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ABSTRACT: Resonance Raman studies of P450 2B4 are reported for the substrate-free form and when
bound to the substrates, benzphetamine (BZ) or butylated hydroxytoluene (BHT), the latter representing
a substrate capable of inducing an especially effective conversion to the high-spin state. In addition to
studies of the ferric resting state, spectra are acquired for the ferrous CO ligated form. Importantly, for
the first time, the RR technique is effectively applied to interrogate the changes in active site structure
induced by binding of cytochrome P450 reductase (CPR) and Mn(IIl) cytochrome bs (Mn cyt bs); the
manganese derivative of cyt bs was employed to avoid spectroscopic interferences. The results, consistent
with early work on mammalian P450s, demonstrate that substrate structure has minimal effects on heme
structure or the FeCO fragment of the ferrous CO derivatives. Similarly, the data indicate that the protein
is flexible and that substrate binding does not exert significant strain on the heme peripheral groups, in
contrast to P450..m, where substantial effects on heme peripheral groups are seen. However, significant
differences are observed in the RR spectra of P450 2B4 when bound with the different redox partners,
indicating that the heme structure is clearly sensitive to perturbations near the proximal heme binding
site. The most substantial changes are displacements of the peripheral vinyl groups toward planarity with
the heme macrocycle by cyt bs but away from planarity by CPR. These changes can have an impact on
heme reduction potential. Most interestingly, these RR results support an earlier observation that the
combination of benzphetamine and cyt bs binding produce a synergy leading to unique active site structural

changes when both are bound.

Mammalian cytochromes P450 (P450)' are involved in
many critical physiological processes, including oxidative
transformation of drugs, pollutants, and other exogenous and
endogenous chemicals (/-3). The P450 2B family of
enzymes, in general, and particularly P450 2B4, has attracted
much attention as a model system for the elucidation of
essential structure—function relationships (4, 5). The active
site of all P450s contains a cysteine—thiolate-ligated ferric
protoheme, whose principally low-spin resting state is
transformed with varying efficiencies into a high-spin con-
figuration upon binding of different substrates. This redox-
poised high-spin state is reduced by associated redox partners
to generate a ferrous species that rapidly forms a rather
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unstable dioxygen adduct. Following transfer of a second
electron, a meta-stable ferric peroxo fragment is produced.
Upon further protonation and heterolytic cleavage of the
oxygen bond, a highly oxidizing ferryl heme s-cation radical,
usually referred to as Compound I, is formed (2, 3, 6, 7). In
the case of P450 2B4, the ferric protein is reduced by cyt
P450 reductase while the oxyferrous protein can be reduced
by either cyt bs or the reductase.

One primary issue of interest in studying the P450
enzymatic mechanism is the extent to which heme structure
and reactivity are influenced by substrate structure, and of
the techniques applicable to this question, resonance Raman
(RR) spectroscopy has proven itself to be an especially useful
probe of the active site, permitting documentation of oxida-
tion and spin-state distributions and macrocycle structure,
as well as reporting on the disposition of the key linkages
between the central iron and the axial thiolate ligand or
various diatomic exogenous ligands, including CO, NO, and,
in certain cases, the Fe—O, fragment (8—/7). While this
powerful spectroscopic technique was effectively applied in
many studies of bacterial P450s early on (/2-20), problems
with sample purification and enzyme solubility hampered and
delayed comparable studies of the mammalian proteins
(21-26). Fortunately, the development of effective procedures
for the expression and purification of certain mammalian
P450s has resulted in a renewed interest in RR studies of
these physiologically important systems (27-31).
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FIGURE 1: Chemical structures of substrates: (A) benzphetamine
(BZ) and (B) butylated hydroxytoluene (BHT).

An intriguing finding that emerged in the study of the
paradigmatic P450 2B4 is the observation that cytochrome
bs (cyt bs) and P450 reductase affect cyt P450 catalyzed
reactions in different ways (/, 5). Though cyt bs and
cytochrome P450 reductase (CPR) reduce the oxyferrous
P450 2B4 at the same rate, substrate oxidation proceeds more
slowly for the P450 2B4—CPR complex (5). Thus, it is of
great interest now to attempt to interrogate and compare the
active site heme structures of P450 2B4 complexed with
either cyt bs or CPR for the resting, ferric state and various
intermediates in the enzymatic cycle.

The present work reports detailed RR studies of the heme
structure for P450 2B4 in the substrate-free form and bound
to either of two different substrates, benzphetamine (BZ) or
butylated hydroxytoluene (BHT) (Figure 1), the latter
representing a substrate capable of inducing an especially
effective conversion to the high-spin state (32). In addition,
for the first time, the RR technique is effectively applied to
interrogate the changes in active site structure that are
induced by binding the two different redox partners, i.e., CPR
and Mn(IIl) cytochrome bs (Mn cyt bs), the manganese
derivative being employed to avoid complications involving
interference by RR lines of the native (iron-containing) cyt
bs (33). The results demonstrate that substrate structure has
minimal effects on heme structure and only small effects on
the v(Fe—C) frequency of the FeCO fragment, results
consistent with early work on mammalian (30, 31, 34) and
related systems (35). However, significant differences are
seen here in the RR spectra of both the ferric and ferrous
CO forms of P450 2B4 when bound with the different redox
partners, indicating that the heme structure and inherent
reactivity are clearly sensitive to perturbations near the
proximal heme binding site. Of special interest is the fact
that the RR data obtained here provide the first spectroscopic
evidence for a unique active site structure associated with
the simultaneous binding of BZ and cyt bs, this combination
having previously been shown to exhibit synergistic func-
tional behavior (5). Thus, binding of Mn cyt bs to the BZ-
bound 2B4 leads to changes in low-frequency vinyl bending
modes that reflect higher population of in-plane orientations
of vinyl groups with respect to the heme macrocycle, changes
that can have functional consequences.

MATERIALS AND METHODS

(A) Protein Preparation. (1) Expression and Purification.
(a) Materials. Aprotinin, benzphetamine, dithiothreitol (DTT),
EDTA, sodium dithionite, 2,4-di-fert-butyl-4-methylphenol
(butylated hydroxytoluene, BHT), DEAE-resin, and octyl-
Sepharose resin were purchased from Sigma-Aldrich. Bio-
Beads and hydroxyapatite resins were purchased from Bio-
Rad. C41 Escherichia coli cells were from Avidis (Saint
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Beauzire, France) (36). Dilauroyl-L-o-phosphatidylcholine
(DLPC) was purchased from Doosan Serdary Research
Laboratories (Toronto, Canada). Glycerol and the protease
inhibitor cocktail tablets were purchased from Roche Diag-
nostics. The Roche Diagnostics glycerol was purified further,
first by treating it with activated charcoal and then by
distilling it. All other chemicals were purchased from Fisher
(Fair Lawn, NJ).

(b) Protein Expression and Purification. Plasmids, pLWO1-
bSmem and pLWO01-P450 2B4 mem, were used for expres-
sion of wild-type full-length rabbit cyt bs and wild-type full-
length rabbit P450 2B4, respectively (37). Both plasmids
contained the (-lactamase, ampicillin resistance gene, and
the cyt bs and P450 2B4 genes were downstream of a T7
promoter. Plasmid pSC263-ratCPR with the eight extra
amino acids (GIPGDPTN) deleted from the N-terminus of
Dr. Shen’s pOR263-rat CPR plasmid was used for the
expression of wild-type full-length rat NADPH cytochrome
P450 reductase (CPR) (38). Cyt P450 2B4 and cyt bs were
expressed in C41 E. coli cells and purified as previously
described (36, 37, 39). Manganese cyt bs (Mn cyt bs) was
prepared from the full-length apo rabbit cyt bs by reconstitut-
ing it with Mn protoporphyrin IX as previously described
(40). The CPR was also expressed in C41 E. coli cells and
purified without using a 2’,5"-ADP affinity column by a
modification of the procedure of Kasper and colleagues (38).
Briefly, harvested cells were resuspended in buffer A (50
mM Tris—acetate, pH 7.7 at 25 °C, 0.2 mM DTT, 0.1 mM
EDTA, 1 ug/mL aprotinin or protease inhibitor cocktail
tablet, 1 uM FMN, and 10% glycerol) and were lysed by
sonication in an ice/salt bath. The purification was performed
at 4 °C. The membrane fraction was obtained by centrifuga-
tion of the cell lysate at 100000g for 1 h at 4 °C. The
membrane-containing pellet was resuspended with buffer A
and solubilized by stirring with 0.3% Triton X-100 (v/v) for
=3 h at 4 °C. The solubilized proteins were obtained from
the supernatant after another centrifugation at 100000g for
1 h at 4 °C. The solubilized membrane solution was loaded
directly onto a DEAE column which was then washed with
buffer B [S0 mM Tris—acetate, pH 7.7 at 25 °C, 0.1% Triton
X-100 (v/v), 0.2 mM DTT, 0.1 mM EDTA, 1 uM FMN,
0.17 M NaCl, and 10% glycerol] until all of the contaminat-
ing cytochrome (detected at 420 nm) had eluted. The
reductase was then eluted with a salt gradient from 0.17 to
0.5 M NaCl in buffer B. All of the fractions lacking
cytochromes (detected at 420 nm) were loaded onto a Bio-
Beads column followed by an octyl-Sepharose column. The
two columns, which were connected to each other, had been
preequilibrated with buffer B containing 0.1% sodium cholate
instead of Triton X-100. The octyl-Sepharose column was
washed with the loading buffer until the contaminating
orange color of an unknown protein had eluted.

The CPR was eluted from the octyl-Sepharose column
with buffer C [potassium phosphate, pH 7.4, 0.3% Triton
X-100 (v/v), 0.2 mM DTT, 0.1 mM EDTA, 1 uM FMN,
and 20% glycerol]. The CPR-containing eluate was diluted
3-fold with cold water containing 1 uM FMN and 20%
glycerol. Potassium ferricyanide (==50% molar excess with
respect to CPR) was added to oxidize the reductase. The
oxidized reductase was loaded onto a hydroxyapatite column
previously equilibrated with 5 mM potassium phosphate
buffer, pH 7.4, containing 1 uM FMN and 20% glycerol.
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The column was washed with the loading buffer to remove
the detergent until the OD at 280 nm was less than 0.005. The
bright yellow reductase was eluted with 400 mM potassium
phosphate buffer, pH 7.4, containing 20% glycerol. The
purified reductase had a specific content of 12.8 nmol of P450
reductase/mg of total protein and a single band on a
SDS—polyacrylamide gel.

The concentration of P450 2B4 was determined using an
extinction coefficient A€sso490nm of 91 mM ™! cm™! for the
P450 2B4—CO complex, as described by Omura and Sato
(41). Only samples of P450 2B4 having an A4y¢/Azg0 ratio
greater than 1.84 were used for the resonance Raman
experiments. The concentration of CPR was determined using
an extinction coefficient of 21.4 mM~! cm™! at 456 nm for
fully oxidized protein (42). The concentration of cyt bs was
determined using an extinction coefficient of 185 mM ™! ¢cm™!
for the absorbance change at 426 nm minus 409 nm between
ferrous and ferric cyt bs, respectively (43). The concentration
of Mn*" cyt bs was calculated using an extinction coefficient
of 57 mM~! cm™! at 468 nm (33, 40).

(2) Preparation of Raman Samples. The purified proteins
(P450, Mn cyt bs, CPR) were concentrated using a Vivaspin
concentrator (Viva Science) with a 10000 molecular weight
cutoff in a swinging bucket rotor in a Sorvall centrifuge at
3000g at 4 °C. The proteins were resuspended in the buffer
used for Raman measurements (100 mM potassium phos-
phate, pH 7.4, 1 mM DLPC, 20% purified glycerol). This
process was repeated five times to concentrate the proteins
(all proteins present at =1.2 mM). These concentrated,
oxidized proteins at =1.2 mM were diluted with the Raman
buffer to a final concentration of 150 uM (i.e., for samples
having multiple proteins, the concentration of each protein
is 150 uM). It is pointed out that, at the concentrations of
the full-length P450 2B4 being used here, the P450 does
not dimerize with the imidazole of His 226 bound to the
heme iron of the second molecule of P450 2B4 as it does at
the high concentrations used during crystallization (44).
Furthermore, the K4 values between P450 2B4 and cyt bs
and CPR are 0.2 uM and 0.02 uM, respectively (5, 37).
Therefore, at the higher concentrations employed here, it is
expected that close to 100% of the P450 2B4 is bound with
reductase. When present, the final concentration of the
substrate, benzphetamine or butylated hydroxytoluene, was
900 uM. The butylated hydroxytoluene was added from a
0.6 M solution in 50% aqueous methanol to give a final
methanol concentration of =0.075% in the butylated hy-
droxytoluene-bound samples used for Raman spectroscopy.

Carbonmonoxy complexes of ferrous P450 were prepared
without and with the substrates, benzphetamine and butylated
hydroxytoluene. The final protein concentration was 150 uM
whereas the final substrate concentration was 900 4uM. When
present, Mn** cyt bs and CPR were added at an equal molar
ratio to cyt P450. To prepare the carbonmonoxy ferrous P450
2B4 samples, a deoxygenated sample containing ferric P450
and the appropriate substrate and protein additives were
reduced in a glovebox with a standardized solution of sodium
dithionite. The P450 samples were reduced with a stoichio-
metric amount of a standardized solution of sodium dithion-
ite. The cyt P450—Mn cyt bs complex was also reduced with
a stoichiometric amount of a standardized solution of sodium
dithionite. The P450—CPR complex was reduced with three
electron equivalents from sodium dithionite (to generate

Mak et al.

ferrous P450 and two-electron-reduced reductase). An ap-
proximately 50% molar electron equivalent excess with
respect to P450 was added to all reduced samples to prevent
oxidation by trace amounts of oxygen. The reduced P450
solution with the desired additives was transferred within
the glovebox to a 5 mm NMR tube (WG-5 Economy;
Wilmad), which was sealed with a natural rubber septum
from Sigma-Aldrich. The reduced samples in the NMR tubes
were removed from the glovebox, and CO gas was bubbled
slowly through the solution for =30 s. The samples were
immediately frozen and stored in liquid nitrogen until being
shipped to Marquette University at —196 °C in a “dry
shipper” (Taylor-Wharton Cryogenics, CX-100) where they
were examined by Raman spectroscopy.

(B) Resonance Raman Measurements. The RR spectra of
all samples were measured using a Spex 1269 spectrometer
equipped with an Andor Newton EMCCD detector (Model
DU971; Andor Technologies). The 406.7 nm line from a
Kr" laser (Coherent Innova Model 100-K3) was used for
excitation of ferric P450 2B4 samples. The 441.6 nm
excitation line that was used for probing P450 Fe(I[)—CO
adducts was provided by a He—Cd laser (Liconix Model
4240), while the 363.8 nm line from an Ar" laser (Spectra
Physics, Model 2025-05) was used as the excitation source
in order to observe the Fe—S stretch (/4). The laser power
at the sample was maintained at around 1 mW for the CO
adducts, while the power used for ferric samples was adjusted
to ~8 mW. The samples were contained in spinning NMR
tubes (WG-5, Economy; Wilmad) in order to avoid the laser-
induced protein degradation and photodissociation of CO
from the ferrous CO samples. Spectra were calibrated with
fenchone and processed with Grams/32 Al software. Mea-
surements were done using 180° backscattering, and the laser
beam was focused on the sample using a cylindrical lens.
The sample-containing NMR tube was placed in a homemade
quartz dewar filled with water at different temperatures (4
and 30 °C). The temperature was monitored using a
thermocouple and did not change during the measurements
by more than +2 °C.

RESULTS AND DISCUSSION

(A) Ferric P450 2B4 and Its Interactions with Substrates
and Redox Partners. (1) Effects of Substrate on Ferric P450
2B4. (a) High-Frequency Resonance Raman Spectra. The
high-frequency resonance Raman (RR) spectra of substrate-
free (spectra A and B) and substrate-bound [benzphetamine
(BZ), spectra C and D, and butylated hydroxytoluene (BHT),
spectra E and F] at 4 and 30 °C are presented in Figure 2.
The RR spectra were normalized to the glycerol band
observed at 1467 cm™!. The RR modes in the high-frequency
region were assigned to vibrations of certain molecular
fragments employing previously reported assignments of
vibrational modes of substrate-free P450 2B4 as well as
assignment of vibrational modes of Ni-octaethylporphyrin
(23, 45, 46).

This region of the resonance Raman spectra includes
oxidation state and spin-state markers. In the spectra of the
substrate-free form at 4 °C the 1372 cm™! v, frequency
indicates the ferric state, while the v; modes observed at 1487
cm~! and 1502 cm™! show that the substrate-free P450 2B4
at 4 °C exists in equilibrium between five-coordinated high-
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FIGURE 2: High-frequency resonance Raman spectra of wild-type
resting state (RS) ferric P450 2B4 without [substrate-free (SF)]
(spectra A and B) and with substrates [spectra C and D with
benzphetamine (BZ); spectra E and F with butylated hydroxytoluene
(BHT)] at 4 and 30 °C. Excitation line 406 nm, 8 mW on the
sample, total collection time 10 min (spectra normalized to glycerol
band at 1467 cm™! mode). The inset shows an expanded region of
spin-state markers.

spin (SCHS) and six-coordinated low-spin (6CLS) forms,
respectively (Figure 2A). The relative intensity of the 1487
cm ! band is smaller compared to the more dominant 1502
cm~! mode. The additional spin-state markers in this region,
v, and v, are observed at 1583 and 1638 cm ™', respectively.
Increasing the temperature to 30 °C does not lead to
substantial changes in the percentage of low- and high-spin
components for substrate-free P450 2B4 (Figure 2B).

BZ and BHT are both good substrates for P450 2B4. BZ
has a ke, of ~50 with ~50% coupling of NADPH consump-
tion to product formation (5, 47), while BHT has a k¢ of
~36 with a coupling of ~30% (Waskell et al., unpublished
data). Thus, it is not surprising that addition of BZ or BHT
increases the high-spin component at 4 °C (Figure 2C,E),
as judged by the noticeable increase in intensity of the vs
mode at 1487 cm™! (especially in the case of BHT),
compared to that observed in the spectra of the substrate-
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free sample at 4 °C. The increase in temperature in both of
the substrate-bound samples to 30 °C results in even higher
conversion to high-spin form, although the low-spin fraction
(1502 cm™") is still present in both spectra (Figure 2D,F).
The increase in high-spin form at the higher temperatures is
attributed to enhanced binding of the substrates since
hydrophobic forces, which are important for substrate
binding, are greater and the tertiary amine of BZ is less
protonated at the elevated temperature. The increase in the
v3 high-spin component is accompanied by the appearance
of a new band at 1566 cm™!, characteristic of a high-spin v,
mode and is most clearly observed in the spectra of BZ at
30 °C and for BHT-bound at 4 and 30 °C. This mode actually
overlaps with the depolarized (Biy) vi; mode normally
observed near 1560 cm™!, which contains substantial con-
tributions from v(Cg—Cp) and is slightly sensitive to spin-
state changes, the overlap of the two modes resulting in an
apparent shift to slightly higher frequency as the percentage
of high-spin component increases; i.e., compare traces D—F
with traces A—C in Figure 2.

The region between ~1620 and 1640 cm™! consists of an
envelope of four components. A low-spin vy, is expected
near 1640 cm™!, with the high-spin vy being expected near
1625 cm™! (8, 9). In addition, for P450 2B4, two vinyl modes
have been previously observed with frequencies at 1622 and
1629 cm™! (25, 26). Thus, as the spin-state equilibrium
changes in proceeding down the series of traces, the changing
envelope reflects the fact that the intensity of the low-spin
component near 1638 ¢cm™! diminishes as the intensity of
the high-spin component, presumed to occur near 1625 cm™',
shows a corresponding increase, noting again that this high-
spin v;o mode overlaps with the two vinyl modes in this
region. While some early works reported changes in intensi-
ties of the two vinyl modes upon substrate binding (24, 26),
work performed with higher resolution conditions did not
confirm such effects, showing no such intensity changes upon
substrate binding (25), a result consistent with the data
presented here. The frequencies of all of the heme modes in
the region between 1000 and 1350 cm™, as well as the bands
assigned to vy at 1397 cm™! and v35 at 1551 cm™!, none of
which are effective spin-state marker modes, maintain
constant frequencies in all of the observed spectra.

(b) Low-Frequency Resonance Raman Spectra. In the low-
frequency region of the RR spectra, modes associated with
coordinated axial ligands can be enhanced by resonance with
various MLCT or LMCT transitions or by excitation within
the strong Soret t—sr* transition (8) permitting RR monitor-
ing of the key linkages between the heme prosthetic group
and exogenous ligands or the endogenous ligands provided
by the associated protein, such as the Fe—Scysine linkage of
interest here (9, 14). Additionally, in recent years, it has
become increasingly apparent that certain low-frequency
heme modes, including bending motions of the vinyl or
propionate substituents and out-of-plane modes (y;) activated
by distortions of the heme macrocycle from planarity, are
especially sensitive to changes in active site structure brought
about by binding of substrates, effectors, or other proteins;
i.e., these modes provide direct evidence of active site
perturbations (35, 45, 48, 49).

The low-frequency RR spectra of P450 2B4 in the resting
state and substrate-free and substrate-bound forms at 4 and
30 °C are shown in Figure 3. On the basis of the fact that
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FIGURE 3: Low-frequency resonance Raman spectra of wild-type
ferric P450 2B4 without (spectra A and B) and with substrates
[spectra C and D with benzphetamine (BZ); spectra E and F with
butylated hydroxytoluene (BHT)] at 4 and 30 °C. Excitation line
406 nm, 8 mW on the sample, total collection time 15 min (spectra
normalized to the v; mode).

the high-frequency RR bands of both the high-spin and low-
spin forms are significantly enhanced with the 406 nm
excitation line being used here, it is reasonable to assume
that the low-frequency spectra may contain contributions
from both forms. Nevertheless, inspection of the spectral data
displayed in Figure 3 makes it quite clear that addition of
substrates to the P450 2B4 protein does not lead to many
significant changes in the low-frequency modes, the most
noticeable being the apparent, but very slight, intensity
increases in the y; mode near 305 cm ™! and perhaps within
the envelope of bands between 482 and 507 cm™'.% Although
such weak features have been observed in the 470-510 cm™!
region in the RR spectra of several other cytochromes

2 While an internal mode of the glycerol solution component is
known to occur at ~485 cm™, it is expected to make an insignificant
contribution to these spectra, given its inherently weak intensity relative
to other glycerol bands at ~821 and 850 cm™!, which are seen as fairly
weak features in the spectra acquired here.
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P450 (16, 23, 28-30), they were not discussed and no
assignments were made. However, the assignments of modes
near 500 cm™! have been made for several other heme
proteins. Thus, Hu et al. (48) assigned a 499 cm™! feature
to ¥, in the RR spectrum of deoxymyoglobin, noting it shifts
to 502 cm™! in the spectrum of metMb. In a later work (49),
involving myoglobins reconstituted with protohemes bearing
deuterated methyl groups, this assignment was confirmed,
and a mode appearing near 490 cm~! for deoxy-Mb was
assigned to v33, which had been previously observed at 475
cm™! for met-Mb (48). These assignments and those for other
vibrational modes in this region are all based on previous
assignments made for isotopically labeled heme proteins and
model compounds (45, 46, 48-50), as well as those made
for substrate-free P450 2B4 (23). The only other changes
that occur upon binding of benzphetamine or butylated
hydroxytoluene are the quite small (1-2 cm™!) upshift of
the vg mode and small downshifts (1-2 cm™!) of propionate
and vinyl modes (Figure 3D—F).

The lack of any substantial changes in the low-frequency
RR spectra upon substrate binding to the mammalian P450
2B4 protein is in contrast to the behavior seen for bacterial
P450s, where rather substantial changes in frequencies and
intensities, as well as the appearance of new modes, are often
observed upon substrate binding; the new modes are normally
ascribed to propionate mode shifts (from about 380 cm™! to
366 cm™') associated with H-bonding changes (/8) and to
activation of out-of-plane (oop) modes associated with heme
deformation (35, 45). On the other hand, the lack of
substantial shifts documented here is consistent with previous
RR studies of other mammalian P450s. Thus, in a study of
P450 2B4 (formerly referred to as P450LM2) by Hildebrandt
and co-workers, no significant (>1 cm™') changes were
observed between low-frequency RR spectra of substrate-
free and benzphetamine-bound samples (25). A similar lack
of changes upon addition of substrates was noted in the case
of human cytochrome P450 2D6 and its F120A mutant (29).
However, this lack of low-frequency response upon substrate
binding is not uniformly characteristic for all mammalian
P450s; e.g., some significant changes (by as much as 6 cm™!)
upon substrate binding have been reported for human P450
aromatase and mitochondrial P450scc, specifically for modes
involving the propionate and vinyl substituents (25, 28). In
the case of P450 2B4, the relatively open and flexible heme
pocket required for accommodating large and structurally
diverse substrates obviously may not be likely to exert
significant substrate-induced strain on heme peripheral
groups.

Another important structural element of interest is the
linkage between the heme iron and the cysteine thiolate
ligand, which can be interrogated with near-UV excitation
(14). The three upper traces presented in Figure 4 show low-
frequency RR spectra, excited with the 363.8 nm laser line,
of ferric P450 2B4 samples with BHT or BZ bound, as well
as substrate-free. The spectra with BZ or BHT bound show
a strong band at 354 cm™! that is assignable to the v(Fe—S)
mode (spectra A and B) (/4, 57), while the spectrum of
substrate-free exhibits only a weak feature in this region that
is reasonably attributed to the heme vg mode, based on the
similarity of its frequency to the vs mode seen in the RR
spectra of ferric samples with visible excitation (Figure 3).
This relatively weak sensitivity of the v(Fe—S) mode to
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FIGURE 4: The low-frequency RR spectra of ferric BHT and BZ
bound as well as substrate-free 2B4 without redox partner (A—C),
with Mn cyt bs (D—F), and with P450 reductase (G—I) present.
Excitation line 364 nm, total collection time for each spectra 30
min.

substrate structure is not surprising, given the results observed
for other P450 enzymes. Thus, the frequency of the Fe—S
stretch in P450cam was affected only by <1 cm™' upon
addition of camphor, adamantanone, norcamphor or TMCH
(3,3,5,5-tetramethylcyclohexanone) (57). On the other hand,
there has been one report of more significant effects in the
case of the mammalian protein, human P450 aromatase,
where the v(Fe—S) was found to vary from 344 to 349 cm™!
in the presence of various substrates (28). The important point
to be made is that in the case of P450 2B4 and the bacterial
protein mentioned above, structural variations in the sub-
strate, which resides in the distal pocket, have little effect
on the status of the Fe—S fragment.

(2) Effect of Redox Partners: Mn(Ill) Cyt bs and Cyto-
chrome P450 Reductase on Ferric P450 2B4. (a) High-
Frequency Resonance Raman Spectra. Figures 5 and 6 show
the high-frequency resonance Raman spectra of substrate-
free and substrate-bound forms of P450 2B4 interacting with
Mn(IIl) cytochrome bs (Mn cyt bs) and rat P450 reductase,
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FIGURE 5: High-frequency resonance Raman spectra of wild-type
cyt P450 2B4 without (spectra A and B) and with substrates [spectra
C and D with benzphetamine(BZ); spectra E and F with butylated
hydroxytoluene (BHT)] at 4 and 30 °C in the presence of Mn(III)
cyt bs. Excitation line 406 nm, 8 mW on the sample, total collection
time 10 min (spectra normalized to glycerol band at 1467 cm™!
mode). The inset shows an expanded region of spin-state markers.

respectively. The spectra are normalized to the glycerol mode
observed at 1467 ¢cm™!. As can be seen by comparing
corresponding traces in Figures 2 and 5, the presence of Mn
cyt bs has definite, though variable, effects on the spin-state
equilibria, generally leading to increases in the percentage
of high-spin component, even slightly increasing the high-
spin markers for the substrate-free form at 30 °C (compare
trace B in each figure). While the v; and v, intensities are
also only slightly greater for the BHT-bound forms (traces
E and F of Figures 2 and 5), substantially greater effects of
the Mn cyt bs are seen for the BZ-bound form, as evidenced
by the obvious increases in intensities of the 1487 and 1568
cm™! features in traces C and D of Figure 5, compared to
their intensities in Figure 2, the increases being especially
great for the data acquired at 4 °C, as seen in trace C of
each figure. Thus, the present results provide evidence for a
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FIGURE 6: High-frequency resonance Raman spectra of wild-type
cyt P450 2B4 without (spectra A and B) and with substrates [spectra
C and D with benzphetamine (BZ); spectra E and F with butylated
hydroxytoluene (BHT)] at 4 and 30 °C in the presence of P450
reductase. Excitation line 406 nm, 8 mW on the sample, total
collection time 10 min (spectra normalized to glycerol band at 1467
cm~! mode). The inset shows an expanded region of spin-state
markers.

synergistic effect of cyt bs and BZ; i.e., the BZ effect
documented in traces C and D in Figure 2 is enhanced by
the presence of Mn cyt bs, as shown in the corresponding
traces in Figure 5. Such effects are consistent with previous
work that suggested such synergistic interactions for simul-
taneous binding of BZ and cyt bs (5, 52, 53). The Mn cyt bs
interaction with the P450 2B4 protein also gives rise to
changes in the 1620-1640 cm™! region, containing the
contributions from v(C=C) of the vinyl groups and the v
mode, as expected based on the discussion given above
regarding the 10-12 cm™! downshift of v .

Interestingly, the P450 reductase does not substantially
enhance the percentage of high-spin component and in fact
seems to cause a small decrease in the high-spin component,
comparing Figures 2 and 6, with the apparent changes in
the ratio of the ~1568 and 1581 cm™!, v,, modes being most
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FIGURE 7: Expanded (320-450 cm™!) region of low-frequency
resonance Raman spectra of ferric P450 2B4 substrate-free, BZ-
bound, substrate-free with Mn cyt bs present, and BZ-bound with
Mn cyt bs present (the two upper spectra are taken from Figure 3
and the two bottom spectra are taken from Figure S1). Excitation
line 406 nm, 8 mW on the sample, total collection time 15 min.

obvious and then only for the samples having a substantial
high-spin component, i.e., traces D—F.

(b) Low-Frequency Resonance Raman Spectra. The low-
frequency RR spectra of substrate-free and substrate-bound
P450 2B4 interacting with Mn cyt bs and CPR are shown in
Supporting Information Figures S1 and S2, respectively.
There it is seen that the addition of Mn cyt bs appears to
increase the intensity of y; for the BZ- and BHT-bound
samples (traces C—F in Figure S1) relative to those seen in
Figure 3, but the effect is really quite small, implying
insubstantial out-of-plane distortions of the heme macrocycle.
One clearly noticeable effect however, as seen in Figure 7,
occurs when both BZ and the Mn cyt bs are present, where
two new vinyl bending modes are activated, noting that the
effect is enhanced for the 30 °C samples relative to that at
4 °C, confirming its validity, the enhancement being associ-
ated with more effective substrate binding at 30 °C, as was
observed above for samples without reductase present. Again,
these RR spectra reveal active site structural changes that
occur only for this BZ/cyt bs combination.

Regarding any potential impact of reductase binding on
the key Fe—Scys linkage, the addition of Mn cyt bs (traces
D—F in Figure 4) does cause a slight (2 cm™") shift to lower
frequency for the v(Fe—S) modes in both samples of
substrate-bound, compared to the 354 cm™! value in traces
A and B, while addition of CPR (traces G—I) does not
change the position of the Fe—S stretch. In the only other
study comparable to the present investigation of redox partner
interactions, P450cam in the presence of its natural redox
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partner, putidaredoxin, exhibited a shift of ~3 cm™' to higher
frequency for v(Fe—S), a shift that occurred in concert with
an increase in low-spin component (57). This observation is
consistent with data reported here for Mn cyt bs, which
decreases the low-spin component while simultaneously
lowering the v(Fe—S). Consistent with this is the fact that
binding of CPR has only a relatively small effect on the spin-
state distribution and no significant effect on v(Fe—S). Thus,
whatever structural features give rise to an increased high-
spin population also lead to a decreased Fe—S bond strength
and vice versa.

In the earlier study of putidaredoxin (Pd) binding to
P450cam (51), the increase in v(Fe—S) was attributed to
decreased net positive charge on the proximal surface of the
enzyme that resulted from binding of the negatively charged
surface of the Pd; i.e., the reduced positive charge is
considered to enhance the negative charge density on the
sulfur donor group, strengthening the Fe—S linkage. Inas-
much as similar charge balance considerations are applicable
to the proteins of interest here, the 2B4 having positive
proximal charges and both reductases negatively charged
interacting surfaces (5, 52, 54), the arguments based on
electrostatics cannot explain the decreased frequency ob-
served for the v(Fe—S) upon binding of Mn cyt bs. Thus,
the fact that both redox partners present negatively charged
surfaces to the proximal surface of P450 2B4, with one
inducing no shift and the other causing a shift in the opposite
direction to that expected on the basis of electrostatic
arguments, leads to the conclusion that the Mn cyt bs protein
induces specific structural changes at the 2B4 proximal
surface that propagate to the heme group leading to a
weakened Fe—S linkage.

(B) Ferrous CO P450 2B4 Adduct and Its Interaction with
Substrates and Redox Partners. (1) Effect of Substrate on
Ferrous CO P450 2B4. The low-frequency RR spectra of
the ferrous CO adducts of substrate-free and both substrate-
bound forms of P450 2B4 at 4 and 30 °C are shown in Figure
8. The spectra are normalized to the v; mode at 673 cm™!
and were acquired with a 442 nm excitation line, in close
resonance with the 446 nm Soret absorption band. The most
dominant band in this region, besides the v; mode, is the
v(Fe—CO) stretch that is found at 472 cm™! in the spectrum
of the substrate-free sample at 4 °C. The band at 558 cm™!
is assigned to the 6(Fe—C—0) bending mode (Figure 8A).
As the temperature is raised, those two modes shift down
only by ~1 cm™!. The addition of benzphetamine to the
sample induces a 2 cm™! downshift of v(Fe—CO) relative
to the substrate-free sample, while on the other hand, the
addition of butylated hydroxytoluene causes a slight (2 cm™")
shift of this mode to higher frequency, a shift in this direction
normally being taken to imply some increase in distal pocket
polarity, perhaps implying an effect of the hydroxy group
of BHT on the Fe—CO fragment (/0). It is noted that the
v(Fe—CO) band appears somewhat sharper in the spectra of
the butylated hydroxytoluene-bound samples, perhaps indi-
cating the FeCO fragments are somewhat more flexible in
the substrate-free and benzphetamine-bound cases. It is noted
that although there is an apparent effect on the v(Fe—CO)
mode, all of the low-frequency heme modes are unaffected;
the vs mode is found at 348 cm™!, while peripheral group
bending modes are assigned to bands at 376 cm ™! (propionate
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FIGURE 8: Low-frequency resonance Raman spectra of ferrous CO
adducts of P450 2B4 without (spectra A and B) and with substrates
[spectra C and D with benzphetamine (BZ); spectra E and F with
butylated hydroxytoluene (BHT)] at 4 and 30 °C. Excitation line
442 nm, 1 mW on the sample, total collection time 10 min (spectra
normalized to the v; mode at 673 cm™!).

bending) and an envelope of bands centered around 415 cm™!
(vinyl bending).

The high-frequency RR spectra of ferrous CO adducts of
substrate-free and both substrate-bound samples at 4 and 30
°C are displayed in Figure S3. There it is shown that all of
the high-frequency marker modes for all samples studied
show no significant shifts upon substrate variation (Figure
S3). This behavior is in agreement with all previous studies
of P450 CO adducts (15, 34, 35) and is also consistent with
the lack of the substrate effect on the low-frequency heme
modes mentioned above (Figure 8). However, the relatively
intense feature appearing at 1556 cm™! in Figure S3, most
reasonably assigned to v;; (55), warrants special attention
inasmuch as it shows rather substantial sensitivity to interac-
tions with redox partners, as described below.

(2) Effects of Redox Partner: Mn(Ill) Cyt bs and P450
Reductase on Ferrous CO P450 2B4. Figures S4 and S5
show the RR spectra of the ferrous CO adducts of substrate-
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FIGURE 9: Comparison of the expanded low-frequency region of substrate-free (panel A), benzphetamine-bound (panel B), and butylated
hydroxytoluene-bound (panel C) ferrous CO cytochrome P450 2B4 in the absence of redox partner (upper traces) and in the presence of
Mn(I1II) cytochrome bs (middle traces) and P450 reductase (bottom traces). Traces are taken from Figures 8, S4, and S5.

free and both substrate-bound forms of P450 2B4 in the
presence of Mn cyt bs and CPR, respectively. There it is
seen that, for all of the samples studied, the addition of either
redox partner does not affect the position of the v(Fe—CO)
mode. Interestingly, the only region that is clearly affected
is that associated with vinyl bending modes that occur
between 400 and 440 cm™!. This envelope of bands is more
clearly defined in Figure 9, which shows the 330450 cm™!
region for all ferrous CO samples studied (at 30 °C). Two
roughly equal intensity vinyl bending modes appear at 410
and 419 cm™! for all samples that lack a redox partner (top
three traces). In the complex with Mn cyt bs the 410 cm™!
feature is enhanced, while the 419 ¢cm™! feature decreases
in intensity. Interestingly, the effect of interaction with CPR
is again opposite to that observed with the cyt bs, showing
selective enhancement of the higher frequency component
at the expense of the lower one (bottom three traces in Figure
9). There are vinyl groups at positions 2 and 4 of the
macrocycle, and it is noted that the assignments of the vinyl
bending modes to the 2- and 4-vinyl groups for any given
protein are firmly established only by difficult and time-
consuming vinyl labeling, which is not yet available for this
or any other P450. However, the normally accepted frame-
work, mainly based on work for labeled myoglobins (48, 56),
is to assign a higher frequency bending mode to out-of-plane
(oop) and a lower frequency one to planar (/8). Here that
framework is followed with no attempt being made to specify
the relative planar/perpendicular populations of the individual
(2- vs 4-) vinyl groups. Finally, although it is noted that
structural data are available for crystals of several different
forms of cytochrome P450 2B4, including a dimeric form
of substrate-free (44) and two different inhibitor-bound

forms (57, 58), comparison of these, using Mercury 1.4.2
software, reveals that the 2-vinyl groups display quite small
differences in disposition and that while the 4-vinyl group
of the substrate-free form is displaced to the opposite side
of the heme compared to the other two, the torsional angle
is within about 10° of that for either of the inhibitor-bound
forms. Since there are no striking differences in angles among
the groups, and especially because it is not clear which, if
any, of these structures would correspond to a given
reductase-bound form being studied here, no clear insight is
provided by trying to relate these structural parameters to
our spectroscopic data.

On the basis of the above considerations, the RR spectral
data obtained here provide definitive evidence that CPR
causes active site perturbations that generate more out-of-
plane vinyl groups, while the cyt bs interaction leads to a
higher fraction of in-plane vinyl groups. Despite these
apparent changes in the vinyl bending modes, there are no
obvious changes in the v(C=C) vinyl stretching modes seen
at 1620 cm™! in Figures S3, S6, and S7. However, this is
not problematical since detailed analyses of the dependence
of high-frequency vinyl stretching modes for systems with
known vinyl group orientations (measured with a torsional
angle designated as 7) have shown that similar ¥(C=C)
frequencies can be obtained for vinyl groups having quite
different orientations; e.g., a vinyl group that is nearly planar
(r = 2.3°) and one that is almost perpendicular (z = —97.8°)
both have »(C=C) frequencies at 1621 cm™! (59). Impor-
tantly, as discussed in part C, these vinyl bending mode
changes are potentially useful in deducing perturbations in
the electronic structure of the heme macrocycle that may
hold implications for reactivity.
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FIGURE 10: Comparison of the expanded high-frequency region of
susbtrate-free ferrous CO cytochrome P450 2B4 in the absence of
redox partner (A) and in the presence of Mn(Ill) cytochrome bs
(B) and P450 reductase (C). Traces are taken from Figures S3, S6,
and S7, respectively.

With the exception of the changes seen for the combined
effect of BZ and cyt bs binding to Fe>*CO P450 mentioned
above, it is noted that no such low-frequency spectral changes
were induced upon binding of redox partners to ferric P450
2B4; this difference may be attributable to the fact that the
vinyl substituents are believed to occupy a more highly
conjugated, in-plane orientation with respect to the mean
heme in the reduced forms of P450s (/8) and thereby become
more sensitive to protein-induced alterations. This suggestion
also would be consistent with the aforementioned behavior
of the v1; mode at 1556 cm™!, all data being shown in Figures
S3, S6, and S7, with those for the SF form being collected
in Figure 10 for easy reference to the following discussion.
Thus, binding of Mn cyt bs enhances the lower frequency
vinyl bending mode (panel A of Figure 9) and gives rise to
an apparent intensity enhancement of the v;; mode (Figure
10), while binding of CPR enhances the higher frequency
vinyl mode (Figure 9, panel A) and essentially abolishes the
vy, intensity (Figure 10). This behavior reflects a connection
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between the vinyl group disposition and the intensity of the
v11 mode, the latter containing substantial contributions from
the C3—Cy stretching coordinate of heme pyrrole rings, which
can couple with the v(C=C) vinyl stretch (see ref 48 for
heme atom labeling). While it might be expected that v,
which is also associated with the Cg—Cp coordinate, would
also be so affected, no strong correlation is observed. The
most likely explanation for this contrasting behavior is the
fact that while v, is a totally symmetric mode expected to
be enhanced under Soret excitation, the nontotally symmetric
11 mode gains such intensity in response to symmetry
lowering associated with vinyl group conjugation, with a
higher population of planar form being expected to give
increased vi; intensity (8, 9, 48). Finally, the one other
obvious effect of the redox partner is the observed 3 cm™!
downshift in v, that occurs only upon interaction with the
Mn cyt bs. This shift to lower frequency is most reasonably
attributed to the increase in vinyl group planarity, which can
act to reduce electron density in the filled macrocycle
m-bonding orbitals (18, 60, 61).

In trying to relate these data to any previous work, it is
necessary to point out that there are very few RR data
available regarding the interaction of ferrous CO adducts of
other P450s with their redox partners (Table 1). The addition
of putitaredoxin to the ferrous CO adduct of camphor-bound
P450cam causes only a 2 cm™! upshift of the v(Fe—CO)
mode (62). Similarly, the addition of adrenodoxin to mito-
chondrial P450scc shifts the v»(Fe—CO) only by 0-2 cm™!
depending upon the structure of the added substrate (31).
Thus, the relative insensitivity of the v(Fe—CO) to binding
of redox partners observed here is consistent with these two
previous reports. However, the rather definitive changes
observed here for the vinyl bending and v,; modes reflect a
reorientation of the vinyl groups, apparently in different
directions, upon binding of CPR or cyt bs, alterations that
may potentially impact function (vide infra).

(C) Biochemical Implications. In the absence of substrate,
the P450 2B4 samples employed here contain small amounts
of high-spin component and undergo minimal conversion
from the low-spin to high-spin state at higher temperatures.
However, interaction with BZ or BHT substrates causes a
significant low-spin to high-spin conversion, even at 4 °C,
with the extent of this conversion substantially increasing at
30 °C, presumably because of enhanced substrate binding
which displaces the sixth axial ligand, water. The detailed
RR studies undertaken here do reveal that while substrate
binding induces a low- to high-spin conversion by displacing
a water ligand from the heme iron, neither the heme structure
nor the cysteine—thiolate linkage of the ferric heme resting
state is especially sensitive to substrate structure. Even in
the case of the ligated ferrous CO form, substrate structure
has a small impact on the Fe—CO fragment. Thus, addition
of benzphetamine causes a 2 cm™! downshift of v(Fe—CO)
mode, whereas butylated hydroxytoluene causes a 2 cm™!
upshift of this mode, with the BHT-bound adduct apparently
experiencing a slightly more polar and less flexible environ-
ment, i.e., a slightly higher frequency and a narrower
bandwidth. Nevertheless, these are indeed relatively small
effects compared to those seen for the bacterial P450s where
substrate binding has been shown to cause shifts of nearly
20 ecm™!' (15, 16). Thus, the presence of substrate, and



3960 Biochemistry, Vol. 47, No. 12, 2008

Mak et al.

Table 1: Frequencies (cm™') of the Fe—CO Fragment Modes and v(Fe—S) Modes of Known P450s

protein redox partner v(Fe—CO) d(Fe—C—0) v(Fe—S) ref
P450cam
substrate-free 464 556 15
~+camphor 481 558 15
~+camphor 482.5 561.4 351 62
~+camphor putidaredoxin 484.9 561.5 62
~+camphor cyt bs 483 561 351 62
~+camphor 350.5 51
~+camphor putidaredoxin 353.3 51
+adamantanone 350.5 51
~+norcamphor 349.7 51
+TMCH* 3494 51
P450cam
+camphor 484 562 19
P450cam D25IN
~+camphor 484 561 19
P450cam T252A
~+camphor 483 562 19
P450gsp
substrate-free 488 587 34
+myristic acid 491 587 34
BM3 heme domain
substrate-free 471 558 35
+palmitate 471 557 35
~arachidonic acid 356 18
P4505cc
substrate-free 476 31
substrate-free adrenodoxin 476 31
+cholesterol 482 31
+cholesterol adrenodoxin 483.5 31
+25-OH-cholesterol 484 31
+25-OH-cholesterol adrenodoxin 484 31
+22(R)-OH-cholesterol 479 31
+22(R)-OH-cholesterol adrenodoxin 480 31
+22(S)-OH-cholesterol 487 31
+22(S)-OH-cholesterol adrenodoxin 488 31
P450arom
substrate-free 477 555 28
+androstenedione (AD) 485 557 349 28
+testosterone 484 555 349 28
+19-OH-AD 346 28
+19-aldo-AD 490 561 344 28
+19-nor-AD 501 563 349 28
P450 2B4 4 °C/30 °C 4 °C/30 °C 30 °C
substrate-free 472/471 558/557 this work
+BZ 470/469 557/556 354 this work
+BHT 474/473 558/557 354 this work
substrate-free Mn cyt bs 472/471 559/559 this work
+BZ Mn cyt bs 470/469 558/558 352 this work
+BHT Mn cyt bs 474/473 560/559 352 this work
substrate-free CPR 472/471 558/557 this work
+BZ CPR 470/469 559/558 354 this work
+BHT CPR 474/473 558/557 354 this work
P450 2D6
substrate-free 477 (476) 30 (29)
+DXx* 482 (481) 30 (29)
+BF¢ 477 30
+MDMA? 482 30
P450 2D6 T309V
substrate-free 476 29
+DXx* 481 29
P450 2D6 F120A
substrate-free 477 30
+DX? 477 30
+BF¢ 477 30
+MDMA? 477 30

“3,3,5,5-Tetramethylcyclohexanone. ” Dextromethorphan hydrobromide. ¢ Bufuralol hydrochloride. ¢ 3,4-Methylenedioxymethylamphetamine.

differences in substrate structure, has relatively small impact
on the disposition of bound ligands.

On the other hand, the interactions with the two redox
partners studied here, which both bind on the proximal
surface of P450 2B4 near the axial cysteine (37, 52),
differentially affect the active site structures of both the ferric

and CO-ligated ferrous derivatives. Specifically, upon inter-
action with the resting state and substrate-bound CYP 2B4,
Mn cyt bs increases the high-spin form while CPR causes
an apparent, though slight, decrease of the high-spin form
of the ferric P450. Consistent with this, Mn cyt bs decreases
the Fe—S bond strength in the ferric high-spin state, whereas
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CPR does not significantly alter this key linkage. Interest-
ingly, the combined effects of BZ and cyt bs binding cause
unique changes in the low-frequency region, with two
additional vinyl bending modes being observed near 403 and
430 cm™!; the behavior of these modes, as explained later,
is often associated with predictable changes in the heme
reduction potential. Finally, while the increased population
of the more readily reducible high-spin state of the ferric
enzyme induced by interaction of cyt bs, but not CPR, would
be expected to possibly enhance catalytic turnover by
facilitating electron transfer (32), there are no relevant
biological consequences of this effect, inasmuch as it is
known that, because of its high potential, cyt bs is incom-
petent to deliver the first electron to produce the ferrous P450
2B4 (5, 47).

While the identity of the associated reductase apparently
has no effect on the distal side of the heme pocket, as judged
by the lack of any changes in the v(Fe—CO) mode, it is
shown that CPR and cyt bs differentially affect the P450
2B4 active site structure in ways that alter the dispositions
of the peripheral vinyl groups of the heme, as documented
by intensity differences in the vinyl bending modes appearing
between 410 and 420 cm™'. Thus, while Mn cyt bs selectively
enhanced the 410 cm™! (in-plane) vinyl bending mode and
increased the intensity of v;,, the presence of CPR had
opposite effects, deactivating the v;; mode and selectively
enhancing the 419 cm™! vinyl bending mode; as noted above,
the intensity of the nontotally symmetric v;; mode is expected
to increase as vinyl group planarity (conjugation) increases.

These changes in vinyl group planarity may have bio-
chemical consequences inasmuch as it was shown previously
that the orientation of vinyl substituents, as well as propionate
groups, and their interaction with protein environment affect
the heme redox potential (/8, 60, 61). Specifically, for
metalloporphyrins the electron-withdrawing properties de-
pend on the degree of coplanarity of vinyl groups and the
heme macrocycle; a larger in-plane population of vinyls
stabilizes the ferrous state and leads to a higher reduction
potential. The lower frequency vinyl bending mode, associ-
ated with the in-plane conformation, is more populated in
the presence of Mn cyt bs compared to P450 2B4 without
any redox partner, implying a higher heme reduction potential
(18). Significantly, the binding of CPR has an opposite effect
on P450 2B4, yielding a higher population of the out-of-
plane vinyl group, based on the increased intensity of the
~420 cm™! feature, and implying a decrease in reduction
potential. While these considerations lead to the expectation
that the ferrous ligated P450 2B4 could be more readily
reduced in the presence of cyt bs than for the corresponding
complex with CPR, the effect must be small, inasmuch as it
has been shown that both cyt bs and P450 reductase reduce
the ferrous dioxygen adduct at similar rates (5, 47).

Perhaps the most likely cause of the demonstrated ability
of cyt bs to increase catalytic turnover for CYP 2B4 is the
proposed enhanced proton transfer to the fleeting hydrop-
eroxo intermediate for the complex with cyt bs compared to
that with CPR (5, 47). While this proposal is not directly
addressed by the series of current studies, planned future
work involving radiolytic reduction, and subsequent anneal-
ing, of cryotrapped dioxygen complexes may be capable of
detecting differences in proton delivery efficiencies (20, 63).
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SUPPORTING INFORMATION AVAILABLE

Seven figures showing low-frequency RR spectra of ferric
and ferrous P450 2B4 in the presence of cyt bs and CPR
and high-frequency RR spectra of P450 2B4 ferrous CO ad-
ducts in the presence of redox partners. This material is
available free of charge via the Internet at http://pubs.acs.org.
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