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ABSTRACT: The oxy-ferrous complex of cytochrome P450 2B4 (2B4) has been prepared at -40 °C with
and without bound substrate [butylated hydroxytoluene (BHT)] and radiolytically one-electron cryoreduced
at 77 K. Electron paramagnetic resonance (EPR) shows that in both cases the observed product of
cryoreduction is the hydroperoxo-ferriheme species, indicating that the microsomal P450 contains an
efficient distal-pocket proton-delivery network. In the absence of substrate, two distinct hydroperoxo-ferriheme
signals are observed, reflecting the presence of two major conformational substates in the oxy-ferrous
precursor. Only one species is observed when BHT is bound, indicating a more ordered active site. BHT
binding also changes the g-tensor components of the hydroperoxo-ferric 2B4 intermediate, indicating
that the substrate modulates the properties of this intermediate. Step annealing the cryoreduced ternary
2B4 complex at g175 K causes the loss of hydroperoxo-ferric 2B4 and the parallel appearance of high-
spin ferric 2B4; liquid chromatography-tandem mass spectroscopy (LC-MS/MS) analysis shows that in
this process BHT is quantitatively converted to two products, hydroxymethyl BHT (1) and 3-hydroxy-
tert-butyl BHT (2). This implies that the hydroperoxo-ferric 2B4 prepared by cryoreduction is catalytically
active and that the high-spin state observed after annealing contains an enzyme-bound product of BHT
monooxygenation. The ratio of products generated during cryoreduction and annealing (6.2/1) is significantly
different from the ratio (2.5/1) at ambient temperature. These findings suggest that substrate is held more
rigidly relative to the oxidizing species at low temperatures and/or that dissociation of FeOOH is inhibited
at low temperature. As in experiments under ambient conditions, product formation is not observed with
the inactive F429H 2B4 mutant.

Xenobiotic-metabolizing cytochromes P450 (P450)1 from
mammalian liver microsomes function by oxidizing fat-
soluble compounds, thereby converting them to excretable
water-soluble compounds. Mammalian membrane-bound
cytochromes P450 are able to react with a large variety of
structurally diverse compounds because they have flexible
substrate-binding sites that accommodate structurally diverse
substrates (1–3).

Monooxygenation reactions, such as those carried out by
P450s, are discussed in terms of the following reaction
pathway: (1) substrate binding to the ferric protein, (2)
reduction of the substrate-protein complex to the ferroheme
form, (3) binding of dioxygen, and (4) activation of the
oxyferroheme by reduction with a second electron to form
the peroxo intermediate [Fe(III)-[O2

2-]] (Scheme 1). In
principle, this species can itself react (4, 5) or accept a proton

to form the hydroperoxo-ferric intermediate [Fe(III)-[OOH-]],
which in turn may either react or undergo proton-assisted
heterolytic cleavage of the O-O bond to form Compound I
(Cpd I), the oxo-Fe(IV) porphyrin π-cation radical (6). Which
species is reactive depends on the active-site environment, as
modulated by the substrate, and on the substrate reactivity (7, 8).

Recent cryoreduction EPR/ENDOR studies have charac-
terized the elusive steps of the monooxygenase cycle
subsequent to step 4 for the bacterial cytochrome P450cam
(9) and in doing so confirmed the generally held view (4, 10)
that Cpd I is the reactive species for this enzyme with
camphor as the substrate. However, analogous studies
showed that methylene camphor also is oxidized by the
hydroperoxo-ferric intermediate (7, 8).

In these experiments, 77 K γ-irradiation of the ternary
complex of ferrous P450cam with O2 and camphor in frozen
solution generates a trapped one-electron reduced oxy-P450
intermediate (step 4) whose rhombic EPR signal is charac-
teristic of a hydropero-ferriheme species. During step
annealing at temperatures of g180 K, the cryotrapped
intermediate converts to a state in which the hydroxycamphor
monooxygenation product is coordinated to the ferriheme
through its hydroxyl. ENDOR studies showed that this
process indeed occurs via Cpd I, although this intermediate
was not directly detected in these experiments, probably
because of its high reactivity and low steady-state concentra-
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tion. In analogous crystallographic experiments with the
ternary complex of camphor bound to oxy P450cam at >100
K, the hydroperoxy-ferric P450 intermediates were not
detected but a state with an Fe-O bond and an average bond
length of ∼1.67 Å was revealed, and the authors considered
the possibility that this might even contain Compound I (11).

This cryoreduction study of the intermediates in the
monooxygenase cycle of cytochrome P450 2B4 (2B4) is
important as it is the first for a mammalian enzyme and is
particularly interesting because the study of this enzyme
helped initiate the idea that each of the three activated forms,
peroxo, hydroperoxo, and Cpd I, might be a reactive species
under the proper circumstances (12, 13). Application of
cryoreduction methods to 2B4 has been hindered by two
difficulties. One is rapid autoxidation of the oxyferro-2B4
complex, which makes it difficult to prepare this complex
at high concentrations (0.5-1 mM) for study. We here report
that the oxy-2B4 complex prepared in 60% glycerol
solutions in the presence of substrate at -40 °C and pH 8.0
offers relief from this difficulty. The second is that although
the widely used model substrate benzphetamine (BP, Figure
1) binds tightly at ambient temperatures, the affinity of 2B4
for BP decreases upon cooling, to the extent that freezing at
-40 °C or below does not trap the BP complex. This
problem is overcome through use of butylated hydroxytolu-
ene (BHT, Figure 1) as a substrate, as we have found that it
remains bound to 2B4 at low temperatures in the presence
of 0.3 M NaCl (R. Razeghifard and L. Waskell, unpublished
observations). These two approaches enable us to report the
EPR study of an intermediate in the catalytic cycle of a
mammalian cytochrome P450, the hydroperoxy-ferric 2B4
formed during cryoreduction of the oxy-2B4 and ternary
oxy-P4502B4 ·BHT complexes, and to present an EPR
investigation of its properties and step annealing measure-
ments of its reactivity. The catalytic competence of the
cryogenerated, one-electron reduced oxy-2B4 ·BHT com-
plex is established by the determination that products of BHT
monooxygenation form quantitatively during the cryoreduc-

tion and annealing of the ternary complex with wild-type
2B4, but not with the noncatalytic 2B4(F429H) variant.

MATERIALS AND METHODS

Chemicals. All organic solvents, BHT, hydroxymethyl
BHT (1 in Figure 1), BP (Figure 1), NADPH, and sodium
dithionite were from Sigma-Aldrich (St. Louis, MO). 3-Hy-
droxy-tert-butyl BHT (2) was a generous gift from J. Th-
ompson (School of Pharmacy, University of Colorado,
Boulder, CO). High-purity glycerol was purchased from
Roche Diagnostics (Indianapolis, IN). O2 and CO were
obtained from Cryogenic Gas (Detroit, MI). The Vivaspin-2
concentrator (MWCO 30000) was from Biosciences (St.
Louis, MO).

Full-length wild type 2B4 was expressed in Escherichia
coli and purified as previously described (14). The concen-
tration of 2B4 was determined using an extinction coefficient
(∆ε450-490) of 91 mM-1 cm-1 for the 2B4-CO complex (14).
To prepare the oxy-2B4 complex, the protein was concen-
trated at 4 °C using a Vivaspin-2 concentrator (30000 MW
cutoff) to 1 mM in a buffer consisting of 20% glycerol, 0.6
M NaCl, and 0.1 M Tris-HCl (pH 8) at room temperature.
To 200 µL of the concentrated protein was added less than
1 µL of an ∼1 M stock solution of BP or BHT in methanol.
Glycerol then was added to the P450-substrate complex to
yield a final protein concentration of 0.5 mM P450, in 50
mM Tris-HCl (pH 8) at room temperature, 0.3 M NaCl, and
60% glycerol. The final concentration of BP in the sample
was 2 mM, while the final BHT concentration was 0.5 or
2.0 mM. The 0.5 mM P450 solution was stored in liquid
nitrogen until further use, at which time it was defrosted and
placed in a glovebox at 4 °C overnight to remove the oxygen.
An aliquot of a standardized solution of sodium dithionite
was added to reduce the ferric P450 by one electron, using
a 10-20% excess of dithionite to remove possible residual
O2. The reduced protein was cooled to -40 °C in a dry ice/
ethanol bath. Precooled O2 was bubbled (5-10 min) through
the protein solution and mixed into the viscous 60% glycerol
solution to form the oxy-2B4 complex. The oxygen was
precooled in a stainless steel coil immersed in a dry ice/
ethanol bath at -70 °C. The oxy-P450-substrate complex
content in the samples prepared in this way varied between
70 and 80% because part of the oxy-P450 complex
underwent autoxidation to the ferric protein during sample
preparation.

Irradiation of the frozen solutions of the oxy-2B4
complex at 77 K typically was performed for 20-25 h at a
rate of 0.15 Mrad/h (total dose of ∼3 Mrad) using a
Gammacell 220 60Co as described previously (15). We
performed annealing at multiple temperatures over the range
of 77-270 K by placing the EPR sample in a bath at the
desired temperature [usually n-pentane (T < 180 K) or

Scheme 1

FIGURE 1: Cytochrome P450 2B4 substrates, BHT and BP, and
products, hydroxymethyl BHT (1) and 3-hydroxy-tert-butyl BHT
(2).
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methanol (T > 175 K) cooled with liquid nitrogen] for the
desired time and then refreezing the sample in liquid nitrogen.

EPR Spectroscopy. X-Band continuous wave EPR spectra
were recorded on a Bruker ESP 300 spectrometer equipped
with an Oxford Instruments ESR 910 continuous He flow
cryostat. The amount of hydroperoxo-ferric 2B4 ·BHT
complex produced by cryoreduction was determined by
comparing the EPR signal from this species to that of a 0.5
mM solution of substrate free low-spin ferric 2B4 as a
standard. To decrease interference from radicals formed
during the irradiation, the quantitations were performed on
solutions that had first been annealed for 1 min at 175 K.
The radical signal is greatly diminished in this step, while
this is the highest temperature at which the hydroperoxo-
ferric state does not react. Quantitations of multiple samples
showed that a 3 Mrad dose at 77 K reduces approximately
40% of the oxy-2B4 ·BHT complex present, generating
0.14(3) mM hydroperoxo-ferric 2B4 ·BHT complex in the
samples as prepared.

Product Analysis. The oxidation of BP to its N-demethy-
lated metabolite, norbenzphetamine, was assessed by a
LC-MS/MS assay as previously described (14). Quantifica-
tion of the BHT oxygenation products, 1 (major product)
and 2, was performed via LC-MS/MS. For quantifying BHT
metabolites, 100 µL of each EPR sample was spiked with
0.3 mM 2,4-di-tert-butyl phenol as the internal standard. The
solution was saturated with NaCl and extracted twice with
an equal volume of hexane. The two hexane phases were
recovered, pooled, and dried under a stream of nitrogen gas
before being redissolved in 600 µL of acetonitrile. LC-MS/
MS analysis was performed on a ThermoFinnegan (San Jose,
CA) TSQ Quantum Ultra AM mass spectrometer. BHT and
its metabolites were separated on a 4.6 mm × 250 mm Luna
column (Phenomenex) at a flow rate of 1.0 mL/min. Mobile
phases were water (solvent A) and acetonitrile (solvent B).
The HLPC running conditions were as follows: initial
conditions of 60:40 (A:B) followed by three linear gradients
from 40 to 70% B in 20 min and from 70 to 90% in 30 min
and from 90 to 100% B in 10 min. The column was then
returned to the initial conditions (60:40 A:B) in 1 min and
reequilibrated for 9 min, resulting in a total run time of 70
min. Elution of 1, 2, internal standard, and BHT occurred at
18, 26, 29, and 37 min, respectively. Since under these
experimental conditions they were easily deprotonated during
electrospray ionization to form negative pseudomolecular
ions, the negative ion mode was employed for detection.

RESULTS AND DISCUSSION

EPR of Ferric 2B4. We have studied the effect of the
substrates and products on the EPR spectra of ferric 2B4 to
characterize their binding to the protein, to generate reference
spectra for assignment of ferric species in the EPR spectra
of the irradiated samples of the oxy-2B4 complex, and to
help in the identification of product complexes formed during
cryoreduction and step annealing.

Resting-state ferric 2B4 contains a low-spin aquoferriheme
whose rhombic EPR signal has g ) [2.43, 2.25, 1.92] (Table
1), in agreement with previous studies (16). Optical spec-
troscopy shows that addition of saturating amounts of BP to
a 2B4 solution at ambient temperature causes the majority
of enzyme to convert to the five-coordinate, high-spin,

substrate-bound form. However, the amount of the high-spin
form decreases upon cooling, and it is mostly gone by -40
°C (17); once the sample has frozen, one primarily observes
the low-spin aquoferri-heme EPR signal, with only ∼5-10%
of the enzyme in the high-spin BP-bound form (g ) [8.1,
3.5, ∼2]). It is likely that this reflects a virtually complete
loss of substrate during the cooling-freezing process,
although the same phenomena would be observed if BP shifts
to a more distant position in the heme pocket, thereby
permitting the retention of Fe-bound water. For the sake of
simplicity, we mostly discuss solutions frozen in the presence
of BP as containing “substrate-free” enzyme to distinguish
them from solutions without the addition of any substrate.

Under ambient conditions (25 °C), BHT binds stoichio-
metrically to ferric 2B4 in 60% glycerol and 0.3 M NaCl,
and it remains =90% bound at -40 °C. Frozen solutions
(77 K) of ferric 2B4 in the presence of BHT show a majority
high-spin signal from BHT-bound enzyme, with the same g
values as for the BP-bound form. In addition, there are
signals from two minority, unidentified low-spin species.
The g values of one of these minority species are close to
those for substrate-free ferric 2B4 (Table 1), while those of
the other, with g ) [2.39, 2.24, 1.97], resemble very much
those for substrate-bound P450cam in which camphor was
proposed to act as the sixth ligand to the ferric heme (18).
This suggests that at low temperatures the hydroxyl group
of BHT can coordinate to the ferric iron of 2B4.

Under ambient conditions (25 °C, pH 7.4, 0.3 M NaCl),
optical spectroscopy shows that in the presence of an excess
of 1, the major product of BHT metabolism, 2B4, is ∼64%
high-spin and ∼36% low-spin. The former presumably has
1 bound in the heme pocket, while the latter does not.
However, the EPR spectrum of a frozen solution of ferri-
2B4 in the presence of 1 shows a largely low-spin signal
resembling substrate-free protein (Table 1), suggesting that
1, like BP, either is lost from the heme pocket or moves
within it during freezing. In addition, there is a new minor
rhombic low-spin EPR signal that has g ) [2.54, 2.26, 1.87]
that may be attributed to enzyme with the hydroxymethyl
group of 1 coordinated to the ferric heme iron, in addition
to one minor low-spin signal and one minor high-spin signal
(Table 1).

EPR of the Cryoreduced Oxy-2B4 ·BHT Complex and the
Oxy-2B4 Complex (2B4 + BP). As reported previously, the
oxy-2B4 complex is much less stable than that of the
oxy-P450cam complex (19). The lifetime of the oxy-2B4
complex is significantly increased by substrate binding,
increases in pH, and lower temperatures (19). To optimize
conditions for preparation of samples, we carried out kinetic
studies on the decay of the oxy-P450 complex with and

Table 1: g Values for Low-Spin Ferric Cytochrome P450 2B4 and Its
Complexes with Substratesa

substrate g1 g2 g3

none 2.43 2.25 1.91
BHT 2.43 2.24 1.92

2.39 2.24 1.97
1
minor 2.54 2.26 1.87
major 2.42 2.24 1.92
minor 2.39 2.24 1.97

a The sample preparation and measurement of EPR spectra are
described in Materials and Methods.

Cytochrome P450 2B4 Catalytic Cycle Intermediates Biochemistry, Vol. 47, No. 36, 2008 9663



without substrate as a function of pH and temperature using
stopped-flow spectrophotometry. These results indicate that
autoxidation of 0.5 mM oxy-2B4 complex to the ferric form
is minimized if BP (2-3 mM) or stoichiometric BHT is
present in a solution containing 60% glycerol, 50 mM Tris
buffer (pH 8.0-8.2), and 0.3 M NaCl (measured at 25 °C)
and the sample is oxygenated at -40 °C. As noted above,
the frozen sample prepared with BHT is largely the ternary
complex, and it contained ∼20-30% ferric form. Whether
BP is indeed excluded from the active site or merely adopts
an alternate conformation within it, the presence of the BP
nonetheless serves to assist the trapping of the oxy complex;
even so, the samples contain ∼20-30% ferric form. In the
absence of any substrate, the amount of ferri-2B4 in a frozen
sample is significantly higher.

Oxy-2B4 ·BHT Ternary Complex. Figure 2 presents the
EPR spectrum of the oxy-2B4 ·BHT ternary complex after
exposure to γ-irradiation at 77 K. The main signal from the
cryoreduced ternary complex has g ) [2.32, 2.176, ∼1.94].
These values, in particular a g1 of g2.27, show that 77 K
cryoreduction has produced the hydroperoxo-ferriheme
state (9) (Table 2). At a dose of 3 Mrad, the yield of this
species is ∼40% of the total ternary complex (∼0.14 mM).

It has been shown that the primary product of 77 K
cryoradiolytic reduction of oxy hemoproteins is the peroxo-
ferriheme, which then accepts a proton to generate the
hydroperoxo state (20). The heme-containing monooxyge-
nases studied previously, P450cam (9) and heme oxygenase
(HO) (21), each contain an efficient distal-pocket proton-
delivery network that can supply this proton even at 77 K;
indeed, proton delivery in heme oxygenase has been seen at
liquid helium temperatures (22). In contrast, the D251N

mutation of P450cam perturbs this proton-delivery network
to the extent that protonation of the cryogenerated peroxo-
ferric intermediate occurs only at a much higher temperature
(<170 K) (9). The observation that 77 K cryoreduction of
the oxy-2B4 complex generates the hydroperoxo-ferric
heme indicates that this mammalian enzyme also has an
efficient proton-delivery network. We surmise that for
oxy-monooxygenase complexes that exhibit such a network,
reduction under physiological conditions commonly will
involve proton-coupled electron transfer to form the
hydroperoxy-ferric species.

Figure 2 shows EPR spectra taken during annealing of
the cryoreduced oxy-2B4 ·BHT ternary complex at succes-
sively higher temperatures. During this process, the hydro-
peroxo-ferric 2B4 ·BHT intermediate decays at approxi-
mately g175 K. Figure 3 shows that the decay of the
hydroperoxo-ferric 2B4 ·BHT complex during annealing at
175 K is accompanied by a parallel increase in the magnitude
of the high-spin ferri-2B4 signal, g ) [8,1, 3.5, ∼2] (Figure
3), seen as the minority (10%) signal from a solution of ferri-
2B4 frozen in the presence of the product, 1. We propose
that this product state likewise contains 1 that remains
trapped in the distal pocket of the frozen sample, without
coordination to the ferriheme. Thus, it is proposed to be
analogous to the high-spin form with bound 1 that is observed
by optical spectroscopy at room temperature.

This supposition is supported by the product analysis
presented below, and by the fact that high-spin ferriheme is
not formed when the cryoreduced substrate-free oxy-2B4
complex is annealed (see below). The loss of the hydro-
peroxo-ferriheme intermediate and the appearance of the
high-spin product state have approximately the same half-
times (not shown), consistent either with direct reaction of
the hydroperoxo-ferric species or with formation of Cpd I,
which reacts promptly to form product without accumulating.
We further propose that the weak ferriheme signal with a g1

of 2.54 that appears during subsequent annealing at 195-205
K reflects a relaxation of the heme pocket to the equilibrium
product complex of 1, discussed above. This relaxation
competes with dissociation of the product complex, which
can occur in glycerol solutions at these low temperatures

FIGURE 2: EPR spectra of cryoreduced ternary oxy-2B4 ·BHT
complex annealed at the indicated temperatures for the specified
times in minutes (m). Conditions: microwave frequency, 9.361 GHz;
30 K; modulation amplitude, 10 G.

Table 2: g Values for the Hydroperoxo-Ferri-2B4 Complex Formed by
Cryoreduction of the Oxy-2B4 Complex, with and without Substratea

substrate species g1 g2 g3

noneb A 2.29 2.16 1.94
B 2.34 2.19 nd

BHT 2.32 2.18 1.94
a Sample preparation and measurement of EPR spectra are described

in Materials and Methods. b Prepared in the presence of BP; see the text.

FIGURE 3: EPR spectra of the cryoreduced ternary oxy-2B4 ·BHT
complex, showing loss of the hydroperoxoferric signal and growth
of the high-spin ferric signal during annealing at 175 K for indicated
times (minutes, m). Spectra other than that taken at time zero are
arbitrarily offset to higher field to permit a better perspective on
the annealing behavior. Measurement temperatures: low-field
spectra, 8 K; high-field spectra, 30 K. Conditions: microwave
frequency, 9.365 GHz; modulation amplitude, 10 G.
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(23), and ultimately, the g1 ) 2.54 signal disappears with
further annealing.

Substrate-Free Oxy-2B4 Complex. Figure 4 presents the
EPR spectrum of the binary oxy-2B4 complex (prepared
in the presence of 2 mM BP) after exposure to γ-irradiation
at 77 K. Although the spectrum is complicated by signals
from the ferriheme formed by autoxidation (Table 1), it
nonetheless clearly reveals two EPR signals from the
hydroperoxo-ferri-2B4 complex generated by cryoreduction
of the oxy-2B4 complex, a major conformer (A) with g )
[2.29, 2.16, 1.942] and minor conformer (B) with g )
[∼2.34, 2.19, nd] (Table 2), in addition to a decreased low-
spin ferric 2B4 signal (in the irradiated samples, ∼40% of
available ferric 2B4 contamination is reduced to the EPR-
silent ferrous state). As conformational rearrangements are
quenched at 77 K, the observation of two signals in the
product of cryoreduction means that the active site of the
parent oxy-2B4 complex adopts at least two different major
conformational substates. This is likely the explanation for
the biphasic kinetics of autoxidation of the oxy-2B4
complex at ambient temperature (24).

The g values of both the cryogenerated hydroperoxo-
ferric centers of substrate-free 2B4 are different from that
of the BHT-bound enzyme, which indicates that the active-
site structure is modulated by the substrate, as reported
previously for cytochrome P450cam (7). However, the
observation of the hydroperoxo-ferriheme center after 77
K cryoreduction means that in the majority conformation(s)
the 2B4 proton-delivery pathway remains effective in the
substrate-free enzyme.

At a dose of 3 Mrad, the yield of the cryoreduced species
is ∼40% of the total oxy-P450 complex (∼0.14 mM).
Interestingly, the yield of the species increases only slightly
at a dose of 7-8 Mrad. This is probably due to further
cryoreduction of cryogenerated hydroperoxo species at doses
above 7-8 Mrad which occurs with the cryogenerated
hydroperoxo-ferric HO intermediate (25).

During progressive annealing from 145 to 170 K, the
intensity of signal A (g ) 2.29, 2.16) decreases while that
of signal B (g ) 2.34, 2.19) increases (Figure 4), suggesting
a possible conversion of A to B; both signals then decay

during annealing at 180 K (Figure 4). This process is
accompanied by an increase in the magnitude of the resting,
low-spin aquo-ferriheme signal (g ) 2.43, 2.25, 1.93)
(Figure 4), in contrast to the appearance of the high-spin
product signal upon annealing the hydroperoxo-ferriheme
center formed in the ternary complex.

Product Formation following Cryoreduction and under
Steady-State Conditions. To correlate the cryoreduction
measurements of microsomal oxy-2B4 ·BHT complexes
with processes that occur under ambient conditions, and using
physiological redox partners, product formation was assessed
following annealing of the cryoreduced ternary complex.

Table 3 presents data showing that the cryogenerated
hydroperoxo-ferric 2B4 ·BHT complex is catalytically
competent. Application of the liquid chromatography-mass
spectrometry assay to cryoreduced samples subsequent to
annealing reveals the formation of 1 and 2, consistent with
the products of BHT oxygenation as observed during
catalysis in solution at 25 °C under steady-state conditions.
The absence of these metabolites in control experiments in
which the ferri-2B4 ·BHT complex was irradiated excludes
the possibility that product was generated during warming,
through reaction of ferric 2B4 with radiolytically generated
H2O2 (26). Likewise, cryoreduction and annealing of oxy-
2B4 prepared in the presence of BP do not form the product
norbenzphetamine, further substantiating our conclusion
based on spectroscopic data that BP does not bind to the
oxy-2B4 complex at low temperatures. This negative result
is noteworthy because at ambient temperatures, BP oxidation
occurs with a rate constant that is =38% faster than that of
BHT (14).

According to our estimates, the maximal concentration of
the cryogenerated hydroperoxo intermediate is 0.14 ( 0.3
mM, whereas the LC-MS/MS assay showed the formation
of ∼0.12 mM BHT metabolites (Table 3). We thus infer
that the hydroperoxo-ferric 2B4 ·BHT species prepared by
cryoreduction of the ternary oxy-2B4 ·BHT complex quan-
titatively converts BHT to 1 (major product) and 2 (minor
product) in a reaction that is characterized by relatively strong
coupling. The product distribution and coupling for BHT
hydroxylation in the cryoreduction experiment differ some-
what from those obtained under steady-state conditions at
30 °C with NADPH cytochrome P450 reductase as the
electron donor. Conversion of BHT into product by the
cryogenerated hydroperoxo intermediate is characterized by
stronger “coupling”, ∼80% versus 32%, and a higher molar
ratio of 1 to 2 (6.2) as opposed to a ratio of 2.5 measured at
ambient temperature and with the physiological electron
donor. These differences suggest that at these lower tem-
peratures, the substrate is held more rigidly in the proximity

FIGURE 4: EPR spectra of the cryoreduced binary oxy-2B4 complex
(prepared in the presence of BP) annealed at the indicated
temperatures. The conditions are like those described in the legend
of Figure 2.

Table 3: Concentrations of Products (millimolar) Generated by Step
Annealing the Cryogenerated Hydroperoxo-Ferri-2B4 ·BHT Complex

protein-substrate complex [Fe-OOH]a [1]b [2]b [1] + [2]b

oxy-2B4 ·BHT (1:8)c 0.14(3) 0.101 0.016 0.117
oxy-2B4 ·BHT (1:1)c 0.14(3) 0.101 0.016 0.117
oxy-2B4(F429H) ·BHT (1:8)c 0.16(3) 0.007 nd 0.007

a Hydroperoxo-ferri-2B4 ·BHT complex generated with a 3 Mrad
radiation dose, as determined by EPR spin quantitations. Numbers in
parentheses are uncertainties in the last digit. b Product formation as
measured by the LC-MS/MS assay. c Total enzyme, 0.5 mM; initial
concentration of oxy-2B4 complex, 0.4 mM. Numbers in parentheses
are the molar ratios of oxy-2B4 to BHT.
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of the active oxidizing species, and/or that the low temper-
ature inhibits side product formation and dissociation of the
protonated FeOOH species that result in uncoupling.

Table 3 presents a further example of the agreement
between ambient and cryoreduction conditions. When the
oxyferrous, BHT-bound 2B4(F429H) variant is cryoreduced,
the hydroperoxo species accumulates to the same extent as
with the wild-type enzyme. The subsequent annealing of the
hydroperoxo intermediate of the F429H mutant, however,
exhibits a markedly decreased level of product formation.
Only =4% of the hydroperoxo-ferric 2B4(F429H) inter-
mediate forms product compared to =80% with the native
protein. This result agrees with our finding under ambient
conditions, where the 2B4(F429H) mutant has only =5%
of the activity of the native protein.

In conclusion, our results demonstrate the feasibility and
the promise of cryoreduction/EPR and ENDOR spectroscopy
in the study of the dioxygen activation by mammalian
cytochromes P450. Cryoreduction at 77 K generates the
hydroperoxo-ferriheme intermediate, which oxygenates
substrate with efficiency comparable to that seen during
steady-state catalysis under ambient conditions. Future
cryoreduction ENDOR experiments with isotope-labeled
substrates, carried out with oxy-2B4 samples prepared by
a rapid freeze-quench method, combined with step annealing
kinetic measurements conducted in H2O/D2O, will be carried
out to determine the nature of active species in the catalytic
cycle (hydroperoxo-ferri-P450 or compound I) and the
details of the rate-limiting catalytic step(s).
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