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Abstract

A highly conserved threonine in the I-helix of cytochrome P450s has been suggested to play an
important role in dioxygen activation, a critical step for catalytic turnover. However, subsequent
studies with some P450s in which this highly conserved threonine was replaced by another residue
such as alanine showed that significant catalytic activities were still retained when the variants
were compared with the wild type enzymes. These results make the role of this residue unclear.
We provide data here that suggest a novel role for this highly conserved threonine (Thr303) in the
function of P450 2E1. We found that the P450 2E1 T303A mutant undergoes rapid auto-
inactivation in the reconstituted system during catalytic turnover when the electrons are provided
by NADPH. This inactivation was much faster than that of the wild type P450 2E1 and was
prevented by catalase. Both the P450 2E1 wild type and T303A mutants produce hydrogen
peroxide during the incubations. The inactivation was accompanied by heme destruction with part
of the heme becoming covalently attached to protein. The heme destruction was prevented by
catalase or by the presence of substrate. Interestingly, this inactivation occurred much more
rapidly in the presence of both an electron transfer system and hydrogen peroxide externally added
to enzyme. This accelerated inactivation during catalytic turnover was also found with a 2B4
T302A mutant, which corresponds to 2E1 T303A. Our results suggest that the conserved threonine
in these P450s prevents rapid auto-inactivation during the catalytic cycle, and that this residue may
be highly conserved in P450s since it allows them to remain catalytically active for longer periods
of time.

The cytochrome P450 enzymes belong to a superfamily of heme-containing mono-
oxygenases that play an important role in steroid biosynthesis, drug metabolism, and
detoxification of xenobiotics (1, 2). Cytochrome P450s exhibit a large diversity in terms of
substrate specificity (3), but the overall tertiary structure between bacterial and mammalian
P450s is consistent (4). In general, structures closest to the heme or active site are more
highly conserved. This is especially true for the | and L helices, which are in direct contact
with the heme (4). Some residues located in the active sites of P450s are highly conserved
and are considered to be catalytically important (5). A threonine residue in the I-helix
located on the distal side of the heme is one of the most highly conserved residues in the
P450s (6). Since the initial solution of the crystal structure of bacterial P450cam (6), this
highly conserved threonine in the I-helix (Thr252), has been thought to play an important
role in dioxygen activation during catalytic turnover (7, 8). This residue has also been
implicated as playing a role in the proton transfer network that promotes oxygen-oxygen
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bond cleavage to produce the oxenoid-iron that is thought to be a catalytically active species
(7). Schlichting et al. (8) suggested, from observations of the crystal structure of P450cam,
that Thr252 provides a hydrogen bond to the dioxygen complex via catalytic water
molecules. Because dioxygen activation is a critical step in the catalytic cycle of P450s, this
highly conserved threonine residue corresponding to Thr252 in P450cam has been a target
of mutation studies in bacterial (P450cam, P450BM3) and mammalian P450s. The results of
the studies using these mutants suggested that this conserved threonine residue may be
associated with dioxygen stabilization (9, 10), proton delivery (11-13), and substrate
recognition (14, 15).

This above-mentioned experimental evidence provided strong arguments for the importance
of the conserved threonine in P450 function; thus, it has been surprising that some mutants
where the conserved threonine residue was replaced with an aliphatic residue exhibit
significant NADPH consumption rates and/or catalytic activities for substrate oxidation
when compared to the wild type enzymes. Kimata et al. reported that a mutant of P450cam
where Thr252 was replaced with methoxy threonine, an unnatural amino acid that masks the
hydroxyl group of threonine, exhibited unaltered catalytic activity, indicating that the OH
group of Thr252 is not important in the catalytic turnover (16). In addition, although
substrate specificity and regio-selectivity were altered by mutations of mammalian
cytochrome P450s where the conserved threonine was replaced with other residues,
significant catalytic activities have still been observed in these mutants (13-15, 17-21).
Recently, Nagano and Poulos reported that, as with the wild type enzyme, the two catalytic
water molecules involved in the hydrogen bonding network with the iron-dioxygen complex
were retained in the active site of the crystal structure of the P450cam T252A mutant (22).
This result indicated that Thr252 is not important for the retention of the catalytic water
molecules involved in hydrogen bonding. These authors suggested that Thr252 may not
serve as a hydrogen bond or proton donor in the activation of dioxygen, as suggested before,
although it remains a possibility that Thr252 can accept a hydrogen bond from the
hydroperoxo-iron intermediate. Thus, these recent data examining the catalytic activities and
crystal structures of mutants where the conserved threonine has been replaced with other
residues that cannot form hydrogen bonds or donate protons call into question why it is so
highly conserved. In general, residues that are highly conserved across all species have been
found to play an important role in the function of P450s. In addition, the close proximity of
the conserved threonine to the heme suggests a crucial role for this residue; however, its
precise function is still unclear.

Cytochrome P450 2E1 T303A, in which this highly conserved threonine residue was
mutated to alanine, has previously been used to investigate the role of the conserved
threonine in catalysis (13, 19-21, 23). This mutant showed higher catalytic activities for
several substrates in comparison to the wild type enzyme (19-21). Coon and coworkers
proposed that this mutation may lead to an increase in the steady-state levels of the
hydroperoxo-iron intermediate due to the failure of proton delivery for O-O bond cleavage,
and that this hydroperoxo-iron intermediate can act as an active oxygen species (19). We
have previously investigated the role that T303 plays in the inactivation of P450 2E1 by
mechanism-based inactivators, such as tert-butyl acetylene (13, 21). These studies revealed
that a mutation of T303 resulted in either protein- or heme-modification by these
inactivators. Studies using tert-butyl acetylene suggested that the T303 residue might be
involved in the proton delivery network to the active site (13, 21).

Further studies in our laboratory on the inactivation of wild type P450 2E1 and the T303A
mutant by mechanism-based inactivators have shown that an accelerated auto-inactivation of
2E1 T303A mutant occurs during incubation with reductase, even in the absence of
inactivators. As presented here, this inactivator-independent auto-inactivation of the mutant
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was much faster than that seen with the wild-type enzyme and could be prevented by co-
incubation with catalase. The auto-inactivation was accompanied by heme destruction and
part of the heme became covalently attached to the apoprotein. Interestingly, this accelerated
inactivation during catalytic turnover was also found with the 2B4 T302A mutant, which
corresponds to 2E1 T303A. Our present results suggest that the conserved threonine might
stabilize the P450 or decrease production of a reactive heme-oxygen intermediate to prevent
the accelerated auto-inactivation which can occur in the presence of hydrogen peroxide
during electron transfer from the reductase under aerobic conditions. We propose here a
novel concept for the role of this highly conserved threonine and an explanation of why
P450s may require this highly conserved threonine residue in the active site.

Experimental Procedures

Materials

Enzymes

L-a-Dilauroyl-phosphatidylcholine (DLPC), NADP*, NADPH, catalase, superoxide
dismutase (SOD), reduced glutathione (GSH), N-acetylcysteine, desferroxamine, 4-
methylpyrazole (4MP), and bovine serum albumin (BSA) were purchased from Sigma
Chemical Co. (St. Louis, MO). Mannitol and thiourea were purchased from Fisher Scientific
Co. (Fair Lawn, NJ). 7-Ethoxy-4-(trifluoromethyl)-coumarin (7-EFC) was obtained from
Molecular Probes, Inc. (Eugene, OR). HPLC-grade acetonitrile was from Fisher (Pittsburgh,
PA), and trifluoroacetic acid (TFA) was from Pierce (Rockford, IL).

The cDNAs for rabbit cytochromes P450 2E1 and 2E1 T303A that encodes a protein lacking
amino acids 3—-29 and rabbit cytochromes P450 2B4 and 2B4 T302A were cloned into pCW
vector (provided by M. J. Coon, The University of Michigan) were expressed in Escherichia
coli MV1304 cells. Expression and purification of the proteins was carried out according to
published methods (24) with some modifications (25). NADPH-P450 reductase, cloned into
pIN-I11-ompAS3 vector, was purified after expression in E. coli Topp3 cells as previously
described (26).

Enzyme Activity Assays for P450 2E1 and 2E1 T303A

Purified P450 2E1 and 2E1 T303A were reconstituted with reductase and lipid for 45 min at
4 °C as previously described (13, 20). Each P450 enzyme mixture consisting of 1 uM P450,
1 pM reductase, and 166 pg/mL DLPC in 50 mM potassium phosphate buffer (pH 7.4) was
divided into equal samples (120 pL) that contained either no NADPH, 1 mM NADPH or 1
mM NADPH together with 2000 units/mL catalase. The samples (primary incubation
mixture) were incubated at 30°C. At the indicated time points, a 10 pL aliquot of the P450
primary incubation mixture was transferred into 990 pL of a secondary reaction mixture
containing 100 uM 7-EFC, 0.2 mM NADPH, 400 units/mL catalase and 40 pg/mL BSA in
50 mM potassium phosphate buffer (pH 7.4). The secondary reaction mixtures were
incubated for 10 min at 30 °C in a shaking water bath and the enzyme activity was
terminated by the addition of 350 L of acetonitrile. Enzymatic activity was assessed
spectrofluorometrically by measuring the extent of O-deethylation of 7-EFC to 7-HFC on a
Shimadzu model RF-5301PC spectrofluorometer (Shimadzu Scientific Instruments,
Columbia, MD) with excitation at 410 nm and emission at 510 nm (27). For longer time
incubations of the P450 2E1 wild-type enzyme up to 90 min, an NADPH regenerating
system consisting of 0.1 mM of NADP*, 10 mM MgCl,, 10 mM glucose-6-phosphate, and 1
unit/mL glucose-6-phosphate dehydrogenese was used to maintain the NADPH levels.
Where indicated, the following reagents were added to the primary incubation mixture:
hydrogen peroxide at a final concentration of 0.1 or 1 mM, 200 pM 4MP, 500 units/mL of
SOD, 100 mM mannitol, 1 mM thiourea, 2 mM GSH, 2 mM N-acetylcysteine and 100 pM
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desferroxamine. The appropriate volume of water was added to the control samples instead
of the reagents indicated.

Spectrophotometric Quantitation

Wild-type P450 2E1 and P450 2E1 T303A were reconstituted and incubated as described
above. The primary incubation mixture of each P450 sample contained either no NADPH, 1
mM NADPH, 1 mM NADPH with 2000 units/mL catalase, or 1 mM NADPH with 200 pM
4MP and was incubated for 10 min at 30°C. Then, 200 pL aliquots of the primary incubation
mixture were removed and diluted with 400 L of ice-cold 50 mM potassium phosphate
buffer (pH 7.4), containing 400 units/mL catalase to prevent further inactivation. Dithionite
was added, carbon monoxide was bubbled through the samples, and the reduced CO spectra
were recorded from 400 to 500 nm on a UV spectrophotometer (Shimadzu Scientific
Instruments, Columbia, MD) (28). The maximal absorbance at 450 nm was used to quantify
P450 heme remaining.

HPLC Analysis

Wild-type P450 2E1 and the P450 2E1 T303A mutant were reconstituted with reductase and
lipid and incubated as described above. For the heme and protein analysis following
incubation, the primary incubation mixtures of each P450 were injected onto a 250 mm X
4.60 mm C4 reverse phase HPLC column (Phenomenex, Torrance, CA) (solvent A, H,0O
and 0.1% TFA,; solvent B, 100% acetonitrile and 0.1% TFA). The flow rate was 1 mL/min
and a linear gradient from 35% B to 95% B over 30 min was used. The elution of proteins
and heme were monitored using diode array detection. For detection of heme-protein
adducts, P450s and reductase were incubated in the reconstituted system as described and
then injected onto a 150 mm x 4.60 mm POROS R2/10 column (Applied Biosystems, Foster
City, CA) (solvent A, H,0 and 0.1% TFA,; solvent B, 100% acetonitrile and 0.1% TFA).
The flow rate was 1 mL/min and the components were resolved using a linear gradient from
30% B to 95% B over 30 min. The eluate was monitored using a diode array detector.

SDS-Polyacrylamide Gel Electrophoresis

Protein-bound heme adducts were detected using the procedure described by Vuletich and
Osawa (29). Briefly, the P450 2E1 wild-type and the P450 2E1 T303A mutant were
reconstituted with reductase and lipid and incubated as described above. After incubation of
the primary mixture, sample buffer containing 5% SDS, 20% glycerol, 50 mM Tris (2-
carboxyethyl)-phosphine hydrochloride (Pierce, Rockford, IL) and 0.02% bromophenol blue
in 125 mM Tris—HCI, pH 6.8, was added to the primary mixture, and they were incubated
for 30 min at room temperature. The samples were first subjected to electrophoresis on a
10% SDS—polyacrylamide gel and then transferred to nitrocellulose membranes (0.2 mm;
Bio-Rad, Hesperia, CA) using a Mini-Trans-Blot Electrophoresis Transfer Cell (Bio-Rad,
Hercules, CA). ECL reagent (Super Signal, Pierce, Rockford, IL) and Kodak BioMax MS
film (Eastman Kodak, Rochester, NY) were used as described by the manufacturers to detect
the peroxidase activity of the protein-bound heme adduct. Films were exposed to the
nitrocellulose membranes for 30 min before developing.

Measurement of H,O, Concentration

Wild-type P450 2E1 and the P450 2E1 T303A mutant were reconstituted with reductase and
lipid, and incubated as described above. For the time course studies of hydrogen peroxide
formation, each P450 enzyme was incubated with 1 mM NADPH. At indicated times, a 150
pL sample was removed and the reaction was terminated by adding 30 pL of a solution of
60% TCA followed by incubating the samples at room temperature for 10 min. Then, the
H,0, concentration was measured using the ferricyanide method according to previously
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described procedures (30). For the other studies, the incubation mixture of each P450
enzyme was also divided into equal samples that either contained no NADPH, 1 mM
NADPH, 1 mM NADPH with 2000 units/mL catalase, or 1 mM NADPH with 200 pM
4MP. The samples were incubated for 10 min and the H,O, concentrations were measured
as described above.

Enzyme Activity Assays for P450 2B1 and 2B1 T302A

Results

Purified P450s 2B4 and 2B4 T302A were reconstituted with reductase and lipid for 45 min
at 4 °C as previously described (19). The P450 enzyme mixture consisting of 1 pM P450, 1
1M reductase, and 166 pg/mL DLPC in 50 mM potassium phosphate buffer (pH 7.4) was
divided into equal samples that contained either no NADPH, 1 mM NADPH, 1 mM
NADPH with 2000 units/mL catalase or 1 mM NADPH with and without 300 pM hydrogen
peroxide in a final volume of 120 pl. The samples (primary incubation mixture) were
incubated at 30°C, and the enzymatic activities for O-deethylation of 7-EFC were measured
as described above.

Inactivation of P450 2E1 and 2E1 T303A in the Presence of NADPH

The time-dependent loss in activity of P450 2E1 and P450 2E1 T303A in the presence of
reductase and NADPH was studied by measuring the 7-EFC O-deethylation activity. In
these experiments, neither substrate nor inactivator for P450 2E1 was added to the
incubation mixture. As shown in Figure 1, the activity of P450 2E1 T303A in the
reconstituted system decreased in a time-dependent manner following the addition of
NADPH and the half-life for the loss of P450 2E1 T303A activity was approximately 11
min under the conditions described in Experimental Procedures. Interestingly, the activity
loss of the T303A mutant in the presence of NADPH could be prevented by co-incubation
with catalase, as shown in Figure 1B. In contrast to the mutant, the loss in activity of the
wild-type P450 2E1 in the presence of 1 mM NADPH was very small under the same
conditions used with the P450 2E1 T303A mutant. As shown in the inset to Figure 1-A,
longer incubation times of the wild-type enzyme with the NADPH generating system
resulted in an obvious loss in activity which also could be prevented by co-incubation with
catalase. P450s are known to be auto-inactivated during catalytic turnover (31, 32). The
present data indicated that the wild-type enzyme was gradually auto-inactivated when
electrons were provided by the NADPH-reductase system, but that auto-inactivation was
greatly accelerated when the T303 residue was mutated to alanine. The apparent inactivation
rate constants (Kinact) for the wild-type and T303A mutant in the presence of NADPH were
0.0102 and 0.0607 min~1, respectively, indicating an approximately 6-fold increase in the
rate of inactivation of the mutant. When catalase was included in the incubation the
inactivation of both the wild-type and mutant enzymes was prevented. These results suggest
a role for hydrogen peroxide, which might be produced through an uncoupling reaction
during catalytic turnover. Inclusion of cytochrome bg during the reconstitution step had no
effect on this loss in activity (data not shown).

Analysis of Heme using Carbon Monoxide Binding and HPLC

As shown in Figure 2, the reduced CO-spectra of the P450s in the reconstituted systems
incubated in the presence or absence of NADPH were determined to evaluate the P450
content. The quantitative values for the spectral data are summarized in Table 2. The
incubation time for determination of the reduced CO-spectra was 10 min, at which time
there was approximately a 50% loss in the catalytic activity of the T303A mutant. With wild
type P450 2E1, there was very little change in the spectrum after 10 min incubation with
NADPH when compared to control samples incubated without NADPH. When 4MP, a
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substrate of 2E1 (33), and catalase were co-incubated with wild-type P450 2E1 and
NADPH, no effect on the reduced CO-spectrum was observed. In contrast to the wild-type
enzyme, the 2E1 T303A mutant showed a drastic decrease in the spectral peak at 450 nm
(64% loss) in the presence of NADPH. The spectral loss was not accompanied by a shift in
the maximum absorption of the peak, indicating that the heme of P450 2E1 T303A was
destroyed during incubation with NADPH. This decrease in the amount of P450 as
measured by the CO-spectrum was comparable to the loss of the catalytic activity (47%).
Similar to the activity data shown in Figure 1, the decrease in the spectral peak of the
reduced CO complex of the T303A mutant in the presence of NADPH could also be
prevented by co-incubation with catalase, indicating that heme losses as well as activity loss
were both related to hydrogen peroxide formation during the incubation. In addition,
incubation with 4MP also prevented the decrease in the spectral peak of the mutant (Figure 2
and Table 2). The catalytic activity remaining for the wild-type and mutant enzymes (see
Table 2) could not be evaluated in the presence of 4MP because of the potent competitive
inhibition of 7-EFC O-deethylation by 4MP. However, the protection by 4MP indicated that
it occupied the active sites of P450 2E1 T303A and of the 2E1 wild-type enzyme and
protected against inactivation.

In addition to determining the heme remaining by the reduced CO-spectra, we also used
HPLC to measure the amount of the native heme remaining after incubation with NADPH
(Table 2). The elution profile was monitored at 398 nm for intact heme and at 220 nm for
protein. Under the HPLC conditions described in Experimental Procedures, heme is released
from the apoprotein during the separation and elutes earlier than the apoprotein. As shown in
Table 2, the heme loss assayed by HPLC monitored at 398 nm paralleled the loss of the
catalytic activity as well as the CO-spectral data. Together, the data presented in Table 2
suggest that the enzymatic activity loss was consistent with the loss of heme, indicating that
incubation of the mutant with NADPH caused destruction of the heme, which in turn was
responsible for the loss in enzymatic activity. P450 2E1 and reductase eluted off the C4
column at 16 min and at 18 min, respectively. In the inactivated sample of the mutant, the
peak area for the P450 apoprotein decreased by approximately 30%. This decrease was
prevented by co-incubation with catalase and 4MP, suggesting that the mutant protein was
partially denatured or aggregated by the inactivation and therefore, may be retained on the
C4 column.

Formation of Heme Protein Adducts

As described above, a decrease in the intact heme peak monitored at 398 nm was observed
during incubation of the T303A mutant with NADPH. In addition to the decrease in the size
of the peak for the native heme, a new peak absorbing at 398 nm was observed in the
inactivated sample of the mutant (Figure 3). The retention time of this new peak overlapped
with that of the P450 apoprotein monitored at 220 nm (data not shown). Under the
denaturing solvent conditions used for the separation of the components of the reconstituted
system by reverse-phase chromatography, the heme moiety is released from the apoprotein
and elutes earlier. Therefore, the peak at 398 nm that overlaps with the protein peak appears
to be heme that has become covalently attached to the protein. The formation of this heme-
protein cross-linked species was further analyzed using a different HPLC column (Poros R2)
with a larger pore size to avoid the loss of modified proteins that may become stuck to the
top of other columns due to aggregation or oligomerization (see column for protein recovery
in Table 2). As shown in Figure 3, the T303A mutant, which was incubated for 10 min in the
absence of NADPH under conditions that did not inactivate the enzyme, exhibited a
relatively small peak at 398 nm with a retention time of 24 min. This peak eluted later than
the native heme and overlapped with protein peak detected at 220 nm. This same peak was
also observed at a similar level in samples that had not been incubated (data not shown),
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indicating that the native P450 2E1 T303A may already have a very small amount of heme
covalently bound to the apoprotein. As shown in Fig. 3, the modified heme peak that
overlapped with the protein peak increased approximately 7-fold when the mutant was
incubated with NADPH. This increase in the protein-associated peak area could be
prevented and remained at the control levels when the samples were incubated in the
presence of 4MP.

In order to determine if the heme peak that overlapped with the P450 protein peak contained
heme that had been cross-linked to the P450 protein, we employed SDS—polyacrylamide gel
electrophoresis followed by an ECL-detection method that has been described by Vuletich
and Osawa (29). This method can detect heme which is covalently bound to protein using
the peroxidase-like activity of the heme. This method is specific for the identification of
protein-bound heme adducts, and native heme or non-covalently bound heme is completely
dissociated from the P450 during electrophoresis (29). As shown in Figure 4, heme-bound
P450 protein was not detected in samples obtained from the P450 T303A mutant that had
been incubated without NADPH. In contrast, an obvious band representing the heme cross-
linked to the P450 was detected in the samples incubated with NADPH. A protein band with
covalently bound heme could first be observed after 5 min of incubation with NADPH and
the amount increased at 10 min. However, no further increase could be seen after 20 min of
incubation. This band was not detected in the P450 T303A sample that had been incubated
with 4MP in the presence of NADPH. The small peak of the heme-protein adduct that was
detected by HPLC in samples without NADPH and samples incubated with NADPH and
4MP was probably too weak a signal to be detected in the electrophoresis method with ECL
detection. Wild-type P450 2E1 incubated without and with NADPH again exhibited a very
slight cross-linked band. In each case, the intensity of the heme-protein cross-linked band
seen with the T303A mutant incubated with NADPH was much stronger than that of wild-
type enzyme, again indicating that heme-protein adduct formation in P450 T303A occurs
during inactivation.

It was difficult to accurately estimate the amount of the heme-protein adduct formed by the
T303A mutant because a standard for heme-protein adducts was not available. However,
HPLC analysis suggests that the peak for the heme-protein adduct formed in the presence of
NADPH corresponds to only about 6% of the total heme, which is much less than the overall
loss in activity under these conditions. Thus, these results indicate that during the
inactivation of the T303A mutant by incubation with NADPH some of the heme becomes
covalently attached to the P450 protein, but that this portion only accounts for some of the
heme destruction and that other pathways leading to heme destruction may be operative.

Hydrogen Peroxide Production

As shown previously, the protection by catalase provides strong evidence for the
involvement of hydrogen peroxide in the inactivation of the T303A mutant during the
transfer of electrons from NADPH. From these data two hypotheses were considered: 1) the
mutant produces higher levels of hydrogen peroxide than the wild-type enzyme, or 2) the
mutant is more sensitive to hydrogen peroxide. In order to examine the former hypothesis,
the amounts of hydrogen peroxide formed during the incubations were measured. Figure 5-
A shows the time-courses for hydrogen peroxide formation by the wild-type and mutant
enzymes. A steady-state concentration of hydrogen peroxide was reached at approximately
the same level (around 100 pM) within 10 min after adding NADPH to either of the two
enzymes. P450 2E1 is well known to be highly uncoupled and to produce a large amount of
hydrogen peroxide (34). These data show that analogous to the wild-type enzyme, the
T303A mutant also produces significant amounts of hydrogen peroxide. These data further
indicate that the rapid auto-inactivation of P450 2E1 T303A is not due to higher levels of
production of hydrogen peroxide by the mutant compared to the wild-type enzyme.

Biochemistry. Author manuscript; available in PMC 2014 July 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yoshigae et al.

Page 8

Incubations with catalase demonstrated that the hydrogen peroxide concentrations at 10 min
for the wild-type and mutant P450s incubated with NADPH were essentially zero under the
conditions used (Figure 5-B). In addition, the presence of 4MP, a compound which binds
tightly to P450 2E1, resulted in a decrease in hydrogen peroxide levels by around 50% for
both the wild-type and mutant P450s, which might be explained by a decrease in uncoupling
during the catalytic turnover. However, significant levels of hydrogen peroxide were still
produced in the presence of 4MP, and this observation suggested that the preventative effect
of 4MP on heme-destruction is in all probability not due solely to the decrease in hydrogen
peroxide production.

Sensitivity of P450s 2E1 and 2E1 T303A to Hydrogen Peroxide

The inactivation of wild-type P450s 2E1 and T303A by hydrogen peroxide added to the
incubation mixture was determined by measuring the loss of 7-EFC O-deethylation activity
with time (Figure 6). In this experiment, hydrogen peroxide was added to the reconstituted
system at concentrations of 100 pM and 1 mM, consistent with and exceeding by a factor of
10 the levels formed (~100 uM) by the wild-type and mutant enzymes in the presence of
NADPH, respectively (see Figure 5). The effect of added hydrogen peroxide on the catalytic
activity was evaluated in the absence and presence of NADPH. With wild-type P450 2E1,
even high concentrations of hydrogen peroxide (1 mM) in the absence of NADPH had little
effect on the catalytic activity, and the combination of 1 mM hydrogen peroxide and
NADPH only slightly inactivated the enzyme. Similarly, only a small loss in activity of
P450 2E1 T303A was observed when external hydrogen peroxide was added in the absence
of NADPH. This minimal loss in activity was also much less than that observed in samples
of the T303A mutant incubated in the presence of NADPH but without added hydrogen
peroxide. These observations indicate that hydrogen peroxide alone has a limited effect on
P450 2E1 T303A and do not explain the accelerated auto-inactivation of the T303A mutant
observed in the presence of NADPH. Interestingly, the combination of NADPH together
with 1 mM hydrogen peroxide resulted in a substantial auto-inactivation of the mutant
enzyme at a rate much faster than that seen in the presence of NADPH alone. These results
demonstrate that the combination of NADPH and hydrogen peroxide cause a marked
increase in the loss in activity of both enzymes over that seen with either alone. However,
once again, this inactivation occurred at a much faster rate in the T303A mutant compared to
the wild-type enzyme. These results demonstrate that the T303A mutant is more sensitive to
hydrogen peroxide than the wild-type enzyme in the presence of NADPH. In addition, they
suggest that hydrogen peroxide and NADPH cooperatively inactivate these enzymes by
some unknown mechanism. The apparent rate constants (kinact) for the inactivation of P450
2E1 T303A calculated from the initial slopes of the lines in Figure 6 were 0.0218 min~1
with 1 mM hydrogen peroxide added, and 0.0672 min~1 and 0.214 min~1 in the presence of
NADPH either without or with 1 mM hydrogen peroxide added, respectively. The Kijnact Of
P450 2E1 T303A in the presence of NADPH with 1 mM hydrogen peroxide added (0.214
min~1) was larger than the sum of the kinact values (0.0890 min~1) for incubations with
NADPH alone (0.0772 min~1) and with added 1 mM hydrogen peroxide alone (0.0218
min~1). This clearly indicates the synergistic effect of NADPH and hydrogen peroxide for
the auto-inactivation of the T303A mutant.

Effects of Antioxidants on the NADPH-Supported Auto-Inactivation of P4350 2E1 T303A

In order to study the involvement of reactive oxygen species in the NADPH-supported
inactivation of the P450 2E1 T303A mutant, various antioxidants were incubated with the
primary reaction mixture in the presence of NADPH for 20 min. As shown in Table 3,
catalase almost completely abolished the NADPH-dependent inactivation suggesting the
involvement of hydrogen peroxide. SOD only slightly slowed the rate of inactivation,
indicating that superoxide (O,™) was unlikely to be significantly involved in the NADPH-
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induced inactivation. Mannitol (35) and thiourea (36), which act as hydroxyl radical
scavengers, also did not prevent the auto-inactivation. Therefore, hydroxyl radicals formed
through a Fenton-like reaction may not be involved in the inactivation. However, we cannot
exclude the possibility that hydroxyl radicals produced in the active site of the P450 enzyme
may be involved and would not be trapped by these reagents. GSH (37) and N-
acetylcysteine (38) are general antioxidants which can react with reactive oxygen species
(ROS) and other free radicals. As shown in Table 3, GSH but not N-acetylcysteine exhibited
some protection against inactivation. One possibility is that GSH is somewhat protective due
to its ability to scavenge hydrogen peroxide non-enzymatically (39). The potent iron
chelator desferroxamine (40) did not prevent the inactivation. This is indicative that free iron
released from the P450 heme was not involved in the inactivation. In contrast to the
chemical scavengers that were studied, catalase showed the most potent protective effect
against auto-inactivation. These results strongly suggest that hydrogen peroxide plays a key
role in the NADPH-dependent inactivation of the 2E1 T303A mutant.

Inactivation of P450s 2B4 and 2B4 T302A by Hydrogen Peroxide and NADPH

Since the T303A mutant of P450 2E1 was much more susceptible to inactivation by
hydrogen peroxide in the presence of NADPH than wild-type P450 2E1, similar experiments
using wild-type P450 2B4 and the T302A mutant were performed to see if this mutant
would also be more susceptible to inactivation (Figure 7). T302 in cytochrome P450 2B4
corresponds to the highly conserved T303 in P450 2E1 that is located in the active site (19).
In this experiment, hydrogen peroxide was added to the reconstituted system at a
concentration of 300 pM in the absence or presence of NADPH. The results obtained with
the P450 2B4 enzymes, as shown in Figure 7, were similar to the results seen with the P450
2E1 enzymes. Activity loss of wild-type P450 2B4 in the presence of NADPH was minimal
and the effect of added hydrogen peroxide was small in the absence or presence of NADPH.
In contrast to the wild-type enzyme, the activity loss of the 2B4 T302A mutant was again
increased when incubations were carried out in the presence of NADPH alone or when co-
incubated with added hydrogen peroxide. The Kjnact Values for the wild-type and the T303A
mutant incubated with NADPH were 0.0062 and 0.0225 min~1, respectively, indicating a
3.6-fold increase in the rate of inactivation of the mutant. The Kjnact for P450 2B4 T302A
was 0.008 min~1 in the absence of NADPH with added hydrogen peroxide, and 0.0225 and
0.0452 min~1in the presence of NADPH without and with hydrogen peroxide added,
respectively. The kinact for P450 2B4 T302A in the presence of NADPH with hydrogen
peroxide added (0.0452 min~1) was again larger than the sum of the Kinact Values (0.0305
min~1) for the NADPH system alone (0.0225 min~1) and with hydrogen peroxide added
alone (0.0080 min~1). This result is similar to that we had observed with P450 2E1 T303A
and again provides strong evidence for a synergistic effect of NADPH and hydrogen
peroxide on the inactivation of the threonine mutants.

Discussion

Based on the results of this study we propose a novel hypothesis for the role of the highly
conserved threonine in the I-helix of P450s. Our data strongly suggest that this residue
functions to protect against increased auto-inactivation of the P450 enzymes during electron
transfer from the reductase and subsequent oxygen activation. Based on the crystal structure
of P450cam and the results of site-directed mutagenesis studies, the highly conserved
threonine in the active site of P450s was suggested to be involved in dioxygen activation (6—
8). Thus, in light of this hypothesis, it was surprising that some threonine mutants exhibited
significant rates of NADPH consumption and catalytic activity when compared to their
corresponding wild-type enzymes (16-21). These observations raised questions about the
true role of this residue in the catalytic cycle. In the present study, we found that the P450
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2E1 T303A mutant in which the highly conserved threonine was replaced by alanine was
auto-inactivated at a significantly faster rate than the wild-type enzyme under normal
conditions for catalytic turnover (Figure 1). This inactivation occurred in the presence of the
electron donating system consisting of NADPH and NADPH-P450 reductase and hydrogen
peroxide was formed during the incubation. The inactivation was accompanied by heme
destruction and a portion of the heme became covalently attached to the P450 apoprotein
(Figures 2—-4 and Table 2). This heme destruction and heme-apoprotein attachment were
prevented by catalase or by adding a substrate, even in the absence of catalase. Thus, the
auto-inactivation of the 2E1 T303A mutant which occurs under conditions where electron
transfer is occurring can be protected against by substrates and in this situation the mutant
proceeds via the normal catalytic cycle either in the presence or absence of catalase.
However, under normal physiological conditions, the appropriate substrates for P450s may
not always be present in the proximity of the P450s and electrons may be transferred to the
P450s by the reductase even in the absence of substrate. Therefore, our results suggest that
P450s may require this highly conserved threonine residue in the active site in order to
survive longer under cellular conditions where they may undergo reduction by NADPH and
reductase in the absence of substrate.

Auto-inactivation of the wild-type mammalian liver cytochrome P450s accompanied by
heme-destruction has previously been shown to occur during catalytic turnover (31, 32), and
a lack of Thr303 may further accelerate this inactivation. The inactivation of P450s during
catalytic turnover has been characterized using purified P450s having the conserved
threonine as well as liver microsomes and the results can be summarized as follows (31, 32,
41, 42); a) the P450s are inactivated during incubation with reductase and NADPH, b)
catalase prevents the inactivation, indicating an involvement of hydrogen peroxide that is
formed during catalysis, c) inactivation is accompanied by heme-degradation and protein
modification. d) hydrogen peroxide externally added to enzyme system had little effect on
enzyme activity unless electrons were provided. In addition, modification of the heme
prosthetic group of the P450s during catalytic turnover induces digestion of the P450
apoprotein by a cellular proteolysis system, and the half-lives of the apoproteins of P450 are
significantly prolonged in the presence of substrates (43, 44). These previously reported
results indicate that auto-inactivation during catalytic turnover generally occurs with the
mammalian P450 enzymes. As shown in the inset to Figure 1, long incubation times for the
wild-type P450 2E1 together with reductase in the NADPH-generating system resulted in a
loss in the catalytic activity which could be prevented by co-incubation with catalase. These
results are in complete support of the above concept. Interestingly, our results demonstrated
that the inactivation of the P450 2E1 T303A mutant was much faster than that seen with the
wild-type enzyme. The results of our studies on the inactivation of the mutant shown in
Figures 1, 2 and 6 and Table 2, are consistent with features a)-d) of the inactivation of the
wild-type enzyme and with the protective effect of the substrate. Therefore, the basic
features involved in the inactivation of the wild-type and T303A mutant P450s appear to be
similar except that the mutant may undergo much more rapid auto-inactivation.

The inactivation of P450 2E1 T303A was accompanied by heme loss and at least two
pathways for heme destruction may be involved. One pathway involves formation of a
covalent heme adduct to the P450 2E1 T303A apoprotein as shown in Figures 3 and 4. The
amount of this heme-protein adduct appears to be relatively low and accounts for only part
of the total loss in native heme by the mutant. We think that the most likely pathway that can
account for the majority of the heme loss in the mutant is heme fragmentation, which has
previously been shown to be the major pathway for heme loss from P450s under conditions
where electrons are provided to the system (32). This is based on our observation that the
features observed in the auto-inactivation of the T303A mutant are very similar to those of
P450s in general and that the absence of the T303 residue appears to primarily lead to an
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acceleration of this auto-inactivation. Guengerich and co-workers have previously shown
that microsomal P450s are inactivated when incubated with NADPH and reductase and that
the inactivation was accompanied by heme fragmentation (31, 32). The primary products of
heme fragmentation were maleimides (hematinic acid and methylvinylmaleimide), and
small quantities of propentdyopents (PDPs). The amount of maleimides and PDPs recovered
could account only in part for the amount of the heme that was destroyed. Interestingly, in
microsomes containing [14C]-labeled heme, 30-60% of the heme-derived radioactivity was
covalently bound to microsomal proteins during heme destruction. It was suggested that
reactive species such as methylvinylmaleimide that are formed during the heme-destruction
process quickly bind to the P450 enzymes before they can dissociate away from the
apoprotein. Karuzina et al. reported that P450 2B4 was auto-inactivated during incubation
with reductase and NADPH and that this inactivation was accompanied by apoprotein
aggregation as well as heme degradation (42). Our results indicate approximately a 30% loss
in the T303A apoprotein that could be recovered by HPLC after inactivation and that loss
could be prevented by co-incubation with 4MP. Our data also showed that protein
modification occurs during the inactivation and that the presence of a substrate may provide
a stabilizing environment in the active site which protects the heme from degradation and
thereby prevents protein modification. Taken together, the denaturing of the P450 T303A
apoprotein during inactivation appears to be a consequence of heme cross-linking of the
modified heme to the protein and heme fragmentation.

Heme destruction may occur following the formation of one or more reactive intermediates
of oxygen bound to the heme iron and the Thr303 in P450 2E1 may slow their formation or
stabilize them and thereby decrease the rate of auto-inactivation. Our results also indicate a
requirement for hydrogen peroxide for the inactivation of the P450 2E1 enzymes under
conditions where electrons are being transferred to the P450s. However, the addition of
hydrogen peroxide directly to the incubation mixture in the absence of NADPH inactivated
the enzymes at a much slower rate than was seen in the presence of NADPH (Figure 6).
These results indicate that hydrogen peroxide together with the transfer of electrons from
NADPH through reductase co-operatively inactivated the P450s. This suggests that
hydrogen peroxide may bind to the heme and form a reactive intermediate under conditions
whereby electrons are transferred to the heme that ultimately leads to destabilization and
modification of the heme. This mechanism may occur slowly in the wild-type P450 2E1 but
appears to be markedly increased in the 2E1 T303A mutant. Scheme 1 summarizes our
hypothesis based on our data on the auto-inactivation of the T303A mutant. In the presence
of catalase (i.e., in the absence of hydrogen peroxide) and/or presence of substrate the upper
pathway is preferred and minimal heme-destruction of P450 2E1 T303A occurs during the
transfer of electrons from NADPH. Under such conditions, the intermediates of the
dioxygen complex, such as the peroxo-iron (Fe'''-00") or hydroperoxo iron (Fe!'l-OOH),
may be formed leading to substrate oxidation. Our results also suggest that these
intermediates of the dioxygen complex are unlikely to play a significant role in the auto-
inactivation under these conditions. However, in the absence of both catalase (i.e., in the
presence of hydrogen peroxide) and substrate, as shown by the lower pathway in Scheme 1,
a reactive intermediate may be formed by the T303A mutant leading to rapid auto-
inactivation accompanied by heme-destruction. Taking into consideration that auto-
inactivation of the 2E1 wild-type enzyme also occurred slowly, this type of reactive
intermediate might form even in the wild-type and Thr303 might be involved in stabilization
of the intermediate or decreasing the rate of production of this intermediate thereby
decreasing the rate of inactivation. Although the identity of the reactive heme intermediate
that may be involved in the inactivation of 2E1 T303A is not clear, it is possible that this
intermediate may be different from the dioxygen intermediates involved in the catalytic
cycle, as mentioned previously. Guengerich and co-workers have proposed a mechanism to
explain how heme-fragmentation of P450s occurs during catalytic turnover through the
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formation of heme intermediates in the presence of hydrogen peroxide (32). According to
their mechanism, the heme iron reacts with hydrogen peroxide to form a perferryl oxygen
species which can then react with the olefinic porphyrin bridge to form a glycol. Another
hydrogen peroxide can then react with the heme iron leading to oxidative cleavage of the
glycol to give an a-formyl pyrrole. It is possible that this mechanism would explain our
results for heme degradation of the threonine mutant in the presence of NADPH and
hydrogen peroxide; however, the same mechanism should be operative even when the
enzyme is incubated with hydrogen peroxide without NADPH. As we have shown, heme
degradation is much faster when the P450 is reduced and allowed to react with hyrogen
peroxide at the same time whereas, in the absence of NADPH, heme destruction was much
slower, even in the presence of high concentrations of hydrogen peroxide externally added
to the reconstituted system. This suggests that the actual mechanism for fragmentation
involves reaction of the external hydrogen peroxide with one or more of the CYP2E1
intermediates generated during the catalytic cycle. If so, the highly conserved threonine
could serve to hinder the access of the external hydrogen peroxide to the perferryl or ferryl-
oxo catalytic intermediate and its replacement with alanine would enhance access to the
intermediate. Another possibility is that the threonine could stabilize the reactive
intermediate produced by the reaction of hydrogen peroxide with the catalytic intermediates.

Covalent binding of the heme to the P450 protein as seen here with the 2E1 T303A mutant
is rarely seen in other P450s except for the CYP4 family of enzymes (45-47). Ortiz de
Montellano and co-workers first showed heme-protein attachment in the CYP4A enzymes.
With P450 4A3, the heme was covalently bound to the protein via an ester linkage to
Glu318 which is located in the I-helix (45) and which is conserved in most of CYP4
enzymes (46). This conserved glutamic acid residue in CYP4 enzymes has also been
implicated to be a required residue for the covalent attachment of the heme prosthetic group
(46-48). As shown in Table 1, only the CYP4 family have this required residue and this may
account for the fact that only CYP4 enzymes, but no other P450s form such heme-protein
adducts (45, 46). In this case, the proposed mechanism for heme-protein adduct formation
requires a covalent bond between the heme 5-methyl groups and a protein carboxyl residue
(46). Interestingly, during catalytic turnover of CYP4 enzymes with P450 reductase and
NADPH, heme-protein attachment also increased (46, 47). This is similar to our results with
the P450 2E1 T303A mutant that formed heme-protein cross-links during catalytic turnover.
However, as shown in Table 1, the 2E1 T303A mutant (or wild-type 2E1) does not have the
required residue that would correspond to Glu318 in CYP4A3. This suggests that the
mechanism of heme-protein attachment seen with P450 2E1 T303A is quite different from
that observed with the CYP4 family. Alternatively, the mechanism may be similar but
another residue with a carboxylic acid side chain may be involved. In the latter case, an
amino acid residue that is spatially located near T303, such as Glu302, could be the required
residue because minimal covalent heme-protein attachment occurs in the 2E1 wild-type
enzyme.

Cytochrome P450 2E1 (wild-type) is unique among liver microsomal P450s in terms of its
high oxidase activity in the absence of substrate, leading to higher production of reactive
oxygen species including hydrogen peroxide (34). This might be related to the spin state of
the heme iron, where high-spin iron is observed in the absence of substrate (49). The high
oxidase activity indicates a unique feature in the catalytic turnover of P450 2E1. Our results
with the 2B4 T302 mutant that also exhibited accelerated auto-inactivation demonstrate that
the protective role of the conserved threonine residue against auto-inactivation is not limited
to P450 2E1. Here, we propose a novel hypothesis for the role of the highly conserved
threonine in P450s which is to prevent increased auto-inactivation during catalytic turnover.
Further studies are necessary to determine whether or not the protective effect of this highly
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conserved threonine residue is common among P450s and may be the reason that it is so
highly conserved.
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P450 cytochrome P450

reductase NADPH cytochrome P450 reductase
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TFA trifluoroacetic acid
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SOD superoxide dismutase

GSH reduced glutathione
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Figurel.

Time-dependent loss in activity for P450 2E1 wild-type and the T303A mutant. P450 2E1
wild-type (A) or P450 2E1 T303A (B) were incubated with reductase in the absence of
NADPH (@), in the presence of 1 mM NADPH () or in the presence of 1 mM NADPH
and 2000 units/mL catalase (A). The inset to A shows the activity loss for wild-type P450
2E1 incubated with reductase and the NADPH generating system for longer times. The
incubation conditions and measurements of 7-EFC O-deethylation activity are described
under Experimental Procedures. The data represent the mean and standard deviations from
three to six separate experiments.
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(B) 2E1 T303A
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Reduced CO difference spectra of wild-type cytochrome P450s 2E1 and the 2E1 T303A
mutant after incubation with reductase. Wild-type P450 2E1 (A) or P450 2E1 T303A (B)
were incubated with reductase as described under Experimental Procedures. Spectra for
wild-type P450 2E1 and the P450 T303A mutant are shown by ----for incubations without
NADPH, ----- for incubations with 1 mM NADPH,- — —for incubations with NADPH and
2000 units/mL catalase, and —— for incubations with NADPH and 200 .M 4MP.
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Figure 3.

HPLC profiles for P450 2E1 T303A incubated with or without NADPH. P450 2E1 T303A
was incubated with reductase for 10 min in the absence (A) or presence (B) of 1 mM
NADPH, and in the presence of NADPH together with 200 pM 4MP (C). After incubation,
samples were subjected to HPLC using a Poros R2/10 column. The incubation conditions
were as described under Experimental Procedures. Intact heme eluted at 11 min and was
monitored at 398 nm. P450 and reductase eluted together at 24 min and were monitored at
220 nm. The modified heme peak exhibited the same retention time as the protein peak.
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Detection of P450-heme cross-linked proteins. SDS-polyacrylamide electrophoresis was
performed as described under Experimental Procedures. P450 protein was observed using
Coomassie staining (A) and the heme-protein adducts were detected using ECL staining (B).
Lanes 1 and 2, wild-type P450 2E1 incubated for 10 min without and with NADPH; Lane 3,
P450 2E1 T303A incubated for 10 min without NADPH; Lanes 4, 5 and 6, P450 2E1
T303A incubated for 5, 10 and 20 min with NADPH; Lane 7, P450 2E1 T303A incubated
for 10 min with NADPH and 4MP.
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Figureb5.

Hydrogen peroxide formation during the incubation of cytochrome P450s 2E1 or 2E1
T303A with reductase in the presence of NADPH. A, H,0, formation by wild-type 2E1 (O)
and by the T303A mutant (@)in the presence of 1 mM NADPH. B, The effect of catalase
and 4MP on H,0, formation in the presence of 1 mM NADPH. Open and filled bars
represent the wild-type P450 2E1 and the P450 T303A mutant, respectively. The incubation
conditions were as described under Experimental Procedures. The limit of detection for
hydrogen peroxide is 2.5 pM. The data represent the mean and standard deviations from
three separate experiments.
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Figure®6.

Effect of hydrogen peroxide on the NADPH-dependent inactivation of P450s 2E1 and 2E1
T303A. Wild-type P450 2E1 (A) and the P450 T303A mutant (B) were incubated with
reductase in the absence (@) or presence (O0) of 1 mM NADPH. Hydrogen peroxide was
added to the reaction mixture at a concentration of 100 uM (&) in the absence of NADPH
and at a concentration of 1 mM in the absence (A) or presence (O) of 1 mM NADPH. The
incubation conditions and measurement of 7-EFC O-deethylation activity are described
under Experimental Procedures. The data represent the mean and standard deviations from
three separate experiments.

Biochemistry. Author manuscript; available in PMC 2014 July 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yoshigae et al.

Page 23

(A) 2B4 wild type (B) 2B4 T302A
o L L
(= L L
s
‘® 50 50
£ L
2
2
=
g
xX

10 L L L L | 10
0 6 12 18 24 30 0 6 12 18 24 30
Incubation time (min) Incubation time (min)
Figure?7.

Time-dependent loss in the activity of wild-type P450 2B4 and the T302A mutant. Wild-
type P450 2B4 (A) or P450 2B4 T302A (B) were incubated with reductase in the absence of
NADPH (@), in the presence of 1 mM NADPH (), and in the presence of 1 mM NADPH
together with 2000 units/mL catalase (2). Hydrogen peroxide was added to the reaction
mixture at a concentration of 300 M in the absence (a) and presence (O) of 1 mM
NADPH. The incubation conditions and measurement of 7-EFC O-deethylation activity are
described under Experimental Procedures. The data represent the mean and standard
deviations from three separate experiments.
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Scheme 1.

Possible pathway for the formation of the heme intermediates of P450 2E1 T303A when
incubated with reductase and NADPH.

In the presence of catalase (i.e. the absence of hydrogen peroxide) and/or the presence of
substrate, the top pathway is favored in which P450 2E1 T303A forms the previously
described dioxygen intermediates (21, 50) leading to catalytic turnover. In this catalytic
cycle there is: (i) a one-electron reduction of the P450 and binding of molecular oxygen to
generate the oxyferrous P450, (ii) transfer of a second electron to form the peroxo-iron
species, and (iii) addition of one proton to form the hydroperoxo-iron species which leads to
further catalytic cycles. In the absence of both catalase (i.e., hydrogen peroxide is produced
and remains in solution) and substrate, the bottom pathway becomes more favored and P450
2E1 T303A may form a reactive intermediate leading to heme-destruction. The reactive
intermediate could be different from either the peroxo-iron or the hydroperoxo-iron species.
We propose that the conserved threonine located in the active site of P450 2E1 either
stabilizes this intermediate or decreases the production of the reactive heme-oxygen
intermediate responsible for inactivation in order to decrease the rate of acceleration of
inactivation that occurs in the presence of H,O, under electron transfer conditions.
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Table 3

Effect of antioxidants on the inactivation of P450 2E1 T303A in the presence of NADPH.

P450 2E1 T303A was incubated with reductase in the presence of 1mM NADPH together with the
antioxidants indicated as described under Experimetal Procedures. Samples were incubated for 20 min
following the addition of NADPH and the catalytic activities were measured using the 7-EFC O-deethylation
assay. The data represent the mean and standard deviations from three separate incubations.

Primary reaction mixture % Activity remaining

Without NADPH 93.3+4.0

With NADPH
+ water 26617
+ 2000 units/ml catalase 93.0+5.0
+ 500 units/ml SOD 359+3.9
+ 100 mM mannitol 266+1.7
+1 mM thiourea 18.7+3.0
+2mM GSH 43.0+23
+ 2 mM N-acetyl-L-cystein 33.7+14
+ 100 puM deferroxamine 304+24
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