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Abstract Cytochrome P450 (P450) enzymes are involved in the metabolism of
carcinogens, as well as drugs, steroids, vitamins, and other classes of chemicals.
P450s also oxidize ethanol, in particular P450 2E1. P450 2E1 oxidizes ethanol to
acetaldehyde and then to acetic acid, roles also played by alcohol and aldehyde
dehydrogenases. The role of P450 2E1 in cancer is complex in that P450 2E1 is also
induced by ethanol, P450 2E1 is involved in the bioactivation and detoxication of a
number of chemical carcinogens, and ethanol is an inhibitor of P450 2E1. Contrary
to some literature, P450 2E1 expression and induction itself does not cause global
oxidative stress in vivo, as demonstrated in studies using isoniazid treatment and
gene deletion studies with rats and mice. However, a major fraction of P450 2EI is
localized in liver mitochondria instead of the endoplasmic reticulum, and studies
with site-directed rat P450 2E1 mutants and natural human P450 2E1 N-terminal
variants have shown that P450 2E1 localized in mitochondria is catalytically active
and more proficient in producing reactive oxygen species and damage. The role of
the mitochondrial oxidative stress in ethanol toxicity is still under investigation, as
is the mechanism of altered electron transport to P450s that localize inside mito-
chondria instead of their typical endoplasmic reticulum environment.
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2.1 Introduction to Cytochrome P450 (P450)

The field of P450 research stemmed from work in the areas of the metabolism of
steroids, drugs, and carcinogens [18, 29]. The human genome contains 57 P450
(CYP) genes, of which almost all are expressed in some tissue [29]. The P450s are
classified into families and subfamilies on the basis of sequence similarity [52].
However, sequence similarity may or may not be a guide to function with P450s
[23, 29].

Another way to classify P450s is by the types of substrates they use (Table 2.1)
[29]. Even this approach has caveats in that some P450s could be placed in multiple
categories in Table 2.1 (e.g., P450s 1B1 and 27A1) [29]. Another point to make is
that several human P450s have yet to have functions identified, i.e. those in the col-
umn labeled “unknown.” These are often termed the “orphans [30]. However, even
when P450s are classified in the “xenobiotics” category and do happen to be able to
oxidize a substrate found in the body (e.g. P450 3A4), it is not clear that this reac-
tion has a significant physiological role [29]. In general, the mouse orthologues of
this column of P450s can be deleted without profound physiological effects [26].

Collectively the P450s catalyze about 75% of all reactions involved in the metab-
olism of drugs [81] (some drugs are not readily metabolized, however, and biologi-
cals are not included in this analysis). In the previous analyses [80, 81], the 3A and
2C Subfamily P450s were those most involved in drug metabolism (i.e., 3A4, 2C9,

Table 2.1 Classification of Human P450s Based on Major Substrate Class [29]

Sterols Xenobiotics Fatty acids Eicosanoids Vitamins Unknown
IBI* 1A1® 2J2 4F2 2R1? 2A7
TA1? 1A2¢ 2U1 4F3 24A1° 2S1
7B1 2A6° 4A11 4F8 26A1 2W1
8B1 2A13¢ 4B1° S5A1 26B1 4A22
11A12 2B6* 4F11 8A1® 26C1 4F22
11B1 2C8° 4F12 27B1 4X1
11B2 2C9* 4V2 27C1 471
17A12 2C18 20A1
19A1* 2C19°
21A2° 2D6*
27A1 2E1*
39A1 2F1
46A1° 3A42
S51A1° 3AS

3A7

3A43

aX-ray crystal structure(s) reported (for human enzyme)

"Rat or rabbit X-ray crystal structure reported
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2C19). This pattern still holds for P450s [64]. Further, when one considers
oxidation-reduction reactions with all chemicals (for the human enzymes), P450
catalyze 95% of the reactions. Again, the 3A and 2C Subfamily P450s are most
prominent [64].

The localization of individual P450s has been reviewed elsewhere [29]. Those
P450s involved in critical physiological functions are often found only in a few
relevant tissues, e.g. many of the steroidogenic P450s are found only in the adrenals,
gonads, etc. Those involved in bile acid processing are generally localized in the
liver (e.g. P450 7Al1). In general, the xenobiotic-processing P450s are localized
principally in the liver, and some are never found outside of the liver, e.g. 1A2, 7A1
[29]. However, some of these are also found at lower levels in many other tissues.
Some caution should be used in reviewing the literature, however, in that much of
the work is at the mRNA level, not protein.

One of the reasons for the interest in the P450s is their role in the metabolism of
toxicants and carcinogens. In general, this process of oxidation (and sometimes
reduction) aids in the removal of chemicals from the body and may, along with
transporters, be viewed as a mechanism for the body to use a limited set of genes to
eliminate natural products that could prove harmful if allowed to accumulate in
cells (e.g. alkaloids, terpenes, flavonoids). In general, the oxidation and reduction
reactions catalyzed by P450s detoxicate chemicals. However, these same reactions
also sometimes create electrophilic species that can react with cellular macromole-
cules and initiate biological damage, general with DNA or proteins. DNA damage
can be misreplicated and fits into the somatic mutation theory of cancer [10]. The
relevance of metabolism to chemical carcinogenesis was established largely by the
late James and Elizabeth Miller in animal studies [50, 51]. This same concept
applies to the toxicity of drugs, with protein damage generally being considered an
initial event [24, 37].

Almost all of the information on the roles of human P450s in the metabolism of
carcinogens has been published in the past 26 years [72, 73]. One classification
indicates that (human) P450s are involved in ~ 2/3 of the reactions in which chemi-
cal carcinogens are bioactivated (Fig. 2.1a) [63]. Six human P450s recount for ~ %
of these reactions, i.e. P450s 1A1, 1A2, 1B1, 2A6, 2E1, and 3A4 (Fig. 2.1b) [63].
However, P450s are also involved in detoxication of chemical carcinogens [63]. The
complexity of these systems can be seen in the classic 1952 Richardson experiment,
in which treatment of rats with one carcinogen induced P450s that detoxicate
another carcinogen and then had a protective role [65]. We now know that a single
P450 catalyze both activation and detoxication of a single carcinogenic chemical,
e.g. P450 3A4 oxidizes the hepatocarcinogen aflatoxin B, to the 8,9-exo epoxide
(which reacts efficiently with DNA [36]) and to aflatoxin Q; (3a-hydroxylation
product), which does not appear to be a carcinogen [77]. This dichotomy appears to
be due to the presence of multiple binding modes of the substrate (aflatoxin B;) in
the enzyme active site.
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Othera%  AKR8%

SULT 13% COX 2%

NAT 7%

FMO 1%

. P450 66%
B
Other 23% P450 1A120%
P450 3A4 10%
P450 1A2 17%
P450 2E1 11% PA50 2A5 8% P450 181 11%

Fig. 2.1 Human enzymes involved in bioactivation of carcinogens [63]. (a) fractions of enzyme
classes involved in bioactivation; (b) individual human P450 contributions to carcinogen activa-
tion. FMO microsomal flavin-containing monooxygenase, NAT N-acetyltransferase, SULT sulfo-
transferase, AKR aldo-keto reductase, COX cyclooxygenase (prostaglandin synthase)

Table 2.2 Sites of P450 2E1
expression [29]

Liver

Brain
Esophagus
Lung

Nasal mucosa
Pancreas
Small intestine

2.2 P450 2E1

The discovery of P450 2E1 followed largely from work on a microsomal ethanol
oxidizing system [47, 57]. P450 2E1 was characterized in rabbit [43] and rat liver
[68]. The enzyme is found at highest abundance in liver but also in numerous other
tissues of relevance to cancer [25] (Table 2.2).

P450 2E1 is also induced by ethanol [47]. The study of this process has been
complicated, in that ethanol also inhibits the enzyme (as expected for a substrate)
[82]. Regulation of the CYP2EI1 gene is complex and includes both transcriptional
and post-transcriptional aspects [25].

P450 2E1 substrates include ethanol, a number of drugs (especially anesthetics),
N-alkylnitrosamines, vinyl monomers, and halogenated hydrocarbons (Table 2.3)
[29, 31]. Several of these are of interest in that a number of the nitrosamines, vinyl
monomers, and halogenated hydrocarbons are carcinogens [31]. Nitrosamines are
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Table 2.3 Pro-carcinogens
and suspected carcinogens
known to be bioactivated by
P450 2E1 [29, 31, 63]

19

Acrylonitrile

Aniline

Azoxymethane

Benzene

1,3-Butadiene

Carbon tetrachloride

Chloroform

Cisplatin

1,4-Dichlorobenzene

2,2-Dichloro-1,1,1-trifluoroethane

N,N-Diethylnitrosamine

N,N-Dimethylformamide

1,2-Dimethylhydrazine

N,N-Dimethylnitrosamine

Ethanol

Ethyl carbamate (urethane)

Ethylene dibromide

Ethylene dichloride

Furan

4-Ipomeanol

2-Methoxyaniline

Methylene chloride

4-(Methylnitrosamino)-1-(3-
pyridyl)-1-butanol (NNAL)

4-(Methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK)

N-Nitrosodi-n-propylamine

N-Nitrosodiethanolamine

N-Nitrosoethylbutylamine

N-Nitrosomethylbutylamine

N-Nitrosomethylethylamine

N-Nitrosomethylpropylamine

N-Nitrosomorpholine

N-Nitrosopyrrolidine

Nornitrosonicotine (NNN)

Propylene dichloride

Styrene

Trichloroethylene

Vinyl bromide

Vinyl carbamate

Vinyl chloride

4-Vinyl-1-cyclohexene

Vinylidene chloride




20 F. Peter Guengerich and N. G. Avadhani

present in tobacco, and the vinyl monomers and halogenated hydrocarbons are used
on a large scale in industry. These substrates have the general property of small
molecular size, consistent with the crystal structure of P450 2E1 [60, 61]. However,
it should be pointed out that even fatty acids can be substrates [61]. Because of the
induction and inhibition of P450 2E1 by ethanol, the multiples sites of expression of
the enzyme (Table 2.2), and the relevance to humans drinking ethanol and exposed
to carcinogens in Table 2.2, the co-carcinogenicity of ethanol has been considered
in a number of studies with experimental animals [15, 48]. (Co-carcinogenesis stud-
ies involve simultaneous administration of chemicals, as opposed to initiation-
promotion regimens, with distinct temporal relationships and mechanisms [58]).

2.3 Ethanol Oxidation by P450 2E1

A general view in the alcohol field has been that alcohol dehydrogenase is the most
relevant enzyme at low concentrations of ethanol and that P450 (2El) is more
involved at higher concentrations, i.e. those that would be relevant with high con-
sumption. The situation is also complicated in that catalase can also contribute to
ethanol metabolism [14, 76].

Even though ethanol has only two carbons and one oxygen, its oxidation has
several complexities (Fig. 2.2). The general view in the field is that there are no
receptors as such for ethanol, and essentially all of its biological effects are related
to acetaldehyde. In aqueous solution, acetaldehyde exists in a roughly equimolar
equilibrium with its hydrate, a “gem diol” (Fig. 2.2a) [27, 28].

A (FeOH)** Fed*
H  (FeO)* oy HO o
HyC -CH ——— . —_— L., = ™ H;C-CH
SH HaC -CH HyC -CH <———
OH OH
B (FeOH)** Fe®
i N OH O 0
HsC —(F—OH — ™| Mg 6H —.-H{;C _CI:_OH4’ H3C _C\OH
OH OH
Fe
C H FeOy H 40 b -OH'
HeC-C ——> HsC-CYO —— HyC -C (FEOH)*" ——» Fe3+
o) OH OH

Fig. 2.2 Possible mechanisms of oxidation of ethanol to acetaldehyde and acetic acid [33]. (a)
oxidation of ethanol to acetaldehyde. (b) oxidation of acetaldehyde by a perferryloxo mechanism
(Compund I). C, oxidation of acetaldehyde by a ferric peroxide mechanism



2 P450s, Ethanol, and Carcinogens 21

We were interested in kinetic hydrogen isotope effects (KIEs) for ethanol oxida-
tion because of some reports on KIEs for nitrosamine oxidation by liver micro-
somes [41, 49]. Work with recombinant human P450 2E1 showed, not unexpectedly,
that a-deuterated ethanol showed a 5-fold KIE, expressed in the K, but not k.,
(Fig. 2.3) [11]. This was shown to be the result of “burst” kinetics, i.e. a rate-
determining step following product formation [11, 32]. The kinetic analysis is not
novel [79], and K, is a constant that obviously has nothing to do with K, here (a
general axiom in enzymology) [35, 56]. K, even contains k., as a variable in this
case [32]. That is, for the simplified expression

60-
A
50-
o,
40
2 7
o 30-

I
-100

-2000 0 2000 4000 6000
(S]

Fig. 2.3 Kinetic deuterium isotope effects with human P450 2E1 [11, 12]. The results are pre-
sented in Hanes-Wolff plots ([S]/v vs. [S]). (a) ethanol to acetaldehyde. CH;CH,OH as substrate
(kea» 2.7 (£ 0.2) min~!, K, 11 (= 2) mM); CH;CD,OH as substrate (M, ke, 2.4 (= 0.1) min~!, K, 53
(x 6) mM). (b) acetaldehyde to acetic acid. CH;CHO as substrate ([, key 7.5 (= 0.5) min~', K;, 0.50
(x 0.2) mM); CH;CDO as substrate (@, ke, 5.0 (£ 0.4) min~, K, 1.5 (= 0.3) mM). This research
was originally published in Bell, L. C., and Guengerich, F. P. [11] Oxidation kinetics of ethanol by
human cytochrome P450 2E1. Rate-limiting product release accounts for effects of isotopic hydro-
gen substitution and cytochrome bs on steady-state kinetics. The Journal of Biological Chemistry
272, 29,643-29,651 and Bell-Parikh, L. C., and Guengerich, F. P. [12] Kinetics of cytochrome
P450 2E1-catalyzed oxidation of ethanol to acetic acid via acetaldehyde. The Journal of Biological
Chemistry 274, 23,833-23,840. © The American Society for Biochemistry and Molecular Biology
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kS k, ks
E Z2ES—>EP ->E+P
ky

where S is the substrate and P the product. Then

with K, having units of molarity. k; must be considerably larger than ks, the rate of
a step following product formation [44]. The original expressions for V., and K,
are then reduced to

V.. =k, [E]T
ks (k, +k;) k.k, k

K, = = + =
k1k3 klk3 kl

K., even contains k., as a variable in this case [32].

We also showed that (human) P450 2E1 can oxidize acetaldehyde to acetic acid
[12], in support of reports by others with the rat enzyme [45, 75] (Figs. 2.2, 2.3b, ¢).
This oxidation also displays burst kinetics [12] and a KIE in the K, parameter.
Pulse-chase experiments showed that the conversion of radiolabeled ethanol into
acetic acid was not attenuated by the addition of unlabeled acetaldehyde. However,
the results cannot be explained by a high affinity of P450 2E1 for acetaldehyde. A
scheme involving a slow conformational step after the formation of acetaldehyde
(and acetic acid) has been proposed [12]. Some similar results were found in the
oxidation of N,N-dimethyl- and N,N-diethyl nitrosamine by P450 2E1 [17].

2.4 Source of Oxidative Stress Due to P450 2E1 in Tissues

A role for P450 2E1 in generation of reactive oxygen species (ROS) is often assumed
in much of the literature in the field. Much of this view is based on early studies with
liver microsomes [22, 62] and studies in cell culture [16]. The ROS field is compli-
cated in that the vast majority of the work is in vitro and many of the methods of
detecting ROS are not validated, e.g. see [40]. In the field, a “gold standard” is
F,-isoprostane production, which can be measured both in vitro and in vivo [38, 39].

Treatment of rats with typical P450 enzyme inducers did not produce enhanced
levels of liver isoprostanes, except in the case of barbiturate-type induction [20]. In
particular, treatment of rats or mice with isoniazid, an established inducer of P450
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2E1 [68], did not increase isoprostane levels [20, 21]. Further, Cyp2el~'~ mice had
very similar levels of liver, kidney, brain, and urinary isoprostanes [21]. Thus, P450
2E1 does not appear to increase global levels of ROS. Increased levels of ROS
related to treatment of animals with ethanol are not linked only to induction of P450
2E1. Further, although the utilization of reducing equivalents (NADPH) by purified
P450 2E1 is low, it is not inferior to several other (human) P450s we have worked
with [74, 84].

As has been suggested in the literature [42, 83], ROS production in the presence
of ethanol is probably not due to P450 2E1 induction per se but possibly to the gen-
eration (and reaction) of CH;CHO- radicals.

The ROS increases following treatment of rats and mice with barbiturates have
been attributed to induction of nicotinamide N-methyl transferase and depletion of
pyridine nucleotides to support ROS destruction [21].

2.5 Roles of Mitochondrial P450s

Of the 57 human P450s (Table 2.1), seven are bona fide mitochondrial enzymes
(11A1, 11B1, 11B2, 24A1, 27A1, 27B1, 27C1). These P450s have distinct roles in
the metabolism of sterols and fat-soluble vitamins and they utilize electrons sup-
plied by NADPH-adrenodoxin reductase (ADR) and the iron-sulfur protein adreno-
doxin (Adx) [29].

The other 50 P450 proteins, when expressed, are targeted to the endoplasmic
reticulum (ER). However, fractions of these P450s can, in some cases, be found in
mitochondria. This was first shown in rats, where P450 2B1 could be found in mito-
chondria and catalyze the oxidation of aflatoxin B, [53]. Further studies established
this phenomenon, i.e. partial localization in mitochondria and catalytic activity
there [55, 71]. Studies from several groups showed that mitochondrial Adx (plus
ADR) and bacterial ferredoxin (plus NADPH-ferredoxin reductase) could effi-
ciently donate electrons to mitochondria-localized P450 1A1, 2E1, 2C8, 2B1, 2D6,
3A4, and 17A1 [5, 6, 9, 19, 59, 70], demonstrating that mitochondria-localized
P450s are catalytically active. It was also shown that the N-terminal acidic domain
of Adx interacted with mitochondria-localized P450 1A1 through charge-charge
interaction [1]. These Adx-interacting domains are conserved in other P450 Family
1 members and also in P450s 2B1, 2B4, 2D6, 2E1, 3A4, 17A1, and 21A2 [5, 6, 9,
46, 59, 70].

One of the important factors in signaling proteins for endoplasmic reticulum
(ER) localization is signal recognition particle (SRP) [69]. SRP interacts with
hydrophobic residues in the N-terminal regions of proteins declined for ER local-
ization. We reasoned that the introduction of charged residues in the N-terminal
region of rat P450 2E1 might lead to decreased SRP recognition and increased
mitochondrial import [7]. This hypothesis was tested, and positive results were
obtained, particularly with the Mt** derivative (Fig. 2.4). Mitochondria from cells
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A
N-terminal sequence of CYP2E1
Wild-type (WT) MAVLGITIAL LYWVATLLYI SIWKKIYNSW NLPPGPFPLP--
2 9
ER+ (A2L, A9L) MLVLGITILL LVWVATLLVI SIWKKIYNSW NLPPGPFPLP--
17
Mt+ (L17G) MAVLGITIAL LVWVATGLVI SIWKKIYNSW NLPPGPFPLP--
8 11 17
Mt++(I18R,L11R,L17R) MAVLGITRAL RVWVATRLVI SIWKKIYNSW NLPPGPFPLP--
Clone Micro-2E1
B ER+ mutant A2L, AL —
Wild-type (WT) WT —I_.—I a-helicity
Mt+ mutant 176 hydrophobicity
Mt++ mutant  L8R,L11RL1I7R  —*
Mito-2E1

Fig. 2.4 A mutational approach for altering the bimodal targeting efficiency of rat P450 2E1 [7].
(a) the WOLFPSORT program was utilized to alter the SRP binding and mitochondria-targeting
efficiencies of the N-terminal signal regions. (b) predicted targeting efficiencies of WT and mutant
P450 2E1 proteins. This research was originally published in Bansal, S., Liu, C. P., Sepuri, N. B.,
Anandatheerthavarada, H. K., Selvaraj, V., Hoek, J., Milne, G. L., Guengerich, F. P., and Avadhani,
N. G. [7] Mitochondria-targeted cytochrome P450 2E1 induces oxidative damage and augments
alcohol-mediated oxidative stress. The Journal of Biological Chemistry 285, 24,609-24,619.
© The American Society for Biochemistry and Molecular Biology

transfected and expressing the Mt** variant also showed increased mitochondrial
ROS production, as judged by isoprostane measurements (Fig. 2.5). When the vari-
ants were expressed in yeast, the cell showed similar phenotypes when the yeast
were grown in glucose medium regardless of the N-terminal sequence (Fig. 2.6).
However, with the non-fermentable carbon source lactic acid in the media, the cells
transfected with the Mt™ variant, localized to the mitochondria, showed selective
toxicity. The phenotype was petite, indicating a loss of mitochondrial function.

Consistent with the data obtained with COS and yeast cells expressing the Mt™
variant of P450 A2El, hepatic mitochondria from rats fed ethanol showed a time-
dependent increase in F,-isoprostane production, while hepatic microsomal mem-
branes from these rats showed no significant increase [7]. The increased
mitochondrial ROS production was accompanied by attenuated mitochondrial DNA
contents, as well as cytochrome ¢ oxidase and other electron transport complex
activities, suggesting that mitochondrial P450 2E1 promotes alcohol-mediated
mitochondrial dysfunction [1, 2, 13, 66, 70]. A recent study with livers of alcohol-
fed mice suggested that mitochondrial P450 2EI contributes significantly to the
metabolic profiles of the liver tissue with several P450 2E1 substrates, including
4-nitrophenol, aniline, and styrene [34].

Studies with rat P450 2E1 [3, 67] showed that the N-terminal 160 amino acid
region of the protein contained signals for targeting to both the ER and mitochon-
dria. The positively charges residues of immediately upstream of the transmembrane



2 P450s, Ethanol, and Carcinogens 25

A c

. Control
031+ Ethanol i
Micro .

i A —_Mile
3 = C; C.E.E, C;C;E;E;
e ._,......l 4 ...“|‘CYPZE1
X 0.5 P
Py e

0.057

- I;- SDH

Mock WT ER+ Mt+ Mt++

7 *
B 10
90
< c®
Q @7
- -
o o
s 56
o o5
3
: Ly
22 23
2
1 1
2W AW W 8W 2w 4w 6W  sw
Microsomes

Mitochondria

Fig. 2.5 Ethanol-induced F,-isoprostanes in P450 2E1-expressing cells and in liver fractions from
ethanol-treated rats [7]. (a) F,-isoprostanes were assayed using gas chromatography-mass spec-
trometry. Asterisks represent significant increase in F,-isoprostanes in ER*, Mt+, and Mt** cells
after ethanol treatment (p < 0.05). Values represent the means = SD of three assays. B, F,-
isopreostanes were measured in mitochondria and microsomes isolated from the livers of rats fed
with alcohol for 2-8 weeks (W) and pair-fed controls. In each case 100 pg of protein was used. The
means + SD in the 8-week-fed rats were based on assays carried out in three rats each in control
and fed groups. Asterisks represent significant difference (p < 0.05) from pair-fed controls. The
values presented in boxes below the graph indicate the ratios of P450 (CYP) 2E1 contents between
pair-fed controls and alcohol-fed rat livers. This research was originally published in Bansal, S.,
Liu, C. P, Sepuri, N. B., Anandatheerthavarada, H. K., Selvaraj, V., Hoek, J., Milne, G. L.,
Guengerich, F. P., and Avadhani, N. G. [7] Mitochondria-targeted cytochrome P450 2E1 induces
oxidative damage and augments alcohol-mediated oxidative stress. The Journal of Biological
Chemistry 285, 24,609-24,619. © The American Society for Biochemistry and Molecular Biology

domain of the protein functioned as a cryptic mitochondria targeting signal.
Furthermore protein kinase A-mediated phosphorylation at Ser-129 enhanced mito-
chondrial translocation of the protein through enhanced affinity for binding to cyto-
solic HSP70 chaperone protein—which has been implicated in presenting
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Fig. 2.6 Mitochondrial P450 2E1-induced respiratory deficiency in yeast cells [7]. (a) mitochon-
drial and microsomal CYP2EI contents in yeast cells stably expressing WT and mutant rat P450
(CYP) 2E1 cDNA constructs. The mitochondrial and microsomal proteins (50 pg each) were ana-
lyzed using immunoblotting with anti-P450 2E1. Two identically run (parallel) blots were probed
with antibody to the mitochondria-specific marker Tim23 and the microsome-specific marker doli-
cholphosphate mannose synthase (DPMS). (b), yeast cells expressing ER*, WT, and Mt** rat P450
2E1 were grown in yeast extract/peptone/dextrose medium supplemented with appropriate amino
acids. Cells (~ 2.0 ODg units) were pelleted and resuspended in 1 ml of sterile water. The culture
was serially diluted 10 times, and 10 pl of each dilution was spotted onto plates containing 2%
glucose (w/v) (left panel) and 2% lactate (w/v) (right panel), which were incubated at 30 °C for
4 days. This research was originally published in Bansal, S., Liu, C. P, Sepuri, N. B.,
Anandatheerthavarada, H. K., Selvaraj, V., Hoek, J., Milne, G. L., Guengerich, F. P., and Avadhani,
N. G. [7] Mitochondria-targeted cytochrome P450 2E1 induces oxidative damage and augments
alcohol-mediated oxidative stress. The Journal of Biological Chemistry 285, 24,609-24,619.
© The American Society for Biochemistry and Molecular Biology

mitochondrial passenger proteins to mitochondrial outer membrane translocators.
Subsequent work [7] showed that the hydrophobicity of the N-terminal targeting
domains of P450 Family 2 proteins determines their affinity for SRP binding and
thus the level of ER vs. mitochondrial targeting [7]. P450 2E1—with a more hydro-
phobic N-terminus—was mostly targeted to the ER, and proteins with higher hydro-
philicity were increasingly targeted to mitochondria.

Analysis of human liver samples from our collection showed varying degrees of
mitochondrial localization, > 90% in some cases [8] (Fig. 2.7). DNA sequence anal-
ysis showed the presence of nucleotides coding for positively charged residues in
the N-terminal region of P450 2E1 in these human samples. Liver samples with
high mitochondrial P450 2E1 contents showed reduced cytochrome ¢ oxidase
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Fig. 2.7 Interindividual variations in P450 2E1 content of human liver samples [8]. (a) immunob-
lotting analysis of mitoplast (Mt) and microsomal (Mc) fractions isolated from human liver sam-
ples (50 pg of protein each) using polyclonal antibodies to human P450 (CYP) 2E1 (1:1000, v/v)
and the mitochondrial marker protein mtTFA (1:3000, v/v) and a monoclonal antibody to micro-
somal NADPH-P450 reductase (1:1500, v/v). (b) densitometric analysis was performed to deter-
mine the distribution of P450 2E1 in human mitochondria and microsomes. (¢) immunoblot
analysis (with anti-human P450 2E1) of human liver mitochondrial and microsomal proteins from
liver samples (HL, ‘human liver’) HL114 and HL134, subjected to limited trypsin digestion
(150 pg/mg protein, 20 min on ice). (d) N-terminal amino acid sequence of human P450 2E1 pro-
tein indicating the ER targeting domain, mitochondrial targeting domain, and proline-rich domain.
Variations within the putative signal sequence region are shown by the arrows. This research was
originally published in Bansal, S., Anandatheerthavarada, H. K., Prabu, G. K., Milne, G. L.,
Martin, M. V., Guengerich, F. P., and Avadhani, N. G. [8] Human cytochrome P450 2E1 mutations
that alter mitochondrial targeting efficiency and susceptibility to ethanol-induced toxicity in cel-
lular models. The Journal of Biological Chemistry 288, 12,627-12,644. © The American Society
for Biochemistry and Molecular Biology



28 F. Peter Guengerich and N. G. Avadhani

activity and markedly depleted cytochrome ¢ oxidase I, IVil, and Vb subunits [8].
Consisted with observations with the rat P450 2E1, the N-terminal 160 amino acids
of human P450 2E1 were sufficient to direct the organelle localization of P450s [8].
Accordingly, this region could be fused to a reporter protein (dihydrofolate reduc-
tase, DHFR) to monitor membrane localization. Sequence analysis of the N-terminal
coding regions cDNAs from human liver samples showed W23R and W30R substi-
tutions and, as with rat P450 2E1 [7], the N-terminal sequence variants with the
more basic residue substitutions (i.e., W23R/W30R) showed higher mitochondrial
translocation and more mitochondrial ROS production (Fig. 2.8). In other assays,
mitochondria from HepG2 cells transfected with the mitochondria-directed variants
showed increased uncoupled respiratory rates and partial mitochondrial DNA deple-
tion (Fig. 2.9). Thus, although the direct role of P450 2E1 in ROS production at the
whole organ level remains suspect, the mitochondria-targeted P450 2E1 appears to
augment alcohol toxicity by inducing mitochondrial respiratory dysfunction.

2.6 Future Questions

Collectively, the studies with mitochondria show a selective response of P450 2E1
localized there, in terms of ROS production. The mitochondrial P450 2E1 showed a
similar catalytic activity in N,N-dimethylnitrosamine oxidation (as the microsomal
P450 2E1) [7]. The results, taken collectively, argue for a selective role of mitochon-
drial P450 2EI in ethanol toxicity. Exactly how this relates to ethanol-linked cancer
is not clear. P450 2E1 may be generating more mitochondrial DNA adducts, and
there is evidence for a higher level of DNA adducts in mitochondria with some
carcinogens [4, 54, 78]. What is not clear is how genetic mutations in the mitochon-
drial DNA would yield tumors, in the context of current theories regarding roles of
mutations in oncogenes and tumor suppressor genes.

Another basic question is how Adx interacts with mitochondrial P450 2E1 to
deliver electrons. Several other human P450s have now been found to have signifi-
cant fractions localized in mitochondria (i.e., 1B1, 2C8, 2D6) [5, 6, 9, 29, 70] and
this is a similar question in these cases. One possibility is that electron transfer to
the P450 with Adx occurs through a different domain, or with altered efficiency as
with the normal redox partner NADPH-P450 reductase (an ER protein) and may
determine the relative activities. Additionally, the mitochondria localized P450s
1A1,2B1, and 2E1 show significant changes in their a-helical and -sheet contents,
suggesting altered folding. Many of these questions remain to be addressed in a
more detailed manner.



2 P450s, Ethanol, and Carcinogens 29
a b
B Cels EtOH 0.6 - Il Control
[ Cells+EtOH [] Ethanol
EE3 Cells+EtOH+ Mito CP (2.5uM) 2 «
Cells+EtOH+ DAS (1mM 3 054
50 - [ Celis+ + (1mM) g
45 k=)
c = 0.4+
g 40 &
S 354 e
> 30 1 g 031
[%]
N 50 o 0.2 =
O] a
2 151 3
< 109 LII_N 0.1+
5 -
0+ i 0
WT L32N W23/30R WT L32N W23/30R
I Control
c [ Ethanol
B Ethanol+ Disulfiram
EE Ethanol+ CCCP
600+
kok
— Sk sk
=) 5004
<
o 4004
c
[0
(&)
3001
o
=
i
= 200+
o
= .
1004 ok s ok
N & & = 0 E

WT

Mock

W23/30R
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in human P450 2El-expressing cells, assayed using gas chromatography-mass spectrometry
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(TMRM). Briefly, cells were incubated with and without ethanol and also treated with disulfiram
(25 pM) overnight. Cells were washed and loaded with 150 nM tetramethylrhodamine methyl ester
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was used in each series. *, p <0.05; **, p <0.001. Values represent means + SE from three inde-
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