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Abstract
Four dioxin-inducible enzymes—NAD(P)H:quinone oxidoreductase-1 (NQO1) and three
cytochromes P450 (CYP1A1, CYP1A2 & CYP1B1)—are implicated in both detoxication and
metabolic activation of various endobiotics and xenobiotics. NQO1 is generally regarded as a
cytosolic enzyme; whereas CYP1 proteins are located primarily in endoplasmic reticulum (ER),
CYP1A1 and CYP1A2 proteins are also targeted to mitochondria. This lab has generated
Cyp1a1(mc/mc) and Cyp1a1(mtt/mtt) knock-in mouse lines in which CYP1A1 protein is targeted
exclusively to ER (microsomes) and mitochondria, respectively. Comparing dioxin-treated
Cyp1(+/+) wild-type, Cyp1a1(mc/mc), Cyp1a1(mtt/mtt), and Cyp1a1(−/−), Cyp1b1(−/−) and
Nqo1(−/−) knockout mice, in the present study we show that [a] NQO1 protein locates to cytosol,
ER and mitochondria, [b] CYP1B1 protein (similar to CYP1A1 and CYP1A2 proteins) traffics to
mitochondria as well as ER, and [c] NQO1 and CYP1B1 targeting to mitochondrial or ER
membranes is independent of CYP1A1 presence in that membrane.
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Membrane-bound cytochrome P450 (CYP) monooxygenases catalyzing the oxygenation of
innumerable endogenous compounds and foreign chemicals; there are 103 functional
protein-coding Cyp genes in the mouse genome, and 57 CYP genes in the human genome
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[23;24]. Members of the CYP1, CYP2, CYP3 and CYP4 families are largely involved in
metabolism of drugs and environmental pollutants [20;21;28], although lipid mediators
including eicosanoids [22] and many other endogenous compounds [23] are also substrates.

The mammalian CYP1 family has three members—CYP1A1, CYP1A2 and CYP1B1—
which are highly conserved between mouse and human. CYP1A1 and CYP1B1 are best
known for polycyclic aryl hydrocarbon (PAH) metabolism, whereas CYP1A2 preferentially
metabolizes arylamines [21]. All three monooxygenases are known to transform numerous
environmental chemicals into reactive intermediates that can cause genotoxicity,
mutagenesis, and oxidative stress—associated in laboratory animals with increased risk of
toxicity, birth defects, mutagenesis and cancer.

Cyp1 knockout mouse studies have confirmed the relevance of CYP1-mediated metabolic
activation of PAHs such as benzo[a]pyrene and 7,12-dimethylbenzo[a]anthracene and
arylamines such as 4-aminobiphenyl and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP, a food mutagen) in causing toxicity or tumorigenesis. Toxic or carcinogenic effects
depend on the CYP1 enzyme present, route-of-administration, dose and rate of exposure,
and the target organ being studied [7;13;17;18;35;36;38;40]. Similarly, these knockout
mouse lines have helped us understand the importance of CYP1-mediated detoxication of
topical 4-aminobiphenyl [38–40] and oral benzo[a]pyrene [38–40].

NAD(P)H:quinone oxidoreductase-1 (NQO1) is historically regarded as a cytosolic
flavoenzyme. NQO1 catalyzes the obligatory 2-electron reduction of toxic quinones to
hydroquinones, thereby detoxifying reactive intermediates which can be generated via 1-
electron reduction “recycling” pathways {19, 8}. Quinones can be toxic as electrophiles, and
may also undergo 1-electron reduction via redox cycling to generate semiquinones that
cause oxidative stress due to formation of reactive oxygen species (ROS) [16].

CYP1 proteins were historically regarded as located only in the endoplasmic reticulum (ER).
Over the past two decades, however, studies by the Avadhani lab have convincingly
demonstrated that CYP1A1 protein is partially targeted to mitochondrial (MT) inner
membrane; MT- vs ER-targeting is determined by the NH2-terminal protein sequence [2;5].
Using Cyp1a1(−/−) and Cyp1a2(−/−) knockout mouse lines, we confirmed the unequivocal
presence of not only CYP1A1 but also CYP1A2 protein in MT [33]. Recently, we generated
Cyp1a1 knock-in mouse lines in which the CYP1A1 protein is exclusively targeted to either
ER or MT [10].

Examining NH2-terminal sequences of CYP1B1 and NQO1, we posited that these two redox
enzymes might also be trafficked to MT. Comparing Cyp1b1(−/−) and Nqo1(−/−) knockout
mice with our previously generated ER-specific- and MT-specific CYP1A1 lines, plus
Cyp1a1(−/−) knockout and Cyp1(+/+) wild-type (WT) mice as controls, we set out to prove
unequivocally the existence of mitochondrial CYP1B1 and NQO1 protein.

MATERIALS AND METHODS
Chemicals

TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin; also called “dioxin”) was purchased from
Accustandard, Inc. (New Haven, CT). Anti-CYP1A1/1A2 polyclonal antibody (α-1A1/1A2)
was bought from BD Gentest (Woburn, MA). Anti-CYP1B1 polyclonal antibody (α-1B1)
was generated in chicken against the mouse protein [25]. Anti-NQO1 polyclonal antibody
(α-NQO1) was made in rabbits against the rat protein [29]. Anti-P450 oxidoreductase (α-
POR) and anti-prohibitin (α-PHB) were purchased from Abcam (Cambridge, MA).
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Antibody to mouse γ-glutamylcysteine ligase modifier subunit (α-GCLM) was generated in
chicken [8].

Animals
The Cyp1a1(mc/mc) mouse line, hereafter referred to as mc1A1, contains CYP1A1 protein
exclusively in ER and not MT; the Cyp1a1(mtt/mtt) mouse line, hereafter referred to as
mtt1A1, contains CYP1A1 protein exclusively in mitochondria and not ER —due to
truncation and thus loss of the ER-trafficking signal [10]. Both genotypes have been
backcrossed into C57BL/6J (B6) for at least eight generations—to ensure that the knock-in
genotype resides in >99.8% B6 genetic background. Age-matched B6 mice, purchased from
The Jackson Laboratory (Bar Harbor, ME), could therefore be used as Cyp1(+/+) WT
controls. Cyp1a1(−/−) [9], Cyp1b1(−/−) [7], and Nqo1(−/−) [26] knockout mouse lines,
hereafter referred to as 1A1 KO, 1B1 KO and NQO1 KO, have previously been described.
All animal experiments were approved by, and conducted in accordance with, the National
Institutes of Health standards for care and use of experimental animals and the University
Cincinnati Medical Center Institutional Animal Care and Use Committee.

Treatment
TCDD (5 µg/ml) was dissolved in corn oil; untreated controls received corn oil only; this
inducer was used to amplify the amount of NQO1 and CYP1 proteins located in various
subcellular fractions. Female mice (age 6–8 weeks) were administered TCDD (15 µg/kg i.p.
for 3 consecutive days), which is known to accumulate maximal amounts of CYP1A1
protein in MT [14]. On the 11th day after initiating TCDD treatment, we euthanized the
mice with CO2 asphyxiation and collected lung, spleen, uterus, proximal small intestine
(PSI), liver and kidney. PSI includes 5 cm of intestine beyond the pyloric sphincter, thus
containing duodenum and a portion of jejunum.

Reverse transcription, Quantitative real-time PCR, Western immunoblotting analysis, and
treating TCDD with precaution as a Biohazard

These sections are included in our Supplemental Data file online.

Statistical analyses
Statistics were performed using SigmaStat Statistical Analysis software (SPSS Inc.;
Chicago, IL). Group means were compared by one-way analysis of variance, followed by
Student’s t test for pair-wise comparison of means. All data were normally distributed and
reported as the means ± S.E.M.; for qRT-PCR we used confidence intervals and population
means to calculate fold-induction of TCDD-induced vs untreated WT mRNA. P-values of
<0.05 were considered statistically significant.

RESULTS AND DISCUSSION
Continuity of ER with the outer membrane of mitochondria [12;32] makes it extremely
difficult by differential centrifugation to separate microsomal and MT fractions without
some degree of contamination of one organelle by the other. This is especially true with ER-
rich liver tissue; hence, we preferred to use nonhepatic tissues for better separations of
microsomal and MT fractions [10]. Another reason for not studying liver when
characterizing the subcellular localization of CYP1B1 protein is that TCDD-inducible
CYP1B1 is negligible in liver, compared with ~100-times-greater levels of TCDD-inducible
CYP1A1 [19].
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Subcellular localization of CYP1A1 protein
Compared with untreated Cyp1(+/+) WT mice (Fig. 1A), CYP1A1 mRNA levels were
highly induced in lung, spleen and uterus of TCDD-treated Cyp1(+/+) wild-type, mc1A1
and 1B1 KO mice; CYP1A1 mRNA was absent in 1A1 KO mice. Whereas no CYP1A1
protein was detectable in ER or MT fractions of untreated wild-type mice (Fig. 1B),
CYP1A1 protein (59,230 Da) was more abundant in ER than MT of lung, spleen and uterus
from TCDD-treated WT and 1B1 KO mice but undetectable in 1A1 KO mice. Presence of
TCDD-inducible CYP1A1 in ER, but none in MT in mc1A1 mice, was previously
demonstrated in lung, kidney and PSI [10]; here we show the same results for lung, spleen
and uterus. Inclusion of the microsomal marker POR and mitochondrial marker PHB (Fig.
1B, bottom) illustrates the lack of significant cross-contamination of ER with MT.

Subcellular localization of CYP1B1 protein
Compared with untreated WT (Fig. 2A), CYP1B1 mRNA levels were highly induced in
lung (~70-fold), spleen (~3-fold) and uterus (~30-fold) of TCDD-treated WT and mc1A1
mice. CYP1B1 mRNA levels were even 2- to 3-fold greater in 1A1 KO than in WT mice;
this (presumptive compensatory) increase has previously been noted [40;41]. CYP1B1
mRNA was absent in Cyp1b1(−/−) mice.

No CYP1B1 protein was detectable in microsomal or mitochondrial fractions of untreated
WT (Fig. 2B). However, inducible CYP1B1 protein (60,581 Da) was more abundant in ER
than MT in lung, spleen and uterus of TCDD-treated 1A1 KO, mt1A1, mc1A1, and WT
mice. CYP1B1 protein was undetectable in 1B1 KO mice.

Because the absence of CYP1A1 causes compensatory increases in CYP1B1 mRNA and
protein levels [40;41], we wondered if lack of CYP1A1 in either ER or MT would affect
CYP1B1 trafficking. Fig. 2B confirms this is not the case. CYP1B1 protein targeting to ER
or MT is independent of presence of CYP1A1 in either membrane.

Subcellular localization of NQO1 protein
The NQO1 enzyme (originally called DPN/TPN [DT] diaphorase IV [34]) has generally
been regarded as cytosolic [11]. In human cancer cells NQO1 was reported to be largely
cytosolic and also present in the nuclear fraction—but not in MT, Golgi or ER [43]. The
unequivocal experiment to prove where NQO1 might be localized in subcellular organelles
would be to compare WT with NQO1 KO mice.

Compared with untreated WT (Fig. 3A), NQO1 mRNA levels were induced 4- to 8-fold in
liver and lung but <2-fold in PSI and kidney of TCDD-treated WT and mc1A1 mice. NQO1
mRNA was absent in all four tissues of NQO1 KO mice.

Constitutive as well as TCDD-inducible NQO1 protein (30,960 Da) was detectable in
microsomal, mitochondrial and cytosolic fractions of all mouse lines except NQO1 KO mice
(Fig. 3B). Interestingly, NQO1 protein appeared to be at least as abundant in the ER and MT
fractions, as in cytosol of PSI, liver, kidney and lung. NQO1 protein levels in all three
subcellular fractions appeared to be slightly greater in PSI and liver, compared with that in
kidney and lung. The degree to which each antibody (α-NQO1, α-POR, α-PHB, & α-
GCLM) recognizes its matching mouse protein, plus possible subtle differences in Western
blot lane-loading, makes it difficult to be any more quantitative than what we have stated; in
fact, liver and lung NQO1 mRNA levels are considerably higher than PSI or kidney NQO1
mRNA levels. However, our findings (Fig. 3B) show that—similar to the CYP1B1 protein
—NQO1 protein is targeted to MT regardless of the presence or absence of mitochondrial
CYP1A1 protein.
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Posttranslational modification and targeting of proteins
In eukaryotic cells, proteins are transported to their designated subcellular compartments via
various targeting mechanisms—usually involving specific amino-acid stretches. ER-targeted
proteins in general contain a hydrophobic domain at the NH2-terminus, which is involved in
a signal-recognition-particle (SRP)-mediated co-translational mechanism [27], whereas
nuclear localization sequences function critically in delivering proteins to the nucleus [37].
MT-targeting sequences also participate in translocation of nuclear genome-encoded
proteins onto or across the mitochondrial membrane [15].

More recently it has become appreciated that certain proteins can be imported into MT from
their “historical” subcellular locations—such as ER, plasma membrane or cytosol—and
these MT-targeted proteins exhibit distinctly different functions from their historical
counterparts. For example, plasma membrane-bound amyloid precursor protein can undergo
MT-targeting via its NH2-terminal chimeric signal sequence, leading to mitochondrial
dysfunction and impaired energy metabolism [4]. Also, phosphorylation of a COOH-
terminus Ser and/or Thr can cause cytosolic glutathione S-transferase A4-4 to undergo MT-
targeting, and the mitochondrial enzyme shows different substrate specificities [31]. In
addition, multiple CYP monooxygenases that historically had been regarded as microsomal
proteins have now been shown to undergo MT-targeting; these include CYP1A1 [5;33],
CYP1A2 [33], CYP2B1 and/or CYP2B2 [1;3], CYP2E1 [1;30], and CYP3A1 and/or
CYP3A2 [1]. CYP1A1, CYP2B1, and CYP2E1 have specifically been shown to carry
cryptic NH2-terminal MT-targeting signal sequences that are activated by a cytosolic
protease or phosphorylation [1;1;3;5;30;33]. The MT-targeting mechanisms of the other
above-mentioned proteins remain to be determined. To this list we can unequivocally now
add CYP1B1 and NQO1.

NH2-terminal analysis
For ER- vs MT-targeting of mouse CYP1A1 protein (Fig. 4), the amino-acid stretch from 1
to 30 supplies hydrophobic signals for ER membrane insertion and stop transfer; amino
acids 33 to 43 provide MT-targeting signals [5]. Leu-7 and Leu-17 in mouse CYP1A1 are
critical for SRP-binding (and thus ER-targeting), whereas positively-charged Arg-34 and
Lys-39 residues (blue R, K in boxed region of Fig. 4) function critically for MT-targeting. It
is likely that Leu-9 and Leu-14 in mouse CYP1A2 (not shown), and Leu-13 and Leu-24 in
mouse CYP1B1, participate in ER-targeting. Between the CYP1B1 NH2-terminal
hydrophobic stretches and the proline-rich region, the interspersed positively-charged
residues Arg-41, Arg-45 and Lys-46 (blue R, K in boxed region of Fig. 4) perhaps
participate in MT-targeting of CYP1B1 (Fig. 4).

The NQO1 protein is not evolutionarily related to CYP1 proteins (Fig. 4), and
posttranslational mechanisms by which NQO1 protein undergoes cytosol vs ER-targeting vs
MT-targeting remain to be determined. Interestingly, considerable quantities of NQO1
protein were found not only in cytosol and MT, but also in microsomal fractions (Fig. 3B).
NQO1 does not contain any recognizable ER-targeting signal in its NH2-terminus, whereas
the NH2-terminal sequence of hydrophobic residues interspersed with positively charged
residues Arg-4 & -5; Lys-15, 23, 31 & 32; Arg-33 (blue R, K in boxed region of Fig. 4)
likely participates in MT-targeting. It had been reported in rat [6] that predominantly
cytosolic NQO1 protein was detected in small amounts in mitochondria (13%), microsomes
(2%), and Golgi (1%). In the present study, however, NQO1 protein was detected at
comparable levels in ER, MT and cytosolic fractions (Fig. 3B).
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Mitochondrial-mediated ROS formation and redox cycling
If ample amounts of NQO1 are present in all subcellular organelles including the nucleus,
what benefit to the cell would this be? NQO1 catalyzes the 2-electron reduction of quinones
to hydroquinones, thus preventing ROS production generated from redox cycling of
semiquinones formed via 1-electron reduction. Quinones comprise a large class of aromatic
compounds—found endogenously in all organisms as flavonoids, electron-carrying
coenzymes, and metabolic end-products of oxidation—but also found exogenously as plant
metabolites and in the dye industry, hide-tanning, and photography {8}. Because ROS
formation causes oxidative stress that can be very destructive to any subcellular organelle,
presence of NQO1 would help prevent that; further, no organelle is more important to
protect from oxidative disruption than MT [16].

If ample amounts of all three CYP1 enzymes also exist in mitochondria as well as ER, what
might be their benefits to the cell? Substrate-specificity differences between the mc1A1 and
mt1A1 enzymes have been reported [3]. Endogenous functions of MT vs ER CYP1 enzymes
are not yet known and will require further study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Dioxin-treated Cyp1(+/+) wild-type, Cyp1a1(mc/mc), Cyp1a1(mtt/mtt), and
Cyp1a1(−/−), Cyp1b1(−/−) and Nqo1(−/−) knockout mice were compared

• Analysis included both mRNA and protein quantification of CYP1A1, CYP1B1
and NQO1

• NQO1 protein locates to cytosol, ER and mitochondria

• CYP1B1 protein (similar to CYP1A1 and CYP1A2 proteins) traffics to
mitochondria as well as ER

• NQO1 and CYP1B1 targeting to mitochondrial or ER membranes is
independent of CYP1A1 presence in that membrane
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FIG. 1.
CYP1A1 mRNA and protein levels in lung, spleen and uterus from WT, mc1A1 and
CYP1B1 KO mice. A, For qRT-PCR, untreated wild-type values were set at 1.0 (100), and
TCDD-induced (fold increases in mRNA) are shown on a log scale. Data are reported as
means ± S.E.M. (N = 4 mice per group). *P <0.05, when compared with mRNA levels in
TCDD-treated wild-type mice. ND, non-detectable. B, Western immunoblots of microsomal
(endoplasmic reticulum; ER) and mitochondrial (MT) fractions from lung, spleen and
uterus; α-1A1/1A2 was the antibody used and lanes were loaded with 1 µg protein for lung
and 20 µg protein for spleen and uterus. NADPH-P450-oxidoreductase (POR) is marker for
ER fraction, and prohibitin (PHB) a marker for MT fraction (20 µg per lane); a
representative blotting image of uterus is shown.
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FIG. 2.
CYP1B1 mRNA (A) and protein (B) levels in lung, spleen and uterus from the same
genotypes shown in Figure 1, plus CYP1A1 KO and mtt1A1 mice. All parameters are same
as in Figure 1. The α-1B1 antibody was used; lanes were loaded with 20 µg protein for each
of the three tissues. Representative blotting image of the lung (also 20 µg protein), probed
for ER and MT marker proteins, is shown
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FIG. 3.
NQO1 mRNA (A) and protein (B) levels in proximal small intestine (PSI), liver, kidney and
lung from the same genotypes shown in Figure 1, plus NQO1 KO mice. All parameters are
same as in Figure 1. The α-NQO1 antibody was used and all lanes were loaded with 30 µg
protein for each of the four tissues. A representative blotting image of lung (30 µg protein)
—probed for ER (POR), MT (PHB), and cytosol (GCLM) marker proteins—is shown. CY,
cytosol.
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FIG. 4.
NH2-terminal sixty amino-acid sequences for CYP1A1, CYP1B1 and NQO1 proteins. The
boxed areas denote the putative mitochondrial-targeting sequence (MTS)—which in CYP1
but not NQO1 protein immediately precedes the Pro-Pro residues and start of a proline-rich
domain (underlined), as discussed in the text. Blue and red stand for positive- and
negatively-charged amino acids, respectively.
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