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Abstract

OBJECTIVES: Cytochrome P450 (CYP) 1A1 is the most important enzyme in
both activation and detoxification of carcinogenic benzo[a]pyrene (BaP), in
combination with microsomal epoxide hydrolase (mEH). To evaluate metabo-
lism of BaP in human, identification of a suitable animal model that mimics the
metabolic fate of BaP in human is of great importance. The aim of this work was
to compare BaP oxidation by human CYP1A1 and CYP1A1 of one animal model,
rat. Investigation of the effect of cytochrome b; on BaP oxidation by CYP1A1 was
another target of this study.

METHODS: High performance liquid chromatography (HPLC) was employed for
separation of BaP metabolites formed by enzymatic systems. Their structures
were identified by mass- and NMR-spectrometry.

RESULTS: Human hepatic microsomes oxidized BaP to BaP-9,10-dihydrodiol,
BaP-4,5-dihydrodiol, BaP-7,8-dihydrodiol, BaP-1,6-dione, BaP-3,6-dione and
BaP-3-ol. The same metabolites were generated by rat liver microsomes, but BaP-
9-ol and a metabolite Mx, the structure of which has not been identified as yet, were
also formed in these microsomes. Human CYP1A1 expressed with NADPH:CYP
reductase (POR) in Supersomes™ oxidized BaP to the same metabolites as micro-
somes, but BaP-4,5-dihydrodiol has not been detected. Rat recombinant CYP1A1
in this SupersomesTM system oxidized BaP to BaP-9,10-dihydrodiol, a metabolite
Mx, BaP-4,5-dihydrodiol, BaP-7,8-dihydrodiol, BaP-1,6-dione, BaP-3,6-dione,
BaP-9-ol and BaP-3-ol. Addition of cytochrome bs to rat and human recombinant
CYP1AL1 systems led to a more than 2-fold increase in BaP oxidation.
CONCLUSION: The results show similarities between human and rat CYP1Al in
BaP oxidation and demonstrate rats as a suitable model mimicking BaP oxidation
in human.
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Abbreviations:

BaP - benzo[a]pyrene

BPDE - BaP-7,8-dihydrodiol-9,10-epoxide

Ccosy - correlation spectroscopy

CYP - cytochrome P450

dG-N2-BPDE - 10-(deoxyguanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-
tetrahydrobenzo-[a]pyrene

DMSO - dimethyl sulfoxide

HMBC - heteronuclear multiple-bond correlation
spectroscopy

HPLC - high performance liquid chromatography

HSQC - heteronuclear single-quantum correlation
spectroscopy

IARC - International Agency for Research on Cancer

MALDI-TOF - matrix-assisted laser desorption/ionization time-of-
flight

mEH - epoxide hydrolase

NADPH - nicotinamidadeninedinucleotide phosphate
(reduced)

NMR - nuclear magnetic resonance

PAH - polycyclic aromatic hydrocarbon

POR - NADPH:cytochrome P450 reductase

r.t. - retention time

uv - ultraviolet

INTRODUCTION

Benzo[a]pyrene (BaP) is a polycyclic aromatic hydro-
carbon (PAH) that has been classified as human carcino-
gen (Group 1) by the International Agency for Research
on Cancer (IARC 2010). BaP requires metabolic acti-
vation catalyzed by cytochrome P450 (CYP) enzymes
prior to reaction with DNA (Baird et al. 2005). Of the
CYP enzymes, CYP1Al is one of the most important
CYP enzymes in metabolic activation of BaP to species
forming DNA adducts (Baird et al. 2005; Hamouchene
et al. 2011), in combination with microsomal epoxide
hydrolase (mEH). First, CYP1A1 oxidizes BaP to an
epoxide that is then converted to a dihydrodiol by mEH
(i.e. BaP-7,8-dihydrodiol); then further bio-activation
by CYP1A1 leads to the ultimately reactive species, BaP-
7,8-dihydrodiol-9,10-epoxide (BPDE) that can react
with DNA, forming adducts preferentially at guanine
residues. The 10-(deoxyguanosin-N2-yl)-7,8,9-trihy-
droxy-7,8,9,10-tetrahydrobenzol[a]

cation products, BaP-9-ol is a precursor of 9-hydroxy-
BaP-4,5-epoxide, which can form another adduct with
deoxyguanosine in DNA (Schoket et al. 1989; Nesnow
et al. 1993; Fang et al. 2001). Therefore, regulation of
CYP1Al-mediated oxidation of BaP leading to either
metabolites forming BPDE, 9-hydroxy-BaP-4,5-epox-
ide or the BaP metabolites that are the detoxification
products is of major importance.

In order to modulate CYP1A1-catalyzed oxidation
of BaP in human, knowledge on such modulation of
the CYP1Al enzyme from suitable animal models
that might mimic oxidation of BaP in human should
be investigated and the results found applied to regula-
tion of BaP oxidation by human CYP1ALl. In fact, the
first step of such investigations is to find which of the
animal model CYP1Al enzyme oxidizes BaP simi-
larly to human CYP1A1. In addition, there are still not
clearly explained how an electron transfer mediated
by another component of the microsomal enzymatic
system, NADPH:CYP reductase (POR), on CYP1A1l
during BaP oxidation occurs, and whether microsomal
cytochrome b; might influence this electron transfer.
Namely, the oxygen needed for BaP oxidation is acti-
vated in the active center of CYPs by two electrons
transferred from NADPH and/or NADH by means of
POR and cytochrome bs, respectively (Coon 1978).
Whereas POR is an essential constituent of the electron
transport chain towards CYP, the role of cytochrome
bs is still quite enigmatic (Porter 2002; Stiborova et al.
2006, 2012b; Kotrbova et al. 2011; Koberova et al. 2013).
Indeed, in the case of CYP1A1, the influencing of the
POR-mediated electron transfer from NADPH to this
CYP, which dictates a velocity of BaP oxidation, by
cytochrome b is not known.

Therefore, this study is focused on two major targets:
(i) evaluation of a suitability of rat CYP1A1 enzymatic
systems to mimic BaP oxidation by human CYP1Al,
and (ii) investigation of the effect of cytochrome bs
on oxidation of CYP1A1 by these CYP1A1 enzymes.
Human and rat CYP1A1 expressed with POR in micro-
somes of insect cells (Supersomes™) and these enzyme

pyrene (dG-N2-BPDE) adduct is
the major product of the reaction
of BPDE with DNA in vitro and
in vivo (Fig. 1) (Phillips & Venitt
2012).

BaP is, however, oxidized also to
other metabolites such as the other
dihydrodiols, BaP-diones and
hydroxylated metabolites (Bauer
et al. 1995; Chun et al. 1996; Kim
et al. 1998; Jiang et al. 2007; Zhu
et al. 2008). Even though most of
these metabolites are the detoxifi-

Fig. 1. Metabolic activation of benzo[a]pyrene
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systems reconstituted with purified cytochrome bg
were utilized for such a study. Human and rat hepatic
microsomes containing a natural spectrum of CYPs
and other enzymes located in a membrane of endoplas-
mic reticulum were used as positive controls.

MATERIAL AND METHODS

Chemicals and enzymes

Male human hepatic microsomes (pooled sample;
cat. no. 452172), Supersomes™, microsomes isolated
from insect cells transfected with a baculovirus con-
struct containing ¢cDNA of human or rat CYP1Al
and expressing POR were purchased from Gentest
Corp. (Woburn, MI, USA). Microsomes from rat livers
were isolated and characterized for CYP activities as
described (Stiborova et al. 2011, 2012a). Cytochrome
bs; was isolated from rabbit liver microsomes by the
procedure described by Roos (1996). This protein was
used for the reconstitution experiments. There were
no problems with CYP1A1 enzyme activity when this
enzyme was reconstituted with other enzymes that were
isolated from rabbit. As shown in our previous works,
the enzymatic activity of rat (and/or human) CYP1A1
reconstituted with rabbit POR and cytochrome b; was
essentially the same as that of the enzyme reconstituted
with rat orthologs of these enzymes (Stiborova et al.
2002, 2006, 2012b; Kotrbova et al. 2009, 2011).

NADP+, D-glucose-6-phosphate, D-glucose-6-phos-
phate dehydrogenase, dimethylsulfoxide (DMSO) were
obtained from Sigma Chemical Co (St Louis, MO,
USA). All these and other chemicals were reagent grade
or better.

Preparation of rat microsomes and assays

The study was conducted in accordance with the Regu-
lations for the Care and Use of Laboratory Animals
(311/1997, Ministry of Agriculture, Czech Repub-
lic), which complies with the Declaration of Helsinki.
Microsomes from livers of ten male untreated Wistar
rats and those of ten male rats pre-treated with Sudan
I were prepared by the procedure described previously
(Stiborova et al. 2003, 2011; 2013). Protein concentra-
tions in the microsomal fractions were assessed using
the bicinchoninic acid protein assay with the bovine
serum albumin as a standard (Weichelman et al. 1988).
The concentration of CYP was estimated according
to Omura and Sato (1964) based on absorption of
the complex of reduced CYP with carbon monoxide.
Hepatic microsomes of control (uninduced) rats and
rats induced with Sudan I contained 0.6 and 1.8 nmol
CYP/mg protein, respectively.

Microsomal and CYP1A1 enzymatic incubations

Rat hepatic microsomes of control (untreated) rats and
rats treated with Sudan I, and human hepatic micro-
somes (pooled sample; cat. no. 452172), Supersomes™,
microsomes isolated from insect cells transfected with

Oxidation of benzo[a]pyrene by CYP1A1

a baculovirus construct containing cDNA of human or
rat CYP1A1 and expressing POR were used to study
BaP oxidation. Human and rat CYP1A1 expressed in
these microsomes oxidized a CYP1Al-marker sub-
strate, Sudan I (Stiborova et al. 2002; 2005). However,
rat CYP1A1 exhibited ~2-fold lower efficiencies in
Sudan I oxidation than human CYP1A1l (data not
shown). Incubation mixtures used for studying BaP
metabolism in human and rat hepatic microsomes or
in Supersomes™ contained 100mM potassium phos-
phate buffer (pH7.4), NADPH-generating system
(ImM NADP+, 10 mM D-glucose-6-phosphate,
1U/ml  D-glucose-6-phosphate  dehydrogenase),
0.5 mg of microsomal protein or 100 nM human or rat
CYP1A1 in Supersomes™ and 50uM BaP (dissolved
in 5yl dimethyl sulfoxide, DMSO) in a final volume
of 500 pul. In additional experiments, the Supersomal
CYP1A1 systems were reconstituted with cytochrome
bs. The enzyme reconstitution utilizing the above sys-
tems (Supersomes™ containing human or rat CYP1A1
and expressing POR) with cytochrome bs; were per-
formed as described (Stiborova et al. 2002; 2006;
2012b). The reaction was initiated by adding 50 ul of
the NADPH-generating system. Control incubations
were carried out either without enzymatic system
(microsomes or the CYP1Al systems), or without
NADPH-generating system, or without BaP. After
incubation (37°C, 20 min), 5ul of 1 mM phenacetin
(PA) in methanol was added as an internal standard.
BaP metabolites were extracted twice with ethyl ace-
tate (2x1 ml), solvent evaporated to dryness, residues
dissolved in 25 ul methanol and BaP metabolites sepa-
rated by HPLC.

HPLC analysis of BaP metabolites

HPLC analysis of BaP metabolites was performed on
a Nucleosil® C18 reverse phase column, (250x4 mm,
5um; Macherey Nagel, Diiren, Germany) using a
Dionex system consisting of a pump P580, a UV/VIS
Detector UVD 170S/340S, an ASI-100 Automated
Sample Injector, a termobox COLUMN OVEN LCO
101 and an In-Line Mobile Phase Degasser Degasys
DG-1210 Dionex controlled with Chromeleon™ 6.11
build 490 software. The conditions used for the chro-
matographic separation of BaP metabolites were as
follows: 50% acetonitrile in water; (v/v), with a linear
gradient to 85% acetonitrile in 35 min, then an isocratic
elution with 85% acetonitrile for 5 min, a linear gradi-
ent from 85% acetonitrile to 50% acetonitrile in 5 min,
followed by an isocratic elution of 50% acetonitrile for
5 min, flow rate of 0.6 ml/min. Application of samples
(20 ul) at ambient temperature) and HPLC were carried
out at 35°C (Moserova et al. 2009). Detection was by
UV at 254 nm. BaP metabolite peaks (Figure 2) were
collected and analyzed by NMR and/or mass spectrom-
etry. The peak areas at 254 nm were calculated rela-
tive to the peak area of the internal standard PA, and
expressed as relative peak areas.
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NMR spectrometry

NMR spectra (8, ppm; J, Hz) of BaP and its metabo-
lites M1, M4, M5 and M7 were measured on a Bruker
Avance II-600 and/or Bruker Avance II-500 instru-
ments equipped with a cryoprobe (600.1 or 500.0 MHz
for 1H and 150.9 or 125.7 MHz for 13C) in hexadeuter-
ated acetone and CDCl; and referenced to the solvent

signals (8 2.05 and 7.27, respectively). Due to the low
amounts of metabolites it was not possible to acquire
I3C NMR spectra or perform heteronuclear correlation
experiments.

1) BaP. 'H NMR spectrum of BaP contains five
isolated spin systems: one three-spin system of hydro-
gens H-1, H-2 and H-3, one four-spin system of H-7,
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H-8, H-9 and H-10, one isolated spin of H-6 and two
two-spin systems of H-4, H-5 and of H-11, H-12.
The assignment of signals in the spectrum could be
done with the help of homonuclear correlation spec-
troscopy (COSY) spectrum (data not shown), where
strong cross-peaks corresponding to three-bond cou-
plings were observed. However, the signals of the two
two-spin systems (H-4,H-5 and H-11, H-12) could
not be assigned with the use of COSY spectrum only
and heteronuclear correlation spectra [heteronuclear
multiple-bond correlation spectroscopy (HSQC) and
heteronuclear multiple-bond correlation spectroscopy
(HMBC)] had to be used.

2) M1. Two signals of the four-spin system of M1
were shifted upfield (to 4.5 and 5.7 ppm). These values
are too low for the fully aromatic BaP skeleton. The
structure of M1 was identified as trans-9,10-dihydro-
BaP-9,10-diol (BaP-9,10-dihydrodiol) by comparison
with previously reported NMR data of this compound
(Platt & Oesch 1983). The trans arrangement of the
two hydroxy groups was supported by the inspection of
the vicinal coupling constant between hydrogen atoms
H-9 and H-10. The torsion angle between these two
hydrogen atoms calculated using the generalized Kar-
plus type equation (Haasnoot et al. 1980) was predicted
to be 48°. This value is very close to the torsion angle
observed in the molecular model of the trans-derivative
with the two hydroxyl groups in pseudo-axial positions.
The molecular model of the cis-derivative predicts the
torsion angle between the two hydrogen atoms to be
close to —75°. We were not able to determine the abso-
lute configuration on the new asymmetric centers (C-9
and C-10). It is possible that both enantiomers are pres-
ent in metabolite M1.

3) M4 and M5. In the spectra of both compounds M4
and M5, we observed the four-spin system of H-7, H-8,
H-9 and H-10 and three two-spin systems. Two substit-
uents are therefore attached to the BaP skeleton: one in
the position 6 and the second one in position 1 or 3. Fur-
thermore, the unusually shielded H-2 proton at 6.7 ppm
was characteristic of the a-proton (next to carbonyl) in
phenalones (Prinzbach et al. 1967) suggesting that the
structures of M4 and M5 could be BaP-1,6-dione and
-3,6-dione, respectively. Because these two compounds
were synthesized previously and their 'H NMR spectra
reported (Leeruff et al. 1986; Xu et al. 2009), spectra in
CDCl; could be compared and the metabolites identi-
fied as BaP-1,6-dione (M4) and BaP-3,6-dione (M5).

4) M7. In the spectrum of M7, the three-spin system
was replaced with a two-spin system suggesting that
one substituent is attached to the position 1 or 3 of the
BaP. The structure of M7 was confirmed to be BaP-3-ol
by comparison of the chemical shifts and coupling con-
stants with those reported previously (Xu et al. 2009).

5) M2, M3 and M6. Because the amounts of M2, M3
and M6 samples were insufficient for NMR spectros-
copy, these metabolites were analyzed by mass spec-
trometry only as described below.

Oxidation of benzo[a]pyrene by CYP1A1

Mass spectrometry

Mass spectra of BaP and its metabolites M2, M3 and
M6 were measured on a matrix-assisted laser desorp-
tion/ionisation reflectron time-of-flight (MALDI-TOF)
mass spectrometer ultraFLEX III (Bruker-Daltonics,
Bremen, Germany). Positive spectra were calibrated
externally using the monoisotopic [M+H]* ion of
MRFA peptide 524.26m/z and CCA matrix peaks
190.05, 379.09 m/z. A 10 mg/ml solution of a-cyano-4-
hydroxy-cinnamic acid or 2,5-dihydrobenzoic acid in
50% acetonitrile/0.3% acetic acid was used as MALDI
matrix. A 0.5pl of sample dissolved in acetonitrile
was premixed with 0.5ul of the matrix solution on
the target and allowed to dry at ambient temperature.
The MALDI-TOF positive spectra were collected in
reflectron mode. Positive [M*] of BaP corresponded
to this compound (m/z 252.1). The metabolites with
retention times of 11.9 (M2) and 12.9 min (M3) gave
a positive molecular ion at m/z 286.1 that is indicative
of BaP-dihydrodiol metabolites. The metabolite eluted
at 24.6 min (M6) gave a positive molecular ion at m/z
268.1, which is indicative of a hydroxylated BaP metab-
olite. These results are consistent with previous studies
on the metabolism of BaP by human CYP1A1 (Bauer
et al. 1995; Kim et al. 1998), in which these metabolites
were identified as BaP-4,5-dihydrodiol (M2), BaP-7,8-
dihydrodiol (M3), and BaP-9-ol (M6).

Statistical analyses

For statistical data analysis we used Student’s ¢-test. All
p-values are two-tailed and considered significant at
the 0.05 level.

RESULTS

Oxidation of BaP by rat and human hepatic microsomes

Human and rat hepatic microsomes are natural sys-
tems containing all components of a monooxygenase
system located in a membrane of endoplasmic reticu-
lum, CYPs, POR, cytochrome bs, and its reductase
NADH:cytochrome b; reductase, in addition to mEH.
Human hepatic microsomes oxidized BaP to six metab-
olites that were separated by HPLC (Figure 2A). These
BaP metabolites and those formed by other enzyme sys-
tems used in this work were collected and subsequently
characterized by NMR and/or mass spectrometry. The
BaP metabolites formed by human hepatic microsomes
were identified to be BaP-9,10-dihydrodiol (M1),
BaP-4,5-dihydrodiol (M2), BaP-7,8-dihydrodiol (M3),
BaP-1,6-dione (M4), BaP-3,6-dione (M5) and BaP-3-o0l
(M7) (see Figures 2A and 3), all corresponding to the
metabolites that were formed by CYP1A1 in combina-
tion with mEH in other studies (Bauer et al. 1995; Kim
et al. 1998; Baird et al. 2005).

Rat liver microsomes, in which CYP1A was induced
by Sudan I, generated beside all these metabolites also
BaP-9-o0l (M6) and a metabolite Mx, the structure of
which has not been identified as yet (Figures 2B and 3).
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Fig. 3. Benzo[a]pyrene (BaP) metabolites formed by human and rat hepatic microsomes and human and rat cytochrome P450 1A1.

The same BaP metabolites were also formed by hepatic
microsomes of control (untreated) rats, but to a more
than 3.5-fold lower extent (data not shown).

The BaP-3-ol, considered as a detoxification BaP
metabolite, was the major oxidation product gener-
ated both by human and rat hepatic microsomes
(Figure 2B). Essentially no BaP metabolites were found
when NADPH-generating system was not present in
the incubation mixtures containing human and rat
hepatic microsomes (data not shown).

Oxidation of BaP by human and rat
CYPIA1I in Supersomes™

Human CYP1A1 expressed with POR in a microsomal
system of Supersomes™ oxidized BaP to seven metabo-
lites, BaP-9,10-dihydrodiol, a metabolite Mx, BaP-7,8-
dihydrodiol, BaP-1,6-dione, BaP-3,6-dione, BaP-9-ol
and BaP-3-ol (Figures 2C and 3). One of the dihydro-
diols formed by human and rat hepatic microsomes,
BaP-4,5-dihydrodiol (M2), has not been detected in the
system containing human CYP1Al.

Rat recombinant CYP1A1 expressed with POR in
Supersomes™ oxidized BaP to the analogous spectrum
of metabolites as human CYP1A1l, but rat CYP1Al
generated also BaP-4,5-dihydrodiol (Figure 2D). In

addition, lower amounts of most BaP metabolites were
formed by human than by rat CYP1Al, mainly the
amount of BaP-3-ol (Figures 2 and 4). Such a lower effi-
cacy of rat CYP1A1 corresponded to lower activity of
this enzyme with a CYP1A1 marker substrate, Sudan I
(data not shown).

The results found using these human and rat
CYPI1A1 systems indicate that BaP is metabolized not
only by CYP1A1 present in these systems, but also by
mEH, which is important for the hydration of BaP
epoxides to produce dihydrodiols. Indeed, BaP dihy-
drodiols were formed in these human and rat CYP1A1
systems. Therefore, mEH is expressed in microsomes of
the Supersomal system.

Essentially no BaP metabolites were found when the
NADPH-generating system was deleted from the incu-
bation mixtures containing human and rat CYP1Al
(see Figure 2E for human CYP1A1).

The effect of cytochrome bs on BaP
oxidation by human and rat CYP1A1

Addition of cytochrome bs to human and rat CYP1A1
in Supersomes™ led to up to a more than 2-fold
increase in BaP oxidation to its metabolites. The high-
est stimulation effect of cytochrome bs; on human

Copyright © 2013 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu
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Fig. 4. Oxidation of benzo[a]pyrene (BaP) by human (A) and rat (B) cytochrome P450 (CYP) 1A1 and the effect of cytochrome b (cyt bs) on
this oxidation. All values are given as means and standard deviations of triplicate incubations (n=3). Comparison was performed by t-test
analysis; *p<0.05, **p<0.01, ***p<0.001, different from CYP1A1-mediated oxidation of BaP without cytochrome bs. For BaP metabolites

M1-M7 and Mx, see Fig. 3.

CYPI1A1 has been found on formation of BaP-3-ol and
BaP-7,8-dihydrodiol, followed by the effect on genera-
tion of BaP-9,10-dihydrodiol, BaP-1,6-dione, BaP-9-ol,
a metabolite Mx, and BaP-3,6-dione. In the case of rat
CYP1Al, the highest increase in formation of BaP-
7,8,dihydrodiol, BaP-9,10-dihydrodiol and BaP-3-ol
was found (Figure 4).

DISCUSSION

The results found in this work demonstrate that oxi-
dation of BaP by human CYP1Al is similar to that
catalyzed by rat CYP1A1; the only one difference has
been found. Whereas BaP-9,10-dihydrodiol, a metabo-
lite Mx, BaP-4,5-dihydrodiol, BaP-7,8-dihydrodiol,
BaP-1,6-dione, BaP-3,6-dione, BaP-9-0l and BaP-3-ol
were formed both by human and rat CYP1A1, BaP-
4,5-dihydrodiol was not detectable in the system con-
taining human CYP1A1l. Similar results were found in
experiments where human bronchoalveolar H358 cells
expressing CYP1A1 were treated with BaP; no BaP-4,5-
dihydrodiol was detectable as a BaP metabolic product
(Jiang et al. 2007). Also in the case of human and rat
hepatic microsomes, where a spectrum of analogous
BaP metabolites such as BaP-phenols, BaP-diones and
BaP-dihydrodiols was generated, one difference in
metabolic products was found; BaP-9-ol has not been
detectable in human hepatic microsomes. Low levels
of CYP1A1 expressed in human livers (Stiborova et al.
2002, 2005), resulting in low efficiencies of this subcel-

lular system, might be responsible for no detectable
amounts of BaP-9-ol.

The structure of one BaP metabolite, a metabolite
Mx, that has been formed by human and rat CYP1A1
remains to be explored. Nevertheless, its chromato-
graphic properties on HPLC indicate its polarity; it
is eluted from a HPLC column with a retention time
between that of BaP-9,10-dihydrodiol and BaP-4,5-
dihydrodiol. All results found in this work indicate that
rat CYP1A1 enzymatic systems are appropriate models
that might be utilized to investigate BaP oxidation by
human CYP1A1 and, therefore, to be used to evaluate
risk of BaP carcinogenicity for human.

The pattern of BaP metabolites found to be formed
by human and rat CYP1A1 in Supersomes™ demon-
strate that not only human and rat CYP1A1, but also
POR and mEH enzymes, necessary to metabolize BaP
to the metabolites found, are expressed in the Super-
somal microsomes. However, cytochrome bs, which
is a natural component of insect microsomes (Super-
somes™), seems to be present in this system in the
amounts which is not sufficient to mediate oxidation
of BaP by CYP1ALI to its highest catalytic efficiencies.
Namely, the addition of cytochrome bs to the human
and rat CYP1A1 in Supersomes™ resulted in an increase
in formation of BaP metabolites. This is an important
finding that was shown in this study for the first time.
A stimulation of CYP1Al-mediated catalysis by cyto-
chrome b; has already been found in oxidation of its
marker substrate Sudan I (Stiborova et al. 2005, 2006)
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and an anticancer drug ellipticine (Kotrbova et al.
2011), but not in that of 7-ethoxyresorufin (Stiborova et
al. 2005). Two mechanisms of cytochrome bs-mediated
modulation of CYP catalysis have been suggested previ-
ously: it can affect the CYP catalytic activities by donat-
ing the second electron to CYP in a CYP catalytic cycle
and/or act as an allosteric modifier of the oxygenase
(Yamazaki et al. 1997; 2001; Loughran et al. 2001; Porter
2002; Schenkman & Jansson 2003; Guengerich 2005;
Zhang et al. 2005; Kotrbova et al. 2009, 2011; Stiborova
et al. 2012b). The mechanism(s) underlying such allo-
steric effects, based on reports that apo-cytochrome
bs can stimulate CYP catalysis, remains uncertain. It
does seem clear, however, that cytochrome bs bind-
ing can cause conformational changes to the substrate
access channel and binding pocket in the CYP enzyme
(Yamazaki et al. 1997, 2001; Loughran et al. 2001;
Porter 2002; Schenkman & Jansson 2003; Guengerich
2005; Zhang et al. 2005; Kotrbova et al. 2009, 2011; Sti-
borova et al. 2012b). Because addition of cytochrome
b; changed the levels of all BaP metabolites formed by
human and rat CYP1A1, the effect of this protein on an
electron transfer to CYP1A1 seems to be the predomi-
nant mechanism responsible for the observed increase
in oxidation of BaP. Nevertheless, the allosteric effects
due to cytochrome bs cannot be excluded. Namely, an
increase in formation of individual BaP metabolites was
not the same for all these metabolites. Therefore, the
mechanism responsible for the effects of cytochrome
bs; on CYP1A1l-mediated oxidation of a variety of sub-
strates needs to be explored in further investigations.

CONCLUSION

The results found in this study demonstrate that the
enzymatic system of rat CYP1Al is a suitable enzyme
model that might be utilized for investigation of BaP
metabolism by human CYP1A1. In addition, the results
also show for the fist time that cytochrome b; modulate
BaP metabolism catalyzed by human and rat CYP1A1,
stimulating formation of all its metabolic products. All
these findings demonstrate that rats seem to be a suit-
able animal model that might mimic BaP oxidation in
human.
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Abstract

The tumour suppressor p53 is one of the most important cancer genes. Previous findings have
shown that p53 expression can influence DNA adduct formation of the environmental
carcinogen benzo[a]pyrene (BaP) in human cells, indicating a role for p53 in the cytochrome
P450 (CYP) 1Al-mediated biotransformation of BaP in vitro. We investigated the potential
role of p53 in xenobiotic metabolism in vivo by treating Trp53(+/+), Trp53(+/-) and Trp53(-
/-) mice with BaP. BaP-DNA adduct levels, as measured by **P-postlabelling analysis, were
significantly higher in liver and kidney of 7rp53(-~/-) mice than Trp53(+/+) mice.
Complementarily, significantly higher amounts of BaP metabolites were also formed ex vivo
in hepatic microsomes from BaP-pretreated 7rp53(-/-) mice. Bypass of the need for
metabolic activation by treating mice with BaP-7,8-dihydrodiol-9,10-epoxide (BPDE)
resulted in similar adduct levels in liver and kidney in all mouse lines confirming that the
influence of p53 is on the biotransformation of the parent compound. Indeed, nucleotide
excision repair capacity did not contribute to the higher BaP-DNA adduct levels observed in
Trp53(-/-) mice. Higher BaP-DNA adduct levels in the livers of 7rp53(-/~) mice correlated
with higher Cypla protein levels and increased Cypla enzyme activity in these animals. Our
study demonstrates a role for p53 in the metabolism of BaP in vivo confirming previous in-
vitro results on a novel role for p53 in CYP1Al-mediated BaP metabolism. However, our
results also suggest that the mechanisms involved in the altered expression and activity of the

CYPI1A1 enzyme by p53 in vitro and in vivo are different.
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Introduction

The TP53 tumour suppressor gene, which encodes the protein p53, is often described as the
guardian of the genome and is the most commonly mutated gene in human tumours (Olivier
et al. 2010). As gatekeeper p53 regulates cell growth by inhibiting proliferation or promoting
apoptosis (Taneja et al. 2011). As caretaker it controls cellular processes to maintain genomic
integrity, including repair to remove DNA damage (Taneja et al. 2011). Disruption of the
normal p53 response by 7P53 mutation leads to increased risks of tumour development. 7P53
is mutated in over 50% of sporadic tumours and various environmental carcinogens have
been found to be associated with characteristic mutational signatures in 7P53 (Olivier et al.
2010). In addition to somatic mutations in the 7P53 gene, germline mutations have been
found to cause predisposition to cancer and 7P53 polymorphisms have been shown to
increase cancer susceptibility (Whibley et al. 2009). Besides its role in DNA damage
response, p53 has also been found to regulate metabolic pathways, thereby linking p53 not
only to cancer, but also to other diseases such as diabetes and obesity (Maddocks and
Vousden 2011).

Previously, we used a panel of isogenic human colorectal carcinoma HCT116 cell
lines that differed only with respect to their endogenous 7P53 status in order to investigate
the metabolism and DNA damage induced by the environmental carcinogens benzo[a]pyrene
(BaP) and 3-nitrobenzanthrone (3-NBA) (Hockley et al. 2008; Wohak et al. 2014). We found
that HCT116 TP53(-/-) and TP53(+/-) cells formed significantly lower BaP-DNA adduct
levels than TP53(+/+) cells. In contrast, no difference in adduct formation was observed in
HCT116 cells exposed to BaP-7,8-diol-9,10-epoxide (BPDE), the activated metabolite of
BaP, indicating that p53 expression is linked to the cytochrome P450 (CYP)-mediated
metabolic activation of BaP. There were also significantly lower levels of BaP metabolites
detected in the culture media of HCT116 TP53(-/-) and TP53(+/-) cells relative to TP53(+/+)
cells, which was accompanied by a greater induction of CYP1A1 protein and CYPIAI
mRNA in 7P53(+/+) cells than in the other cell lines (Wohak et al. 2014). We found that
BaP-induced CYP1AL1 expression was regulated through a p53 response element (pS3RE) in
the CYPIAIl promoter region thereby providing a novel pathway for the induction of
CYPIA1 by polycyclic aromatic hydrocarbons (PAHs) like BaP (Wohak et al. 2014).
Interestingly, DNA adduct formation by 3-NBA was not different in HCT116 7P53(+/+) and
TP53(-/-) cells (Hockley et al. 2008), suggesting that NAD(P)H:quinone oxidoreductase
(NQOV1), which is the principal enzyme activating 3-NBA (Arlt et al. 2005; Stiborova et al.
2010), is not regulated by p53.
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Transgenic and knock-out mouse models have been used to study tumour suppressor
function through phenotypic analysis of the whole organism and by examining a variety of
primary cell types (Taneja et al. 2011). The opportunity to study multiple tissues is
particularly useful for 7rp53 because p53 function is highly cell type-specific (Donehower
2014; Kenzelmann Broz and Attardi 2010; Kucab et al. 2010; Lozano 2010). Much of the
work carried out on the role of CYP enzymes in xenobiotic metabolism has been done in
vitro (Nebert 2006; Nebert and Dalton 2006). However, extrapolation from in vitro data to in
vivo pharmacokinetics requires additional factors to be considered such as route of
administration, absorption, renal clearance and tissue-specific CYP expression (Nebert 2006;
Nebert et al. 2013). For example, previous studies have revealed an apparent paradox,
whereby hepatic CYP enzymes appear to be more important for detoxification of BaP in vivo,
despite being involved in its metabolic activation in vitro (Arlt et al. 2012; Arlt et al. 2008;
Nebert et al. 2013).

To evaluate the impact of the cellular 7rp53 status on the metabolic activation of BaP
and 3-NBA we have compared metabolism and DNA adduct formation of BaP and 3-NBA in
Trp53(+/+), Trp(+/-) and Trp53(-/-) mice. DNA adduct formation in vivo and in vitro was
investigated by *’P-postlabelling analysis. Tissue-specific expression and activity of
xenobiotic-metabolising enzymes (XMEs) involved in BaP and 3-NBA metabolism were
compared with DNA adduct formation in the same tissue. Nucleotide excision repair (NER)
capacity was assessed phenotypically in selected tissues using a modified comet assay.
Urinary BaP metabolites and the Cyp-mediated formation of BaP metabolites ex vivo in

hepatic microsomes were measured by high performance liquid chromatography (HPLC).
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Materials and methods

Carcinogens

Benzo[a]pyrene (BaP; CAS number 50-32-8; purity >96%) was obtained from Sigma
Aldrich. 3-Nitrobenzanthrone (3-NBA; CAS number 17117-34-9) was prepared as previously
reported (Arlt et al. 2002). (£)-Anti-benzo[a]pyrene-trans-7,8-dihydrodiol-9,10-epoxide
(BPDE) was synthesized at the Biochemical Institute for Environmental Carcinogens, Prof.

Dr. Gernot Grimmer-Foundation, Germany.

Carcinogen treatment of Trp53(+/+), Trp53(+/-) and Trp53(-/-) mice

Trp53(+/+), Trp53(+/-) and Trp53(-/-) male C57BL/6 mice were generated as reported
(Jacks et al. 1994). All animal experiments were conducted in accordance with the law at the
Leiden University Medical Center, Leiden, The Netherlands, after approval by the
institutional ethics committee. Animals were kept under controlled specific pathogen-free
conditions (23°C, 40-50% humidity) under a 12-h light-dark cycle. Food and water were
available ad libitum. Genotyping of the animals was performed as described (Jacks et al.
1994). Groups of male Trp53(+/+), Trp53(+/-) and Trp53(-/-) mice (3 months old; 25-30 g; n
= 4/group) were treated with a single dose of 125 mg/kg body weight (bw) of BaP by
intraperitoneal (i.p.) injection according to treatment protocols used previously to study BaP
metabolism (Arlt et al. 2012; Arlt et al. 2008). We chose i.p. injection as the administration
route to achieve a high induction of hepatic CYP-mediated BaP metabolism. Similarly,
groups (n = 4) of Trp53(+/+), Trp53(+/-) and Trp53(-/-) mice were injected i.p. with a single
dose of 2 mgkg bw of 3-NBA according to a previous study investigating 3-NBA
metabolism (Arlt et al. 2005). Based on dose-finding experiments in 7rp53(+/+) mice using
single 1.p. injections of 1.25, 6.25 or 12.5 mg/kg bw of BPDE, groups (n = 4) of Trp53(+/+),
Trp53(+/-) and Trp53(-/-) mice were treated i.p. with 1.25 mg/kg bw of BPDE. Control mice
(n = 4) received solvent (corn oil) only. Animals were killed 24 hours after treatment and
their liver, lung, kidney, colon, small intestine, bladder, glandular stomach, forestomach and
spleen were removed, snap-frozen in liquid nitrogen and stored at —80°C until further

analysis. Urine was collected for the preceding 24 hours.

Detection of DNA adducts by **P-postlabelling
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DNA was isolated from tissues by a standard phenol-chloroform extraction method. DNA
adduct analysis was performed by thin-layer chromatography **P-postlabelling analysis
(Phillips and Arlt 2007; Phillips and Arlt 2014). For DNA from BaP- and BPDE-treated
animals the nuclease P1 digestion enrichment method was used (Arlt et al. 2008) while for
DNA from 3-NBA-treated animals, the butanol extraction method was employed (Arlt et al.
2002). DNA samples (4 ng) were digested with micrococcal nuclease (288 mU; Sigma) and
calf spleen phosphodiesterase (1.2 mU; MP Biomedical), and then enriched and labelled as
reported.

Measurement of nucleotide excision repair (NER) capacity

The ability of NER-related enzymes present in isolated tissue extracts to detect and incise
substrate DNA containing BPDE-DNA adducts was measured using a modified comet assay
(Langie et al. 2006). Tissue protein extracts were prepared as described previously (Gungor
et al. 2010), and protein concentrations were optimised for analysis of liver and kidney
samples (0.2 mg/mL). The ex vivo repair incubation and electrophoresis was performed
according to the published protocol (Langie et al. 2006). Dried slides stained with ethidium
bromide (10 pg/mL) were viewed with a Zeiss Axioskop fluorescence microscope. Comets
were scored using the Comet III system (Perceptive Instruments, UK). Fifty nucleoids were
assessed per slide and each sample was analysed in duplicate. All samples were measured
blindly. Tail intensity (% tail DNA), defined as the percentage of DNA migrated from the
head of the comet into the tail, was used to calculate repair capacity of the tissue extracts as

reported previously (Langie et al. 2006).

Preparation of microsomal and cytosolic samples

Microsomal and cytosolic fractions were isolated from the livers and lungs of Trp53(+/+),
Trp53(+/-) and Trp53(-/-) mice. Tissue frozen in liquid nitrogen was ground up in a Teflon
container with a steel ball in a dismembrator to a frozen powder. This was transferred into a
Potter-Elvehejm homogenizer and the Teflon receptacle rinsed with 1/15 M sodium
phosphate buffer with 0.5% potassium chloride pH 7.4. The powder was homogenized,
transferred to a centrifuge tube and the potter rinsed with phosphate buffer. The homogenates
were spun for 30 min at 18,000 % g. Supernatant were transferred to an ultracentrifuge tube
and spun at 100,000 x g for 60 min at 4°C. The resulting supernatants formed the cytosols,
which was levered off the sediment gently while the sediments (microsomes) were taken up

in phosphate buffer. Protein concentration in the fractions were measured using bicinchoninic
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acid protein assay (Wiechelman et al. 1988) with bovine serum albumin and stored in small

aliquots at — 80°C until analysis.

Microsomal BaP-DNA adduct formation

Incubation mixtures in a final volume of 750 uL consisted of 50 mM potassium phosphate
buffer (pH 7.4), 1 mM NADPH, 0.5 mg of microsomal protein, 0.5 mg calf thymus DNA,
and 0.1 mM BaP (dissolved in 7.5 pL dimethylsulfoxide [DMSO]). The reaction was
initiated by adding NADPH. Microsomal incubations were carried out at 37°C for 90 min.
Microsomal-mediated BaP-DNA adduct formation was linear up to 120 min as reported
previously (Arlt et al. 2008). Control incubations were carried out (i) without microsomes;
(i) without NADPH; (iii) without DNA; and (iv) without BaP. After incubation, DNA was

isolated by a standard phenol/chloroform extraction method.

Microsomal BaP metabolite formation

In a final volume of 500 pL the incubation mixture contained 100 mM potassium phosphate
buffer (pH 7.4), NADPH-generating system (1 mM NADP", 10 mM D-glucose-6-phosphate,
1 U/mL D-glucose-6-phosphate dehydrogenase), 0.5 mg microsomal protein and 50 uM BaP
(dissolved in 5 pL DMSO). The reaction was initiated by adding 50 uL of the NADPH-
generating system. Microsomal incubations were carried out at 37°C for 20 min. Control
incubations were carried out (i) without microsomes; (i7) without NADPH-generating system;
and (7ii) without BaP. After incubation, 5 uLL of I mM phenacetin in methanol was added as
internal standard. The BaP mixtures were extracted with ethyl acetate (2% 1 mL), the solvent
was evaporated to dryness and the residue was dissolved in 25 pL methanol for HPLC

analysis.

HPLC analysis of BaP metabolites

HPLC analysis was performed on a Nucleosil® C18 reversed phase column, (250 x 4 mm, 5
um; Macherey Nagel, Germany) using a Dionex system consisting of a pump P580, a
UV/VIS Detector UVD 170S/340S, an ASI-100 Automated Sample Injector, a termobox
COLUMN OVEN LCO 101 and an In-Line Mobile Phase Degasser Degasys DG-1210
Dionex controlled with ChromeleonTM 6.11 build 490 software. HPLC conditions were:
50% acetonitrile in HPLC water (v/v), with a linear gradient to 85% acetonitrile in 35 min,

then an isocratic elution with 85% acetonitrile for 5 min, a linear gradient from 85%
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acetonitrile to 50% acetonitrile in 5 min, followed by an isocratic elution of 50% acetonitrile
for 5 min. Detection was by UV at 254 nm. BaP metabolite peaks were collected and
analysed by NMR and/or mass spectrometry as described (Stiborova et al. 2014). The
structures of BaP metabolites analysed are given in Supplementary Figure 6C. The metabolite

peak areas were calculated relative to the peak area of the internal standard.

BaP metabolites in urine

Urine samples (0.4-1.7 mL) collected from 7rp53(+/+) and Trp53(-/-) mice treated with BaP
were mixed with 4 volumes of methanol, centrifuged for 4 min at 1,000 rpm, and the
supernatants were then evaporated to dryness. The residues were dissolved in 100 pL of
methanol and analysed by HPLC as described above. Urine samples for 7rp53(+/-) mice

were lost during analysis.

Expression of Cyplal and Nqol by Western blotting

Microsomal and cytosolic proteins were separated using NuPage 4-12% Bis-Tris sodium-
dodecyl sulphate (SDS)-polyacrylamide gels (Life Technologies), and Western blotted as
previously reported (Hockley et al. 2006). Chicken polyclonal antibody raised against
recombinant rat CYPIA1 protein (Arlt et al. 2008) has been shown to recognise murine
Cyplal. In microsomal samples Cypla was probed with chicken anti-rat CYP1AT1 at 1:5,000
and peroxidase-conjugated goat-anti chicken (ab6877, Abcam, 1:10,000) was used as
secondary antibody. Rat recombinant CYP1A1 and CYP1A2 (in Supersomes™, Gentest
Corp.) were used as positive controls to identify protein bands in microsomal samples. In
cytosolic samples an affinity purified rabbit antibody was used to detect Nqol (N5288, rabbit
pAb, 1:10,000; Sigma) and peroxidase-conjugated goat anti-rabbit antibody (CST7076, Cell
Signalling Technology, 1:10,000) was used as secondary antibody. Human recombinant

NQOI (Sigma) was used as positive control to identify the Nqol band in cytosols.

Measurement of Cypla enzyme activity

Microsomal samples were characterised for Cypla activity using 7-ethoxyresorufin O-
deethylation (EROD) activity (Mizerovska et al. 2011). Enzyme activity was determined by
following the conversion of 7-ethoxyresorufin into resorufin using fluorescent measurement
on a Synergy HT Plate Reader (Bio-TEK) using an excitation wavelength of 530 nm and an

emission wavelength of 580 nm.



O ~J o Ul W

OO UUTUUTUITUTUTOTOT S DB BB DB DEDAEDWWWWWWWWWWNNNNNNNNNNRE R PR PR R R e
O WNPFPOWOWOJO U WNREFPOOWOJIOUOUDd WNRPFPOWOJOYUIDd WNRFP OWOOLOJdJOYUd WNE OWOWJoY U B WNEFE O W

Measurement of Nqol enzyme activity

Ngol enzyme activity in cytosolic samples was measured with menadione (2-methyl-1,4-
naphthoquinone) as substrate as described previously (Mizerovska et al. 2011). Enzyme
activity was determined by following the conversion of cytochrome ¢ at 550 nm on a Synergy

HT Plate Reader (Bio-TEK).
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Results

DNA adduct formation in vivo

In the majority of tissues, the BaP-DNA adduct pattern consisted of a single adduct spot (spot
1), previously identified as 10-(deoxyguanosin-N>-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydro-
BaP (dG-N*-BPDE) (Supporting Figure 2A). For lung, colon and small intestine additional
adduct spots were detected. In all three tissues a minor adduct (spot 2) was detected that was
previously suggested to be derived from reaction of 9-hydroxy-BaP-4,5-epoxide with guanine
(Stiborova et al. 2014), while for colon and small intestine an additional major adduct (spot
3) was found that has not yet been structurally identified. The same adduct profiles were
observed in all three mouse lines. A scheme showing the formation of adducts 1 and 2 is
given in Supporting Figure 4. No DNA adducts were detected in control animals (data not
shown).

BaP-DNA adduct levels ranged from 25-100 adducts per 10°* nucleotides (Figure 1A).
Adduct levels were significantly higher (~2-fold) in livers of Trp53(-/-) compared to
Trp53(+/+) mice (106 £ 25 versus 48 + 27 adducts per 10° nucleotides; p<0.05), while
adduct formation in kidney was significantly higher (~2-fold) both in 7rp53(+/-) and Trp53(-
/-) relative to Trp53(+/+) mice (73 + 31 and 70 = 20 versus 27 + 6 adducts per 10®
nucleotides, respectively; p<0.05). A similar trend was observed in lung, fore stomach, and
spleen, although the difference in adduct levels did not reach statistical significance. In
contrast, adduct levels in liver, lung, and kidney did not significantly change after treatment
with BPDE in all mouse lines (Figure 1B). In these tissues the adduct pattern consisted of
adduct spot 1 only (see Supporting Figure 2B). As BPDE does not require CYP-mediated
metabolic activation to bind to DNA, these findings suggest that the differences in DNA
adduct formation observed in liver and kidney with the parent compound BaP are the
consequence of the different capacities of the 7rp53 mouse lines to metabolically activate
BaP.

The adduct pattern induced by 3-NBA consisted of up to four adduct spots (spots 1-4;
Supporting Figure 3). These were characterised previously as 2-(2'-deoxyadenosin-N°-yl)-3-
aminobenzanthrone (dA-N°-3-ABA; spot 1), 2-(2'-deoxyguanosin-N>-yl)-3-
aminobenzanthrone ~ (dG-N*-3-ABA; spot 3) and N-(2'-deoxyguanosin-8-yl)-3-
aminobenzanthrone (dG-C8-N-3-ABA; spot 4), while spot 2 is an as-yet-uncharacterised
deoxyadenosine adduct (Arlt et al. 2001; Arlt et al. 2006). Adduct levels ranged from 2-40

adducts per 10® nucleotides, but there were no significant differences between mouse lines in
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DNA adduct formation in any of the tissues investigated (Figure 2). These results suggest
that, in contrast to BaP metabolism, 77p53 status has no impact on 3-NBA metabolism in
vivo, which is in accord with experiments on human cells in vitro (Hockley et al. 2008;

Simoes et al. 2008).

DNA repair capacity in liver and kidney

As p53-dependent pathways affecting global NER have been identified (Ford 2005; Sengupta
and Harris 2005), we assessed whether mouse 7rp53 status influences NER activity. Tissue
extracts from liver and kidney were examined for their ability to repair BPDE-induced DNA
adducts using a modified comet assay (Langie et al. 2006). We found that in the liver the
repair capacity was ~50% higher in Trp53(-/-) than in Trp53(+/+) mice, while no difference
in the repair capacity between mouse lines was observed in kidney (Supporting Figure 5).
These results indicate that NER capacity does not contribute to the higher BaP-DNA adduct
levels observed in Trp53(-/-) relative to Trp53(+/+) mice, both in liver and kidney, which is
in line with the finding that treatment of mice with BPDE resulted in similar adduct levels in

the three mouse lines.

DNA adduct formation of BaP ex vivo

We investigated the ability of hepatic microsomes isolated both from control and BaP-treated
animals to catalyse BaP-DNA adduct formation ex vivo (Figure 3). While Trp53 status had no
influence on DNA adduct formation by BaP with hepatic microsomes isolated from untreated
animals (Figure 3A), BaP-induced adduct levels were significantly higher with microsomal
samples from 7rp53(+/-) and Trp53(-/-) relative to Trp53(+/+) mice pretreated with BaP
(Figure 3B). The adduct pattern induced by BaP ex vivo consisted of adduct spots 1 and 2
(see inserts Figure 3 and Supporting Figure 4). Interestingly, adduct levels of adduct 2 were
higher than adduct 1, the dG-N*-BPDE adduct, and, in addition, adduct 2 was significantly
higher in experiments with 7rp53(+/-) and Trp53(-/-) microsomes than with Trp53(+/+)

microsomes.

BaP metabolite profile ex vivo

As our data suggested that 7rp53 status affects the NADPH-dependent metabolic activation
of BaP in hepatic microsomes, metabolite profiles were determined by HPLC analysis. A
representative HPLC chromatogram of BaP metabolites is shown in Supporting Figure 6A.

Hydroxylated BaP metabolites, BaP-dihydrodiols, as well as BaP-diones, were identified.
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Previous studies have shown that many of these BaP metabolites are formed by CYP1A1 in
combination with microsomal epoxide hydrolase (Bauer et al. 1995; Kim et al. 1998; Luch
and Baird 2005). No BaP metabolites were detected in control incubations without
microsomes, without NADPH-generating system or without BaP (data not shown). With
hepatic microsomes isolated from untreated mice 7rp53 status had no influence on the BaP
metabolite profile and the amounts of BaP metabolites formed (Figure 4, left panels).
However, pretreating mice with BaP led to a significant increase in BaP metabolite formation
ex vivo (Figure 4, right panels). Moreover, amounts of BaP-7,8-dihydrodiol, BaP-1,6-dione,
BaP-3,6-dione, BaP-9-ol and BaP-3-ol were significantly higher in microsomes of pretreated
Trp53(+/-) and Trp53(-/-) mice compared with pretreated Trp53(+/+) mice. These findings
correlated with ex vivo BaP-DNA adduct formation using the same hepatic microsomes

(compare Figure 3B).

Urine analysis of Trp53(+/+) and Trp53(-/-) mice treated with BaP

A representative HPLC chromatogram of urinary BaP metabolites is shown in Supporting
Figure 6B. The amounts of BaP-4,5-dihydrodiol, BaP-7,8-dihydrodiol, BaP-3,6-dione, and
BaP-3-ol were significantly lower in urine of 7rp53(-/-) compared to Trp53(+/+) mice
(Supporting Figure 7), although most of the differences were small (~15-20% reduction). BaP
metabolites can be conjugated to glucuronides and sulphates (Luch and Baird 2005), which
are excreted in the urine and feces, but only unconjugated BaP metabolites (see Supporting

Figure 6B) were determined in the present work.

Influence of Trp53 status on xenobiotic-metabolising enzymes

We next studied the expression and activity of enzymes metabolising BaP. Metabolic
activation of BaP is catalysed mainly by CYP1A1, but also CYP1B1 (Supporting Figure 1A),
which leads via BPDE to the formation of dG-N*-BPDE, the major BaP-derived DNA adduct
detected in vivo. For these investigations we selected liver, as Trp53 status impacted on
hepatic BaP-DNA adduct formation (see Figure 1A), and also lung, because it is the main
target organ of 3-NBA genotoxicity (Arlt 2005).

Treatment of mice with BaP led to a large induction of Cyplal protein levels in liver
(Figure 5A). However, induction was much greater in hepatic microsomes of BaP-treated
Trp53(+/-) and Trp53(-/-) mice than in Trp53(+/+) mice, which correlates with the levels of
BaP-DNA adducts in the livers of these animals. The increase in Cyplal protein levels was

associated with a significant increase in EROD activity (up to ~2-fold; p<0.05), a measure of
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CYPIA enzyme activity, in BaP-treated 7rp53(+/-) and Trp53(-/-) compared with
Trp53(+/+) mice (Figure 6A). In contrast, 7rp53 status had no effect on EROD activity in
hepatic microsomes isolated from control (untreated) mice (see Figure 6A), which was in line
with no changes being observed in ex vivo BaP-DNA adduct formation (compare Figure 3)
and BaP metabolite formation ex vivo using the same microsomes (compare Figure 4, left
panels). Cyplal protein levels were increased in pulmonary microsomes isolated from BaP-
treated Trp53(-/-) compared to Trp53(+/+) (Figure 5A), but no significant change in EROD
activity was observed (Figure 6B). Lung microsomes isolated from control (untreated) mice
showed variability in EROD activity between preparations and/or experiments (compare
Figure 6B and 6D) which may also be linked to low basal activity in these microsomes. No
changes for Cyplal protein levels, which were close to background levels (Figure 5B), or
enzyme activity (Figure 6C and D) were observed in hepatic and pulmonary microsomes
isolated from mice treated with 3-NBA between 7rp53 genotypes.

The principal enzyme that activates 3-NBA by nitroreduction is NQO1 (Supporting
Figure 1B) (Arlt et al. 2005; Stiborova et al. 2010). The resulting N-hydroxy-3-
aminobenzanthrone (N-OH-3-ABA) can spontaneously form reactive nitrenium ions capable
of forming DNA adducts. Alternatively, N-OH-3-ABA can be further activated by N-
acetyltransferases or sulfotransferases leading to the formation of the same reactive nitrenium
ions (Arlt 2005). It has been shown that in vivo cytosolic nitroreduction of 3-NBA is more
important than nitroreduction by microsomal NAD(P)H:cytochrome P450 oxidoreductase
(Arlt et al. 2005; Arlt et al. 2003). As we did not observe any differences in DNA adduct
formation with 3-NBA, we measured the expression and activity of Nqol in hepatic and
pulmonary cytosols. In addition, as BaP-derivatives can also be metabolised by NQO1 (Luch
and Baird 2005), we also determined expression and activity of Nqol in mice exposed to
BaP.

All cytosolic samples contained Nqol (Figure 5C and D). In both liver and lung, BaP
treatment led to an induction of Nqol (Figure 5C) that was independent of the 7rp53
genotype of the animals. These findings were in line with increased Nqol enzyme activity in
these animals after BaP treatment (compare Figure 6E and F); however, Trp53 status had no
effect on Nqol enzyme activity in either organ, with or without BaP pretreatment of the
animals. In hepatic cytosols Nqol protein levels were unchanged in 3-NBA-treated mice
(Figure 5D). Nqol protein levels were increased in the lungs of 3-NBA-treated 7rp53(+/+)
mice, which is in concordance with previous studies showing that 3-NBA exposure can

induce NQOI1 (Stiborova et al. 2006; Stiborova et al. 2008), but not in 3-NBA-treated
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Trp53(+/-) and Trp53(-/-) mice. Exposure to 3-NBA and 7rp53 genotype had no impact on
Ngol enzyme activity in hepatic and pulmonary cytosols (Figure 6G and H); however, strong
variability in Nqol activity was seen in lung cytosols isolated from 3-NBA-treated
Trp53(+/+) mice (Figure 6H). Collectively, these results suggest that p53 expression has no
impact on Nqol-mediated bioactivation of 3-NBA, which correlates with the lack of

influence of 7rp53 genotype on 3-NBA-DNA adduct formation in vivo (Figure 2).
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Discussion

We used Trp53(+/+), Trp53(+/-) and Trp53(-/-) mice to investigate the effect of pS3 on BaP
metabolism and DNA adduct formation induced by BaP in vivo. The BaP dose used in this
study, 125 mg/kg bw, has been shown to be carcinogenic and able to induce mutagenicity in
multiple organs after repeated administration (Hakura et al. 1998). We found that BaP-
induced DNA adduct formation in liver and kidney was significantly higher in 7rp53(-/-)
mice than in Trp53 (+/+) mice after acute BaP treatment. Similar trends in DNA adduct
formation were seen in other tissues (e.g. lung), although the difference in adduct formation
did not reach statistical significance. This is in contrast to another study examining the effect
of pentachlorophenol on DNA adduct formation in 7rp53(+/+) and Trp53(-/-) mice exposed
to BaP (Ress et al. 2002). In that study no influence of 7rp53 status on BaP-DNA adduct
formation was evident in the tissues investigated, namely liver and lung. The discrepancy
between the two studies could be attributable to the different dosing regimens (i.e. a higher
BaP dose was used in our study) but otherwise remains unexplained at present. CYP1AL1 is
considered to be one of the key enzymes responsible for the metabolic activation of BaP in
organisms (Luch and Baird 2005). Our data showed that higher BaP-DNA adduct levels in
the livers of Trp53(-/-) mice relative to Trp53(+/+) mice correlated with higher hepatic
Cypla protein levels and increased Cypla enzyme activity in these animals. The amounts of
BaP metabolites formed in incubations using hepatic microsomes isolated from BaP-
pretreated Trp53(-/-) and Trp53(+/-) mice were higher than when using those from BaP-
pretreated 7rp53(+/+) mice. This indicates again that Cyp activity was induced in 7rp53(-/-)
mice which correlated with higher BaP-DNA adduct formation in this mouse line.

Studies investigating xenobiotic metabolism and/or carcinogen-DNA adduct
formation in transgenic mice with altered 7rp53 status are sparse and have mainly used
Trp53(+/-) mice (Ariyoshi et al. 2001; Carmichael et al. 2001; Mori et al. 2001; Sanders et al.
2001). In one study DNA adduct levels induced by diethylstilbestrol (DES) were ~2-fold
higher in Trp53(+/-) mice than in Trp53(+/+) mice (Carmichael et al. 2001). Small
differences in the protein expression of several Cyp enzymes including Cyplal/2, Cyplbl,
Cyp2b9 and Cyp3all were observed and it was concluded that these differences in the
expression of XMEs between Trp53(+/-) and Trp53(+/+) mice could have contributed to the
higher DES-induced DNA adduct levels seen in Trp53(+/-) mice. In this context it is
noteworthy that we also found higher DNA adduct levels in Trp53(+/-) mice relative to
Trp53(+/+) mice after BaP exposure. Another study found that hepatic Cypla protein

induction was higher in female 7rp53(+/-) mice than in Trp53(+/+) mice after treatment with
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another PAH, 3-methylcholanthrene (Ariyoshi et al. 2001). This finding is in line with our
results showing that Cypla protein levels and Cypla enzyme activity are increased in the
livers of Trp53(+/-) animals after BaP exposure. Other studies found no difference in the
Cyp-mediated metabolism of N-butyl-N-(4-hydroxy-butyl)nitrosamine, benzene, ethoxyquin
or methacrylonitrile between 7Trp53(+/+) and Trp53(+/-) mice (Mori et al. 2001; Sanders et
al. 2001).

Haploinsufficiency in 7P53 has been shown to promote tumour development (Berger
and Pandolfi 2011) as reduction in p53 dosage can impact on a cell’s ability to respond to
DNA damage (Berger et al. 2011). As such, survival of 7rp53(+/-) mice show an
intermediate survival to that of Trp53(-/-) and Trp53(+/4) mice, and tumours that develop in
Trp53(+/-) mice do not always display loss of the remaining wild-type allele (Berger et al.
2011). Interestingly, in kidney 7rp53(+/-) mice behaved like Trp53(-/-) showing higher BaP-
DNA adduct levels relative to Trp53(+/+) mice while adduct formation in the livers of
Trp53(+/-) and Trp53(+/+) mice was similar but lower compared to 7rp53(-/-) mice.
However, hepatic Cypla protein levels as well as Cypla enzyme activity was both higher in
BaP-treated Trp53(+/-) and Trp53(-/~-) mice than Trp53(+/+) mice suggesting that in
Trp53(+/-) animals other factors besides Cypla expression may influence BaP-DNA adduct
formation in the liver.

NER is considered to be the main DNA repair pathway for bulky DNA adducts and
pS3-dependent pathways affecting global genomic NER have been identified (Ford 2005;
Sengupta and Harris 2005). Using a modified comet assay we showed that tissue-specific
NER capacity did not contribute to the higher BaP-DNA adduct levels observed in 7rp53(-/-)
mice than in 77p53(+/+) mice, both in liver and kidney. This conclusion was strengthened by
the fact that DNA adduct formation in livers and kidneys of Trp53(+/+), Trp53(+/-) and
Trp53(-/-) mice exposed to the corresponding reactive metabolite of BaP, BPDE, resulted in
similar adduct levels in all mouse lines. As treatment with BPDE bypasses the need for
metabolic activation, these results again indicated that the level of p53 expression impacts on
the metabolic activation of the parent compound, BaP, but not on DNA repair.

Previous studies conducted in a panel of isogenic human cells differing only with
respect to their endogenous 7P53 status showed that complete loss of p53 function (i.e.
TP53(-/-) cells) resulted in considerably lower BaP-DNA adduct levels compared to
TP53(+/+) cells after BaP exposure (Hockley et al. 2008; Wohak et al. 2014). CYPIA1
protein expression was induced to a much greater extent in 7P53(+/+) cells than in TP53(+/-

) and TP53(-/-) cells. There were also significantly lower levels of BaP metabolites in the
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culture medium of 7P53(+/-) and TP53(-/-) cells correlating with lower BaP-DNA adduct
formation in these cell lines. It was also shown that exposure to BPDE resulted in similar
adduct levels in all cell lines and that NER capacity did not contribute to the observed
differences in BaP-DNA adduct formation as the repair capacity was the same in all cell lines
(Wohak et al. 2014). Collectively, these results demonstrate the role of p53 in the CYP1AI1-
mediated metabolism of BaP in human cells.

However, the impact of p53 function on BaP metabolism is different in vitro and in
vivo. Whereas loss of p53 function results in a decrease in BaP-DNA adduct formation in
vitro, loss of p53 function in vivo leads to an increase in BaP-DNA adduct formation. Other
studies (Arlt et al. 2008; Nebert et al. 2013) have revealed a paradox, whereby CYP enzymes
(particularly CYP1A1) appear to be more important for detoxification of BaP in vivo, despite
being involved in its metabolic activation in vitro, demonstrating that XMEs can have
different effects on carcinogen metabolism in vitro and in vivo. Nevertheless, the mechanism
involved in the altered expression and activity of Cypla enzymes by p53 function in mice is
presently unclear. Additionally, it will be necessary to examine whether there are species-
dependent differences between cultured human and mouse cells in the p53-dependent BaP
metabolism in vitro.

Many studies have shown that BaP can induce CYP1A1 through binding to the aryl
hydrocarbon receptor (AhR), a transcription factor that also regulates the expression of a
number of phase I and phase Il XME genes (Shimizu et al. 2000; Wang et al. 2011).
However, when BaP was administered i.p. to Ahr(-/-) mice, total BaP-DNA adduct levels
were similar to those in Ahr(+/+) mice, although the formation of individual adduct spots
determined by **P-postlabelling varied (Kondraganti et al. 2003). In contrast, in other studies
BaP-induced adduct levels in the livers of Ahr(-/-) mice were significantly higher than those
in Ahr(+/+) mice after oral administration (Sagredo et al. 2009; Sagredo et al. 2006). Thus
these studies provide evidence of a mechanism of BaP biotransformation that is Ahr-
independent. Whether this mechanism involves p53 function in vivo is currently untested and
would require the creation of a Ahr(-/-)/Trp53(-/-) double knockout mouse line.

We recently found that BaP-induced CYP1A1 expression in human cells can be
regulated through p53 binding to a p53 response element (pS3RE) in the CYP1A41 promoter
region, thereby enhancing its transcription and thus explaining the role of p53 function in
BaP metabolism in vitro as described above (Wohak et al. 2014). Others have shown that p53
induces the activity of CYP3A4 in human cells via its binding to pS3REs and the subsequent
transcriptional enhancement of CYP344 (Goldstein et al. 2013). However, the induction of
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Cyps like Cyplal via p53 binding to a pS3RE in the Cyplal promoter region fails to explain
the impact of p53 on BaP metabolism in vivo (present study), as Cypla protein levels and
Cypla enzyme activity were actually the higher in 7rp53(-/-) mice which lack p53 function
suggesting that the mechanism is different in vitro and in vivo, at least in the rodent model.

It remains to be seen whether this observation is specific to BaP or a more general
phenomenon. However, bioactivation and DNA adduct formation of 3-NBA in vivo was not
influenced by Trp53 status (present study) which is in concordance with previous findings
that 3-NBA induces similar levels of DNA adducts in human 7P53(+/+) and TP53(-/-) cell
lines (Hockley et al. 2008; Simoes et al. 2008). This observation indicates that the cellular
impact of p53 on carcinogen metabolism depends on the agent studied and/or that only
certain XMEs depend on p53 function. The most efficient enzyme to activate 3-NBA to DNA
adducts is NQO1 (Arlt et al. 2005; Stiborova et al. 2010) and thus, NQO1 seems to be an
enzyme not affected by p53 expression. This is in line with the fact that overall Nqo1 protein
levels and Nqol enzyme activity were not significantly different in the 7rp53(+/+),
Trp53(+/-) and Trp53(-/-) mouse lines, both after BaP and 3-NBA treatment. Future studies
will be required to address this question thereby testing other environmental and dietary
carcinogens both in vitro and in vivo.

In summary, we found that murine Cyp-mediated bioactivation of BaP in vivo is
influenced by p53 function thereby providing new fundamental insights into PAH-induced
carcinogenesis. These results indicate that gene-environmental interactions need to be taken
into account with regards to xenobiotic metabolism. Our results are in line with studies
demonstrating an emerging role for p53 in carcinogen metabolism in human cells in vitro.
Whereas in human cells BaP-induced CYP1A1 expression is regulated through p53 binding
to a pS3RE in the CYPIAl promoter region, thereby enhancing its transcription, the
mechanism involved in the altered expression and activity of the Cyplal enzyme by p53 in
vivo in mice has yet to be identified. Future investigations will need to assess whether the
metabolic activation of other environmental carcinogens depends on p53 in vivo and where

the differences lie between murine and human p53.
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Legends to Figures

Figure 1:

DNA adduct levels measured by *’P-postlabelling in various organs of Trp353(+/+),
Trp53(+/-) and Trp53(-/-) mice after exposure to BaP (A) or BPDE (B). Values are the mean
+ SD (n = 4). Statistical analysis was performed by one-way ANOVA followed by Tukey
post-hoc test (*p<0.05; different from 7rp53(+/+) mice).

Figure 2:

DNA adduct levels measured by >?P-postlabelling in various organs of Trp53(+/+),
Trp53(+/-) and Trp53(-/-) mice after exposure to 3-NBA. Values are the mean = SD (n = 4).
Statistical analysis was performed by one-way ANOVA followed by Tukey post-hoc test; no

significant differences were observed.

Figure 3:

BaP-DNA adducts, measured by **P-postlabelling, formed ex vivo by hepatic microsomes
isolated from control (untreated) (A) and BaP-pretreated (B) Trp53(+/+), Trp53(+/-) and
Trp53(-/-) mice. Values are the mean + range (n = 4); duplicate incubations and each sample
was determined by two independent post-labelled analyses. Statistical analysis was
performed by one-way ANOVA followed by Tukey post-hoc test (**p<0.01; different from
hepatic microsomes isolated from 77p53(+/+) mice). Inserts: Autoradiographic profiles of
DNA adducts formed in hepatic microsomes isolated from 7rp53(+/+) mice; the origins, at

the bottom left-hand corners, were cut off before exposure.

Figure 4:

Formation of BaP metabolites by hepatic microsomes isolated from control (untreated) (A, C
and E) and BaP-treated (B, D and F) Trp53(+/+), Trp53(+/-) and Trp53(-/-) mice. Relative
peak areas of BaP metabolites were measured by HPLC analysis at 254 nm. Values are the
mean = SD (n = 3). Statistical analysis was performed by one-way ANOVA followed by
Tukey post-hoc test (*p<0.05, **p<0.01, ***p<0.005; different from BaP-treated Trp53(+/+)
mice). Structures of the BaP metabolites detected by HPLC are shown in Supplementary

Figure 6C. Mx, an unknown BaP metabolite.
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Figure S:

Western blot analysis of Cyplal (A and B) and Nqol protein expression (C and D) in hepatic
and pulmonary cytosols isolated from 7rp53(+/+), Trp53(+/-) and Trp53(-/-) mice exposed
to BaP (A and C) or 3-NBA (B and D). Representative images of the Western blotting are

shown and at least duplicate analysis was performed from independent experiments.

Figure 6:

EROD activity (A-D) in hepatic (A and C) and pulmonary microsomes (B and D) isolated
from Trp53(+/+), Trp53(+/-) and Trp53(-/~) mice. Nqol enzyme activity (E-H) was
determined in hepatic (E and G) and pulmonary cytosols (F and H). Values are the mean +
SD (n = 4). Statistical analysis was performed by one-way ANOVA followed by Tukey post-
hoc test (*p<0.05; different from Trp53(+/+) mice).
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Supporting Figure 1

Main metabolic pathways in the bioactivation and DNA adduct formation in vivo of BaP (A)
and 3-NBA (B). R = - C(O)CHs; R = — SOs;H. See text for details. CYP, cytochrome P450;
mEH, microsomal epoxide hydrolase; NQO1, NAD(P)H:quinone oxidoreductase; NAT, N-
Acetyltransferase; SULT, sulfotransferase.
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Supporting Figure 2

Autoradiographic profiles of DNA adducts, measured by **P-postlabelling, in various tissues
of Trp53(+/+) mice exposed to BaP (A) or BPDE (B). The adduct profiles shown are
representative for the same organs in 7rp53(+/-) and Trp53(-/-) mice. Solvent conditions for
the separation of BaP-derived DNA adducts were as follows: D1, 1.0 M sodium phosphate,
pH 6.0; D3, 3.5 M lithium-formate, 8.5 M urea, pH 3.5; D4, 0.8 M lithium chloride, 0.5 M
Tris, 8.5 M urea, pH 8.0. The origins, at the bottom left-hand corners, were cut off before
exposure. Spot 1, 10-(deoxyguanosin-N>-yl)-7.8.9-trihydroxy-7,8,9,10-tetrahydro-BaP (dG-
N*-BPDE); Spot 2, probable guanine adduct derived from reaction with 9-hydroxy-BaP-4,5-
epoxide; Spot 3, uncharacterised BaP-derived DNA adducts. For the pathways of BaP-DNA
adduct formation see Supporting Figure 4.



O ~J o Ul W

OO UUTUUTUITUTUTOTOT S DB BB DB DEDAEDWWWWWWWWWWNNNNNNNNNNRE R PR PR R R e
O™ WNHFRFO WO I WNROW®O-JAUDWNROOW®JdOAUTDWNR,OWOWTJAUBRWNR OWOWTI0U DS WN R O W

34

liver lung kidney

glandular stomach fore stomach

Supporting Figure 3

Autoradiographic profiles of DNA adducts, measured by **P-postlabelling, in various tissues
of Trp53(+/+) mice exposed to 3-NBA. The adduct profiles shown are representative for the
same organs in 7rp53(+/-) and Trp53(-/-) mice. 3-NBA-derived DNA adducts were separated
using the following solvent conditions: D1, 1.0 M sodium phosphate, pH 6.0; D3, 4.0 M
lithium-formate, 7.0 M urea, pH 3.5; D4, 0.8 M lithium chloride, 0.5 M Tris, 8.5 M urea, pH
8.0. The origins, at the bottom left-hand corners, were cut off before exposure. Spot 1, 2-(2’-
deoxyadenosine-N°-yl)-3-aminobenzanthrone (dA-N°-3-ABA); Spot 2, as-yet unidentified
adenine adduct derived from nitroreduction; Spot 3, N-(2’-deoxyguanosine-N’-yl)-3-
aminobenzanthrone (dG-N*-3-ABA); Spot 4, N-(2’-deoxyguanosin-8-yl)-3-
aminobenzanthrone (dG-C8-N-3-ABA).



O ~J o Ul W

OO UUTUUTUITUTUTOTOT S DB BB DB DEDAEDWWWWWWWWWWNNNNNNNNNNRE R PR PR R R e
O WNPFPOWOWOJO U WNREFPOOWOJIOUOUDd WNRPFPOWOJOYUIDd WNRFP OWOOLOJdJOYUd WNE OWOWJoY U B WNEFE O W

35

(@)
“ CYP1A1
T =

(+)-BaP-9,10-epoxide BaP (+)-BaP-7,8-epoxide

OH
9-Hydroxy-BaP (-)-trans-BaP-7,8-dihydrodiol

CYP1A1 l CYP1A1 l

HO “ +DNA ?"m,,.
OO —> | Adduct 2 :
Adduct 1  [*DNA

0 (dG-N2-BPDE) | 1,
9-Hydroxy-(+)-BaP- (+)-anti-BaP-7,8-dihydrodiol-
4,5-epoxide BaP-treated lung ||Hepatic micro- 9,10-epoxide (BPDE)
somes ex vivo
2 1(dG-N?-BPDE 1 (dG-N?-BPDE)
. &
Supporting Figure 4

Pathways of biotransformation and DNA adduct formation of BaP catalysed by CYP1A1 and
microsomal epoxide hydrolase (mEH) [adapted from (Stiborova et al. 2014)]. The typical
three-step activation process with oxidation by CYP1A1 followed by hydrolysis by mEH
leads to the ultimately reactive species BPDE which leads to the generation of the dG-N°-
BPDE adduct. The two-step activation process by CYP1A1 is leading to the formation of the
ultimately reactive species, 9-hydroxy-BaP-4,5-epoxide, that can react with deoxyguanosine
in DNA (adduct 2; structure unknown). Insert: Autoradiographic profiles of BaP-DNA
adducts, measured by **P-postlabelling, formed in the lungs of BaP-treated Trp53(+/+) mice
(see also Supporting Figure 2A) or ex vivo in hepatic microsomes isolated from BaP-
pretreated 7rp53(+/+) mice (see also Figure 3); the origin, at the bottom left-hand corners,
was cut off before exposure.
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Supporting Figure 5

NER capacity in liver (A) and kidney (B) of Trp53(+/+), Trp53(+/-) and Trp53(-/-) mice as
assessed by Comet Assay. Values are the mean £ SD (n = 4). Statistical analysis was
performed by one-way ANOVA followed by Tukey post-hoc test (*p<0.05; different from
Trp53(+/+) mice).
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Supporting Figure 6

(A) Representative HPLC chromatogram of the BaP metabolites generated by hepatic
microsomes of BaP-pretreated 7Trp53(+/+). (B) Representative HPLC chromatogram of the
BaP metabolites found in urine of 7rp53(+/+) mice exposed to BaP. M1-M7, BaP
metabolites [BaP-9,10-dihydrodiol (M1), BaP-4,5-dihydrodiol (M2), BaP-7,8-dihydrodiol
(M3), BaP-1,6-dione (M4), BaP-3,6-dione (M5), BaP-9-ol (M6), BaP-3-ol (M7) and an
unknown BaP metabolite (Mx)]. (C) Structures of the BaP metabolites.
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Supporting Figure 7

BaP metabolites in urine of BaP-treated 7rp53(+/+) and Trp53(-/-) mice. Relative peak areas
of BaP metabolites were measured by HPLC analysis at 254 nm. Values are the mean + SD
(n = 3). Statistical analysis was performed by #-test analysis (**p<0.01, ***p<0.005; different
from Trp53(+/+) mice). Mx, an unknown BaP metabolite. ND, not detected.
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Abstract OBJECTIVES: Cytochrome P450 (CYP) 1A1 located in the membrane of endoplas-
mic reticulum is the most important enzyme in both activation and detoxification
of carcinogenic benzo[a]pyrene (BaP), in combination with microsomal epoxide
hydrolase (mEH). However, it is still not clearly explained how the electron trans-
fer is mediated by NADPH:CYP oxidoreductase (POR), another component of the
microsomal enzymatic system, on CYP1A1 during BaP oxidation, and whether
microsomal cytochrome b; might influence this electron transfer. METHODS:
High performance liquid chromatography (HPLC) was employed for separation
of BaP metabolites formed by enzymatic systems containing human CYPI1A1.
RESULTS: Human CYP1A1 expressed with POR in eukaryotic and prokaryotic
expression cellular systems, in microsomes of insect cells (Supersomes™) and in
a membrane fraction of Escherichia coli, respectively, and these enzyme systems
reconstituted with purified cytochrome b5 were utilized to study BaP oxidation.
Human CYPI1A1 expressed in Supersomes™ oxidized BaP to seven metabolites
[7,8- and 9,10-dihydrodiols, 1,6-dione, 3,6-dione, 3- and 9-phenols, and a metabo-
lite with unknown structure (Mx)], whereas this enzyme expressed in membranes
of E. coli formed only the metabolites 1,6- and 3,6-diones, 3- and 9-phenols, and
Mx. Addition of cytochrome b5 to CYP1A1 expressed in the eukaryotic system led
to a more than 2-fold increase in BaP metabolism, but had essentially no effect
on BaP oxidation by CYP1A1 expressed in E. coli. CONCLUSION: The effect of
cytochrome b; on CYP1A1 conformation and the electron transfer to this enzyme
may contribute to the cytochrome b;-mediated stimulation of BaP oxidation.
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Abbreviations:

BaP - benzola]pyrene
BPDE - BaP-7,8-dihydrodiol-9,10-epoxide
CYP - cytochrome P450

dG-N2-BPDE - 10-(deoxyguanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-
tetrahydrobenzo-[a]pyrene

DLPC - 1,2-dilauroylphosphatidylcholine

DMSO - dimethyl sulfoxide

HPLC - high performance liquid chromatography

HRN - Hepatic P450 Reductase Null

mEH - microsomal epoxide hydrolase

NADPH - nicotinamidadeninedinucleotide phosphate
(reduced)

NMR - nuclear magnetic resonance

PAH - polycyclic aromatic hydrocarbon

POR - NADPH:cytochrome P450 oxidoreductase

RCN - Reductase Conditional Null

r.t. - retention time

uv - ultraviolet

WT - wild-type

INTRODUCTION

Benzo[a]pyrene (BaP) is a polycyclic aromatic hydro-
carbon (PAH) that has been classified as human car-
cinogen (Group 1) by the International Agency for
Research on Cancer (IARC, 2010). BaP requires meta-
bolic activation catalyzed by cytochrome P450 (CYP)
enzymes prior to reaction with DNA (Baird et al. 2005).
Of the CYP enzymes, CYP1A1 is one of the most impor-
tant CYP enzymes in metabolic activation of BaP to
species forming DNA adducts (Baird et al. 2005; Ham-
ouchene et al. 2011), in combination with microsomal
epoxide hydrolase (mEH). First, CYP1A1 oxidizes BaP
to an epoxide that is then converted to a dihydrodiol
by mEH (i.e. BaP-7,8-dihydrodiol); then further bio-
activation by CYP1A1 leads to the ultimately reactive
species, BaP-7,8-dihydrodiol-9,10-epoxide (BPDE) that
can react with DNA, forming adducts preferentially at
guanine residues. The 10-(deoxyguanosin-N2-yl)-7,8,9-
trihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene ~ (dG-
N2-BPDE) adduct is the major product of the reaction
of BPDE with DNA in vitro and in vivo (Bauer et al.
1995; Arlt et al. 2008; 2012).

BaP is, however, oxidized also to other metabolites
such as other dihydrodiols, BaP-diones and hydroxyl-
ated metabolites (Bauer et al. 1995; Chun et al. 1996; Kim
et al. 1998; Baird et al. 2005; Jiang et al. 2007; Zhu et al.
2008). Even though most of these metabolites are detox-
ification products, BaP-9-ol is a precursor of 9-hydroxy-
BaP-4,5-epoxide that can form another adduct with
deoxyguanosine in DNA (Schoket et al. 1989; Nesnow
et al. 1993; Fang et al. 2001; Stiborova et al. 2014).
Therefore, regulation of CYP1Al-mediated oxidation
of BaP leading to either metabolites forming BPDE,
9-hydroxy-BaP-4,5-epoxide or the BaP metabolites that
are the detoxification products is of major importance.

Beside CYP1A1, CYP1BI1 also oxidizes BaP, form-
ing both the detoxification and activation metabolites.
Its efficiency is however about half of that of CYP1AL.

Among other CYP enzymes, CYP1A2, 2C8/9/19, 2El,
and 3A4 also oxidize BaP, but their efficiencies are more
one order of magnitude lower than those of CYP1Al
(Bauer et al. 1995; Kim et al. 1998; Baird et al. 2005;).

CYP enzymes, including CYP1A1, are a component
of a mixed function oxidase system located in the mem-
brane of endoplasmic reticulum that contains beside
the CYPs also another enzyme, NADPH:cytochrome
P450 oxidoreductase (POR), and cytochrome b;accom-
panied with its NADH:cytochrome b; reductase. Via
the activation of molecular oxygen, this multienzyme
system catalyzes the monooxygenation of a variety of
xenobiotics, including BaP (Coon, 1978). The oxygen is
activated in the active center of CYPs by two electrons
transferred from NADPH and/or NADH by means of
POR and/or cytochrome b, respectively. Whereas POR
is an essential constituent of the electron transport chain
towards CYP, the role of cytochrome b5 is still quite
enigmatic (Porter, 2002; Schenkman and Jansson, 2003;
Finn et al. 2008; McLaughin et al. 2010; Kotrbova et al.
2011; Stiborova et al. 2012; Sulc et al. 2012; Hendersson
et al. 2013; Indra et al. 2013). In fact, for CYP1A1 the
influence of the POR-mediated electron transfer from
NADPH to this CYP by cytochrome b; is essentially
not known. Moreover, a role of POR in the oxidative
metabolism of BaP is not clearly established. Recently
we found that in two mouse models [i.e. Hepatic P450
Reductase Null (HRN) and Reductase Conditional Null
(RCN)], in which the expression of POR has been per-
manently or conditionally deleted in liver leading to a
lack of almost all POR activity, the levels of the CYP-
and mEH-mediated dG-N2-BPDE adducts in livers of
HRN and RCN mice treated with BaP were higher than
in BaP-treated wild-type (WT) mice (Arlt et al. 2008;
2012; Stiborova et al. 2014). Therefore, in the present
study we investigated the effect of POR and cytochrome
bs on a potency of CYP1A1 to oxidize BaP.

Several model systems containing human CYPs, such
as human hepatic microsomes, cells in culture includ-
ing human hepatocytes, purified CYP enzymes recon-
stituted with POR in liposomes and/or human CYP
enzymes overexpressed in baculovirus/insect cell, yeast,
Salmonella, and other cellular systems, have already
been utilized to study metabolism of several xenobiotics
including BaP in vitro (Guengerich and Parikh, 1997;
Anzenbacher and Anzenbacherova, 2001; Schwarz et
al. 2001; Shimada et al. 2001; 2004; Zuber et al. 2002;
Kramer and Tracy, 2008; Guguen-Guillouzo and Guil-
louzo, 2010; Davydov, 2011). However, which CYPs are
most suitable for such metabolic studies remain to be
further examined. In this work, human recombinant
CYP1AL1 expressed with its reductase (POR) in micro-
somes isolated from insect cells transfected with bacu-
lovirus constructs containing cONA of human CYP1A1
and POR (Supersomes™) and in a membrane fraction of
Escherichia coli cells transfected with cDNA of human
CYP1A1 and/or these systems reconstituted with puri-
tied POR and/or cytochrome b; were used as model
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systems. In addition, human hepatic microsomes con-
taining a natural spectrum of human CYPs and other
enzymes located in a membrane of endoplasmic reticu-
lum were used as a positive control.

MATERIAL AND METHODS

Microsomal and enzymatic incubations

Male human hepatic microsomes (pooled sample;
cat. no. 452172) and Supersomes™, microsomes iso-
lated from insect cells transfected with a baculovirus
construct containing cDNA of human CYP1Al and
expressing POR (CYP1A1 expressed in a eukaryotic
system), were purchased from Gentest Corp. (Woburn,
MI, USA) and used to study of BaP (Sigma Chemi-
cal Co, St Louis, MO, USA) oxidation. Bactosomes, a
membrane fraction isolated from cells of E. coli trans-
fected with construct of cDNA of human CYP1A1 and
expressing either low (i.e. CYP1AILR) or high levels
of POR (i.e. CYPIAIR) were obtained from Cypex
(BioDundee, Dundee, UK). Incubation mixtures
used for studying BaP metabolism in human hepatic
microsomes or in Supersomes™ and Bactosomes con-
tained 100mM potassium phosphate buffer (pH?7.4),
NADPH-generating system [I mM NADP*, 10mM
D-glucose-6-phosphate, 1U/ml D-glucose-6-phos-
phate dehydrogenase (all from Sigma Chemical)],
0.5mg of microsomal protein or 100 nM CYP1ALl in
Supersomes™ or Bactosomes, 50uM BaP (dissolved
in 5yl dimethyl sulfoxide) in a final volume of 500 pl.
In several experiments, these CYP1Al systems were
reconstituted with POR (CYP1AILR), with cyto-
chrome b5 (all CYP1A1 systems) and/or mEH (CYP-
1A1LR). The enzyme reconstitution utilizing the above
systems (Supersomes™ and Bactosomes) and pure POR,
cytochrome b5 and/or mEH or POR in liposomes pre-
pared from phospholipids such as 1,2-dilauroylphos-
phatidylcholine (DLPC) (Sigma) was performed as
described (Stiborova et al. 2002; 2005; 2006; 2012; 2014;
Dracinska et al. 2006; Kotrbova et al. 2011), using dif-
ferent molar ratios of CYP1A1 to POR and cytochrome
b; (see Results for details). The reaction was initiated by
adding 50 pl of the NADPH-generating system. Control
incubations were carried out either without enzymatic
system (microsomes or the CYP1A1 systems), or with-
out NADPH-generating system, or without BaP. After
incubation (37°C, 20 min), 5pl of 1mM phenacetin
(Sigma) in methanol was added as an internal standard.
BaP metabolites were extracted twice with ethyl acetate
(2x 1ml), solvent evaporated to dryness, residues dis-
solved in 25 pl methanol and BaP metabolites separated
by high performance liquid chromatography (HPLC).

Isolation of POR, cytochrome bs and mEH

Rabbit liver POR was purified as described (Stiborova
et al. 2002). Cytochrome b; was isolated from rabbit
liver microsomes by the procedure described by Roos
(1996). mEH was purified from liver microsomes of

Cytochrome b5 modulates benzo[a]pyrene oxidation by CYP1A1

rabbits pretreated with phenobarbital as described by
Ariyoshi et al. (1994). These enzymes were used for the
reconstitution experiments.

HPLC analysis of BaP metabolites

HPLC analysis of BaP metabolites was performed on
a Nucleosil® C18 reverse phase column, (250 x4 mm,
5um; Macherey Nagel, Diiren, Germany) using a
Dionex system consisting of a pump P580, a UV/VIS
Detector UVD 170S/340S, an ASI-100 Automated
Sample Injector, a termobox COLUMN OVEN LCO
101 and an In-Line Mobile Phase Degasser Degasys
DG-1210 Dionex controlled with Chromeleon™ 6.11
build 490 software. The conditions used for the chro-
matographic separation of BaP metabolites were as
follows: 50% acetonitrile in water (v/v) with a linear
gradient to 85% acetonitrile in 35 min, then an iso-
cratic elution with 85% acetonitrile for 5 min, a linear
gradient from 85% acetonitrile to 50% acetonitrile in
5 min, followed by an isocratic elution of 50% aceto-
nitrile for 5 min (Moserova et al. 2009). Detection was
by UV at 254 nm. Recoveries of BaP metabolites were
around 95%. BaP metabolite peaks (Figure 1) were col-
lected and analyzed by NMR and/or mass spectrometry
as described recently (Indra et al. 2013; Stiborova et al.
2014). The peak areas at 254 nm were calculated rela-
tive to the peak area of the internal standard phenac-
etin, and expressed as relative peak areas.

Statistical analyses

For statistical data analysis we used Student’s ¢-test. All
p-values are two-tailed and considered significant at
the 0.05 level.

RESULTS

Oxidation of BaP by human hepatic microsomes

Human hepatic microsomes are a natural system con-
taining all components of a monooxygenase system
located in a membrane of endoplasmic reticulum,
CYPs, POR, cytochrome b; and its reductase, NADH:
cytochrome b;, reductase, in addition to mEH. Human
hepatic microsomes oxidized BaP to six metabolites
that were separated by HPLC (Figure 1A). The metabo-
lites formed from BaP by human hepatic microsomes
were identified by NMR and/or mass spectrometry
(Indra et al. 2013; Stiborova et al. 2014) to be BaP-9,10-
dihydrodiol (M1), BaP-4,5-dihydrodiol (M2), BaP-7,8-
dihydrodiol (M3), BaP-1,6-dione (M4), BaP-3,6-dione
(M5), and BaP-3-ol (M7), all corresponding to the
metabolites that were formed by CYP1A1 in combina-
tion with mEH in other studies (Bauer et al. 1995; Kim
et al. 1998; Baird et al. 2005; Moserova et al. 2009; Stibo-
rova et al. 2014) (see Figures 1A and 2). Essentially no
BaP metabolites were found when NADPH, a cofactor
of the POR-dependent CYP monooxygenase system,
was not present in the incubation mixtures (data not
shown).
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Fig. 1. HPLC of BaP metabolites formed by human hepatic microsomes (A), human recombinant CYP1A1 expressed in Supersomes™ (B),
human recombinant CYP1A1 expressed in a membrane of E. coli - CYPTA1R (C) and CYPTA1LR (D). (E) HPLC of control incubation mixture
containing BaP and CYP1A1LR, but without the NADPH-generating system. For BaP metabolites M1-M7 and M, see Fig. 2. PA, phenacetin.
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Oxidation of BaP by human CYP1AIl expressed in a
eukaryotic cellular system (Supersomes™)

Human CYP1Al expressed with POR in a micro-
somal system of Supersomes™ oxidized BaP to seven
metabolites, namely BaP-9,10-dihydrodiol, a metabo-
lite assigned as Mx, whose structure has not been
identified as yet, BaP-7,8-dihydrodiol, BaP-1,6-dione,
BaP-3,6-dione, BaP-9-ol and BaP-3-ol (Figures 1B
and 3). One of the dihydrodiols formed by human
hepatic microsomes, BaP-4,5-dihydrodiol (M2), has
not been detected in this CYP1A1l system. The high-
est amount of BaP-3-ol was generated by CYP1Al in
Supersomes™ (Figure 1B). The results found using this
human CYP1A1 system indicated that BaP is metabo-
lized not only by CYP1Al present in this enzyme
system, but also by mEH, which is important for the
hydration of BaP epoxides to produce dihydrodiols.
Therefore, this enzyme was expressed in microsomes of
the Supersomal system. Essentially no BaP metabolites
were found when the NADPH-generating system was
deleted from the incubation mixtures (data not shown).

Addition of cytochrome b;, to CYP1A1 in Super-
somes™ led to up to a more than 2-fold increase in BaP
oxidation to its metabolites. The highest stimulation
effect of cytochrome b; has been found on formation
of BaP-3-o0l and BaP-7,8-dihydrodiol, followed by the
effect on generation of BaP-9,10-dihydrodiol, BaP-1,6-
dione, BaP-9-0l, a metabolite Mx, and BaP-3,6-dione
(Figure 3).

Oxidation of BaP by human CYP1A1I expressed in a pro-
karyotic cellular system of E. coli (Bactosomes)

Two types of human CYPIA1l enzymatic systems
expressed in prokaryotic cells were used to analyze
oxidation of BaP. Namely, Bactosomes, a membrane
fraction isolated from cells of E. coli, containing human
CYP1A1l and expressing low or high levels of POR,
CYP1AILR (using a CYP1A1:POR ratio of 1:0.4) or
CYPIAIR (usinga CYP1A1:POR ratio of 1:0.8), respec-
tively, were employed. Human CYP1A1 expressed in
both two E. coli systems oxidized BaP to five metabo-
lites; BaP-1,6-dione, BaP-3,6-dione, BaP-9-ol, BaP-3-ol
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and a metabolite Mx, whereas no BaP-dihydrodiols
were detected (Figure 1C and 1D). Essentially no BaP
metabolites were found when the NADPH-generat-
ing system was deleted from the incubation mixture
containing BaP and the CYP1AI1LR (Figure 1E) or
CYP1AIR (data not shown) systems.

Of the BaP metabolites formed, BaP-3-o0l, BaP-9-0l
and a metabolite Mx were the major BaP metabolites,
whereas BaP-1,6-dione and BaP-3,6-dione were gener-
ated in much lower amounts (Figures 1 and 3). BaP-9-ol
metabolite was formed in more than the 3.5-fold higher
amounts in this CYP1A1 system than by CYP1A1 in
Supersomes™ (Figures 1 and 3). The results found in
experiments using a membrane fraction of E. coli con-
taining CYP1A1 and POR indicated that mEH, which
is the enzyme important for the hydration of BaP epox-
ides to dihydrodiols, seems to be present in very low
concentrations that are not sufficient for catalysis of
these reactions.

As shown in Figure 3, only an up to 1.6-fold higher
efficiency of the CYP1AIR E. coli system contain-
ing higher expression levels of POR to oxidize BaP
than CYPI1AILR was found. This finding indicates
that even the low amounts of POR are capable of an
efficient transfer of electrons from the POR cofactor,
NADPH, to CYP1Al during BaP oxidation in this
enzymatic system. In order to investigate the effect of
various amounts of POR on the electron transport from
NADPH to CYP1A1 in BaP oxidation in more detail,
CYP1AI1LR was reconstituted with increasing concen-
trations of POR and used as an additional enzymatic
system for testing BaP oxidation.

No significant changes in amounts of most BaP
metabolites and their profiles were produced by the
addition of POR to the CYPIAILR system until its
concentration was equimolar to CYP1Al. Only BaP-
3-ol was increased significantly under these condi-
tions. However, under CYP1A1 to POR ratios of 1:2 or
1:3, a significant increase in BaP oxidation was caused
by CYP1A1, mainly to the detoxification metabolite
BaP-3-ol (Figure 4). Moreover, the low but detectable
amounts of BaP-4,5-dihydrodiol and BaP-7,8-dihydro-
diol were also produced under these CYP1A1 to POR
ratios, indicating that low levels of mEH are expressed
in the membrane of E. coli (and under the conditions
suitable for effective oxidation of BaP to its metabo-
lites) are capable of catalyzing the hydration of BaP-
4,5-epoxide and BaP-7,8-epoxide. Similar changes in
BaP metabolite profiles were also found in experiments
in which POR was added in its liposomal form [POR
introduced into liposomes simulating the membrane of
endoplasmic reticulum (microsomes)], prepared from
membrane phospholipids such as DLPC (Stiborova et
al. 2002; 2006; 2012, Kotrbova et al. 2011) (data not
shown). All these findings suggested that the membrane
of E. coli provides a suitable environment for the appro-
priate conformation of POR and CYP1A1 proteins to
form a reconstiduted system catalyzing BaP oxidation.

In contrast to the stimulation effect of cytochrome b
on BaP oxidation by human CYP1A1 in Supersomes™,
essentially no such effect was detected in the system
of CYP1A1 expressed in E. coli. Only production of
BaP-3-0l by the system with low expression of POR
(CYP1AI1LR) was significantly increased by addition of
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Fig. 3. Oxidation of BaP by human recombinant CYP1A1 expressed in Supersomes™ (CYP1A1) and in a membrane of E. coli (CYPTA1R
and CYPTA1LR) and the effect of cytochrome bs on this oxidation. Comparison was performed by t-test analysis; *p<0.05, **p<0.01,
**%*p<0.001, different from CYP1A1-mediated oxidation of BaP without cytochrome bs. For BaP metabolites M1-M7 and Mx, see Fig. 2.
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cytochrome bs (Figure 3). The reason for the opposite
effects of cytochrome b5 on CYP1A1 expressed either
in eukaryotic or prokaryotic systems is not yet known.
Nevertheless, one can speculate that cytochrome b5 in
the membrane of E. coli is not in a conformation appro-
priate for its function in the CYP1A1 system.

DISCUSSION

The results of this work showed that oxidation of BaP
by human CYP1A1 is dependent on a variety of fac-
tors. Our experiments utilizing different enzymatic
systems of human CYP1A1l showed that one of the
most important factors determining efficiency of BaP
metabolism is, beside expression of individual enzymes
of the microsomal system (CYP1A1, POR, cytochrome
b; and mEH), mainly the ratios among these enzymes.
Other factors determining the efficiency of BaP metab-
olism are the properties of the subcellular (microsomes,
a membrane of E.coli) or artificial system (liposomes),
i.e. how they simulate the membrane of endoplasmic
reticulum. Our results demonstrated that the system of
human CYP1A1 expressed in microsomes of eukary-
otic cells (Supersomes™) is the better suited enzymatic
system for the investigation of BaP metabolism than
CYPI1A1 expressed in prokaryotic cells of E. coli. The
low (if any) mEH expression levels, which are essen-
tial for the formation of BaP-dihydrodiols, makes this
system insufficient for formation of the whole spectrum
of BaP metabolites generated during the first (deriva-
tive) phase of BaP biotransformation. Nevertheless, the

Cytochrome b5 modulates benzo[a]pyrene oxidation by CYP1A1

bacterial expression system of E. coli was appropriate to
evaluate the effect of different concentrations of POR
in the CYP1A1l enzymatic system on BaP oxidation.
Interestingly, even under low concentrations of POR
(using a ratio of CYP1A1 to POR of 1:0.4), CYP1A1l
was capable of oxidizing BaP, and increased POR levels
in the CYP1A1 reconstituted system resulted in an
increase of the BaP detoxification metabolite BaP-3-ol.
These results might, to some extent, explain our find-
ings in experiments utilizing the HRN and RCN mouse
models indicating that hepatic CYP enzymes in these
mouse models seem to be more important for detoxi-
fication of BaP in vivo despite being important for its
bioactivation to form BaP-DNA adducts in vitro (Arlt
et al. 2008; 2012).

The results of this study also showed that the addi-
tion of cytochrome b; to human CYPIAI in Super-
somes™ resulted in an increased formation of BaP
metabolites. Our in vitro experiments in the present
study, together with previous findings showing that BaP
acts as an inducer of cytochrome b; (Arlt et al. 2012)
indicate the potential importance of this protein to
greatly influence BaP oxidation in vivo. Interestingly, in
the case of human CYP1A1 expressed in the membrane
of prokaryotic cells of E. coli, addition of cytochrome
bs led to almost no stimulation of BaP oxidation; only
oxidation of BaP to BaP-3-ol by the system with low
expression of POR was enhanced by cytochrome bs.

A stimulation of CYP1Al-mediated catalysis by
cytochrome b; has already been found in the oxidation
of its marker substrate Sudan I (Stiborova et al. 1988;
2005; 2006) and an anticancer drug ellipticine (Kotr-
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Fig. 4. The effect of a ratio of CYP1A1 to POR on oxidation of BaP by human CYP1A1 expressed in a membrane of E. coli. Comparison was
performed by t-test analysis; *p<0.05, **p<0.01, ***p<0.001, different from oxidation of BaP by CYPTATLR without addition of POR. For
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bova et al. 2011), but not in that of 7-ethoxyresorufin
(Stiborova et al. 2005). Two mechanisms of cytochrome
bs-mediated modulation of CYP catalysis have been
suggested previously: it can affect the CYP catalytic
activities by donating the second electron to CYP in a
CYP catalytic cycle and/or act as an allosteric modifier
of the oxygenase (Yamazaki et al. 1997; 2001; Loughran
et al. 2001; Porter, 2002; Zhang et al. 2005; Schenkman
and Jansson, 2003; Guengerich, 2005; Kotrbova et al.
2009; 2011; Stiborova et al. 2012). The mechanism(s)
underlying such allosteric effects, based on reports that
apo-cytochrome b; can stimulate CYP catalysis, remains
uncertain. However, it does seem clear that cytochrome
bs binding can cause conformational changes to the
substrate access channel and binding pocket in the CYP
enzyme (Yamazaki et al. 1997; 2003; Loughran et al.
2001; Porter, 2002; Zhang et al. 2005; Schenkman and
Jansson, 2003; Guengerich, 2005; Kotrbova et al. 2009;
2011; Stiborova et al. 2012; Estrada et al. 2014). Addi-
tion of cytochrome b, changed the levels of individual
BaP metabolites formed by CYP1Al, and, partially
their profiles. Thus interaction of CYP1A1 with cyto-
chrome b; can result both in conformational change
of the CYP1A1 protein molecule as well as impact on
the electron transfer from cytochrome b;to CYP1A1,
thereby providing mechanisms explaining the observed
increase in BaP oxidation. Nevertheless, the real mech-
anism responsible for the effects of cytochrome b; on
CYP1Al-mediated oxidation of BaP and a variety of
other substrates (e.g. ellipticine) (Kotrbova et al. 2011)
needs to be explored in further investigations.

CONCLUSION

The results found in this study indicated that the POR-
mediated electron transfer from NADPH to human
CYP1A1, which is one of the key steps in oxidation of
carcinogenic BaP, is mediated by even low concentra-
tions of POR using a ratio of CYP1A1 to POR equaling
to 1:0.4. Moreover, BaP oxidation by human CYP1A1l
expressed in microsomes of eukaryotic (insect) cells
was stimulated by the heme protein cytochrome b, that
finally leads to more effective oxidative metabolism of
this carcinogen. Because of this effect, our study sug-
gests that cytochrome b is an important biological
factor influencing BaP-mediated carcinogenesis.
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ABSTRACT

In previous studies we had administered benzo[a]pyrene (BaP) to genetically engineered mice (HRN)
which do not express NADPH:cytochrome P450 oxidoreductase (POR) in hepatocytes and observed higher
DNA adduct levels in livers of these mice than in wild-type mice. To elucidate the reason for this unex-
pected finding we have used two different settings for in vitro incubations; hepatic microsomes from
control and BaP-pretreated HRN mice and reconstituted systems with cytochrome P450 1A1 (CYP1A1),
POR, cytochrome bs, and epoxide hydrolase (mEH) in different ratios. In microsomes from BaP-pretreated
mice, in which Cyplal was induced, higher levels of BaP metabolites were formed, mainly of BaP-7,8-
dihydrodiol. At a low POR:CYP1A1 ratio of 0.05:1 in the reconstituted system, the amounts of BaP diones
and BaP-9-ol formed were essentially the same as at an equimolar ratio, but formation of BaP-3-ol was
~1.6-fold higher. Only after addition of mEH were BaP dihydrodiols found. Two BaP-DNA adducts were
formed in the presence of mEH, but only one when CYP1A1 and POR were present alone. At a ratio of
POR:CYP1A1 of 0.05:1, addition of cytochrome bs increased CYP1A1-mediated BaP oxidation to most
of its metabolites indicating that cytochrome bs participates in the electron transfer from NADPH to
CYP1A1 required for enzyme activity of this CYP. BaP-9-ol was formed even by CYP1A1 reconstituted
with cytochrome bs without POR. Our results suggest that in livers of HRN mice Cyp1al, cytochrome bs
and mEH can effectively activate BaP to DNA binding species, even in the presence of very low amounts
of POR.

© 2014 Published by Elsevier Ireland Ltd.

1. Introduction

Abbreviations: AHR, aryl hydrocarbon receptor; BaP, benzo[a]pyrene; BPDE,
BaP-7,8-dihydrodiol-9,10-epoxide; CYP, cytochrome P450; dG-N2-BPDE, 10-
(deoxyguanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene;
EROD, 7-ethoxyresorufin O-deethylation; HPLC, high pressure liquid chromatog-
raphy; HRN, hepatic P450 reductase null; mEH, microsomal epoxide hydrolase;
NMR, nuclear magnetic resonance; PA, phenacetin; PAH, polycyclic aromatic
hydrocarbon; POR, NADPH:cytochrome P450 oxidoreductase; RAL, relative adduct
labeling; RCN, reductase conditional null; TLC, thin-layer chromatography; WT,
wild-type.

* Corresponding author. Tel.: +420 221951285; fax: +420 221951283.

E-mail address: stiborov@natur.cuni.cz (M. Stiborova).

http://dx.doi.org/10.1016/j.tox.2014.02.002
0300-483X/© 2014 Published by Elsevier Ireland Ltd.

Benzo|a]pyrene (BaP) is a polycyclic aromatic hydrocarbon
(PAH) that has been classified as human carcinogen (Group 1) by
the International Agency for Research on Cancer (IARC, 2010). BaP
and other PAHs are produced mainly by incomplete combustion
of organic matter and are ubiquitous in the environment, leading
to measurable levels of exposure in the general population (IARC,
2010). Beside the inhalation of polluted air, the main sources of
exposure are tobacco smoke and the diet (Kim et al., 2011; Labib
etal., 2012; Phillips and Venitt, 2012; Siddens et al., 2012). Chronic
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exposure of laboratory animals to BaP has been associated with the
development of cancer, primarily skin, stomach and lung (IARC,
2010).

BaP requires metabolic activation prior to reaction with DNA
(Baird et al., 2005). Cytochrome P450 (CYP) enzymes, mainly
CYP1A1 and 1B1, are the most important enzymes in this pro-
cess (Baird et al., 2005; Hamouchene et al., 2011), in combination
with microsomal epoxide hydrolase (mEH). First, CYP1A1 or
1B1 enzymes oxidize BaP to an epoxide that is then converted
to a dihydrodiol by mEH (i.e. BaP-7,8-dihydrodiol); then fur-
ther bioactivation by CYP1A1 or 1B1 leads to the ultimately
reactive species BaP-7,8-dihydrodiol-9,10-epoxide (BPDE) that
can react with DNA, forming adducts preferentially at gua-
nine residues. The 10-(deoxyguanosin-N2-yl)-7,8,9-trihydroxy-
7,8,9,10-tetrahydrobenzo[a]pyrene (dG-N?-BPDE) adduct is the
major product of BPDE with DNA in vitro and in vivo (Phillips,
2005). BaP is, however, oxidized also to other metabolites such as
the other dihydrodiols, BaP-diones and hydroxylated metabolites
(Bauer et al., 1995; Chun et al., 1996; Kim et al., 1998; Jiang et al.,
2007; Zhu et al., 2008). Among them, 3-hydroxy-BaP (BaP-3-ol),
formed by CYP1A1, is considered the major detoxification product
of BaP oxidation, because it is known to inhibit mutagenesis and
tumorigenesis (Huang et al., 1986). In mouse hepatoma Hepalclc7
cells, which express inducible CYP1A1, this metabolite was the
major metabolite formed after exposure to BaP (Holme et al.,2007).
Even though this CYP1A1-mediated BaP oxidation product as well
as most of the other BaP metabolites are detoxification products,
9-hydroxy-BaP (BaP-9-ol) is a precursor of 9-hydroxy-BaP-4,5-
epoxide (Fig. 1) which can form another adduct with guanine
(Schoket et al., 1989; Nesnow et al., 1993; Fang et al., 2001). Thus,
the levels and activities of CYP1A1 seem to be crucial both for the
initiation of BaP-mediated carcinogenesis and BaP detoxification.
The expression of CYP1A1 is known to be up-regulated by the aryl
hydrocarbon receptor (AHR) and BaP can bind to and activate AHR
thereby enhancing its own metabolic activation (Hockley et al.,
2007).

The level of BaP-DNA adducts in cells is most probably the result
of a balance between their formation and their loss through either
DNA repair processes, or cell turnover. Collectively, BaP genotox-
icity depends on various factors: (i) metabolism of BaP by phase I
enzymes (activation) to reactive DNA-binding species; (ii) detox-
ification of reactive BaP metabolites by both phase I and phase
Il enzymes (conjugation); (iii) rate of repair of BaP-DNA adducts;
and (iv) BaP-induced expression of genes such as those encoding
enzymes involved in activation/detoxification or in DNA damage
response (Uno et al., 2004).

Recently, controversial results have been found showing a
more important role of CYP1A1 in BaP detoxification in vivo
than in its activation (Uno et al., 2004, 2006; Arlt et al., 2008,
2012). Cyplal(—/-) mice treated with repeated oral doses of
BaP (125 mg/kg body weight [bw]/day), die within ~28 days due
to immune suppression, whereas wild-type (WT) mice remain
healthy for at least 1 year on this regimen (Uno et al., 2004). Using
the hepatic P450 reductase null (HRN) and the reductase condi-
tional null (RCN) mouse models we also showed that hepatic CYP
enzymes appear to be more important for detoxification of BaP
in vivo (Arlt et al., 2008, 2012). In these mice NADPH:P450 oxi-
doreductase (POR), the essential electron donor to CYPs is deleted
specifically in hepatocytes, resulting in a decrease in hepatic CYP
function (Henderson et al., 2003; Finn et al., 2007). We found how-
ever that the levels of dG-N2-BPDE adducts in livers of these mice
treated with BaP were higher than in WT mice (Arlt et al., 2008,
2012).

We postulate that the reason for these unexpected findings
could be found in vitro by analyzing the roles of the different con-
tributing enzymes at different ratios to each other. This can be

achieved in reconstituted systems where single enzymes can be
added at definite amounts without interference from other con-
stituents as in microsomal systems. These data were compared
with the metabolism of BaP and its activation to BaP-DNA adducts
in vivo. We evaluated CYP1A1l-mediated BaP metabolism and its
bioactivation in mouse hepatic microsomes and by recombinant
CYP1A1 reconstituted with POR. Because microsomal cytochrome
bs has been found to participate in transfer of electrons to CYP
enzymes during the CYP catalysis or cause allosteric changes in
CYP protein structures that can augment the CYP mediated reac-
tions (Porter, 2002; Schenkman and Jansson, 2003; Guengerich,
2005; Stiborova et al., 2006, 2012; Kotrbova et al., 2011; Riddick
et al.,, 2013), we also analyzed its effects on BaP oxidation in the
reconstituted system of CYP1A1 with POR. Moreover, since mEH is
essential for the formation of the dG-N2-BPDE adduct (Kim et al.,
1998; Baird et al., 2005), its influence upon BaP-DNA adduct lev-
els formed in a CYP1A1 reconstituted system was also elucidated.
The levels of CYP1A1, POR, cytochrome bs and EH in mouse hepatic
microsomes were determined in previous studies (Arlt et al., 2008,
2012). In the present work, we used a wide range of various ratios
of these enzymes in the reconstituted systems to analyze their indi-
vidual contribution to oxidation/activation of BaP. Among them, at
least the reconstitution systems containing low concentrations of
POR likely mimic the situation in the tested hepatic microsomes
or in vivo. The formation of BaP metabolites was measured by high
pressure liquid chromatography (HPLC) with UV-detection. DNA
adduct formation was investigated by the thin-layer chromatogra-
phy (TLC)-32P-postlabeling method.

2. Material and methods
2.1. Chemicals

BaP (>96%) was purchased from Sigma-Aldrich (St. Louis, MO).
All other chemicals were of analytical purity or better.

2.2. Animal experiments

All animal experiments were carried out under license in
accordance with the law, and with local ethical approval. HRN
(Porlox/lox/CreALB) mice on a C57BL/6 background were derived as
described previously (Henderson et al., 2003). BaP was dissolved
in corn oil at a concentration of 12.5 mg/ml. Groups of female HRN
mice (3 months old, 25-30¢g, n=3) were treated intraperitoneally
with 125 mg/kg bw of BaP for five days. This BaP dosage induces
mutagenicity in multiple organs (Hakuraetal., 1999)and is carcino-
genic (Hakura et al., 1998). It is also noteworthy that the deletion of
the Por gene in mouse hepatocytes resulted in higher expression of
several Cyp proteins in female than in male mice (Henderson et al.,
2003) and thus female mice were used in our previous study (Arlt
et al., 2008). Control mice received corn oil only (Arlt et al., 2008).
Animals were killed 24 h after the last dose. Livers were removed,
snap frozen and stored at —80 °C until analysis.

2.3. Preparation of microsomes

Hepatic microsomes were isolated as described previously (Arlt
etal., 2008) and pooled for further experiments. Protein concentra-
tion in the microsomal fraction was measured using bicinchoninic
acid protein assay (Wiechelman et al., 1988) with bovine serum
albumin as a standard.

2.4. Isolation of CYP1A1, POR, cytochrome bs and mEH

Recombinant rat CYP1A1 protein was purified to homogeneity
from membranes of Escherichia coli transfected with a modified
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CYP1A1 cDNA (Stiborovaetal.,2002), in the laboratory of H. W. Stro-
bel (University of Texas, Medical School of Houston, Texas, USA) by
P. Hodek (Charles University, Prague, Czech Republic). Rabbit liver
POR was purified as described (Stiborova et al., 2002). Cytochrome
bs was isolated from rabbit liver microsomes by the procedure
described by Roos (1996). mEH was purified from liver microsomes
of rabbits pretreated with phenobarbital as described by Ariyoshi
et al. (1994). These enzymes were used for the CYP1A1 reconsti-
tution experiments. As shown in our previous studies (Stiborova
et al., 2002, 2004, 2006, 2012; Kotrbova et al., 2009, 2011), the
enzymatic activity of rat or human CYP1A1 reconstituted with rab-
bit POR and cytochrome bs was essentially the same as that of the
enzyme reconstituted with the rat orthologs of these enzymes.

2.5. Microsomal and enzymatic incubations

Incubation mixtures used to study BaP metabolism in mouse
hepatic microsomes or by purified CYP1A1 (100 pmol) reconsti-
tuted with POR (5-150pmol), with or without cytochrome bs
(100-500 pmol), with or without mEH (20-250 pmol) contained
100 mM potassium phosphate buffer (pH 7.4), NADPH-generating
system (1mM NADP*, 10mM b-glucose-6-phosphate, 1U/ml
D-glucose-6-phosphate dehydrogenase), 0.5mg of microsomal
proteinor 100 pmol CYP1A1 in the reconstituted system, 50 ..M BaP
(dissolved in 5 pl dimethyl sulfoxide) in a final volume of 500 .l
The enzyme reconstitution was performed as described [(Stiborova
et al., 2002, 2006; Kotrbova et al., 2011), using different molar
ratios of CYP1A1 to POR and cytochrome bs and/or mEH (see Sec-
tion 4 for details). Briefly, purified CYP1A1 was reconstituted with
pure POR as follows (2 uM CYP, 0.1-3 wM POR, 0.5 pg/pl CHAPS,
0.1 g/l liposomes [dilauroyl phosphatidylcholine, dioleyl phos-
phatidylcholine, and dilauroylphosphatidylserine (1:1:1)], 3 mM

reduced glutathione, and 50 mM HEPES/KOH, pH 7.4). The reac-
tion was initiated by adding 50 .l of the NADPH-generating system.
Control incubations were carried out either without enzymatic sys-
tem (microsomes or the CYP1A1-reconstituted system), or without
NADPH-generating system, or without BaP. After incubation (37 °C,
20min), 5l of 1 mM phenacetin (PA) in methanol was added as
an internal standard. BaP metabolites were extracted twice with
ethylacetate (2 x 1 ml), solvent evaporated to dryness, residues dis-
solved in 25 pl methanol and BaP metabolites separated by HPLC.

Incubation mixtures used to analyze BaP-induced DNA adduct
formation were as described above but contained 1 mM NADPH
instead of the NADPH-generating system plus 1 mg calf thymus
DNA. The reaction was initiated by adding BaP. Incubations were
carried out at 37°C for 90 min; BaP-DNA adduct formation was
linear up to 120 min (Arlt et al., 2008). Control incubations were
carried out either without CYP, without NADPH, without DNA, or
without BaP. After the incubation, DNA was isolated from the resid-
ual water phase by the phenol/chloroform extraction method as
described (Stiborova et al., 2002).

2.6. CYP1A1 enzyme activity assays

The samples containing CYP1A1 reconstituted with POR (see the
procedure described above) were characterized for enzyme activity
using Sudan I oxidation for CYP1A1 (Stiborova et al., 2002) and 7-
ethoxyresorufin O-deethylation (EROD) for CYP1A (Guengerich and
Shimada, 1991).

2.7. HPLC analysis of BaP metabolites

HPLC analysis of BaP metabolites was performed on a Nucleosil®
C18 reverse phase column, (250 x 4 mm, 5 wm; Macherey Nagel,



4 M. Stiborovd et al. / Toxicology 318 (2014) 1-12

A %o .'V\\..‘ V. a5t
p— 00
£
: 3004
& 200
-
< 100
=
:oo_b 25 50 7% 100 125 180 175 200 235 250 ITs 300 325 350 375 400 425 450 475 £00

Retention time

HO, 10.
4 8
N ?/ \OH HO/ \'Il

OH
M1 = BaP-9,10-dihydrodiol M2 = BaP-4,5-dihydrodiol

OH
M3 = BaP-7,8-dihydrodiol

o
|
X z
| | . L
L Qo QU ot

6 6 \
l [
(¢] (o]

W = BaP-1,6dione M5 = BaP-3,6-dione

M6 = BaP-9-ol

M7 = BaP-3-ol

Fig.2. (A)HPLC separation of the BaP metabolites generated by hepatic microsomes of HRN mice treated with BaP using Nucleosil® C18 reverse phase column. PA, phenacetin,
M1-M7, BaP metabolites [BaP-9,10-dihydrodiol (M1), BaP-4,5-dihydrodiol (M2), BaP-7,8-dihydrodiol (M3), BaP-1,6-dione (M4), BaP-3,6-dione (M5), BaP-9-o0l (M6) and

BaP-3-ol (M7)]. (B) Structures of the BaP metabolites.

Diiren, Germany) using a Dionex system consisting of a pump P580,
a UV/VIS Detector UVD 170S/340S, an ASI-100 Automated Sam-
ple Injector, a termobox COLUMN OVEN LCO 101 and an In-Line
Mobile Phase Degasser Degasys DG-1210 Dionex controlled with
Chromeleon™ 6.11 build 490 software. The conditions used for the
chromatographic separation of BaP metabolites were as follows:
50% acetonitrile in water; (v/v), with a linear gradient to 85% ace-
tonitrile in 35 min, then an isocratic elution with 85% acetonitrile
for 5min, a linear gradient from 85% acetonitrile to 50% acetoni-
trile in 5 min, followed by an isocratic elution of 50% acetonitrile
for 5min. Detection was by UV absorption at 254 nm. BaP metabo-
lite peaks (Fig. 2A) were collected and analyzed by NMR and/or
mass spectrometry. The areas under the curve at 254 nm were cal-
culated relative to the peak area of the internal standard phenacetin
and expressed as relative peak areas.

2.8. NMR spectrometry

NMR spectra (8, ppm; J, Hz) of BaP and its metabolites M1, M4,
M5 and M7 were measured on a Bruker Avance I1-600 and/or Bruker
Avance [I-500 instruments equipped with a cryoprobe (600.1 or
500.0 MHz for 'H and 150.9 or 125.7 MHz for 13C) in hexadeuter-
ated acetone and CDCl3 and referenced to the solvent signals (&
2.05 and 7.27, respectively). Due to the low amounts of metabo-
lites it was not possible to acquire '3C NMR spectra or perform
heteronuclear correlation experiments.

2.8.1. BaP

TH NMR spectrum of BaP contains five isolated spin systems: one
three-spin system of hydrogens H-1, H-2 and H-3, one four-spin
system of H-7, H-8, H-9 and H-10, one isolated spin of H-6 and two
two-spin systems of H-4, H-5 and of H-11, H-12. The assignment of
signals in the spectrum could be done with the help of homonuclear
COSY spectrum, where strong cross-peaks corresponding to three-
bond couplings were observed. However, the signals of the two
two-spin systems (H-4, H-5 and H-11, H-12) could not be assigned
with the use of COSY spectrum only and heteronuclear correlation
spectra (HSQC and HMBC) had to be used. The assignment of all 'H
signals and coupling constants of BaP and its metabolites is shown
in Table 1 (for structures see Fig. 2B).

2.82. M1

Two signals of the four-spin system of M1 were shifted upfield
(to4.5 and 5.7 ppm). These values are too low for the fully aromatic
BaP skeleton. The structure of M1 was identified as trans-9,10-
dihydro-BaP-9,10-diol (BaP-9,10-dihydrodiol) by comparison with
previously reported NMR data of this compound (Platt and Oesch,
1983). The trans arrangement of the two hydroxy groups was sup-
ported by the inspection of the vicinal coupling constant between
hydrogen atoms H-9 and H-10. The torsion angle between these
two hydrogen atoms calculated using the generalized Karplus type
equation (Haasnoot et al.,, 1980) was predicted to be 48°. This
value is very close to the torsion angle observed in the molecu-
lar model of the trans-derivative with the two hydroxyl groups in
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Table 1
TH chemical shifts of BaP and its metabolites M1, M4, M5 and M7 in hexadeuterated acetone. Coupling constants are in parenthesis.
BaP M1 M4 M5 M7

H-1 8.33d (7.8) 8.26%d (7.6) - 8.02d (9.7) 8.20d (8.5)
H-2 8.04t (7.6) 8.04t (7.6) 6.74d (9.8) 6.69d (9.7) 7.68d (8.4)
H-3 8.18d (7.4) 8.27°d (7.6) 8.03d (9.7) - -
H-4 8.09d (9.2) 8.12°d (8.9) 8.19d (7.4) 8.83%d (7.7) 8.30d (9.3)
H-5 8.01d (9.1) 8.15°d (8.9) 8.68d (7.4) 8.71%d (7.7) 8.00d (9.5)
H-6 8.65s 8.09s - - 8.52s
H-7 8.37dm (8.1) 7.02d (9.5) 8.41dm (7.7) 8.41dm (7.9) 8.32s(8.1)
H-8 7.83ddd (8.0, 6.7, 1.2) 6.38dd (9.6, 5.3) 7.73m 7.70m 7.79m
H-9 7.88ddd (8.4, 6.7, 1.4) 4.50dd (5.2,1.7) 7.92m 7.90m 7.81m
H-10 9.18dm (8.5) 5.69m 8.66dm (8.0) 8.61dm (8.1) 9.12d (8.3)
H-11 9.20d (9.2) 8.58d (9.2) 8.60%d (7.9) 8.76d (7.7) 8.97d (9.1)
H-12 8.43d (9.1) 8.23d (9.3) 8.922d (7.9) 8.12d (7.7) 8.30d (9.3)

a b Chemical shifts with the same letter in one column may be interchanged.

pseudo-axial positions. The molecular model of the cis-derivative
predicts the torsion angle between the two hydrogen atoms to be
close to —75°. We were unable to determine the absolute configu-
ration on the new asymmetric centers (C-9 and C-10). It is possible
that both enantiomers are present in metabolite M1.

2.8.3. M4 and M5

In the spectra of both compounds we observed the four-spin
system of H-7, H-8, H-9 and H-10 and three two-spin systems.
Two substituents are therefore attached to the BaP skeleton: one in
position 6 and the second one in position 1 or 3. Furthermore, the
unusually shielded H-2 proton at 6.7 ppm was characteristic of the
a-proton (next to carbonyl) in phenalones (Prinzbach et al., 1967)
suggesting that the structures of M4 and M5 could be BaP-1,6-dione
and -3,6-dione, respectively. Because both compounds were syn-
thesized previously and their 'H NMR spectra was reported (Leeruff
et al.,, 1986; Xu et al., 2009), spectra in CDCl3 were used for com-
parison and the metabolites could be identified as BaP-1,6-dione
(M4) and BaP-3,6-dione (M5).

2.84. M7

In the spectrum of M7, the three-spin system was replaced with
a two-spin system suggesting that one substituent is attached to
the position 1 or 3 of the BaP. The structure of M7 was confirmed
to be BaP-3-ol by comparison of the chemical shifts and coupling
constants with those reported previously (Xu et al., 2009).

2.8.5. M2, M3 and M6

Because the amounts of M2, M3 and M6 samples were insuffi-
cient for NMR spectroscopy, these metabolites were analyzed only
by mass spectrometry only as described below.

2.9. Mass spectrometry

Mass spectra of BaP and its metabolites M2, M3 and M6 were
measured on a matrix-assisted laser desorption/ionization reflec-
tron time-of-flight MALDITOF mass spectrometer ultraFLEX III
(Bruker-Daltonics, Bremen, Germany). Positive spectra were cal-
ibrated externally using the monoisotopic [M+H]* ion of MRFA
peptide 524.26 m/z and CCA matrix peaks 190.05, 379.09 m/z.
A 10 mg/ml solution of a-cyano-4-hydroxy-cinnamic acid or 2,5-
dihydrobenzoic acid in 50% MeCN/0.3% acetic acid was used as
MALDI matrix. A 0.5 .l of sample dissolved in MeCN was premixed
with 0.5 .l of the matrix solution on the target and allowed to dry
at ambient temperature. The MALDI-TOF positive spectra were col-
lected in reflectron mode. Positive [M*] of BaP corresponded to this
compound (m/z 252.1). The metabolites with retention times of
11.9 (M2) and 12.9 min (M3) gave a positive molecular ion each
at m/z 286.1 which is indicative of BaP-dihydrodiol metabolites.

The metabolite eluted at 24.6 min (M6) gave a positive molec-
ular ion at m/z 268.1 which is indicative of a hydroxylated BaP
metabolite. These results are consistent with previous studies on
the metabolism of BaP by human CYP1A1 (Bauer et al., 1995; Kim
etal., 1998), in which these metabolites were identified as BaP-4,5-
dihydrodiol (M2), BaP-7,8-dihydrodiol (M3), and BaP-9-ol (M6).

2.10. BaP-DNA adduct detection by 32P-postlabeling analysis

DNA adducts were measured using the nuclease P1 enrich-
ment version of the TLC-32P-postlabeling method essentially as
described previously (Arlt et al., 2008; Phillips and Arlt, 2007).
Briefly, DNA samples (4 j.g) were digested with micrococcal nucle-
ase (120muU; Sigma) and calf spleen phosphodiesterase (40 mU;
Calbiochem), enriched and labeled as reported. Solvent conditions
for the resolution of 32P-labeled adducts on polyethyleneimine-
cellulose (PEI) TLC were: D1, 1.0 M sodium phosphate, pH 6; D3,
4.0 M lithium-formate, 7.0 M urea, pH 3.5; D4, 0.8 M lithium chlo-
ride, 0.5M Tris, 8.5M urea, pH 8. After D3 or D4 developments
to the top of the plates, the plates were developed an additional
30 min with the TLC tank partially opened, to prolong the reso-
lution time of the BaP-DNA adducts. After chromatography TLC
plates were scanned using a Packard Instant Imager (Dowers Grove,
IL, USA). DNA adduct levels (RAL, relative adduct labeling) were
calculated as described (Arlt et al., 2008). Results were expressed
as DNA adducts/108 nucleotides. An external BPDE-DNA standard
(Phillips and Castegnaro, 1999) was employed to identify adducts
in experimental samples.

3. Results

3.1. Oxidation of BaP by hepatic microsomes and CYP1A1
reconstituted with POR, cytochrome b, and mEH

BaP metabolism in the CYP1A1 reconstituted system contain-
ing POR combined with cytochrome bs and/or mEH was compared
with its metabolism by hepatic microsomes isolated from control
(untreated) and BaP-pretreated HRN mice. In studies using mouse
hepatic microsomes, a spectrum of hydroxylated BaP metabo-
lites, BaP-dihydrodiols as well as BaP diones (quinones) was found
(Fig. 2). Seven BaP oxidation products (designated as M1-M7) were
generated both by hepatic microsomes of control HRN mice and by
those with induced CYP1A1 expression mediated by pretreating
HRN mice with BaP. These metabolites have been reported to be
formed by CYP1A1 in combination with mEH (Bauer et al., 1995;
Kim et al., 1998; Baird et al., 2005). The HPLC method using an
acetonitrile/water gradient as mobile phase and UV detection at
254 nm resulted in mostly base-line separation of all BaP metabo-
lites (Fig. 2A).
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The BaP metabolites formed by mouse hepatic microsomes
were collected and subsequently characterized by NMR or mass
spectrometry. They were identified to be BaP-9,10-dihydrodiol
(M1), BaP-4,5-dihydrodiol (M2), BaP-7,8-dihydrodiol (M3), BaP-
1,6-dione, (M4), BaP-3,6-dione (M5), BaP-9-o0l (M6), and BaP-3-ol
(M7) (see Fig. 2). Very low expression levels of mouse POR in the
liver of untreated HRN mice that constitutively express Cyplal
(Arlt et al., 2008) resulted in the formation of very low amounts of
these BaP metabolites. However, Cyplal induction by BaP pretreat-
ment of HRN mice (Arlt et al., 2008) was sufficient for the effective
oxidation of BaP by hepatic microsomes, even at the very low POR
concentrations in these microsomes (Fig. 3). The efficiency of these
microsomes to oxidize BaP to BaP-7,8-dihydrodiol, the precursor
of BPDE, was more than 34-fold higher than that of microsomes of
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untreated mice, while formation of other metabolites was less pro-
nounced. Amounts of BaP-9,10-dihydrodiol, BaP-4,5-dihydrodiol,
BaP-1,6-dione, BaP-3,6-dione, BaP-9-ol and BaP-3-ol were 6.6-,9.6-
, 2-,3.4-, 10- and 7.7-times higher, respectively, in microsomes of
HRN mice exposed to BaP than in those of untreated HRN mice
(Fig. 3).

To investigate the role of CYP1A1 in oxidation of BaP to individ-
ual metabolites, purified CYP1A1 was reconstituted with POR and
used as the oxidation system. CYP1A1 reconstituted with POR was
active with its typical substrates, Sudan I (Stiborova et al., 2002)
and 7-ethoxyresorufin (Guengerich and Shimada, 1991) (data not
shown). Isolated CYP1A1 reconstituted with POR oxidized BaP to
only four metabolites, namely BaP-1,6-dione (M4), BaP-3,6-dione
(M5), BaP-9-ol (M6), and BaP-3-ol (M7) (Fig. 4). As expected, no
BaP-dihydrodiols were detected in this system because of the
absence of mEH which is important for the hydration of BaP epox-
ides. In the enzymatic systems where mEH was reconstituted
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Fig. 6. Autoradiographic profile of 32P-labeled DNA adducts generated in calf thymus DNA by BaP after its activation with (A) CYP1A1 reconstituted with POR (CYP1A1:POR
of 1:0.2) in the presence of NADPH; (B) CYP1A1 reconstituted with POR, mEH and cytochrome bs at ratios of 1:0.2:1:3 in the presence of NADPH; (C) the same reconstituted
system but without NADPH (control incubation); (D) hepatic microsomes from HRN mice treated with BaP. (E) adduct profile of DNA from liver of HRN mice treated with
BaP. Analyses were performed by the nuclease P1 version of the 32P-postlabeling assay with the TLC conditions described in Section 2. Adduct 1—derived from reaction of

9-hydroxy-BaP-4,5-epoxide with deoxyguanosine in DNA; Adduct 2—dG-N?-BPDE.

with CYP1A1 and POR, BaP-9,10-dihydrodiol (M1) and BaP-7,8-
dihydrodiol (M3) were formed as expected, however the whole
metabolic profile of BaP could not be quantified because some
impurities in the mEH preparation interfered with BaP metabolites
eluting between 22 and 35 min during HPLC (data not shown).
Interestingly, no significant differences in levels of BaP-1,6-
dione, BaP-3,6-dione and BaP-9-ol were found in the systems
where CYP1A1 was reconstituted with low amounts of POR (the
CYP1A1:POR ratio was 1:0.05) or equimolar concentrations of
these enzymes (Fig. 4). Only BaP-3-ol formation was significantly
higher (1.6-fold) in the system containing equimolar CYP1A1:POR
ratios. No BaP metabolites were formed when POR was omitted
from the CYP1A1 reconstitution system (Fig. 4). However, when
CYP1A1 was reconstituted with cytochrome bs without POR (under
CYP1A1:cytochrome bs ratios of 1:1,1:2.5 or 1:5), BaP was oxidized
(Fig. 5A) to only low amounts of BaP-9-ol. Addition of cytochrome
bs to the CYP1A1/POR reconstituted system led to a cytochrome
bs-concentration-dependent increase in BaP oxidation (compare
4 and 5B and C); the increase was found both at 1:0.05 and 1:1
CYP1A1:POR ratios. BaP-3-ol was the major metabolite formed
under both CYP1A1:POR ratios but its amount was up to 1.8-fold
higher when POR was present at an equimolar ratio to CYP1A1
than at the 1:0.05 CYP1A1:POR ratio. In contrast, the amount of
BaP-9-ol was always higher in the system with low POR concen-
trations. Like BaP-3-ol, the amount of BaP-3,6-dione formed in the
system was always higher at equimolar CYP1A1/POR concentra-
tions relative to the systems containing low POR concentrations,
while overall no differences were found for BaP-1,6-dione. Collec-
tively, all these results indicate that cytochrome bs may contribute

quite substantially to the CYP1A1-mediated oxidation of BaP, even
under conditions with very low quantities of POR.

3.2. BaP-DNA adduct formation by hepatic microsomes and
CYP1A1 reconstituted with POR, cytochrome bs and mEH

In further experiments the formation of BaP-derived DNA
adducts was investigated in analogous enzymatic systems.

Activation of BaP by CYP1A1 reconstituted with POR in the
presence of DNA resulted in the formation of only one BaP-DNA
adduct (adduct spot 1 shown in Fig. 6A). Therefore, this adduct is
formed by CYP1A1-catalyzed oxidation of BaP, without the contri-
bution of mEH. Comparison with previous 32P-postlabeling studies
(Schoket et al., 1989; Nesnow et al, 1993; Fang et al., 2001)
showed that adduct spot 1 has similar chromatographic proper-
ties on PEI-cellulose TLC to a guanine adduct derived from reaction
with 9-hydroxy-BaP-4,5-epoxide (see Fig. 1). In accordance with
these previous results, DNA adduct 1 (Fig. 6) had more hydrophobic
properties on PEI-cellulose than another BaP-derived DNA adduct
(assigned adduct spot 2) formed by hepatic microsomes (compare
Fig. 6D), which was identified as dG-N2-BPDE (Schoket et al., 1989;
Fang et al., 2001; Arlt et al., 2008).

As shown in Fig. 7A formation of BaP-DNA adduct 1 was depend-
ent on the CYP1A1:POR ratio and was formed even at low POR
concentrations (i.e. a CYP1A1:POR ratio of 1:0.2). However, when
BaP wasincubated with DNA using a CYP1A1:PORratio of 1:2, lower
levels of this adduct were produced (Fig. 7A). Addition of increasing
amounts of mEH to the CYP1A1/POR reconstituted system led to a
decrease in the formation of this adduct, while BaP-DNA adduct
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Fig. 7. BaP-DNA adducts formed by CYP1A1 reconstituted with (A) POR and (B) with POR and mEH at a ratio of CYP to mEH of 1:5. RAL—relative adduct labeling. Values are
averages =+ SD of three parallel experiments. Comparison was performed by t-test analysis; * P<0.001, different from BaP-DNA adduct formation by the CYP1A1/POR system
containing microsomal epoxide hydrolase (mEH) than by that without this enzyme. ND—not detected.



>

| | Constant ratio CYP1A1:POR = 1:0.2; No Cytb; |

=
%

aa;
N
1

4

BaP-DNA adduct level
[RAL per 108 nucleotides]
-~

ND | IND | [ND HI'] 0 nm
1.0 1:0.5 11 115 1:25 1:5

ratio CYP1A1 to mEH
| O Adduct 1 [ Adduct 2 |

@)

'S
=)

1| constant ratio cYP1a1:POR = 1:2; No cyt b, |

@
b

©
=]

N
b

-
i

e
=)

i

BaP-DNA adduct level
[RAL per 108 nucleotides]

|_|ND T e = O s e O 1 O W
1.0 1:05 11 115 1:25 15
ratio CYP1A1 to mEH

| O Adduct 1 @ Adduct 2

M. Stiborovd et al. / Toxicology 318 (2014) 1-12

W 0 | Constantratio CYP1A1:POR:Cyt b;= 1:0.2:3
g3
o g 164
Bt e T
= *
3 § 12 T * T
© w
<8 ¥
Z . 8 *
3t 4 E
® < 4 * H * X
"€ | il
= ND [
1:0 1:0.5 1:1 1:1.5 1:25 15
ratio CYP1A1 to mEH
D | [ Adduct 1 @ Adduct 2 |

401{ Constant ratio CYP1A1:POR:Cyt b,= 1:23 |
351 T

30 *
251

20

x ¥

ND |=||] l"ID #it ##

1:0 1:05 111 1:1.5 1:25 15
ratio CYP1A1 to mEH

[ Adduct 1 @ Adduct 2 |

BaP-DNA adduct level
[RAL per 108 nucleotides]
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by the CYP1A1/POR system containing cytochrome bs than by that without this protein.

2 (adduct spot 2 shown in Fig. 6B and D) was generated (7B and
8A and C). No BaP-DNA adducts were detected by 32P-postlabeling
when NADPH, the cofactor of the NADPH-dependent CYP system,
was omitted from incubations with the CYP1A1 reconstituted sys-
tems (Fig. 6C).

Addition of cytochrome bs to the CYP1A1 reconstituted system
resulted in increased formation of both BaP-DNA adducts formed
under a CYP1A1:POR ratio of 1:2, both in the absence and pres-
ence of mEH (Fig. 8). However, levels of BaP-DNA adduct 1 at a
CYP1A1:POR ratio of 1:0.2 were nearly identical in the presence or
absence of cytochrome bs when mEH was absent, whereas addition
of cytochrome bjs to this system in the presence of mEH increased
formation of both BaP-DNA adducts (Fig. 8A and B). The levels of
adduct 1 formed by CYP1A1, POR and cytochrome bs in a ratio of
1:2:3 were higher than in any other enzyme combination (Fig. 8).
Among all enzyme combinations used, the highest levels of both
BaP-DNA adducts were produced by the system containing CYP1A1,
POR, mEH and cytochrome bs in a ratio of 1:2:0.5:3 (Fig. 8D)
followed by the systems containing these enzymes in ratios of
1:0.2:1:3 (Fig. 8B) or 1:2:1:3 (Fig. 8D). These results showed that
even under low POR concentrations, CYP1A1 in the presence of
appropriate concentrations of mEH and cytochrome bs efficiently
activates BaP to DNA binding species. These results are in line with
the BaP metabolite profile in the CYP1A1 reconstituted experimen-
tal systems described above.

The DNA adduct results obtained in reconstituted enzyme sys-
tems corresponded to those found in hepatic microsomes of HRN
mice. As shown in our previous study (Arlt et al., 2008), incu-
bation of BaP with hepatic microsomes from these mice led to
DNA adducts detectable by 32P-postlabeling. Using this method one
major asymmetric BaP-DNA adduct spot was detectable, in which

the dG-N%-BPDE adduct was identified by cochromatographic anal-
ysis, and DNA adduct levels increased substantially in incubations
with microsomes from BaP pretreated HRN mice (Arlt et al., 2008).
After closer inspection of this asymmetric BaP-DNA adduct spot
and improved chromatographic separation, two major BaP-DNA
adducts (still partially overlapping one another) were detectable.
Better separation of these BaP-DNA adducts as well as those found
in liver of HRN mice treated with BaP was achieved on PEI-cellulose
TLC (Fig. 6D and E) by a slightly modified development in D3 and
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Fig. 9. BaP-DNA adducts formed by liver microsomes isolated from control and BaP
treated HRN mice. RAL—relative adduct labeling. Values are averages + SD of three
parallel experiments (Adduct 1 and 2 see Fig. 6). Comparison was performed by
t-test analysis; * P<0.001, different from HRN control microsomes.
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D4 directions as outlined in Section 2. The chromatographic prop-
erties of both adducts on TLC were similar to the two BaP-DNA
adducts found in experiments utilizing CYP1A1-reconstituted sys-
tems (compare adduct spots 1 and 2 in Fig. 6B and D). Therefore,
in the present study we re-analyzed the BaP-DNA adduct levels
found in hepatic microsomal incubations from control (untreated)
HRN mice and those pretreated with BaP. While only low levels
of both BaP-DNA adducts were formed by hepatic microsomes
from untreated HRN mice, formation of both adducts increased
substantially (~50-fold) in hepatic microsomes isolated from BaP-
pretreated HRN mice (Fig. 9). These results indicate that Cyplal
induction in combination with relative low POR expression still
provides an efficient BaP activation system leading to DNA adduct
formation. BaP-DNA adduct 1 was, however, hardly detectable in
liver DNA from BaP-treated HRN mice (Fig. 6E) which is in full con-
cordance with results obtained previously (Arlt et al., 2008) where
dG-N2-BPDE (assigned BaP-DNA adduct 2 in the present study) was
the major adduct identified in vivo.

4. Discussion

Previously we worked with two different mouse models lacking
POR expression in hepatocytes and found that the levels of BaP-DNA
adducts were up to 13-fold higher in livers of HRN mice treated
with BaP than in those of WT mice (Arlt et al., 2008). More recently,
these results were confirmed in the RCN mouse model (Arlt et al.,
2012), indicating that hepatic CYP enzymes are more important for
detoxification of BaP in vivo despite being required for its bioacti-
vation in vitro. Nevertheless, hepatic microsomes from HRN mice
expressing very low POR levels, and particularly those from BaP-
pretreated HRN mice were capable of activating BaP to form DNA
adducts in vitro (compare Fig. 6 in Arlt et al., 2008 and 6D and 9
in the present work), suggesting that Cyplal-mediated bioactiva-
tion of BaP takes place in these microsomes. In order to confirm
this finding in a flexible modular experimental system we inves-
tigated the oxidative metabolism of BaP and its bioactivation to
BaP-DNA adducts in areconstituted enzyme system that allows the
addition and removal of individual enzymes. Purified CYP1A1 was
reconstituted with POR and other components of the microsomal
enzymatic system (cytochrome bs and mEH) in various combina-
tions and ratios were employed. For comparison mouse microsomal
enzymatic systems were utilized. Among the tested reconstituted
systems, at least those containing low concentrations of POR likely
mimic the situation in mouse hepatic microsomes or in vivo. How-
ever, it should be noted that the reconstituted systems may only
provide mechanistic insights and cannot be fully extrapolated to
microsomes and/or to the in vivo situation.

Interestingly, as shown in Figs. 2 and 3 the results obtained
in the present study demonstrated that BaP is oxidized by
hepatic microsomes of control (untreated) and BaP-pretreated
HRN mice containing very low amounts of POR to hydroxylated
BaP metabolites (BaP-3-ol and BaP-9-ol), BaP-dihydrodiols (BaP-
4,5-dihydrodiol, BaP-7,8-dihydrodiol and BaP-9,10-dihydrodiol) as
well as BaP diones (BaP-1,6-dione and BaP-3,6-dione). The same
metabolites have been formed in several previous studies utiliz-
ing enzyme systems of CYP1A1 combined with POR and mEH (Kim
et al., 1998; Jiang et al., 2007; Zhu et al., 2008). We also found that
BaP is activated by these microsomes to form BaP-DNA adducts
(Fig.6) which have been detected in previous studies (Nesnow et al.,
1993; Schoket et al., 1989; Fang et al., 2001; Siddens et al., 2012).

As expected, mEH was essential for the formation of BaP-
dihydrodiols; CYP1A1 reconstituted with POR but without mEH
generated only BaP-1,6-dione, BaP-3,6-dione, BaP-3-ol, and BaP-
9-ol. It is known that oxidation of various substrates by CYP1A1 or
other CYPs is dependent on the POR:CYP1A1 ratio; optimal ratios
of these enzymes are usually 1:1 or higher (Buters et al., 1995;

Chun et al., 1996; Schwarz et al., 2001; Shimada et al., 1999, 2001;
Shimada and Fujii-Kuriyama, 2004; Yamazaki et al.,2001; Stiborova
etal., 2002; Guengerich, 2005; Farooq and Roberts, 2010; Davydov,
2011; Kotrbova et al., 2011; Davydov et al., 2013). Interestingly,
in contrast to these findings, with the exception of BaP-3-ol, for-
mation of BaP metabolites by CYP1A1 reconstituted with POR was
the same, even when the CYP1A1:POR ratio was only 1:0.05. This
CYP1A1:POR ratio essentially mimics the expression level of these
enzymes in the livers of HRN mice (Arlt et al., 2008), while a higher
than equimolar POR:CYP1A1 ratio more reflects the situation in the
livers of WT mice suggesting an effective transfer of electrons from
NADPH to the CYP1A1-BaP binary complex mediated by POR. The
only detoxification BaP metabolite, BaP-3-ol, was formed at higher
amounts in the CYP1A1 system reconstituted with an equimolar
ratio of POR. This high efficiency of BaP metabolism at ratios of
CYP1A1:POR of less than 0.5 are unusual, but seems to be a spe-
cific phenomenon for oxidation of BaP by CYP1A1 rather than a
general feature. For other substrates such as Sudan I (Stiborova
et al., 2002) and ellipticine (Mrazova et al., 2007; Kotrbova et al.,
2011) areconstitution system of CYP1A1 with POR at a ratio of 1:1
was optimal. It seems that binding of BaP to CYP1A1 mediating
formation of the high-spin state of CYP1A1 facilitates the enzyme
oligomerization (aggregation) in an artificial membrane of lipo-
somes and such CYP1A1-CYP1A1 interactions may have evolved to
optimize the functioning of the reconstitution system at limiting
concentrations of POR. Indeed, there are numerous observations
demonstrating a crucial effect of oligomerization of microsomal
CYPs on their functional properties. One of the most prominent
consequences of oligomerization is given by “persistent hetero-
geneity” or apparent divergence of a pool of a single CYP species into
non-interconverting and functionally separate fractions (Davydov,
2011). This suggestion was supported by several investigations for
substrate oxidation by various CYP enzymes in the reconstituted
systems (Kaminsky and Guengerich, 1985; Backes and Eyer, 1989;
Iwase et al., 1991; Fernando et al., 2007, 2008; Davydov, 2011).
The reasons for the results found in the present work seem to be
even more complex, as BaP oxidation by the CYP1A1 reconstituted
system was substantially stimulated by cytochrome bs.

The major BaP-DNA adduct formed in HRN/RCN mice and in
hepatic microsomes of HRN mice was previously identified by
TLC, HPLC and LC-MS/MS to be dG-N2-BPDE. In addition, another
adduct found and assigned adduct 1 in the present study, exhibited
more hydrophobic properties on 32P-postlabeling TLC (see Fig. 1 in
Arltetal., 2008 and Fig. 2 in Arlt et al., 2012) and could be separated
from adduct 2 (i.e. dG-N2-BPDE). Since mouse hepatic Cyp enzyme
activity had been largely obliterated by the permanent (HRN
model) or conditional (RCN model) deletion of POR in hepatocytes,
the levels of BaP-DNA adduct formation in livers in HRN or RCN
mice in vivo and in hepatic microsomes of HRN mice ex vivo was
difficult to rationalize (Arlt et al., 2008, 2012). Previous results
indicated that the process leading to DNA adducts did not involve
the generation of a reactive species different from that formed in
WT mice (Arlt et al., 2008, 2012). Since the structure of the dG-N2-
BPDE adduct formed in vivo was identified by mass spectrometry
(Arlt et al., 2008), BPDE (Fig. 1) must be the reactive species formed
both in HRN/RCN and WT mice. Moreover, enzymes different from
CYPs such as cyclooxygenases were not found to be involved in
BaP activation in these mouse models (Arlt et al., 2008). Indeed,
formation of dG-N%-BPDE by hepatic microsomes of HRN mice ex
vivo, which depended on NADPH, and was attenuated by inhibitors
of CYP1A1 (a-naphthoflavone, ellipticine) and POR (a-lipoic acid),
supported this conclusion (Arlt et al., 2008). Although the CYP
specificity of chemical inhibitors can sometimes be problematic
(Rendic and DiCarlo, 1997), these results indicated that hepatic
Cyplal in combination with even a very low POR expression
level can be responsible for the formation of BaP-DNA adducts in
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hepatic microsomes of HRN mice. Nevertheless, it should be noted
that human CYP1B1 is also an efficient enzyme metabolizing BaP
and the BaP metabolite profiles are similar to those generated
by CYP1A1 (Kim et al., 1998; Shimada et al., 1999; Shimada and
Fujii-Kuriyama, 2004). However, expression of Cyplb1 has not
been detected in the liver of HRN mice (Wang et al., 2005; Arlt et al.,
2008). Therefore, mouse Cyp1b1 does not seem to be important
for BaP metabolism and activation in the liver of HRN mice.

Induction of Cyplal in HRN mice with BaP resulted in a more
than 34-fold increase in the production of BaP-7,8-dihydrodiol in
ex vivo incubations of BaP with such microsomes relative to micro-
somes of untreated mice. BaP-7,8-dihydrodiol is the precursor of
BDPE which subsequently can generate the dG-N2-BPDE adduct,
explaining the formation of the dG-N2-BPDE adduct in the micro-
somes of HRN mice pretreated with BaP (Arlt et al,, 2008 and
present work). In contrast, BaP-3-ol the major CYP1A1-mediated
metabolite detoxicating BaP (Baird et al., 2005) only increased 7.7-
fold after pretreatment of mice with BaP.

In this study two DNA adducts were generated by hepatic
microsomes of HRN mice and levels of both were dependent on
pretreatment of these mice with BaP, a CYP1A1 inducer. When
CYP1A1 reconstituted with POR only was used for BaP activation,
one BaP-DNA adduct (assigned adduct 1; Fig. 6A) was generated.
After addition of mEH to the CYP1A1/POR reconstituted system,
the dG-N2-BPDE adduct (assigned adduct 2; Fig. 6) was also formed.
Again, higher amounts of both BaP-DNA adducts were formed by
CYP1A1 in the presence of low POR levels (i.e. aratio of CYP1A1:POR
of 1:0.2) than at equimolar ratios in the reconstitution system.
Moreover, cytochrome b; substantially stimulated BaP-DNA adduct
formation. Both these BaP-DNA adducts have also been found by
Schoket et al. (1989) and Fang et al. (2001) to be generated by rat
hepatic microsomes and separated as two adduct spots by TLC-
32p_postlabeling. The highly hydrophobic adduct 1 was tentatively
identified by these authors as an adduct derived from 9-hydroxy-
BaP-4,5-epoxide. This BaP metabolite is bound to the exocyclic
amino group of a guanine residue, and the site of attachment is most
likely either the 4 or the 5 position of BaP (Fang et al., 2001). Anal-
ogous to our results, the formation of adduct 1 was independent
of the activity of mEH; an inhibitor of this enzyme, 1,2-epoxy-
3,3,3-trichloropropane, did not influence its formation (Schoket
et al., 1989). In contrast the formation of dG-N%-BPDE (adduct 2)
was strongly inhibited by this mEH inhibitor. Nevertheless, even
though a precursor of 9-hydroxy-BaP-4,5-epoxide, BaP-9-ol, was
formed both in mouse hepatic microsomes and by the CYP1A1
reconstitution system, further work is required to demonstrate
that adduct 1 is derived from 9-hydroxy-BaP-4,5-epoxide. The syn-
thesis of an authentic standard should help with the structural
identification.

It is well known that BaP is a strong CYP1A1 inducer in many
organisms including HRN mice (Arlt et al., 2008). BaP also induced
expression of POR protein (by 2.9-fold) and the activity of this
enzyme as well as mEH and cytochrome bs; in HRN mice (Arlt
et al., 2008, 2012), thereby enhancing its own metabolic activa-
tion. Indeed, pretreatment of HRN mice with BaP led to more than
~50-fold higher DNA adduct levels ex vivo using hepatic micro-
somes (Fig. 9). Because microsomal cytochrome bs influences the
CYP1A1-mediated activation of BaP in vitro, and is induced by BaP
treatment in HRN mice (Arlt et al., 2012), this protein can modu-
late Cyplal-catalyzed activation of BaP also in this mouse model
in vivo. Several mechanisms of cytochrome bs-mediated modula-
tion of CYP catalysis have been suggested. One of them suggests a
role of cytochrome bs in the direct transfer of the second electron
to the CYP enzyme, which is considered to be the rate limiting step
in the catalytic cycle of the CYP monooxygenase reaction. The elec-
tron transfer from reduced cytochrome bs to CYP is faster than the
input of electrons from POR. Due to this stimulation effect CYPs are

prevented from uncoupling of partially activated oxygen. More-
over, the addition of cytochrome bs enhances the stability of the
oxy-CYP complex, therefore a higher amount of activated oxygen
is available to form hydroxylated products. Another possible mech-
anism of the cytochrome bs action is the formation of a complex
between cytochrome bs and CYP, which can receive two electrons
from POR in a single step, one for reduction of CYP and another for
that of cytochrome bs. While CYP without cytochrome bs has to
undergo two separate interactions with POR to complete one cat-
alytic cycle, in the presence of cytochrome bs a single interaction
of the complex of CYP and cytochrome bs; with POR is sufficient;
cytochrome bs provides the second electron to CYP promptly after
oxygen binding. Cytochrome bs can also act as an allosteric modi-
fier of the oxygenase (Porter, 2002; Schenkman and Jansson, 2003;
Guengerich, 2005; Kotrbova et al., 2011; Stiborova et al., 2012;
Riddick et al., 2013). Thus, in HRN mice cytochrome bs; may not
only modulate the Cyp-mediated (i.e. Cyplal) bioactivation of BaP
invivo if very low levels of POR are present, but it may also stimulate
CYP-mediated metabolic activation of BaP because of its increased
expression induced by BaP. Therefore, it would be interesting to
examine the potential role of cytochrome b5 in the metabolic acti-
vation of BaP in vivo. Recently, a mouse model has been developed,
in which cytochrome b; has been deleted in all tissues [Cytochrome
bs Complete Null (BCN)] (McLaughin et al., 2010), allowing the
investigation of general functions of cytochrome bs in carcinogen
metabolism in vivo. To dissect the role of hepatic cytochrome bs
versus hepatic POR in Cyp-mediated bioactivations a conditional
liver-specific cytochrome bs knockout mouse (Cyths!0%/10xX/CreALB;
HBN mouse) has been generated (Finn et al., 2008) with or without
the expression of hepatic POR (Henderson et al., 2013). In the future
we plan to investigate the balance between Cyp-mediated activa-
tion and detoxification of BaP in vivo in these potentially improved
mouse models.

As shown in the present study, even low POR expression in liv-
ers of HRN mice (POR probably expressed in non-parenchymal cells
of liver), in combination with the induction of Cyp1a1l, cytochrome
bs and mEH by BaP, might be sufficient for an efficient oxidative
activation of BaP. This feature might follow from a specific pattern
of protein levels and activities of these enzymes in hepatic micro-
somes of HRN mice pretreated with BaP that resulted in a more
than 10- and 34-fold increase in formation of metabolic precur-
sors essential for the generation of BaP-DNA adducts; BaP-9-ol as
the precursor of 9-hydroxy-BaP-4,5-epoxide potentially forming
adduct 1, and BaP-7,8-dihydrodiol as the precursor of BPDE form-
ing the dG-N2-BPDE adduct (adduct 2), respectively. We believe
that these findings might be one of the potential reasons for the
high levels of BaP-DNA adducts formed in livers of HRN mice rel-
ative to WT mice, but other factors may also contribute. Since it
has been shown that BaP can increase the activity of some conju-
gation enzymes (i.e. glutathione S-transferase) participating in BaP
detoxification (Banni et al., 2009), their expression levels increased
by induction by BaP and contribution to the detoxication of BaP
metabolites in the HRN model needs further investigation. In addi-
tion, the formation and rate of repair of BaP-DNA adducts and the
effect of BaP on the expression of DNA repair proteins may be differ-
ent in HRN and WT mice. Furthermore, the ratio of the hydrophobic
DNA adduct 1 to dG-N2-BPDE formed by hepatic microsomes and
in the CYP1A1-reconstituted systems were much higher than the
ratios detected in the livers of HRN (compare Fig. 6E) and RCN mice
in vivo. This might be caused, beside other factors, by differences
in the DNA repair of the two adducts in vivo or due to efficient
conjugation of the BaP-9-ol intermediate.
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ABSTRACT: The antineoplastic alkaloid ellipticine is a prodrug, whose pharmaco-
logical efficiency is dependent on its cytochrome P4S0 (P450)- and/or peroxidase-
mediated activation in target tissues. The P450 3A4 enzyme oxidizes ellipticine to five
metabolites, mainly to 13-hydroxy- and 12-hydroxyellipticine, the metabolites
responsible for the formation of ellipticine-13-ylium and ellipticine-12-ylium ions
that generate covalent DNA adducts. Cytochrome by alters the ratio of ellipticine
metabolites formed by P450 3A4. While the amounts of the detoxication metabolites
(7-hydroxy- and 9-hydroxyellipticine) were not changed with added cytochrome b;,
12-hydroxy- and 13-hydroxyellipticine, and ellipticine N*-oxide increased consid-
erably. The P450 3A4-mediated oxidation of ellipticine was significantly changed only
by holo-cytochrome bs, while apo-cytochrome by without heme or Mn-cytochrome by
had no such effect. The change in amounts of metabolites resulted in an increased
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formation of covalent ellipticine-DNA adducts, one of the DNA-damaging mechanisms of ellipticine antitumor action. The
amounts of 13-hydroxy- and 12-hydroxyellipticine formed by P450 3A4 were similar, but more than 7-fold higher levels of the
adduct were formed by 13-hydroxyellipticine than by 12-hydroxyellipticine. The higher susceptibility of 13-hydroxyellipticine
toward heterolytic dissociation to ellipticine-13-ylium in comparison to dissociation of 12-hydroxyellipticine to ellipticine-12-
ylium, determined by quantum chemical calculations, explains this phenomenon. The amounts of the 13-hydroxyellipticine-
derived DNA adduct significantly increased upon reaction of 13-hydroxyellipticine with either 3’-phosphoadenosine-5-
phosphosulfate or acetyl-CoA catalyzed by human sulfotransferases 1A1, 1A2, 1A3, and 2A1, or N,O-acetyltransferases 1 and 2.
The calculated reaction free energies of heterolysis of the sulfate and acetate esters are by 10—17 kcal/mol more favorable than
the energy of hydrolysis of 13-hydroxyellipticine, which could explain the experimental data.

Bl INTRODUCTION

Ellipticine (S,11-dimethyl-6H-pyrido[4,3-b]carbazole, Scheme
1), an alkaloid isolated from Apocynaceae plants, exhibits
significant antitumor and anti-HIV activities [for a summary see
refs 1—3]. The main reasons for the interest in ellipticine and
its derivatives for clinical purposes are their high efficiencies
against several types of cancer, their limited toxic side effects,
and their lack of hematological toxicity.4 Nevertheless,
ellipticine is a potent mutagen. Many ellipticine derivatives
are mutagenic to Salmonella typhimurium Ames tester strains,
bacteriophage T4, Neurospora crassa, and mammalian cells and
induce prophage lambda in Escherichia coli [for an overview, see
refs 1-3].

It was suggested that the major mechanisms of antitumor,
mutagenic, and cytotoxic activities of ellipticine are (i)

i i © 2012 American Chemical Society
7 ACS Publications
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intercalation into DNA*® and (ii) inhibition of DNA
topoisomerase II activity.”~~ We have demonstrated that
ellipticine also covalently binds to DNA after being enzymati-
cally activated by cytochromes P450 (P450) or peroxi-
dases,' *™"3 suggesting a third DNA-damaging mechanism
of action. Two major DNA adducts generated from ellipticine-
13-ylium and ellipticine-12-ylium (Scheme 1), by P450- and
peroxidase-mediated metabolism, are formed in vitro and in vivo
in DNA of healthy organs of rats and mice treated with this
anticancer drug.">%7"?

The same DNA adducts were also detected in human cancer
cells in culture, such as breast adenocarcinoma MCF-7,'* the
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Scheme 1. Scheme of Ellipticine Metabolism by P450s and Peroxidases Showing the Identified Metabolites and Those Proposed

to Form DNA Adducts®
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leukemias HL-60 and CCRF-CEM," neuroblastoma'®
glioblastoma cells,”
vivo.> Toxic effects of ellipticine in these cancer cells correlated
with levels of ellipticine-derived DNA adducts and were
dependent on the expression of P450 1Al, 1B1, 3A4,
lactoperoxidase, cyclooxygenase, or myeloperoxidase in these

and
and in rat mammary adenocarcinoma in

cells."*™'7 On the basis of these data, ellipticine might be
considered a drug, whose pharmacological efficiency and/or
genotoxic side effects are dependent on its activation by P450s
and peroxidases in target tissues.

Because of the ellipticine-derived DNA adducts we found in
healthy organs of rats, the risk of treating patients with this
compound has to be considered. Our in vivo studies, however,
demonstrated that ellipticine-DNA adducts did not persist in
healthy tissues of rats, the experimental model mimicking the
fate of ellipticine in humans®'® treated with ellipticine."
Therefore, these results suggest a relatively low risk of the

genotoxic side effects to humans by ellipticine during the cancer
treatment.

Of the P450s investigated, human P450 3A4 and rat P450
3Al are the most active enzymes oxidizing ellipticine to 13-
hydroxy- and 12-hydroxyellipticine, the reactive metabolites
that dissociate to ellipticine-13-ylium and ellipticine-12-ylium
which bind to DNA,*>'® while the P450 1A isoforms
preferentially form the other ellipticine metabolites, 9-hydroxy-
and 7-hydroxyellipticine, which are the detoxication products
(Scheme 1). As a consequence, ellipticine-DNA adduct levels
formed by P450 1A are very low.'”'®'? Recently, we found that
cytochrome by alters the ratio of ellipticine metabolites formed
by isolated P450 1Al and 1A2 reconstituted with
NADPH:P450 reductase, favoring the formation of 12-hydroxy-
and 13-hydroxyellipticine at the expense of 9-hydroxy- and 7-
hydroxyellipticine. The change in metabolite ratio resulted in
an increased formation of covalent ellipticine-DNA adducts."”
This finding explained the previous apparent discrepancies we
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found between isolated enzymes and in vivo studies, where
P450 1A enzymatic activity correlated with ellipticine-DNA-
adduct levels,® while isolated P450 1A1 or 1A2 in reconstituted
systems was much less effective than P450 3A4."'* This effect
of cytochrome bs might be even more pronounced in vivo since,
as we showed previously, ellipticine induces levels of both P450
1A% and cytochrome by in rat liver'® and in several cancer cell
lines (ie., glioblastoma and neuroblastoma cells).'*'7?! In
glioblastoma and neuroblastoma cells, ellipticine also induces
P450 3A4,"'”*"? the enzyme whose efficiency to oxidize several
substrates including ellipticine is extensively influenced by
cytochrome bs.'“**~>° Because P450 3A4 is so important for
ellipticine activation, modulation of P450 3A4-catalyzed
activation of ellipticine to 12-hydroxy- and 13-hydroxyellipti-
cine by cytochrome by is investigated here in detail. Mechanistic
studies of the action of cytochrome bg on the catalysis of P450
3A4 were performed using the holoprotein of cytochrome by,
its apo-form (devoid of heme) or apo-cytochrome by
reconstituted with manganese protoporphyrin IX (Mn-
cytochrome by).

The N,O-acetyltransferase (NAT) and sulfotransferase
(SULT) enzymes, which are expressed in several cancer
cells,”*™* can detoxify but also further activate the products
of metabolism of xenobiotics. We therefore also examined
whether these enzymes modify the DNA-adduct levels resulting
from covalent binding of 13-hydroxyellipticine to DNA.

B EXPERIMENTAL PROCEDURES

Caution: Ellipticine is a potent mutagen and should be handled with
care. Exposure to 3P should be avoided, by working in a confined
laboratory area, with protective clothing, plexiglass shielding, Geiger
counters, and body dosimeters. Waste must be discarded according to
appropriate safety procedures.

Chemicals and Enzymes. NADP*, NADPH, ellipticine, p-glucose
6-phosphate, p-glucose 6-phosphate dehydrogenase, hemin, acetyl-
CoA, 3"-phosphoadenosine-S"-phosphosulfate (PAPS) and calf thymus
DNA were obtained from Sigma Chemical Co. (St Louis, MO, USA);
9-hydroxyellipticine ($,11-dimethyl-9-hydroxy-6H-pyrido[4,3-b]-
carbazole) was from Calbiochem (San Diego, CA, USA). All of
these and other chemicals from commercial sources used in the
experiments were of reagent grade or better. 7-Hydroxyellipticine and
the N*-oxide of ellipticine were synthesized as described'® by J. Kutka
(Charles University, Prague, Czech Republic); their purity was >99.5%
as estimated by high-performance liquid chromatography (HPLC).
Enzymatically prepared 12-hydroxy- and 13-hydroxyellipticine were
obtained from multiple HPLC runs of ethyl acetate extracts of
incubations of ellipticine with human and/or rat hepatic microsomes
as described.'® Their authenticity was confirmed by UV spectroscopy,
electrospray mass spectrometry, and high field "H NMR spectroscopy.
The purity as analyzed by HPLC was >99.9%.'% Supersomes isolated
from insect cells transfected with baculovirus constructs containing
cDNA of human P450 3A4 and expressing NADPH:P450 reductase
were obtained from Gentest Corp. (Woburn, MI, USA) and tested for
their efficiencies to oxidize ellipticine. Cytosolic extracts, isolated from
insect cells transfected with baculovirus constructs containing human
cDNA of SULT1A1*2, 1A2*1, 1A3, 1E, or 2A1 were obtained from
Oxford Biomedical Research Inc. (Oxford, MA, USA), and those
containing cDNA of human NAT1*4 or NAT2*4 were from Gentest
(Woburn, MA, USA). Cytosolic extracts expressing SULT1Al and
SULT1A2 conjugated p-nitrophenol at rates of 124 and 5.5 nmol/
min/mg protein, respectively; SULT1A3 conjugated dopamine at the
rate of 8 nmol/min/mg protein; SULT1E conjugated estrone at the
rate of 266 pmol/min/mg protein; and SULT2AI conjugated
dehydroepiandrosterone at the rate of 584 pmol/min/mg protein.
Cytosolic extracts expressing NAT1 and NAT?2 had a catalytic activity
of 1,300 nmol/min/mg protein (substrate p-aminosalicylic acid) and
290 nmol/min/mg protein (substrate sulfamethazine), respectively.
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Enzyme activities in control cytosol were less than 10 pmol/min/mg
protein. Enzymes and chemicals for the **P-postlabeling assay were
obtained from the sources described."'® All of these and other
chemicals were of reagent grade or better.

Isolation of Cytochrome bs; and Apo-cytochrome b;.
Cytochrome bg was isolated from rabbit liver microsomes by the
procedure described by Roos.** The apo-cytochrome by protein was
prepared using heterologous expression in Escherichia coli as described
in our earlier work.*®

Incorporation of Heme into Apo-cytochrome b;. The
preparation of hemin chloride solution and its incorporation into
apo-cytochrome bs were performed by the procedure described
elsewhere and in our previous paper.>*® Absorbance spectra of
reconstituted cytochrome b (from 350 to 500 nm) were recorded on
a Hewlett-Packard 8453 UV spectrophotometer. The reconstitution of
cytochrome bs was considered to be complete when the Soret peak of
cytochrome bs shifted from 413 to 409 nm and an increase in
absorbance at 385 nm, caused by an excess of free Tris-ligated hemin,
was observed in the spectrum.

Analogous procedures were utilized to incorporate manganese
protoporphyrin IX (Frontier Scientific, USA) into apo-cytochrome bg
(Mn-cytochrome by).>%"

Determination of Reconstituted Cytochrome b; Content.
The concentration of apo-cytochrome by reconstituted with heme was
determined spectrophotometrically (the absolute absorbance spec-

trum), using the molar extinction coefficient &, = 117
mM 1em™3*% or from the difference spectrum of reduced minus
oxidized form, using molar extinction coefficient €44 400 = 185

mM™lcm™'.3° The concentration of Mn-cytochrome bs was
detegnined using an extinction coefficient of 57 mM™-cm™ at 469
nm.

Incubations. Unless stated otherwise, incubation mixtures used to
study ellipticine metabolism contained the following in a final volume
of 500 uL: 100 mM potassium phosphate buffer (pH 7.4), 1 mM
NADPH of NADPH-generating system (1 mM NADP*, 10 mM p-
glucose 6-phosphate, and 1 U/mL p-glucose 6-phosphate dehydrogen-
ase, to generate NADPH), human P450 3A4 in Supersomes (100
pmol) reconstituted with or without rabbit hepatic cytochrome by,
apo-cytochrome b, or Mn-cytochrome b (500 pmol), and 20 M
ellipticine dissolved in 5 L methanol. In the control incubation, either
P450 or ellipticine was omitted. The reaction was initiated by adding
ellipticine. After incubation at 37 °C for 20 min in open glass tubes
(ellipticine oxidation was linear up to 30 min of incubation'®*"), the
reaction was stopped, phenacetin added as internal standard, and
metabolites extracted, separated, and quantified by HPLC as
described.' %%

Incubation mixtures used to analyze DNA-adduct formation by
ellipticine were as described above but contained 100 M ellipticine
dissolved in S yL of methanol, 1 mM NADPH instead of the NADPH
generating system, and 1 mg of calf thymus DNA in a final volume of
750 pL. The reaction was initiated by adding ellipticine. Incubations
were carried out at 37 °C for 30 min; ellipticine-DNA adduct
formation was linear up to 30 min.! Control incubations were carried
out without (i) P450, (ii) NADPH, or (iii) ellipticine. After the
incubation, DNA was isolated from the residual water phase by the
phenol/chloroform extraction method as described." The extracted
DNA was then dissolved in 200 uL of distilled water and the DNA
content determined spectrophotometrically. The 260/280 nm ratios of
DNA were 1.8. The isolated DNA was used to detect and quantify
DNA adducts by the **P-postlabeling assay (see below).

Incubations in which 13-hydroxyellipticine was used instead of
ellipticine, contained in a final volume of 500 yL: S0 mM potassium
phosphate buffer (pH 5.0, 6.0, 7.0, 7.4, 8.0 and 8.4), 100 uM 13-
hydroxyellipticine dissolved in S yL of methanol, and 1 mg of calf
thymus DNA. After the 90 min incubations (37 °C) and ethyl acetate
extraction, DNA was isolated from the residual water phase by the
phenol/chloroform extraction method as described.! Incubation
mixtures used to analyze the effect of SULTs and NATSs on the 13-
hydroxyellipticine-derived DNA adducts contained in a final volume of
500 uL, SO mM potassium phosphate buffer (pH 7.4), 1 mg of calf
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Figure 1. Effect of cytochrome b5 (B and D) on the initial velocity of ellipticine oxidation to 9-hydroxyellipticine, 12-hydroxyellipticine, 13-
hydroxyellipticine, 7-hydroxyellipticine, and ellipticine N>-oxide by P450 3A4 in the presence of the NADPH-generating system (B) and the same
enzyme in the presence of NADPH (D) compared to incubations without cytochrome bs (A, NADPH regenerating system; C, NADPH added).
Assays were performed as described under Experimental Procedures. Average values + SD are shown (N = 3). Values significantly different from the

control (without cytochrome bs); *p < 0.001 (Student’s t-test).

thymus DNA, and 1 M 13-hydroxyellipticine either in the presence
or absence of 39 nmol human SULT1A1*2, 1A2*¥1, 1A3, 1E, or 2A1
and 100 M PAPS or NAT1 or NAT2, and 2 mM acetyl-CoA. After
the 90 min incubations (37 °C) and ethyl acetate extraction, DNA was
isolated from the residual water phase by the phenol/chloroform
extraction method as described." The isolated DNA was used to detect
and quantify DNA adducts by the **P-postlabeling assay (see below).

32p_postlabeling Analysis and HPLC Analysis of 32P-Labeled
3’,5’-Deoxyribonucleoside Bisphosphate Adducts. The °P-
postlabeling of nucleotides using the nuclease P1 enrichment
procedure, found previously to be appropriate to detect and quantify
ellipticine-derived DNA adducts formed i vitro and in vivo,">*~'* was
employed in the experiments. The TLC and HPLC analyses were
done as reported recently.">*~"3

Quantum Chemical Calculations. Reaction free energies for
heterolytic dissociation of 13-hydroxyellipticine and its conjugates
[reactions 1—3 (rea 1, rea 2, and rea 3) in Scheme 1] and for an
analogous reaction of 12-hydroxyellipticine were calculated by an ab
initio quantum chemical approach. The accuracy of absolute reaction
free energies is better, if electron correlation effects are considered
during the calculation. In the present study, we evaluated the
heterolytic dissociation of 12-/13-hydroxyellipticine and the 13-
hydroxyellipticine conjugates, which are reactions conserving the
number of paired electrons (isogyric reactions). This fact facilitates the
calculation of thermochemical data even at relatively low levels of
theory, lacking the electron correlation effects, Hartree—Fock (HF).
The heterolytic dissociation, however, involves charged species that are
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best modeled with basis sets containing polarization functions since
the charge distorts the electron distribution. In addition, anions require
inclusion of diffuse functions. Therefore, the geometry optimizations
and frequency calculations of all reactants and products studied here
were performed on the HF level of theory in conjunction with the 6-
31++G(d,p) basis set using the Gaussian 09 package.*”

Accurate computation of solvation energies of charged species is still
a challenge. Therefore, several approaches to estimate solvent effects
were evaluated. Initially, the solvent effect was estimated by
performing energy optimizations using the Conductor-like Polarizable
Continuum Model (C-PCM) with default atomic radii.*> The thermal
corrected Gibbs free energies (at 298 K) were obtained from
electronic calculations and harmonic vibration frequencies of these
optimized structures. The resulting free energies were also corrected to
represent the biochemically relevant reference state: pH 7 and 1 M
concentration for all reactants except for water, for which the reference

concentration was 55.3 M. The reaction Gibbs free energies of
g
0

rea

individual reaction steps (AGY,) evaluated here were calculated as the
total energies of products minus the total energies of reactants.
Solvation free energies of all reactants and products were also
calculated with the Langevin dipole solvation model (LD).* Merz—
Kollman partial atomic charges obtained from ab initio calculations
served as input for the LD model built in the ChemSol program,

v2.1.*% The standard (biochemical) free energy changes of individual
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Figure 2. Autoradiographic profile of **P-labeled DNA adducts generated in calf thymus DNA by ellipticine after its activation with P450 3A4
without (A) and with cytochrome b (P450 3A4/cytochrome b 1:5) (B); of **P-labeled digests of DNA of mammary adenocarcinoma of Wistar rats
treated ip. with 4 mg of ellipticine per kilogram body weight (C); and from calf thymus DNA reacted with 13-hydroxyellipticine (D) or 12-
hydroxyelipticine (E). Autoradiographic profile of calf thymus DNA incubated with ellipticine after its activation with P450 3A4 without NADPH
(control incubation) (F). Analyses were performed by the nuclease P1 version of the **P-postlabeling assay. Adduct spots 1 and 2 correspond to the
ellipticine-derived DNA adducts. Besides adduct 2 formed by 12-hydroxyellipticine, another strong adduct (spot X in panel E), which was not found

. A s 3,6
in any other activation systems or in v1v0,3 3 was generated.

reaction steps were then calculated according to a formula used
previously:**

AG[E)e’awat(LD) _

0'gas 0'gas
Z AGproducts - Z AGreactants

solvLD solvLD
+ Z AGproducts - Z AGreactants

where ZAG®* denotes the sum of corrected Gibbs free energies of
products or reactants in gas phase, and ZAG“*P refers to the sum of
solvation free energies of the products or reactants calculated with the
LD method. The similar combination of the ab initio (HF) gas phase
free energy and LD solvation energy was successfully employed in free
energy calculations of other carcinogens (aflatoxin B1, vinyl chloride,
and acrylamide) and well reproduced the experimentally determined
energies.”

Finally, we combined LD solvation energies with experimental
solvation energies for H,0, H;0", and OH". A similar approach has
been 5greviously employed for the calculation of pK, for carboxylic
acids.

B RESULTS

Cytochrome b; Modulates Ellipticine Oxidation
Catalyzed by Cytochromes P450 3A4. The human P450
3A4 enzyme in the presence of NADPH:P450 reductase and its
cofactor NADPH oxidizes ellipticine to five metabolites, 7-
hydroxy-, 9-hydroxy-, 12-hydroxy-, and 13-hydroxyellipticine
and the N?-oxide of ellipticine (Figure 1A and C and
Supporting Information, Table 1), which are also formed by
human, rat, rabbit, and mouse hepatic microsomes.'*'¥!184! 13
Hydroxy- and 12-hydroxyellipticine, two reactive ellipticine
metabolites forming DNA adducts,'”"" and 9-hydroxyellipti-
cine, a detoxication product of ellipticine,"”'® were the
predominant metabolites formed by P450 3A4. Another
activation metabolite, ellipticine N*-oxide, a precursor of 12-
hydroxyellipticine,'>"" and a further detoxication product, 7-
hydroxyellipticine, were formed to a much lower extent.

The patterns and amounts of ellipticine metabolites
generated by P450 3A4 changed significantly when cytochrome
bs was present in the P450 3A4 enzymatic system (Figure 1B
and D, and Supporting Information, Table 1). While the
amounts of the detoxication products of ellipticine (7-hydroxy-
and 9-hydroxyellipticine) were not changed with added
cytochrome bs, 12-hydroxy- and 13-hydroxyellipticine, and
ellipticine N*-oxide increased considerably. Up to a 1.6-, 2.9-,
and 2.7-fold more 12-hydroxy- and 13-hydroxyellipticine and
ellipticine N?-oxide, respectively, were found with added
cytochrome b and NADPH (Figure 1D). A lower increase in
these metabolites was, however, found when the NADPH-
generating system was used instead of NADPH (Figure 1B).
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Glucose 6-phosphate dehydrogenase of the NADPH-generat-
ing system added to the incubation mixtures might act as a
protein scavenger binding the reactive species generated from
these metabolites.

Cytochrome b; Increases the Ellipticine-Derived DNA
Adduct Formation Mediated by Cytochrome P450 3A4.
Using the nuclease P1 version of the **P-postlabeling assay,
which was suitable to detect and quantify DNA adducts formed
by ellipticine,l’g_12 two ellipticine-derived DNA adducts (see
Scheme 1 for the structures of two deoxyguanosine adducts 1
and 2) were detected in the calf thymus DNA incubated with
this drug and P450 3A4 with NADPH:P450 reductase and
NADPH (Figure 2A,B). The two adducts are identical to those
found previously after in vitro incubation of calf thymus DNA
with ellipticine, human, rat, rabbit, and mouse hepatic
microsomes or human and rat P450s,"”'° or peroxidases,11
or after treatment of cells in culture with this anticancer
drug,"*™'7** or in vivo in several organs of rats includin
mammary adenocarcinoma®®'? (Figure 2C), and mice’
exposed to this agent. These adducts are generated from
ellipticine-13-ylium and ellipticine-12-ylium (Scheme 1), the
reactive species formed from the corresponding hydroxyellipti-
cines (Figure 2D,E) as confirmed by cochromatographic
analysis using TLC and HPLC.'*""** More than 7-fold higher
levels of adduct 1 than adduct 2 are formed by the P450 3A4
enzymatic system, whereas only 1.3-fold more 13-hydrox-
yellipticine (species responsible for formation of adduct 1) than
12-hydroxyellipticine generating adduct 2 (compare Figure 1
and Supporting Information, Table 1) was determined in
incubations with P450 3A4.

The increased levels of 12-hydroxy- and 13-hydroxyellipticine
formed by the P450 3A4 enzymatic system containing
cytochrome b; and NADPH resulted in increased levels of
these two ellipticine-derived DNA adducts (Table 1). The
presence of cytochrome b; resulted in 2.9-fold higher levels of
the ellipticine-DNA adduct 1, which correlated with a 2.9-fold
increased formation of 13-hydroxyellipticine (Table 1 and
Figure 1). The same was true for the parallel effects of
cytochrome by on ellipticine-DNA-adduct 2 levels and 12-
hydroxyellipticine yields in incubations with P450 3A4 (Table
1, Figure 1, and Supporting Information, Table 1).

Modulation of Ellipticine Oxidation by Cytochromes
P450 3A4 Is Dependent on Holo-cytochrome b;. In order
to investigate the mechanism of cytochrome bs-mediated
modulation of ellipticine oxidation by P450 3A4, we also
examined the influence of apo-cytochrome bs; and Mn-
cytochrome bs. As shown in Figure 3, the P450 3A4-mediated
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Table 1. Effect of Cytochrome by on DNA Adduct
Formation by Ellipticine Oxidized with Human P450 3A4
and NADPH”

relative adduct labeling (mean + SD/

10nucleotides)
activating system adduct 1 adduct 2 total
P450 3A4 + NADPH:P450 3.6 + 0342 0.5 +0.1 41+ 04
reductase
P450 3A4 + NADPH:P450 10.5 + 0.5% 0.9 + 0.1* 114 + 0.8

reductase + cytochrome by

(1:5)
“Values are given as means + SD (N = 6). The total relative adduct
labeling represents the sum of relative adduct labeling values of
adducts 1 and 2. Values significantly different from the control
(without cytochrome bs): *p < 0.001 (Student’s t-test).
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Figure 3. Effect of cytochrome bs, apo-cytochrome bs, apo-
cytochrome by reconstituted with heme, and Mn-cytochrome bs on
the initial velocity of ellipticine oxidation to 9-hydroxyellipticine, 12-
hydroxyellipticine, 13-hydroxyellipticine, 7-hydroxyellipticine, and
ellipticine N>-oxide by P450 3A4 in the presence of NADPH. Assays
were performed as described under Experimental Procedures. Average
values # SD are shown (N = 3). Values significantly different from
control (without cytochrome bs); *p < 0.001 (Student’s t-test).

oxidation of ellipticine was significantly changed only by holo-
cytochrome b or apo-cytochrome by reconstituted with heme,
while apo-cytochrome b; without the heme cofactor was
without such effects (Figure 3 and Supporting Information,
Table 2). We also employed a structurally similar analogue of
cytochrome bs, known to have limited electron transfer
capability, Mn-cytochrome bs.*”** The apo-cytochrome b
reconstituted with Mn-protoporphyrin IX should adopt the
same 3D conformation as the native cytochrome by, but it lacks
electron transfer capability.”>** Also in the case of Mn-
cytochrome bs, no changes in ellipticine oxidation were found
(Figure 3 and Supporting Information, Table 2).
Modulation of Levels of DNA Adducts Formed by 13-
Hydroxyellipticine by SULT and NAT Enzymes. Formation
of the deoxyguanosine adduct generated from 13-hydroxyellip-
ticine with DNA in vitro is pH-dependent; only low levels of
this DNA adduct were detectable at pH 5.0, while increasing
the pH resulted in a pronounced increase in the formation of
this adduct (Table 2). Exposure of 13-hydroxyellipticine to
either SULT or NAT enzymes in the presence of cofactors of
these enzymes (PAPS, acetyl-CoA) greatly increases DNA
adduction; the amount of 13-hydroxyellipticine-derived DNA
adduct increased significantly. The different human SULTSs
showed vastly differing activities leading up to 68.5-fold more
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Table 2. pH Effect on Adduct Levels Formed by Reaction of
13-Hydroxyellipticine with DNA®, Detected by **P-
Postlabeling”

pH relative adduct labeling (mean + SD/10” nucleotides)
S.0 0.01 + 0.001

6.0 1.3 +03

7.0 17.0 £ 1.2

7.4 233 £20

8.0 41.0 £29

8.4 49.7 £ 32

“See adduct spot 1 in Figure 1. bExperimental conditions are as
described in Experimental Procedures, except that 50 uM 13-
hydroxyellipticine and 1 mg of calf thymus DNA (37 °C, 90 min)
were used. Relative adduct labeling and standard deviations were
obtained from triplicate determinations.

DNA adducts catalyzed by SULT1A3 than without a SULT
enzyme (Figure 4). In contrast, 13-hydroxyellipticine seems not
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Figure 4. Effect of SULTs and NATs on DNA adduct formation by
13-hydroxyellipticine. Mean values + standard deviations shown in the
figure represent results obtained from three parallel incubations (N =
3). Controls 1, 2, and 3 represent the incubation without enzymes
(control 1), the incubation with SULT1A3 without PAPS (control 2),
and that with NAT2 without acetyl-CoA (control 3). Numbers above
bars are fold increases over the control. Values significantly different
from the control (without conjugation enzymes): *p < 0.001
(Student’s t-test).

to be a substrate of SULT2E1 because this SULT did not
stimulate the formation of the DNA adduct. NAT2 was by far
the most active conjugation enzyme leading to 188-fold higher
DNA adduct levels, while NAT1 increased these 33-fold. No
increase in levels of the DNA adduct was found when enzyme
cofactors PAPS or acetyl-CoA were not present in incubations
(Figure 4), indicating that formation of the sulfate and acetate
esters (conjugates) is responsible for the increase in levels of
the 13-hydroxyellipticine-derived DNA adduct. In addition,
these results suggest that sulfate and acetate esters of 13-
hydroxyellipticine are more potent proximate mutagens than
13-hydroxyellipticine itself. This might be due to easier
heterolytic dissociation of the conjugates in comparison to
the heterolysis of parental 13-hydroxyellipticine.

Calculation of Heterolytic Cleavage of 12-Hydroxy-
and 13-Hydroxyellipticine and Their Sulfate or Acetate

dx.doi.org/10.1021/tx3000335 | Chem. Res. Toxicol. 2012, 25, 1075—1085



Chemical Research in Toxicology

Conjugates: Thermodynamic Approaches. First, the
viability of heterolytic dissociation of 12-hydroxy- and 13-
hydroxyellipticine was compared using quantum chemical
calculations and three different approaches to solvation
modeling. For these reactions, we initially considered two
paths leading directly to ellipticine-12-ylium and ellipticine-13-
ylium, paths A and B in Scheme 2, and one indirect path,

Scheme 2. Proposed Paths of Heterolytic Cleavage of 12/13-
Hydroxyellipticine and Their Sulfate and Acetate Conjugates
That Were Considered in the Theoretical Section

Path A -RO

Path B +H;0" -ROH -H,0

R: —H Path C -ROI
—COCH;
—S03
13-hydroxyellipticine
and conjugates
6,13-didehydroellipticine7
Path A -RO°
S5 XN
N+ |
Path B +H,0" -ROH -H,0 N
H
ellipticine-12-ylium h
R: —H Path C -RO +H’1 H
—COCH,4
—S05
]
12-hydroxyellipticine \\ I N
and conjugates N =

6,12—didehydroellipticine_

denoted as path C in Scheme 2. This paths leads to the
formation of 6,12-didehydroellipticine and 6,13-didehydroellip-
ticine that represent deprotonated forms of ellipticine-12/13-
ylium species. Regardless of the path, results indicated
significantly higher susceptibility of 13-hydroxyellipticine
toward heterolytic dissociation in comparison to 12-hydrox-

yellipticine (see difference in reaction free energies

AAG,Y 1,_130n shown in Table 3). The major portion of the
difference comes from the lower free energy (higher stability)
of ellipticine-13-ylium over ellipticine-12-ylium, —10 and —12
kcal/mol for C-PCM and LD solvation models, respectively.

Paths A and B should in theory, after correction to pH 7,
predict identical reaction free energies. They, however, vary
significantly, although the discrepancy decreases when the
solvation model is improved. We considered the average over
paths A and B to make the best estimate of the actual reaction
energy within estimated error (Table 3). The major error
probably comes from the absence of electron correlation effects
and from inaccuracies in the prediction of solvation free
energies of charged species participating in these reactions:
H;0%, OH7, ellipticine-12-ylium, and ellipticine-13-ylium ions.

Reaction path C that represents the formation of 6,12- and
6,13-didehydroellipticines does not involve charged species.
Thus, the absolute free energies of these reactions are almost
independent of the solvation model (column C in Table 3).
The small positive reaction free energy (5.9—9.3 kcal/mol)
indicates that low amounts of the 6,13-didehydroellipticine
metabolite in the incubation mixture are expected (0.01—
0.0001% of 13-hydroxyellipticine), while the formation of 6,12-
didehydroellipticine is not favored due to the high positive
reaction free energy of its formation, 24—28 kcal/mol.

The results also support the generally accepted concept that
proton-mediated hydrolysis of these compounds is the major
mechanism leading to ellipticine-12-ylium and ellipticine-13-
ylium (Scheme 2). The oxonium ion destabilizes the bond
between carbon 12 or 13 and oxygen of the hydroxyl group,
and two molecules of water (from the oxonium ion and the
hydroxyl group) are formed. These findings indicate a
preferential hydrolysis of 12-hydroxy- and 13-hydroxyellipticine
under acidic conditions.

While 7-fold higher levels of adduct 1 than adduct 2 are
formed by the P450 3A4 from ellipticine, levels of 13-
hydroxyellipticine forming adduct 1 are only 1.3-fold higher
than those of 12-hydroxyellipticine generating adduct 2 (Figure
1 and Supporting Information, Table 1). Several reasons might
be responsible for the different potency of 13-hydroxyellipticine
and 12-hydroxyellipticine to form DNA adducts. The
dissociation (hydrolysis) of both hydroxyellipticines to the
cationic yllium might be one of the reasons (Scheme 1).
Indeed, as shown in Table 3, showing differences in standard
reaction free energies calculated by quantum chemical
approach, hydrolysis of 13-hydroxyellipticine is more favorable
than that of 12-hydroxyellipticine.

In addition, the experimental data showed that reactions of
13-hydroxyellipticine with either PAPS or acetyl-CoA catalyzed
by several SULTs or NATs enhanced DNA adduct 1 levels.
Calculated reaction free energies of heterolysis of the sulfate

Table 3. Reaction Free Energies of Heterolytic Dissociation of 12-Hydroxy- and 13-Hydroxyellipticine Calculated by ab Initio
Quantum Chemical Approaches in Combination with Different Solvation Models

LD with exp. solv. for H,0, H;O0* and

solvation model C-PCM LD (ChemSol) OH~

reaction path (Scheme 2) A and B average + error C A and B average + error C A and B average + error C
AGY hou® 21 + 40 26 9+ 11 25 22+3 28
AGY 30n” 10 + 40 7.1 -5+ 11 5.9 8+3 9.3
AAG.Y 1 130m 11 19 14 19 14 19
ApK'yq 1o-1301" 8 14 10 14 10 14

“Standard biochemical reaction free energies in kcal/mol. “Difference in equilibrium constants (12-OH- minus 13-OH-ellipticine).
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Table 4. Comparison of Reaction Free Energies of Heterolytic Dissociation of 12/13-Hydroxyellipticine, 12/13-
Hydroxyellipticine Sulfate, and Acetate Conjugates Calculated by ab Initio Quantum Chemical Approaches in Combination
with Different Solvation Models [13-Hydroxyellipticine and Its Esters (A), and 12-Hydroxyellipticine and Its Esters (B)]

(a)

LD with exp. solv. for H,0, H;O" and

solvation model C-PCM LD (ChemSol) OH~
reaction path (Scheme 2) A and B average + error C A and B average + error C A and B average + error C
AG. son “ 9.7 + 40 7.1 —50+ 11 59 8+3 9.3
AG%% 050 —38 + 30 ~19 16 +5 -13 —9+6 -13
AG,2% 50 —0.5 + 30 3.7 -15+3 1.1 —-8+38 1.1
(B)
LD with exp. solv. for H,0, H;O" and
solvation model C-PCM LD (ChemSol) OH™
reaction path (Scheme 2) A and B average + error C A and B average + error C A and B average + error C
AG 2% 0n 21 + 40 26 9+ 11 25 22 +3 29
AGY 1y0s¢” 44 £ 30 16 —11+5 21 65+6 21
AGY hoat —8.8 + 30 21 —42+3 19 34+8 19

“Standard biochemical reaction free energies in kcal/mol.

and acetate esters that should be formed during these reactions
are by 11—17 kcal/mol more favorable than for hydrolysis of
13-hydroxyellipticine (Table 4A). Therefore, while only a small
portion of 13-hydroxyellipticine could be present in the form of
ellipticine-13-ylium at pH 7, the negative free energy of
heterolysis indicates that under the equilibrium conditions at
pH 7 the major portion of sulfate or acetate esters (more than
99%) is dissociated to ellipticine-13-ylium that forms the DNA
adduct. This is consistent with the experimental finding that
whereas high levels of the 13-hydroxyellipticine-derived DNA
adduct were found in experimental animals exposed to
ellipticine,>*'>"* no 13-hydroxyellipticine sulfates and acetate
conjugates were detected in these animals.>>*¢

Reaction free energies calculated for elimination (path C) of
the sulfate and acetate esters are predicted to be 7—10 and 5—8
kcal/mol, respectively, lower than that of the OH group,
indicating that a significant portion (10 to 90%) of these
conjugates could be present as 6,13-didehydroellipticine.
Although path C is less preferred at pH 7, it is virtually pH
independent and could contribute to DNA adduct formation
under alkaline conditions.

Heterolytic dissociation of the 12-hydroxyellipticine sulfate
or acetate esters is favored by 10—30 kcal/mol in comparison
to their parental compound 12-hydroxyellipticine (Table 4B).
Therefore, while heterolysis of 12-hydroxyellipticine is
unfavored, the dissociation of its conjugates is feasible. Free
energy for the corresponding hydrolytic reaction is predicted to
be around zero, indicating the presence of significant amounts
of the reactive species (ellipticine-12-ylium) (Table 4B). The
12-hydroxyellipticine sulfate and acetate conjugates are,
however, less prone to hydrolysis (represented by paths A
and B) than 13-hydroxyellipticine conjugates, with differences
ranging from 8—16 kcal/mol.

Free energy for the formation of 6,12-didehydroellipticine
from the 12-hydroxyellipticine sulfate and acetate esters,
reaction path C, is predicted to be unfavored (16—21 kcal/
mol, Table 4B), indicating the absence of 6,12-didehydroellip-

ticine under the conditions considered here.

B DISCUSSION

The results of the present work show that P450 3A4
preferentially oxidizes ellipticine to 13-hydroxy- and 12-
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hydroxyellipticine, the metabolites responsible for the for-
mation of DNA adducts.'”"" In this study, we suggest three
possible reaction paths leading to the formation of the reactive
species from these metabolites; direct heterolytic dissociation
(hydrolysis), heterolytic dissociation (hydrolysis) after attack
by the oxonium ion; and formation of 6,12- and 6,13-
didehydroellipticines (see reaction paths A—C in Scheme 2).
The oxonium ion-mediated hydrolysis of these compounds is
probably the favorable mechanism responsible for the
formation of ellipticine-12-ylium and ellipticine-13-ylium
(path B in Scheme 2).

If this path were the rate limiting step of DNA adduct
formation from 13-hydroxyellipticine, then DNA adduct levels
should be higher under acidic conditions. This is not the case
since only low levels of this DNA adduct were detectable at pH
5.0, while under alkaline conditions considerably higher
amounts of this adduct were formed. Not only the hydrolysis
of 13-hydroxyellipticine but also the reactivity of ellipticine-13-
ylium toward the amino group of guanine in DNA seems to be
important. This finding supports the suggested structure of 13-
hydroxyellipticine-mediated deoxyguanosine adduct, where
ellipticine-13-ylium is bound to the amino group in position
2 of guanine (Scheme 1). A decrease in pH leads to changes in
nucleobase protonation in the DNA chain, causing a decrease
in its nucleophilicity, essential for binding of ellipticine-13-
ylium.

In the system containing only P450 3A4 with NADPH:P450
reductase, approximately the same levels of 13-hydroxy- and 12-
hydroxyellipticine metabolites were found. However, more than
7-fold higher levels of adduct 1 than adduct 2 are formed in this
enzymatic system. This finding might be explained by the
preference in the dissociation (hydrolysis) of 13-hydroxyellipti-
cine to ellipticine-13-ylium in comparison to that of 12-
hydroxyellipticine to ellipticine-12-ylium. The major part of the
difference comes from lower (10—12 kcal/mol) free energy of
carbo-cation derived from 13-hydroxyellipticine (ellipticine-13-
ylium).

The results of this study also demonstrate that the presence
of cytochrome b leads to more DNA-adducts, predominantly
the adduct with 13-hydroxyellipticine. Therefore, besides the
stimulating effect of cytochrome bs on P450 1Al-mediated
oxidation of ellipticine to 12-hydroxy- and 13-hydroxyellipticine
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that was found previously,'® this heme protein also seems to
play a key role in the P450 3A4-mediated DNA-damage caused
by ellipticine. In both cases, addition of cytochrome b; to the
P450s shifts ellipticine oxidation to activation at the expense of
detoxication. To further confirm these in vitro results, a
cytochrome bs-knockout cell model is planned to be used to
analyze the oxidation products of ellipticine and ellipticine-
derived DNA adducts.

The effect of cytochrome bs upon ellipticine activation may
be even more pronounced in vivo because as we found
previously," ellipticine induces levels of cytochrome b in the
liver of rats treated with this drug. Moreover, ellipticine also
induces expression of P450 3A4 mRNA and P450 3A4 protein
in several cancer cell lines,'”?! and as a ligand of aryl
hydrocarbon receptor,®” it also induces P450 1A1/2,"7?°7** the
enzyme that in the presence of cytochrome by also activates
ellipticine.”” Hence, all these ellipticine-mediated induction
effects produce concerted regulatory effects of this drug on its
own metabolism. To quantify the involvement of cytochrome
b in ellipticine metabolism in vivo, we plan to use cytochrome
bs-knockout mice. >’

Generally, two mechanisms of cytochrome bs-mediated
modulation of P450 catalysis have been suggested by several
authors; it can affect the P450 catalytic activities by donating
the second electron to P450 in a P450 catalytic cycle and/or by
acting as an allosteric modifier of the oxygenase (for reviews,
see refs 23—25 and 60). The mechanism(s) underlying such
allosteric effects, based on reports that apo-cytochrome b5 can
stimulate P4S50 catalysis, remains uncertain. It does seem clear,
however, that cytochrome b binding can cause conformational
changes to the substrate access channel and binding pocket in
the P450 enzyrne.zs_zs’éo_62 The results found in this study
show that modulation of ellipticine oxidation by P450 3A4 is
induced only by the holo-cytochrome bs. These findings
indicate a high specificity of interaction of P450 3A4 with holo-
cytochrome b containing heme, which is necessary not only for
electron transfer but also for the natural conformation of the
cytochrome b protein. The lack of effect of apo-cytochrome by
on P450 3A4 catalysis might hence be the result of not only the
loss of the electron transfer activity but may also result from
changes in 3D structure of its protein. We described the
properties and configurations of cytochrome bs and its apo-
form extensively in our earlier paper.'” While the holo-
cytochrome by contains four helixes and three loops, forming
the heme binding pocket, apo-cytochrome bs has only one
structural element, a helix of amino acids 39—42 (see Figure 7
in our previous study'’). This structural change results in
significant alterations in surface geometry and electrostatic
properties of apo-cytochrome bs, preventing adequate protein—
protein interactions of cytochrome bg with P450 3A4.
Moreover, no changes in ellipticine oxidation were also
produced by cytochrome bs containing manganese proto-
porphyrin IX (Mn-cytochrome bs), a structural analogue of
cytochrome bs without electron transfer ability. These findings
are similar to the ones with P450 1A1/2, where also the holo-
cytochrome b was the only active species, and neither apo-
cytochrome b nor the enzyme with Mn-protoporphyrin IX was
active. All these results demonstrate that both the natural 3D
structure of the cytochrome by protein, dictating optimal
conformational states of the P450-cytochrome bg complex, and
the presence of the protoporphyrin IX bonded-Fe ions as an
electron transfer agent are necessary for the observed effects.'’
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Reactions of 13-hydroxyellipticine with either PAPS or
acetyl-CoA catalyzed by several SULTs and NAT1 and NAT2
leads to higher 13-hydroellipticine-DNA adduct levels. As
follows from calculated reaction free energies of heterolysis of
the sulfate and acetate esters of 13-hydroxyellipticine that
should be formed during such reactions, this finding might be
explained by substantially easier hydrolysis of these esters than
13-hydroxyellipticine itself (compare Table 4A). The human
conjugation enzymes used show widely varying substrate
specificities. NAT2 was the most active enzyme, while 13-
hydroxyellipticine was no substrate for SULT1E1. The amount
of protein added to the incubations was always the same, but
the specific activities of the individual enzymes varied greatly.
This variation of substrate specificity is also reflected with 13-
hydroxyellipticine as substrate.

The data shown here, together with our earlier work with
reconstituted P450 1A1 and 1A2," emphasize the importance
of investigating enzyme complexes in xenobiotic metabolism to
evaluate the role of the different components in the balance
between activation and detoxication. In addition, as was seen by
us and others earlier,”******* the role of conjugation
enzymes in activation of not only aromatic hydroxylamines
but also hydroxylated methyl derivatives of aromatics has to be
carefully investigated. Computational chemistry in conjunction
with detailed experiments is a very valuable tool to determine
thermodynamic equilibriums to explain differences in reactivity
also in biological systems.

B ASSOCIATED CONTENT
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Effect of cytochrome b5 on initial velocity of ellipticine
oxidation and effect of cytochrome bs, apo-cytochrome b,
apo-cytochrome by reconstituted with heme and Mn-
cytochrome bg on initial velocity of ellipticine oxidation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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