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Abstract

Cytochrome P450 2E1 (CYP2EL) detoxifies or bioactivates many low molecular-weight
compounds. Most knowledge about CYP2E1 activity relies on studies of the enzyme localized to
endoplasmic reticulum (erCYP2E1); however, CYP2E1 undergoes transport to mitochondria
(mtCYP2E1) and becomes metabolically active. We report the first comparison of in vitro steady-
state kinetic profiles for erCYP2E1 and mtCYP2E1 oxidation of probe substrate 4-nitrophenol and
pollutants styrene and aniline using subcellular fractions from rat liver. For all substrates,
metabolic efficiency changed with substrate concentration for erCYP2E1 reflected in non-
hyperbolic kinetic profiles but not for mtCYP2EL. Hyperbolic kinetic profiles for the
mitochondrial enzyme were consistent with Michaelis-Menten mechanism in which metabolic
efficiency was constant. By contrast, erCYP2E1 metabolism of 4-nitrophenol led to a loss of
enzyme efficiency at high substrate concentrations when substrate inhibited the reaction.
Similarly, aniline metabolism by erCYP2E1 demonstrated negative cooperativity as metabolic
efficiency decreased with increasing substrate concentration. The opposite was observed for
erCYP2EL1 oxidation of styrene; the sigmoidal kinetic profile indicated increased efficiency at
higher substrate concentrations. These mechanisms and CYP2E1 levels in mitochondria and
endoplasmic reticulum were used to estimate the impact of CYP2E1 subcellular localization on
metabolic flux of pollutants. Those models showed that erCYP2E1 mainly carries out aniline
metabolism at all aniline concentrations. Conversely, mtCYP2E1 dominates styrene oxidation at
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low styrene concentrations and erCYP2E1 at higher concentrations. Taken together, subcellular
localization of CYP2EL1 results in distinctly different enzyme activities that could impact overall
metabolic clearance and/or activation of substrates and thus impact the interpretation and
prediction of toxicological outcomes.
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1. Introduction

CYP2EL1 plays a central role in the metabolic clearance of small molecules such as
endogenous ketone bodies and a wide array of foreign, biologically active (xenobiotic)
compounds (Miller 2008). CYP2EL1 reactions often eliminate potentially toxic compounds
and paradoxically, bioactivate others into toxicants or carcinogens. Moreover, oxidative
reactions carried out by CYP2EL can lead to formation of reactive oxygen species and then
oxidative stress due to poorly coupled oxygen activation by CYP2E1 and redox partners.
These metabolic processes alone and in combination contribute to toxicological responses
associated with CYP2EL activity toward drugs (acetaminophen), pollutants (aniline and
styrene) and other compounds (ethanol). An understanding of the correlation between
metabolism and toxicity requires knowledge of CYP2E1 metabolic efficiency toward
substrates. An important strategy to obtain this information relies on in vitro steady-state
metabolic studies with subcellular fractions that tease out the details of CYP2E1
mechanisms and constants.

CYP2EL1 localizes to the endoplasmic reticulum (erCYP2E1) and requires cytochrome P450
reductase as an obligate redox partner for activity. This functional form of CYP2E1 was first
identified from hepatic microsomal fractions by its high selectivity toward hydroxylation of
4-nitrophenol (Koop 1986). Kinetic profiles for erCYP2EL substrates are often hyperbolic
and thus best fit to the Michaelis-Menten equation in which the metabolic efficiency is
constant. A more complex array of mechanistic possibilities is appropriate in light of recent
steady-state studies, such as those for aniline (Hartman et al. 2014a), styrene (Hartman et al.
2012), and m-xylene (Harrelson et al. 2008). The metabolism of those erCYP2E1 substrates
involved non-hyperbolic kinetic profiles, whereby metabolic efficiency either increased
(positive cooperativity) or decreased (negative cooperativity or substrate inhibition) as a
function of substrate concentration. Those shifts in metabolic efficiencies indicated changes

Toxicology. Author manuscript; available in PMC 2016 December 02.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hartman et al.

Page 3

in contributions from more than one form of CYP2EL to the reaction that may derive from
mechanisms involving catalytic and effector sites for erCYP2E1 (Collom et al. 2008;
Hartman et al. 2012, 2013a; Hartman et al. 2013b; Hartman et al. 2014a; Hartman et al.
2014b; Levy et al. 2015; Pianalto et al. 2013). Their presence and specificities were further
characterized through experimental catalytic inhibition (Collom et al. 2008; Hargreaves et
al. 1994; Hartman et al. 2013b) and binding (Collom et al. 2008; Hartman et al. 2013b)
studies and computational docking and Molecular Dynamics simulations (Levy et al. 2015)
using a series of mono- and bi-cyclic azoles. Failure to account for the two-site mechanism
may compromise the interpretation and prediction of the role of CYP2EL in the metabolic
clearance or activation of substrates.

In vivo clearance models based on in vitro kinetics revealed significant differences between
the traditional Michaelis-Menten mechanism and cooperative metabolic processes observed
for aniline (Hartman et al. 2014a) and especially styrene (Hartman et al. 2012). In fact, in
vivo gas-uptake data revealed a bi-phasic process for dichloromethane metabolism that
could be explained through a physiologically based pharmacokinetic model incorporating a
two-binding site CYP2E1 mechanism (Evans and Caldwell 2010). These findings
underscore the need to further explore the prevalence and significance of the two-binding
site mechanism in CYP2E1 metabolism.

Much of our understanding of CYP2E1 activity and its importance rely on studies focused
on its form localized to the endoplasmic reticulum; however, CYP2E1 undergoes transport
to the mitochondria (Neve and Ingelman-Sundberg 1999; Robin et al. 2002) in a regulated
process (Anandatheerthavarada et al. 1997; Robin et al. 2002; Sangar et al. 2010) and
becomes functional upon association with adrenodoxin and adrenodoxin reductase (Robin et
al. 2001). The functional properties and significance of mtCYP2EL1 are only now being
explored through in vitro cell-based and subcellular fraction studies. There is high inter-
individual variability in the amount of CYP2E1 localized in the hepatic mitochondrial and
microsomal fractions, which can be partially explained by genetics (Bansal et al. 2013).
Specifically targeting CYP2E1 for sole expression in the mitochondria of HepG2 or COS-7
cells leads to higher levels of reactive oxygen species and oxidative stress, mitochondrial
dysfunction and cytotoxicity (Bai and Cederbaum 2006; Knockaert et al. 2011). In fact,
these outcomes are driven more by mtCYP2E1 than erCYP2EL in cells exposed to the
CYP2EL1 substrates acetaminophen and ethanol (Knockaert et al. 2011). Subcellular
fractionation studies revealed that mtCYP2E1 metabolizes typical erCYP2E1 substrates
including 4-nitrophenol, dimethylnitrosamine, and chlorzoxazone (Bai and Cederbaum
2006; Robin et al. 2001). Nevertheless, none of those studies measured the metabolic
efficiency of the mtCYP2E1 reactions or the levels of CYP2E1 between the mitochondrial
or endoplasmic reticulum compartments. This lack of detailed kinetic studies with
subcellular fractions precludes comparing and assessing quantitatively the relative roles and
consequences of mtCYP2E1 and erCYP2EL1 in substrate metabolism.

In this study, we determined metabolic mechanisms and constants for erCYP2E1 and
mtCYP2E1 toward substrates as a basis for modeling clearance through subcellular
compartments. We isolated mitochondrial and microsomal liver fractions pooled from six
untreated adult female Sprague-Dawley rats and measured CYP2EL levels present in
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subcellular fractions by Western blot using recombinant CYP2E1 as a standard. For steady-
state studies, we chose three substrates to assess whether mtCYP2EL is capable of the same
diversity of metabolic mechanisms as erCYP2E1, namely, substrate inhibition (4-
nitrophenol) (Collom et al. 2008; Koop 1986), negative cooperativity (aniline) (Hartman et
al. 2014a), and positive cooperativity (styrene) (Hartman et al. 2012). Initially, we verified
the role of CYP2E1 from both subcellular compartments on targeted reactions through
inhibitor phenotyping experiments. Next, published steady-state protocols (Collom et al.
2008; Hartman et al. 2012; Hartman et al. 2014a) were carried out to obtain kinetic profiles
for all three reactions. The resulting data were normalized to the amount of CYP2EL1 present
in the reaction and compiled for global fitting to six possible mechanisms involving a single
binding site (Michaelis-Menten) or two binding sites. The most statistically probable one
among them was identified using DynaFit software (Kuzmic 1996) as described (Collom et
al. 2008; Hartman et al. 2012; Hartman et al. 2014a). Lastly, we compared the metabolic
efficiencies between mtCYP2EL and erCYP2E1 for substrates and then modeled their
collective contribution to substrate clearance through their respective subcellular
compartments.

2. Experimental Procedures

2.1 Chemicals

All chemicals were ACS grade or higher and purchased from Sigma Aldrich, St Louis, MO:
4-nitrophenol, 4-nitrocatechol, 4-aminophenol, 2,6-dichloroindophenol, phenol, sodium
carbonate, trichloroacetic acid, 4-methylpyrazole, and metyrapone. The protease/
phosphatase inhibitor cocktail was prepared in-house using the Roche cOmplete® mini
EDTA-free tablets from Life Sciences and a phosphatase inhibitor cocktail containing
sodium fluoride, sodium pyrophosphate, and sodium orthovanadate. Distilled aniline was
kept under argon until needed for experimentation. HPLC grade methanol and acetonitrile
were purchased from Fisher Scientific, Wilmington, MA. Liver tissue from adult female
Sprague Dawley rats was supplied by Arkansas Biosciences Institute, Jonesboro, AR.

2.2 Subcellular Fractionation

Mitochondrial and microsomal rat liver samples were isolated and purified using subcellular
fractionation techniques. In a typical preparation, 0.75 g tissue was homogenized in 1.5 mL
Homogenization Buffer (10 mM potassium phosphate, pH 7.4, 10 mM EDTA, 1.15% KClI,
and protease/phosphatase inhibitor cocktail) using ten smooth, twisting strokes with 2 mL
homogenization glassware. Homogenate was centrifuged at 4°C, 2500 x g for 10 min.
Supernatant was centrifuged a second time at 4°C, 9000 x g for 20 min. Pellet was stored for
mitochondrial isolation in further fractionation steps. Supernatant was centrifuged at 4°C,
100,000 x g.

2.3 Purification of Microsomal Fraction

The pellet from the subcellular fractionation was resuspended in homogenization buffer with
a 1 mL tissue grinder using seven smooth, twisting strokes. The resulting homogenate was
centrifuged at 4°C, 100,000 x g for 60 min. The supernatant was discarded and the pellet
resuspended in 0.25 mL 250 mM sucrose with a 1 mL tissue grinder using seven smooth,
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twisting strokes. Homogenates containing isolated and purified microsomal fractions were
stored at -80°C until needed for kinetic assays.

2.4 Isolation of Mitochondrial Fraction

2.5 Western

The crude mitochondrial pellet from initial fractionation steps was resuspended in 3 mL
SEM Buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS/KOH, pH 7.2). Suspension
was added to a sucrose gradient consisting of 1.5 mL 60% (w/v) sucrose in EM Buffer (1
mM EDTA, 10 mM MOPS/KOH, pH 7.2), 4 mL 32% (w/v) sucrose in EM Buffer, 1.5 mL
23% (w/v) sucrose in EM Buffer, and 1.5 mL 15% (w/v) sucrose in EM Buffer layered
respectively in a Beckman SW28 centrifuge tube. Gradient was centrifuged in a Beckman
SW28.1 swinging bucket rotor at 4°C, 28,000 rpm (140,000 x g) for 60 min. Mitochondrial
pellet was a band superficial to the 60% sucrose layer and was removed and subsequently
resuspended in 12 mL SEM Buffer. The resulting suspension was centrifuged at 4°C, 23,000
rpm (95,000 x g) for 30 min in the SW28.1 swinging bucket rotor. The pellet was
resuspended in 200 uL SEM Buffer and sonicated to homogeneity using a Branson
Sonifier® 250 (Emerson Industrial, Danbury, CT) with a tapered probe (20% duty, two 10-
second bursts followed by 30-second cooling). Isolated and purified mitochondrial fraction
was stored at -80°C until needed for kinetic assays.

blot analysis for determination of fraction purity and CYP2E1 concentration

Protein content from mitochondrial and microsomal fractions was determined using the
BCA assay.(Smith et al. 1985) Total P450 from mitochondrial and microsomal fractions was
determined using the reduced CO spectra, as described (Guengerich et al. 2009). Human
CYP2E1 Supersomes® (Corning Gentest, Corning, NY) were used as an authentic standard
for quantification of CYP2EL in subcellular fractions. Varying amounts of samples and
standards were loaded and resolved by SDS-polyacrylamide electrophoresis (10% gels,
w/v). After transferring separated proteins to nitrocellulose membranes, they were
immunoblotted with specific antibodies against SDHA (Abcam; ab14711), SERCA (Santa
Cruz; sc30110), and CYP2E1 (Abcam; ab19140). The membranes were then incubated with
the corresponding secondary horseradish-conjugated antibody and immunoreactive bands
were visualized by chemiluminescence (Chemiglow; Protein Simple, Santa Clara, CA) using
a FluorChem FC3 System (ProteinSimple, San Jose, CA, USA). Membranes were stripped
and re-probed with colloidal gold solution (Biorad Laboratories, Hercules, CA) for
nonspecific proteins as a loading control. The density of protein bands was quantitatively
analyzed by ImageJ software (NIH; Bethesda, MD) and expressed as a relative ratio against
the loading control. Both standards and samples were quantified within the linear range of
the response (Charette et al. 2010). The concentration of CYP2E1 was then determined
based on a calibration curve from the human CYP2E1 standards and used to normalize
kinetic rates of metabolism for comparison of the intrinsic CYP2E1 activity between
fractions.

2.6 4-Nitrophenol Kinetic Assay

We examined steady-state metabolism of 4-nitrophenol by hydroxylation of the 3- position
to yield 4-nitrocatechol. For each reaction using microsomal fractions, 0.5 mg/mL protein
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was incubated with eight different 4-nitrophenol concentrations ranging from 31 to 2000 uM
in 50 mM potassium phosphate pH 7.4 at 37°C. Reactions were initiated with 1 mM
NADPH, and after 30 minutes of incubation, the reactions were quenched with an equal
volume of a solution containing 0.4 N perchloric acid and 25 pM 4-nitroanisole (internal
standard). The quenched reaction was centrifuged to remove precipitated proteins and the
resulting supernatant analyzed by HPLC with absorbance detection at 360nm to quantitate
product. Final 4-nitrocatechol concentrations were determined using calibration curves with
authentic standards. Under these conditions, product formation was linear with respect to
time and protein concentration (data not shown). Similar experiments were carried out for
mitochondrial reactions at 2 mg/mL mitochondrial protein.

2.7 Aniline Kinetic Assay

We examined steady-state metabolism of aniline to 4-aminophenol according to previously
described methods (Hartman et al. 2014a). For each reaction using microsomal fractions, 0.5
mg/mL protein was incubated with eight different aniline concentrations ranging from 2.5 to
500 uM in 50 mM potassium phosphate, pH 7.4 at 37°C. Reactions were initiated with 1
mM NADPH, and after 30 min, the reactions were quenched with an equal volume of a
solution containing 0.4 N trichloroacetic acid solution. The quenched reaction was
centrifuged and the resulting supernatant was added to phenol in the presence of Na,COs to
conjugate unstable 4-aminophenol (product) to phenol for ultimately creating indophenol.
Final indophenol concentrations were determined using HPLC with absorbance detection at
630nm. Calibration curves were generated with freshly prepared authentic 4-aminophenol
standards relative to 2,6-dichloroindophenol (internal standard). Under these conditions,
product formation was linear with respect to time and protein concentration (data not
shown). Comparable assays were carried out with mitochondrial samples at 2 mg/mL
protein.

2.8 Styrene Kinetic Assay

We examined steady-state metabolism of styrene to styrene oxide according to previously
described methods (Hartman et al. 2012). For each reaction using microsomal fractions, 0.5
mg/mL protein was incubated with eight different styrene concentrations ranging from 5 to
500 uM in 50 mM potassium phosphate, pH 7.4 at 37°C. Reactions were initiated with 1
mM NADPH, and after 30 minutes, the reactions were quenched with an equal volume (25
pL) of a solution containing saturated barium hydroxide and 25 pL of a 10% solution of zinc
sulfate containing 10 UM benzyl alcohol (internal standard). Under these conditions, all
styrene oxide was converted to styrene glycol. The quenched reaction was centrifuged and
the resulting supernatant was analyzed by HPLC with UV detection at 200nm to quantitate
product. Final product concentrations were determined using calibration curves with
authentic standards. Under these conditions, product formation was linear with respect to
time and protein concentration (data not shown). Comparable assays were carried out with
mitochondrial samples at 2 mg/mL protein.

2.9 Statistical analysis of steady-state kinetic mechanisms

Using the kinetic data, we investigated the mechanism and parameters for equilibrium
constants and reaction rates using DynaFit version 3.28 (Biokin, Ltd., Watertown, MA) as
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described previously (Hartman et al. 2012, 2013a; Hartman et al. 2013b; Hartman et al.
2014a; Pianalto et al. 2013). Briefly, the analysis involved globally comparing fits of kinetic
data to six steady-state mechanisms involving one binding site for substrate (Michaelis-
Menten) or two binding sites for substrate. Two-site mechanisms involve formation of a
binary (ES) complex and a ternary (ESS) complex, both of which can be catalytically active.
In this analysis, binding events are ordered with respect to stoichiometry (number of bound
molecules) but not in respect to occupancy of each binding site.

2.10 Inhibitor phenotyping of P450 activity present in rat liver microsomes and
mitochondria

3. Results

For inhibitor phenotyping experiments, 0.5 mg/mL rat liver microsomes or 2 mg/mL rat
liver mitochondria were incubated with 50 or 500 uM substrate (4-nitrophenol, aniline, or
styrene), 1 mM NADPH, and a specific P450 chemical inhibitor in 50 mM potassium
phosphate buffer, pH 7.4. The inhibitors used in these experiments were chrysin (1 pM) for
CYP1A, tranylcypromine (2 uM) for CYP2A, metyrapone (25 uM) for CYP2B,
sulfaphenazole (10 uM) for CYP2C, 4-methylpyrazole (4MP; 40 uM) for CYP2E1, and
ketaconazole (1 pM) for CYP3A. The inhibitors included in each experiment were chosen
based on reported contribution of that isoform to metabolism of the substrate in humans or
rodents.(Hartman et al. 2012, 2013a; Hartman et al. 2014a; Pianalto et al. 2013) After
addition of NADPH, samples were incubated at 37°C for 30 min and analyzed as described
for steady-state experiments. Due to low solubility, all inhibitor stocks were prepared in
methanol, and added to reactions yielding a final 0.5% methanol (v/v) to minimize the
impact on rat CYP2EL1 activity (Li et al. 2010). The statistical significance of the effect of
inhibitors on metabolism was determined using a one-way analysis of variance (ANOVA)
test performed in GraphPad Prism 5.0 (San Diego, CA).

3.1 Metabolic capacity of CYP2E1 based on subcellular levels

Detailed kinetic studies for CYP2EL required fractionation of the liver homogenate into
mitochondrial and microsomal fractions using standard protocols for the isolation and
purification of each (Cohen et al. 2008; Gregg et al. 2009; Velick and Strittmatter 1956).
The purity of each fraction was verified by immunoblotting using succinate dehydrogenase
(SDHA) as a marker for mitochondria and the sarco-endoplasmic reticulum Ca2*-ATPase
(SERCA) as a marker for microsomes. Cross-contamination between the microsomal and
mitochondrial fractions was low, as shown by the ratio of the band intensity of the
mitochondrial marker SDHA in the mitochondrial fraction compared with SDHA in the
microsomal fraction (average 3.2), and the ratio of the band intensity of the microsomal
marker SERCA in the microsomal fraction compared with SERCA in the mitochondrial
fraction (average 3.9) (Figure 1, Panel A).

After verifying fraction purity, the total amount of CYP2E1 in each fraction was measured
by immunoblot (Figure 1, Panel B) and quantified using densitometry compared to authentic
commercially obtained CYP2EL1 standards (Corning Gentest Human CYP2E1
Supersomes®). In our study, the total protein in each final purified fraction differed by
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approximately two-fold (Figure 1, Panel C), and the total P450 per mg protein was
approximately four-fold greater in the microsomal versus mitochondrial fractions (Figure 1,
panel D). Interestingly, under these conditions, the total CYP2E1 per mg protein was similar
between the two fractions (Figure 1, panel E). In terms of total yield, there were similar total
protein yields in each purified fraction (data not shown).

3.2 4-Nitrophenol: Subcellular localization impacts CYP2E1 metabolic efficiency but not

selectivity

Inhibitor phenotyping studies revealed the major role of CYP2EL in 4-ntirophenol
metabolism. Recombinant human CYP2E1 and CYP3A4 metabolize 4-nitrophenol (Zerilli
etal. 1997), yet CYP3A4 is only found in the microsomal fraction unlike CYP2EL.(Robin et
al. 2002) The presence of 4-methylpyrazole, a CYP2E1-specific inhibitor (Halpert et al.
1994; Newton et al. 1995), suppressed metabolism of 4-nitrophenol by 70-80% for both
fractions regardless of substrate concentration, while ketoconazole, an inhibitor of CYP3A4
activity (Newton et al. 1995), had no effect (Figure 2). Taken together, erCYP2E1 and
mtCYP2E1 were primarily responsible for hydroxylating 4-nitrophenol to 3,4-nitrocatechol
indicating this reaction remains an attractive CYP2E1-specific marker reaction.

Steady-state studies showed that subcellular localization of CYP2E1 significantly impacted
the efficiency of 4-nitrophenol metabolism (Figure 3, Panel A; Table 1). The non-hyperbolic
kinetic profile for erCYP2EL reflected substrate inhibition in which a rapid rise in the initial
rate was followed by decreases at higher substrate concentrations. Among six possibilities,
the most probable mechanism explaining the observed kinetic profile involved two binding
sites. In that mechanism, the substrate had higher affinity for the first binding event (Kg <
Ksg) and only the binary complex was catalytically active.

By contrast, the hyperbolic kinetic profile for mtCYP2E1 oxidation of 4-nitrophenol was
best explained by the traditional Michaelis-Menten mechanism (Figure 3, Panel B; Table 1).
In this case, substrate bound to a single binding site on the enzyme for catalysis to occur.
Despite different mechanisms, the K, value of 4-nitrophenol for the mtCYP2E1 site was
similar to that observed for erCYP2EL. The resulting Michaelis enzyme-substrate complexes
were not equivalent as evidenced by a nine-fold lower turnover rate observed for
mtCYP2E1L.

3.3 Aniline: Decrease in CYP2E1 metabolic efficiency depends on subcellular localization

Multiple P450s are capable of hydroxylating aniline, and thus we carried out inhibitor
phenotyping to establish the significance of CYP2EL in the reaction (Figure 4). Compounds
targeting CYP1A and CYP2C did not affect aniline hydroxylation by either subcellular
fraction and thus their contributions were negligible. On the other hand, inhibitors for
CYP2A and CYP2EL1 significantly blocked activity present in microsomal and
mitochondrial reactions at low and high aniline concentrations.

The metabolism of aniline by rat liver microsomes resulted in a significantly bi-phasic, non-
hyperbolic profile that reflected negative cooperativity (Figure 5, Panel A; Table 1). Based
on Akaike Information Criterion, the most favored mechanism explaining these data was a
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two-site cooperative mechanism in which catalytically active enzyme-substrate complexes
formed with one or two substrate molecules bound to the enzyme. In this mechanism, the
first aniline molecule bound to erCYP2E1 with the highest affinity among all substrates in
this study and formed a catalytically component complex. At higher aniline concentrations,
a second molecule bound to the enzyme-substrate complex weakly (25-fold less than the
first binding event). Nevertheless, the resulting ternary complex displayed a two-fold higher
rate of turnover than the initial binary enzyme-substrate complex. In combination, these
mechanistic steps decreased metabolic efficiency as a function of aniline concentration due
to a more significant drop in substrate binding relative to the rise in rate of turnover.

Mitochondrial CYP2E1 activity toward aniline led to a hyperbolic kinetic profile that best fit
statistically to a simple one-site (Michaelis-Menten) mechanism (Figure 5, Panel B; Table
1). Based on the K, substrate affinity for mtCYP2E1 was intermediate between the two
binding sites observed for erCYP2EL. The resulting Michaelis enzyme-substrate complex
for the mitochondrial enzyme was much less effective at turnover, however. The
corresponding rate was 10- and 20-fold lower than that observed for the microsomal enzyme
following the first and second substrate binding events respectively. Similar to the
observations for 4-nitrophenol metabolism, subcellular localization seems to alter binding
interactions with aniline in terms of affinity and stoichiometry as well as the subsequent
hydroxylation of the substrate.

Increase in CYP2E1 metabolic efficiency depends on subcellular localization

Inhibitor phenotyping experiments with styrene revealed that only CYP2E1-specific 4-
methylpyrazole significantly decreased styrene metabolism present in both subcellular
fractions (Figure 6). Inhibitors targeting CYP1A, CYP2B1/2, and CYP2C had no effect on
the reaction despite studies implicating their role in styrene metabolism (Kim et al. 1997,
Nakajima et al. 1994). Regardless of subcellular localization, CYP2EL is primarily
responsible for styrene epoxidation into a genotoxic metabolite.

Styrene metabolism by rat liver microsomes exhibited a sigmoidal kinetic profile (Figure 7,
Panel A; Table 1). In a comparative analysis of six mechanisms, the statistically preferred
one was a two-site cooperative mechanism for erCYP2EL. The first molecule of styrene
bound to the enzyme relatively weakly to form a catalytically non-productive enzyme-
substrate complex. A second molecule then bound with three-fold greater affinity to the
enzyme-substrate complex to form the catalytically competent ternary complex leading to
product formation. The combination of these events led to a sigmoidal kinetic profile as the
metabolic efficiency increased with styrene concentration.

Transport of CYP2E1 to mitochondria led to an enzyme whose metabolic efficiency
remained constant as shown by a hyperbolic kinetic profile (Figure 7, Panel B; Table 1).
Statistically, the data fit best to a one-site model (Michaelis-Menten kinetics) involving a
single binding site for substrate. Interestingly, substrate affinity for mtCYP2E1 was similar
to that observed for the second binding event to erCYP2E1. While the Michaelis-Menten
complex formed readily for mtCYP2EL, the rate of turnover was six-fold slower than that
observed for erCYP2EL. Differences between the rates were not as significant as those for
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hydroxylation of 4-nitrophenol and aniline, suggesting that mtCYP2E1 may more readily
generate toxic epoxides than hydroxylated metabolites.

3.5 Modeling CYP2E1 substrate clearance through subcellular compartments

We estimated the impact of CYP2E1 subcellular localization on the metabolic flux of
pollutants through mitochondria and endoplasmic reticulum based on mechanisms and
constants determined in this study. For aniline and styrene, the rate was estimated based on
the fit to each model for a low (10 pM) and high (500 puM) concentration, assuming equal
protein levels for CYP2EL in each compartment. The total rate was considered to be the sum
of the rates for each compartment and the relative contribution of each compartment was
expressed as the percent of the total rate of metabolism at that concentration.

Models for substrate clearance through subcellular compartments indicated minimal effects
for the pollutant aniline. At low concentrations, approximately 94% of aniline metabolism
occurred through erCYP2E1 and only about 6% of total aniline hydroxylation was carried
out by mtCYP2E1. At higher concentrations, the distribution was very similar with 95% of
metabolism occurring at the endoplasmic reticulum. Therefore, at least for aniline, it seems
that CYP2E1 metabolism is more significant in the endoplasmic reticulum compared to that
in mitochondria.

On the other hand, the model yielded very striking results for the metabolic flux of styrene
through these subcellular compartments. At low concentrations (10 M), two-thirds of
styrene metabolism occurred in mitochondria, while only one-third went through the
endoplasmic reticulum (Figure 8, Panel A). Although unlikely under in vivo conditions,
higher styrene concentrations (500 uM) displayed a shift to primarily (85%) metabolism in
the endoplasmic reticulum due to increased metabolic efficiency observed for erCYP2E1
(Figure 8, Panel B).

4. Discussion

Herein, we show that CYP2E1 localization to mitochondria and endoplasmic reticulum (er)
determined metabolic mechanisms toward the marker substrate 4-nitrophenol and two
common pollutants, i.e. aniline and styrene. Inhibitor phenotyping experiments confirmed
that the observed activity toward all three substrates reflected mainly CYP2E1 contributions
regardless of subcellular localization. The kinetic experiments showed that the metabolic
efficiency of mtCYP2EL1 toward all three substrates was constant as reflected in a hyperbolic
(Michaelis-Menten) kinetic profile, while those for erCYP2E1 changed with substrate
concentration in ways that depended on the specific substrate. As reported previously with
microsomal studies (Collom et al. 2008; Hartman et al. 2012, 2013a; Hartman et al. 2014a;
Pianalto et al. 2013), non-hyperbolic kinetic profiles for erCYP2EL1 revealed changes in
metabolic efficiencies during the reaction consistent with substrate inhibition (4-
nitrophenol), negative cooperativity (aniline), and positive cooperativity (styrene). Based on
these CYP2E1 mechanisms, clearance models indicated that the relative significance of
CYP2EL1 localization on the metabolic flux of pollutants through the cell was substrate
dependent and thus requires further study.
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Compared to previous efforts (Addya et al. 1997; Bai and Cederbaum 2006; Knockaert et al.
2011; Neve and Ingelman-Sundberg 1999; Robin et al. 2002; Robin et al. 2001; Sangar et al.
2010), the design of these studies yielded a more quantitative assessment of the impact of
subcellular localization on CYP2E1 activity and role in metabolic clearance and/or
activation of substrates. We determined the amount of total protein, P450, and CYP2E1 for
scaling relative abundances and then normalized enzyme activity to CYP2E1 levels in
contrast to the work of others. Typically, the apparent activity is normalized to total protein,
yet this approach reflects variations in all proteins and not CYP2EL1 itself and hence
precludes an accurate comparison of CYP2E1 activities between subcellular fractions. Like
others, a potential limitation of our work was the isolation of obligate redox partners for
mtCYP2E1 due to their peripheral association with the membrane. Their loss during
fractionation would decrease the observed CYP2E1 activity from mitochondrial preparations
such that the reported values are a possible minimum value for mtCYP2EL contributions to
metabolism relative to erCYP2E1. This possibility does not apply to erCYP2EL, because
cytochrome P450 reductase present at the endoplasmic reticulum is an integral membrane
protein.

Overall, this approach provided an ideal system for comparison of CYP2E1 activity between
mitochondria and microsomes (er) from rat liver and would likely extrapolate to CYP2E1
present in humans and other species. CYP2EL1 is evolutionarily conserved among vertebrates
and shares a high sequence identity between humans, rats, and mice (Martignoni 2006)
related to the current studies. The various forms of CYP2E1 demonstrate similar substrate
selectivity and efficiency between mouse, rat, and human (although the expression level
varies between species). These properties even apply to non-Michaelis-Menten mechanisms
in which metabolic efficiency changes during the reaction according to data on 4-
nitrophenol metabolism of by rabbit (Collom et al. 2008), rat (F344) (Pianalto et al. 2013),
mouse (B6C3F1) (Pianalto et al. 2013), and human erCYP2E1 (Hartman et al. 2013a),
aniline hydroxylation by human erCYP2E1 (Hartman et al. 2014a), and styrene epoxidation
by human erCYP2E1 (Hartman et al. 2012). Therefore, the results from these kinetic
experiments with rat enzymes would likely apply to human CYP2E1 activity and reflect
potential impacts on associated toxicity from metabolism occurring in each compartment.

Steady-state Kinetic experiments focused on three substrates to assess whether mtCYP2E1
was capable of the same diversity of metabolic mechanisms as erCYP2E1. Metabolic
clearance of the model substrate 4-nitrophenol is not toxicologically relevant; nevertheless,
the high selectivity and efficiency of CYP2E1 metabolism of 4-nitrophenol make the
reaction an ideal surrogate for tracking CYP2EL1 activity in a wide range of in vitro and in
vivo studies (Amato et al. 1998; Tassaneeyakul et al. 1993). This premise was supported by
our inhibitor phenotyping studies, which implicated a role for CYP2E1 and no contribution
of rat CYP3A. In steady-state kinetic experiments with erCYP2E1, metabolic efficiency
decreased with increasing levels of 4-nitrophenol that resulted in substrate inhibition. This
transition was absent for mtCYP2EL, and the kinetic profile conformed to Michaelis-Menten
kinetics. Based on K, values the affinity of 4-nitrophenol for the mtCYP2EL1 site was
similar to that observed for erCYP2EL, suggesting subcellular localization did not alter
binding contacts for this common marker substrate.
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Aniline is a common industrial chemical (Sittig 1981) found in industrial waste and a
constituent of Superfund sites (ATSDR 2011). CYP2E1 dominated aniline hydroxylation in
both organelles with minor CYP2A contributions in microsomes according to phenotyping
experiments. While those experiments suggested minor CYP2A contributions to
mitochondrial metabolism, those results were likely an artifact due to possibly cross-
interaction with CYP2E1 (Taavitsainen et al. 2001; Zhang et al. 2001) and absence of
CYP2A in mitochondria. The subcellular localization of CYP2EL1 altered aniline binding
affinity and stoichiometry as well as subsequent hydroxylation. Steady-state mtCYP2E1
oxidation of aniline displayed simple Michaelis-Menten kinetics, while similar to 4-
nitrophenol, erCYP2E1 metabolism involved a two-site negative cooperative mechanism
with an overall decrease in enzyme efficiency. Nevertheless, when compared to the
mitochondrial enzyme, erCYP2E1 was consistently more effective at metabolizing aniline
due to higher initial substrate affinity and rate of turnover even after the association of a
second, low affinity aniline molecule.

Styrene is present in cigarette smoke, diesel exhaust, and some industrial waste, and
therefore may represent a potential health threat as a class 2B carcinogen (2008; Barale
1991; Bond and Bolt 1989). Bioactivation of styrene involves epoxidation of the double
bond through a reaction catalyzed mainly by CYP2E1 (Kim et al. 1997; Mendrala 1993;
Nakajima et al. 1994), and our studies confirmed this role for CYP2E1 localized to both rat
liver microsomal and mitochondrial fractions. The affinity of styrene for erCYP2E1 was
poor initially and then increased to yield a catalytically active CYP2EL1 as reflected in a
positively cooperative kinetic profile. As observed for aniline and 4-nitrophenol, mtCYP2E1
metabolism involved a simple Michaelis-Menten mechanism with no change in metabolic
efficiency across the range of styrene concentrations. The affinity for substrate was
comparable to that observed for the second binding event with erCYP2EL1 that yielded the
catalytically active form of the enzyme. Taken together, erCYP2EL required an initial
styrene molecule to bind for catalysis to occur, whereas mtCYP2E1 did not, suggesting
possible structural difference between these CYP2E1 isoforms.

Differences between mtCYP2EL and erCYP2E1 may arise from characteristic substrate
interactions, redox partner preferences, and structural elements. First, we revealed that the
metabolic efficiency for mtCYP2E1 toward 4-nitrophenol, aniline, and styrene remained
constant, whereas those values either decreased or increased as a function of substrate
concentration during erCYP2E1 metabolism. Those outcomes reflected differences in
substrate structure indicating erCYP2E1 and mtCYP2E1 possess distinct substrate
specificities and catalytic capacities. Second, CYP2E1 metabolic properties depend on redox
partners, namely adrenodoxin/adrenodoxin reductase (mtCYP2EL) or cytochrome P450
reductase and possibly cytochrome bs (erCYP2E1) (Robin et al. 2001). These protein-
protein interactions may impact CYP2E1 conformations like an allosteric effector and/or
alter electron transfer steps involved in oxygen activation. The rate-limiting step during
P450 catalysis typically involves electron transfer steps during oxygen
activation(Guengerich 2002) and thus it seems likely that redox partners for CYP2E1
contribute to metabolic efficiency toward substrates. Third, subcellular localization of
CYP2EL1 influences enzyme conformations. CYP2EL purified from microsomal and
mitochondrial fractions possess different secondary structural elements based on circular
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dichroism spectra (Robin et al. 2001). Unique conformations of erCYP2E1 and mtCYP2E1
could explain the presence or absence of a second substrate-binding site. Moreover, the
overall fold must differ between them, because they only associate with redox partners
derived from the original subcellular compartment. erCYP2E1 will reconstitute a
catalytically active complex only with cytochrome P450 reductase and mtCYP2E1 with
adrenodoxin/adrenodoxin reductase (Robin et al. 2001). Taken together, the subcellular
localization of CYP2EL1 yields functionally and structurally distinct enzymes that would
likely impact the role of CYP2EL1 in toxicological processes.

We modeled the impact of CYP2E1 subcellular localization on the predicted metabolic flux
of pollutants through mitochondria and endoplasmic reticulum based on mechanisms and
constants determined in this study assuming equal protein levels of CYP2E1 in each
compartment. Previous studies have demonstrated high inter-individual variability in
CYP2EL1 levels in mitochondria and microsomes (Bansal et al. 2013), which could result in
a shift in this flux. Models for substrate clearance through subcellular compartments
indicated minimal effects for the pollutant aniline, with the majority of aniline clearance
occurring in the ER. On the other hand, the model yielded very striking results for the
metabolic flux of styrene through these subcellular compartments, as depicted in Figure 8.
At low styrene concentrations, metabolism by mtCYP2E1 was most important. The common
emphasis on erCYP2E1 metabolism would then underestimate styrene activation to the
epoxide metabolite under these conditions. In fact, individuals, such as workers in the
polymer industry, were previously exposed to higher levels of styrene and report plasma
levels of styrene up to 22 uM (L6f 1986; Prieto 2002; Somorovska 1999); however, more
recent studies of industrial workers suggest exposures are lower and result in styrene plasma
levels reaching only 0.06 uM (Bonanni et al. 2015). The difference between assumed and
actual metabolic activation of styrene would be even larger for more common environmental
exposures of less than 10 uM. erCYP2E1 metabolism of styrene only became dominant at
higher styrene concentrations that are not physiologically probable. Overall, this dynamic
shift in the relative contributions of CYP2EL in different subcellular compartments was
more significant for styrene than aniline due to the respective changes in metabolic
efficiencies; none of those effects on metabolism and the consequences of those processes
would occur if CYP2E1 metabolism of substrates always conformed to Michaelis-Menten
kinetics as currently assumed.

Importantly, these estimations reflected contributions solely from CYP2E1 activity and not
other processes like transport and conjugation. The efficiencies of those processes could
differ between compartments and impact the toxicological consequences of CYP2E1
activity and thus they should be explored further. Additionally, the probability of cellular
toxicity associated with CYP2EL bioactivation of compounds may depend on the subcellular
compartment in which those bioactive compounds are produced. Finally, there may be
interspecies differences in these processes between rodents and humans and thus care should
be taken in extrapolating the potential impacts of these findings directly to humans.
However, these efforts are the first crucial step toward characterizing the production of
bioactive compounds in each compartment and determining the relative importance of
CYP2E1 metabolism in each subcellular location.
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These clearance models for CYP2E1 provide an important baseline highlighting the effects
of metabolic efficiencies on substrate metabolism in different subcellular organelles, yet
alterations in the regulation of CYP2E1 expression and transport to those compartments will
similarly play a role in their relative significance in metabolism. Induction and accumulation
of mtCYP2E1 has been observed in streptozotocin-induced diabetic rats (Raza et al. 2004),
in rats treated with the CYP2E1 inducer pyrazole (Robin et al. 2001), and in mice and
cultured rat hepatocytes exposed to ethanol (Robin et al. 2005). Importantly, ethanol
induction of mtCYP2EL resulted in depleted cellular glutathione, contributing to increased
oxidative stress. Variation in distribution of CYP2E1 between the mitochondria and
microsomes has also been reported for a bank of human livers (Bansal et al. 2013), and the
authors attributed some of this variability to genetic polymorphisms in the N-terminal
targeting sequence of CYP2E1 and the remaining cause for this variation require further
study. An additional layer of complexity is our substrate-dependent change in metabolic
efficiency significantly that impacts the contributions from these subcellular compartments
on clearance and ultimately bioactivation to toxic metabolites.

Concluding Remarks

We present strong evidence illustrating the impact of CYP2E1 subcellular localization on
metabolic efficiency toward well-known substrates. Much of what is understood about the
toxicological significance of CYP2E1 derives solely from studies on erCYP2E1 present in
microsomal fractions and thus may not be accurate. Beyond current work presented here and
in previous studies (Bai and Cederbaum 2006; Robin et al. 2001), little is known about the
mtCYP2E1 metabolism of substrates, its relative significance compared to erCYP2E1, the
mechanisms altering their contributions, and corresponding effects the biological
consequences of CYP2EL1 activity. Further research is clearly needed to address these
knowledge gaps and our findings provide critical biochemical mechanisms for integrating
CYP2EL1 activity within biological processes to better understand the link between CYP2E1
metabolism and potential toxicological outcomes.
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SDHA succinate dehydrogenase
SERCA Sarco/endoplasmic reticulum Ca%*-ATPase
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Highlights

e Metabolically active CYP2E1 localizes to the endoplasmic reticulum and
mitochondria.

o CYP2EL1 localization impacts substrate affinity, stoichiometry, and turnover.

« Toxicological relevance of CYP2EL1 subcellular localization may depend on
substrate.
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Figure 1.

Characterization of purified rat hepatic subcellular fractions: representative immunablots for
fraction purity (Panel A) and CYP2E1 content (Panel B), quantification of total protein per
volume of purified fractions (Panel C), total P450 per milligram protein (Panel D), and total
CYP2E1 per milligram protein (Panel E). Proteins in each fraction were resolved by gel
electrophoresis on SDS-polyacrylamide, transferred to nitrocellulose membranes, and
immunoblotted using specific antibodies. For testing fraction purity, succinate
dehydrogenase (SDHA) was used as a marker of mitochondria and sarco/endoplasmic
reticulum Ca2*-ATPase (SERCA) was used as a marker for microsomes. For quantifying
CYP2E1, human recombinant CYP2E1 Supersomes® (Corning Gentest) were obtained
commercially and used as an authentic standard. CYP2E1 bands were quantified from the
standards and fractions using densitometry and CYP2E1 concentration was calculated based
on the standard curve. Protein content was assayed using the Pierce bicinchoninic acid
(BCA) assay; P450 content was determined using reduced CO spectra as described
(Guengerich et al. 2009); CYP2EL1 content was determined using immunoblot with
densitometry to quantify levels by comparison to a standard curve obtained with human
CYP2E1 Supersomes® (Corning Gentest).
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Inhibitor phenotyping of steady-state oxidation of 4-nitrophenol by rat liver microsomes
(Panels A and B) and mitochondria (Panels C and D). For reactions, 0.5 mg/mL rat liver
microsomes or 2 mg/mL rat liver mitochondrial fractions, 4-nitrophenol (50 uM for panels
A and C, 500 pM for Panels B and D), and 1 mM NADPH were incubated at 37°C and pH
7.4 in the absence (white bars) or presence (grey bars) of specific inhibitors for each P450
isoform reported to metabolize 4-nitrophenol. Activity was normalized to control (100%)
and reported as percent activity. Control (uninhibited, containing methanol only) rates of
mtCYP2E1 4-nitrophenol oxidation were 26 and 60 pmol/min/pmol CYP2E1 for 50 and 500
UM 4-nitrophenol, respectively. Control rates for erCYP2E1 were 290 and 1080 pmol/min/
pmol CYP2EL1 for 50 and 500 uM 4-nitrophenol, respectively. Reported activities represent
the average of at least three individual experiments, including the mean + standard
deviation. Asterisks indicate statistical significance of inhibition compared to control (***,
p<0.001). KCZ, ketoconazole; 4MP, 4-methylpyrazole.
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Figure 3.

Steady-state kinetics of hydroxylation of 4-nitrophenol by rat liver microsomes (Panel A)
and mitochondrial fractions (Panel B). In each panel, the solid line represents the fit of the
data to the statistically preferred mechanism based on Akaike Information Criterion using
GraphPad Prism 5.0. In Panel A, the dashed line represents the fit of the data to the
Michaelis-Menten equation for comparison. For reactions, 0.5 mg/mL rat liver microsomes
or 2 mg/mL rat liver mitochondrial fractions, 4-nitrophenol (varied from 10 to 2000 pM),
and 1 mM NADPH were incubated at 37°C and pH 7.4. Reported values represent the
average of at least five experimental replicates.
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Figure 4.
Inhibitor phenotyping of steady-state oxidation of aniline by rat liver microsomes (Panels A

and B) and mitochondrial fractions (Panels C and D). For reactions, 0.5 mg/mL rat liver
microsomes or 2 mg/mL rat liver mitochondrial fractions, aniline (50 uM for Panels A and
C, 500 uM for Panels B and D), and 1 mM NADPH were incubated at 37°C and pH 7.4 in
the absence (white bars) or presence (grey bars) of specific inhibitors for each P450 isoform
reported to be involved in 4-hydroxylation of aniline. Activity was normalized to control
(100%) and reported as percent activity. Control (uninhibited, containing methanol only)
rates of mtCYP2EL aniline hydroxylation were 28 and 58 pmol/min/pmol CYP2EL1 for 50
and 500 pM aniline, respectively. Control rates for erCYP2E1 were 260 and 1000
pmol/min/mg for 50 and 500 UM aniline, respectively. Reported activities represent the
average of at least three individual experiments, including the mean + standard deviation.
Asterisks indicate statistical significance of inhibition compared to control (*, p<0.05; ***,
p<0.001). Chrysin, CHS; tranylcypromine, TCP; sulfaphenazole, SPA; 4-methylpyrazole,
4MP.
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Figure 5.
Steady-state kinetics of aniline hydroxylation by rat liver microsomes (Panel A) and

mitochondria (Panel B). In each panel, the solid line represents the fit of the data to the
statistically preferred mechanism based on Akaike Information Criterion using GraphPad
Prism 5.0. In Panel A, the dashed line represents the fit of the data to the Michaelis-Menten
equation for comparison. For reactions, 0.5 mg/mL rat liver microsomes or 2 mg/mL rat
liver mitochondrial fractions, aniline (varied from 2.5 to 500 uM), and 1 mM NADPH were
incubated at 37°C and pH 7.4. Reported values represent the average of at least four
experimental replicates.
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Figure 6.

Inhibitor phenotyping of steady-state oxidation of styrene by rat liver microsomes (Panels A
and B) and mitochondrial fractions (Panels C and D). For reactions, 0.5 mg/mL rat liver
microsomes or 2 mg/mL rat liver mitochondrial fractions, styrene (50 pM for Panels A and
C, 500 uM for Panels B and D), and 1 mM NADPH were incubated at 37°C and pH 7.4 in
the absence (white bars) or presence (grey bars) of specific inhibitors for each P450 isoform
reported to be involved in epoxidation of styrene. Activity was normalized to control
(100%) and reported as percent activity. Control (uninhibited, containing methanol only)
rates of mtCYP2EL styrene oxidation were 54 and 76 pmol/min/pmol CYP2E1 for 50 and
500 pM styrene, respectively. Control rates for erCYP2E1 were 310 and 390 pmol/min/mg
for 50 and 500 pM styrene, respectively. Reported activities represent the average of at least
three individual experiments, including the mean + standard deviation. Asterisks indicate
statistical significance of inhibition compared to control (***, p<0.001). Chrysin, CHS;
metyrapone, MTP; sulfaphenazole, SPA; 4-methylpyrazole, 4MP.
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Figure 7.

Steady-state Kinetics of styrene oxidation by rat liver microsomes (Panel A) and
mitochondrial fractions (Panel B). In each panel, the solid line represents the fit of the data
to the statistically preferred mechanism based on Akaike Information Criterion using
GraphPad Prism 5.0. In Panel A, the dashed line represents the fit of the data to the
Michaelis-Menten equation for comparison. For reactions, 0.5 mg/mL rat liver microsomes
or 2 mg/mL rat liver mitochondrial fractions, styrene (varied from 5 to 500 pM), and 1 mM
NADPH were incubated at 37°C and pH 7.4. Reported values represent the average of at
least three experimental replicates.
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Stylized depiction of the theoretical metabolic flux by mitochondrial and microsomal
CYP2EL1 at low and high pollutant concentrations. Aniline shown in Panels A and B, while
styrene depicted in Panels C and D. For estimation of metabolic flux, rates were calculated
from the fit of the steady-state kinetic data to the preferred mechanism and summed to
represent total metabolism (100%) at that concentration. Then the relative contribution from
each compartment was expressed as a percent of total metabolism.
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