors was beyond the
capacity of this thesis due to time constraintss Btudy did, however, utilize the
picornaviral 2A cleavage peptide to ensure 1:1 mufnslation of CYP1Al and
OxR. In a CYP1Al-based gene therapy strategy thBI®-2A-OxR ORF would
remove the need for independent co-expression dfipteuviral vectors, further

increasing the effectiveness of CYP1Al-based GDEPT.

Adoption of a CYP1Al-based GDEPT strategy shouldimize problems associated
with inter-individual variation in first-pass extt@gon and adverse effects arising
from the wide distribution of P450’s within the hodnd variable catalytic turnover
amongst drug-enzyme combinations. The unique charsiics of CYP1A1l,

particularly its localization and distribution withthe body, inhibitor profile, and
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regulatory mechanisms, all identify CYP1Al1 as aupible gene candidate. A
CYP1Al-based GDEPT strategy using DTIC appears ilpessespecially if
inhibition of non-specific activation within thever can be achieved. The modulation
of cyclophosphamide-based P450 gene therapy usi@gR450 inhibitors has been
demonstrated by Huang and Waxman (2001). Resultseshthat the rate of hepatic
cyclophosphamide activation could be decreasedauntily by inhibitor treatment.
Thus, an attractive therapeutic strategy would d@hibit the CYP1A2 catalyzed
hepaticN-demethylation of DTIC using 3,5,7-trinydroxyflav®iiZhai et al. 1998) so
that the inactive prodrug could still be administersystemically. Since CYP2E1
exhibits low DTICN-demethylation activityK, >2.8mM), concurrent inhibition of

this enzyme may not be necessary.

A GDEPT approach to treatment would enable CYPIAle expressed in a specific
tissue type or tumor environment at high levelseaiiment in this way has several
advantages over conventional cancer therapies (Eed 2004; Jounaidi, Hecht &
Waxman 1998; Kan et al. 2001; Kan, Kingsman & Nay002; McFadyen, Melvin
& Murray 2004; Queirolo & Acquati 2006; Scriptur8parreboom & Figg 2005;
Tarner, Muller-Ladner & Fathman 2004). Furthermoiteyould greatly reduce
systemic (and hepatic) exposure to toxic metalglitthus alleviating the
characteristic side-effects triggered by convergiashemotherapy. Ideally, the use
of human CYP1Al would remove the potential risk stimulating the immune

system in a way that reduces the effectivenesseottterapy.

In summary, computational techniques were empldwré to generate a chemically
valid human CYP1Al1 homology model. The predictivipf the model was
confirmed using directed mutagenesis to identify aletive-site residues responsible

for the orientation and stabilization of Eres and@i®© during productive catalysis.
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Validation of the structural organization of CYP1Adas contributed to the
understanding of structure-activity relationship®oth substrates. The data obtained
with Eres highlights the importance of aromatiemattions over polar interactions.
The data obtained with DTIC further highlights tihgportance of electrostatic and
charge interactions. This work has demonstratet Bi®1K, E256K, and 1458V
substitutions in human CYP1Al can enhance the yatakfficiency of DTIC
activation via theN-demethylation pathway. The combination of kineditalyses
with in silico docking has permitted interpretation of the suetactivity
relationships of this enzyme-substrate pair. THepecessing CYP1A1-2A-OxR
ORF developed would be used in future studies taradterize the cytotoxic
potential of CYP1Al enzymes with catalytically enbad DTIC activation.
Importantly, the improved understanding of DTIC ieaion by CYP1Al has
provided a potential strategy for CYP1Al-based GDER the treatment of

metastatic malignant melanoma.
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Table Al.1 Reported substrates, inhibitors, and indcers of human CYP1Al.Data from Kuffel et al. (2002), Loaiza-Perez et(aD04), and

Rendic (2002). (-) indicates that specific inforraatwas not available.

Compound Interaction
1-(1-Propynyl)biphenyl inhibitor
1-(1-Propynyl)pyrene inhibitor
1,2,5,6- Dimethylbenzanthracene substrate
1,4-Benzothiazines inhibitors
1,8-Dinitropyrene substrate
1-2, 1-3, 1-4-Phenylenebis(methylene)selenocyanate inhibitor
17B-Estradiol substrate
2-(4-Amino-3-methyl-6-hydroxyphenyl)benzothiazole nhibitor

2-(4-Amino-3-methylphenyl)benzothiazole (NSC 674495 substrate, inducer AhR agonist

2,3,7,8-Tetrachlorodibenzop-dioxin (TCDD) inducdiFRAagonist
2,4,6,4-Tetrahydroxy-3-prenylchalcone inhibitor
2-Acetoaminofluorene substrate

Mechanism

mechanism based

Nitroreduction

C2-, C4-, Cé-, C15u-hydroxylation
(Quinol formation)

active site

C6-hydroxylatidrgcetylation

Compound Category

PAH
PAH
PAH
Mettegioxyphenyl
Nitrazee

Antineoplastic

Estrogen, hormone

Antineoplastic
Antineoplastic

Dioxin, Halogenated
aromatic hydrocarbon

reRylated flavonoid

Pesticide, cagsEno



Compound

2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine, Ph

2-Amino-3,8-dimethylimidazo[4,5-f |quinoxaline, M@l

2-Amino-3-methylimidazo[4,5-flquinoline, (IQ)

2-Aminoanthracene

2-Aminoanthracene

3,3',4,4",5,5'-hexachlorobiphenyl

3,3,4,4',5-pentachlorobiphenyl
3,4,3,4'-Tetrachlorobiphenol
3,4,4' ,5-tetrachlorobiphenyl
3,4’ ,5-trichlorobiphenyl
3,4-Methylenedioxyethylamphetamine

3,5-Diethoxycarbonyl-1,4-dihydro-2,6-dimethyl-4-
ethylpyridine (DDEP)

3-[2-(2,4,6-Trimethylphenyl)thioethyl]-4-methylsydne

Interaction

substrate

substrate

sulpate

substrate

substrate

inducer

inducer
inducer AhR agonist
inducer
inducer

substrate

inhibitor

inhibitor

Mechanism

N-hydroxylation

N-hydroxylation

N-hydroxylation

Oxidation

Oxidation

O-demethylenationN-deethylation

mechanism based

mechanism based

Compound Category

Heterocyclic, aromatic
amine

Heterocyclic, aromatic
amine

Heterocyclic, aromatic
amine

Aromatic &min
Aromatic &min

Polychlorinated biphenyl
(PCB)

PCB
Enviremtal pollutant
PCB
PCB

Hallucinogenic
Porphyrinogenic

Porphyrinogenic



Compound
(TTMS)
3’-Methoxy-4'-nitroflavone
3-Amino-1,4-dimethyl-5-pyrido[4,3b]indole
3-Amino-4-methoxyflavone
3-Amino-4-methoxyflavone
3-Cyano-7-ethoxycoumarin
3-Methoxy-4-aminoazobenzene

3-Methylcholanthrene, 3MC
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK

4-Amino-3-methoxyflavone
4-Aminobiphenyl
4-Aminoflavone
4-lodoflavone
4-Methoxy-3-nitroflavone

5,6-benzoflavond3-naphthoflavone

Interaction

inhibitor
substrate
inducer
inhibitor
substrate
substrate

inducer AhR agonist
substrate
inhibitor
substrate
inducer
inhibitor
inducer/inhibitor

inducer

Mechanism

O-deethylation

oxidation

a-methylbi-methylene hydroxylation

Oxidation

Compound Category

Flavonoid
Dietary carcinogen
Flavonoid,
Flavonoid,
Alkyloxycoumarin

matc amine
PAH

Tobacco-specific
nitrosamine

Flavonoid
Aromatic amine
Flavonoid
Flavonoid
Flavoid

Flavonoid



Compound

5,6-Dimethylchrysene
5-Methylchrysene

6,8-Diprenylnaringenin
6-Aminochrysene

6-Aminochrysene
6-Aminochrysene

6-Aminochrysene-1,2-diol
6-Nitrochrysene

6-Prenylnaringenin
7,12-Dimethylbenz[a]anthracene (DMBA)
7,12-Dimethylbenz[a]anthracene-3,4-diol (DMBA-3,ibly
7,8-benzoflavoney-naphthoflavone
7,8-Dibenzoenzoflavone

7,8-Dihydroxybenzo[a]pyrene

Interaction

inducer AhR agonist
substrate
inhibitor

inducer, AhR agonist

substrate
substrate

substrate

substrate

inhibitor

substratadicel AhR agonist

substrate

inhibitor/inducer

inhibitor

substrate

Mechanism

Oxidation
Oxidation
Diolepoxide fation

trans-1,2-Dihydro-1,2-dihydroxy
formation/inducer

Diol formation and G#ydroxylation

oxidation

active site

Tetrols aindstformation

Compound Category

PAH
PAH
Prenylated flanaid

Polycyclic aromatic
hydrocarbon (PAH)

Aromatic amine
Aromatic amine

Aromatic amine
Nitroarene

Prenylated flavonoid
PAH
PAH
Flavonoid
Flawizh

PAH



Compound

7-Ethoxy-4-trifluoromethylcoumarin
7-Ethoxycoumarin
7-Ethoxycoumarin
7-Ethoxyresorufin
7-Methoxyresorufin
7-Methylbenz[clacridine
7-Pentoxyresorufin

7a—-hydroxyA-tetrahydrocannabinol
(THC)

8,9-Dihydroxydibenzo[a,[]pyrene
8-Prenylnaringenin
Acetonitrile
Acetylenes
Aflatoxin B1

Aminoflavone (NSC 686288)

Aminopyrine, amidopyrine, aminophenazone

Interaction

substrate
substrate

substrate
substrate
substrate

substrate

substrate

substrate

substrate
inhibitor
inhibitor
inhibitor
Substrate
substrate, inducer AhBrégt

substrate

Mechanism

O-deethylation
O-deethylation
O-deethylation
O-deethylation
O-demethylation
Oxidation

O-depentylation

Oxidation (7-oxo formation, minor

reaction)

C11,CEH¥d, (R,R)-

Epoxidation
ring hydroxylation

N-demethylation

Compound Category

Alkyloxycoumarin
Alkyloxycoumarin
Alkyloxycoumarin
Alkyloxycoumarin
Alkyloxycoumarin
Azaraatic

Alkyloxycoumarin
Psychoactivator

PAH
Prenylated flavonoid
Organic solvent
PAH
Mycotoxin
Flavonoid

NSAID



Compound
Amiodarone
Androstenedione

Apigenin
Arachidonic acid
Benz[a]anthracene

Benzol[a]perylene
Benzo[a]pyrene

Benzol[a]pyrene-7,8-diol
Benzolb]fluoranthene
Benzolb]fluoranthene-9,10-diol
Benzo[b]fluoroanthrene
Benzo[b]perylene
Benzol[c]phenanthrene

Benzolg,h,i]perylene

Interaction Mechanism
substrate N-demethylation
substrate C6-3-hydroxylation
inhibitor -
inhibitor -
inducer -
substrate Oxidation

3?3-, C9-, C7-hydroxylation, 7,8-, C9,C10-,
C4,C5-dihydrodiols formation

substrate/inducer AhR agoni
substrate -
inducer -
substrate Oxidation
inducer AhR agonist -
substrate Oxidation
substrate -

inducer -

Compound Category

Antiarrhythmic

Androgen and anabolic,
hormone

Flavonoid
Fatty acid
PAH

PAH
PAH

PAH
PAH
PAH
PAdofene
PAH
PAH

PAH



Compound

Benzol[g]chrysene
Benzolk]fluoranthene
Benzydamine
C3-, C7-hydroxy Flavone
C3-hydroxy, C5-hydroxy Flavone
C7-hydroxy Flavone

Caffeine
Carvedilol (S)- and (R)-
Chlorzoxazone
Chrysene
Chrysin
Cinnarizine
Curcumin
Dacarbazine

Debrisoquine

Interaction

inducer AhR agonist
inducer
substrate
inhibitor
inhibitor
inhibitor
substrate
substrate
substrate
inducer AhR agonist
inhibitor
substrate
inducer/inhibitor
substrate

substrate

Mechanism

N-oxidation

N1- andN3-demethylation (less specific)
hydroxylation

C6-hydroxylation

N-dealkylation

N-demethylation

C4-hydroxylation

Compound Category

PAH
PAH
NSAID
Flavonoid
Flavodoi
Flavonoid
Xanthine, CNS stant
taBklocker
Musclaxaht
PAH
Flavonoid
Antihistamine
Coloring agent
Antineoplastic

Antihypesiee



Compound

Deethylamiodarone
Dehydrocycloxanthohumol
Dehydrocycloxanthohumol hydrate
Dehydroepiandrosterone
Dibenz[a,j]acridine
Dibenzol j,l]fluoranthene
Dibenzo[a,e]fluoranthene
Dibenzo[a,flfluoranthene
Dibenzo[a,h]anthracene
Dibenzo[a,h]pyrene

Dibenzo[a,i]pyrene
Dibenzo[a,l]pyrene

Dibenzo[a]pyrene
Diclofenac,

Diethyldithiocarbamate (metabolite of disulfiram)

Interaction
inhibitor
inhibitor

inhibitor
inhibitor
substrate
substrate
substrate
substrate

Inducer AhR agonist

substrate

substrate

substrate

inducer AhR agonist
substrate

nhibitor

Mechanism

Oxidation
Oxidation
Oxidation

Oxidation

Oxidation
Oxidation

11,12-Dihydrodiol-13,14-epoxide
formation

C5-hydroxylation

Compound Category

Antiarrhythmic
Prenylated fiavoid
Premgthflavonoid
Oxysterol, honeo
PAH
PAH
PAH
PAH
PAH
PAH

PAH
PAH

PAH
NSAID

Antialcoholic



Compound

Diosmetin

Diosmin

Eicosapentenoic acid
Ellipticine
Ellipticine (9-hydroxy metabolite)
Eriodictyol
Estradiol 3-methyl ether

Estrone

Ethanol
Flausterone
Flavanone
Flunarizine

Fluoranthrene

Flutamide

Fluvastatin

Interaction

inducer/inhibitor
inducer
substrate
substrate
inhibitor
substrate
substrate
substrate
inhibitor
inhibitor
inhibitor
substrate
inducer AhR agonist
substrate

substrate

Mechanism

epoxidation, C120;Itydroxylation

Oxidation

O-demethylation

Quinol formation

XRE antagonist

N-dealkylation

C2-hydroxylation

C5-hydroxylation

Compound Category

Flavonoid
Flavonoid
Fatty acid
Antineoplastic
Anteoplastic
Flavonoid
Estrogen, hormone
Estrogen, hormone
Organic solvent, Alcohol
Adrenocortitaloid
Flavonoid
Antihistamine
PAH, fluorene
Antineoplastic

Lipid redurg



Mechanism Compound Category

Compound Interaction
Furafylline inhibitor mechanism-based Mé?géﬁ%%ﬁ?;?gf’
Furametpyr substrate N-demethylation Fungicide
Galangin inducer/inhibitor - Flavonoid
Galangin substrate ring hydroxylation Flavonoid
Genistein substrate C3,C4,C5,C7-tetrahydroxyisoflavone Flavonoid
formation
Genistein substrate C6-, C8- hydroxylation Flavdnoi
Hesperetin inhibitor - Flavonoid
Hesperetin substrate O-demethylation (eriodictyol formation) Flavonoid
Homoeriodictyol inhibitor - Flavonoid
Indolacetic acid inducer - Indole
inducer - Unclassified

Indolo[3,2-b]carbazole
inducer/inhibitor Benzodioxole

Isosafrole
Isoxanthohumol inhibitor - Prenylated flavonoid
Kaempferide substrate ring hydroxylation Flavonoid
inhibitor - Flavonoid

Kaempferol



Compound Interaction
Ketoconazole inhibitor
Lansoprazole inducer
Lisuride substrate
Meat, chargrilled inducer
Methanol inhibitor
Methoxsalen inhibitor
Morin inhibitor
N,N-Diethyl-2-[4-(phen(yérgleotg/l)phenoxy] ethanolarain substrate
Naphtho[1,2-b]fluoranthene substrate
Naphtho[2,3-a]pyrene substrate
Naphtho[2,3-e]pyrene substrate
Naringenin inhibitor
NHy 2 anito L mety\ & peryimidazolt-
substrate

Nicardipine

Mechanism

N-deethylation

C4-hydroxylatiol-demethylation

Oxidation

Oxidation

Oxidation

Oxidation

Oxidation

Compound Category

Antifungal
Proton pump inhibitor
Dopaminergic
Food
Organic solvent, Alcoho
Anti-psoriatic

Flavonoid
Antineoplastic

PAH
PAH
PAH
Flavonoid

Heterocyclic, aromatic
amine

Calcium-channethéy



Compound

Nicotine

Nifedipine

N-methyldibenzo[c,g]carbazole

o-Aminoazotoluene
Ochratoxin A
Oltipraz
Omeprazole
Omperazole
Pantoprazole
Paraxanthine
Phenacetin
Phenanthrene
Phencyclidine
Pregnenolone

Primaquine

Interaction

substrate
inhibitor
substrate
substrate
substrate
inhibitor
inducer
inducer AhR agonist
inducer
inhibitor
substrate
substrate
substrate
substrate

inducer, substrate

Mechanism

C5-Oxidation (to cotinine at high

concentrations)
competitive
Oxidation
Oxidation

C4-(R)-hydroxylation

O-deethylation

C9-,C10-dihydrodiol formatio
PCHP formation (minor ieagt

C7B-, Clax-, C1l7a-hydroxylation

C6-hydroxylation

Compound Category

Alkaloid

Calcium-channebbker
arb@azole
Azoaromatine
Mycatox
Antineoplastic
Proton pump inhibitor
Proton pump inbibi
Proton pump inhibitor
Xanthine, CNS stimulant
Analgesic
PAH
Hallucinogenic
Steroid, hormone

Puatiarial



Compound

Progesterone
Propanolol
Propofol
Propranolol (S)-, (R)-
Quercetin
Quinidine
Quinine

Quinones

Retinal, 9-cis-

Retinal, all-trans-

Rhapontigenin
Riluzole

Ropivacaine (S)-

S-methyl N,N,-diethylthiolcarbamate

Interaction

substrate
inhibitor
inhibitor
substrate
inhibitor/inducer
inhibitor
inhibitor
substrate

substrate

substrate
inhibitor
substrate

substrate

substrate

Mechanism

C6p3-, Clax-hydroxylation

competitive

N-deisopropylation

Oxidation

Retinoic acid, C9-cisfation

Retinoic acid, alhgformation

N-hydroxylation,O-dealkylation
C3-, C4-hydroxylatisdealkylation

Suitfation (minor pathway)

Compound Category

Progestagen, hormone
Beta blocker
General anesthetic
Beta blocker
Flavonoid
Antiarrhythmic
Antimalarial
Quinones

Retinoic acid receptor
modulator

Retinoic acid receptor
modulator

Haemostatic agent
Glutamate antagonist
Local anesthetic

Antialcoholic



Compound

(DETC-ME)
Testosterone

Tetrahydroxanthohumol
Theophylline

Thiabendazole
Toluene

Toremifene

trans-Resveratrol (trans-3,4,5-trihydroxystilbene)

Trichloroethylene

Triton N-101
Troglitazone
Tryptamine

Ultraviolet B

Interaction

substrate
inhibitor
inhibitor
inducer
substrate
substrate
inhibitor
substrate
substrate
substrate
inducer

inducer

Mechanism Compound Category

Androgen and anabolic,
hormone

C6B-hydroxylation
Prenylated flag@h
Bronchodilator

Antifungal

CHs-hydroxylation, para-hydroxylation, (p-

. Organic solvent, aromatic
cresol formation)

N-demethylation Antineoplastic

Phytoalexin

Organic solvent,

Chloral hydrate foromati halogenated alkene

Nonionic phenolic

Alkyl-hydroxylation detergent

Quinone formation Antidiabet

Neurotransmitter,
indoleamine

Unclassified



Compound Interaction Mechanism Compound Category
Uroporphyrinogen substrate Oxidation (urophorphyjoimation) Porphyrinogen
Warfarin, (R)- substrate C6-, C7-, C8-hydroxylation Anticoagulant

x,5-Diprenvixanthohumol inhibitor - Prenylated ftanoid
Xanthohumol inhibitor - Prenylated flavonoid
Zotepine substrate N-demethylation, S-oxidation Antipsychotic
Zoxazolamine substrate C6-hydroxylation Musclexata
a-naphthoflavone inhibitor - Flavonoid
-naphthoflavone inducer AhR agonist - Flavonoid
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Appendix 2: Amino acids and symbols

Alanine

ALA; A

Aliphatic (nonpolar)
MW: 89.09

IE: 6.00

Formula: GH;NO,

Arginine

ARG; R

Positively charged
MW: 174.20

IE: 11.15

Formula: GH14N4O,

Asparagine

ASN; N

Polar but uncharged
MW: 132.12

IE: 5.41

Formula: GHgN,O4

Aspartic Acid

ASP; D

Negatively charged
MW: 133.10

IE: 2.77

Formula: GH;NO,

Cysteine

CYS; C

Aliphatic (nonpolar)
MW: 121.16

IE: 5.02

Formula: GH,NO,S;

278



Appendix 2: Amino acids and symbols

Glutamic Acid
GLU; E

Negatively charged
MW: 147.13

IE: 3.22

Formula: GHgNO,

Glutamine

GLN; Q

Polar but not charged
MW: 146.15

IE: 5.65

Formula: GH1oN505

Glycine

GLY; G

Aliphatic (nonpolar)
MW: 75.07

IE: 5.97

Formula: GHsNO,

Histidine

HIS; H

Positively charged
MW: 155.16

IE: 7.47

Formula: GHgN3O,

Isoleucine

ILE; |

Aliphatic (nonpolar)
MW: 131.17

IE: 5.94

Formula: GH13NO,

0 0
oo,
NH,,
0 o
. . -
NH,
0
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Appendix 2: Amino acids and symbols

Leucine

LEU; L

Aliphatic (nonpolar)
MW: 131.17

IE: 5.98

Formula: GH13NO,

Lysine

LYS; K

Positively charged
MW: 146.19

IE: 9.59

Formula: GH14N50,

Methionine

MET; M

Aliphatic (nonpolar)
MW: 149.21

IE: 5.74

Formula: GH{;NO,S;

Phenylalanine
PHE; F

Aromatic

MW: 165.19

IE: 5.48

Formula: GH{;NO,

Proline

PRO; P

Aliphatic (nonpolar)
MW: 115.13

IE: 6.30

Formula: GHgNO,

0
\(\‘/‘LDH

NH,

0
HzNV\/\l)L ol

NH,

oH
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Appendix 2: Amino acids and symbols

Serine

SER; S

Polar but not charged
MW: 105.09

IE: 5.68

Formula: GH;NO3

Threonine

THR; T

Polar but not charged
MW: 119.12

IE: 5.64

Formula: GHgNO3

Tryptophan

TRP; W

Aromatic

MW: 204.23

IE: 5.89

Formula: GH15N,O,

Tyrosine

TYR; Y

Aromatic

MW: 181.19

IE: 5.66

Formula: GH{;NO;

Valine

VAL; V

Aliphatic (nonpolar)
MW: 117.15

IE: 5.96

Formula: GH{;NO,

i

NH,

A,

%/\‘)LOH

M
H

OH

HO

OH
NH
NH
NH
)\I/U\DH
N

i
2
o
2
8]
2
]
H,

The isoelectric point (IE) is the pH at which atfadar molecule carries no net electrical charge.
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