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ABSTRACT: In the thermophilic cytochrome P450 from the thermoacidophilic crenarchaeon Sulfolobus
tokodaii strain 7 (P450st), a phenylalanine residue at position 310 and an alanine residue at position 320
are located close to the heme thiolate ligand, Cys317. Single site-directed mutants F310A and A320Q
and double mutant F310A/A320Q have been constructed. All mutant enzymes as well as wild-type (WT)
P450st were expressed at high levels. The substitution of F310 with Ala and of A320 with Gln induced
shifts in redox potential and blue shifts in Soret absorption of ferrous-CO forms, while spectral
characterization showed that in the resting state, the mutants almost retained the structural integrity of the
active site. The redox potential of the heme varied as follows: –481 mV (WT), –477 mV (A320Q), –453
mV (F310A), and –450 mV (F310A/A320Q). The trend in the Soret band of the ferrous-CO form was
as follows: 450 nm (WT) < 449 nm (A320Q) < 446 nm (F310A) < 444 nm (F310A/A320Q). These
results established that the reduction potential and electron density on the heme iron are modulated by the
Phe310 and Ala320 residues in P450st. The electron density on the heme decreases in the following
order: WT > A320Q > F310A > F310A/A320Q. The electron density on the heme iron infers an essential
role in P450 activity. The decrease in electron density interferes with the formation of a high-valent
oxo-ferryl species called Compound I. However, steady-state turnover rates of styrene epoxidation with H2O2

show the following trend: WT ≈ A320Q < F310A ≈ F310A/A320Q. The shunt pathway which can provide
the two electrons and oxygen required for a P450 reaction instead of NAD(P)H and dioxygen can rule out the
first and second heme reduction in the catalytic process. Because the electron density on the heme iron might
be deeply involved in the kcat values in this system, the intermediate Compound 0 which is the precursor
species of Compound I mainly appears to participate dominantly in epoxidation with H2O2.

Thermophilic P450 enzymes (1) are of interest not only as
biocatalysts for chemical synthesis, environmental remediation,
and other industrial applications but also in terms of their
structural and kinetic analyses (2, 3) because they have a high
degree of thermotolerance compared with other P450s. Only
three cytochrome P450s from thermophiles have been isolated.
The melting temperatures for the cytochrome P450 from the
thermophilic archaeon Sulfolobus solfataricus, CYP119A1, and
from the thermophilic bacterium Thermus thermophilus,
CYP175A1, are 91 and 88 °C, respectively, whereas that for a
mesophilic P450cam is approximately 55 °C (4-6). Cyto-
chrome P450st (P450st)1 is a soluble thermophilic archaeal
enzyme from Sulfolobus tokodaii strain 7 (7), which exhibits

thermal tolerance compared with mesophilic counterparts, as
well as other thermophilic P450s, CYP119A1 and CYP175A1.

P450 enzymes are a superfamily of b heme-containing
monooxygenases, in which a cysteine thiolate acts as the
proximal heme ligand (8-10). They are widespread in all
forms of life and have been implicated in numerous biosyn-
thetic and metabolic processes. The P450s are able to
catalyze the insertion of an oxygen atom into an inert
hydrocarbon with two electrons derived from NAD(P)H via
redox partners for activating oxygen molecules. The insertion
of an oxygen atom in the reaction process involves the
reduction of dioxygen to hydrogen peroxide and the subse-
quent formation of higher iron oxidation states. The active
oxidant species commonly used to perform these reactions
is a high-valent oxo-ferryl species called Compound I (Cpd
I) (8-11), which is generated from the precursor species
ferric hydroperoxide, so-called Compound 0 (Cpd 0).
However, the identity of this species has not been elucidated
because of the very fast reaction steps occurring after O2

binding. Most attempts at trapping Cpd I also led to the
oxidative activity of other species in the P450 cycle. Cpd 0
has been implicated as a possible oxidant for several P450
chemistries, which is the last species seen before the product
appears in the reaction cycle (12-22). Notably, the studies
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on mutation at the conserved threonine in the proximal heme
site suggested that Cpd 0 can play a role in epoxidation.
The conserved Thr is very important in the formation of Cpd
I with the protonation to dioxygen. The mutants exhibit
activity toward double bond epoxidation in spite of the fact
that the mutation of Thr could slow or suppress the formation
of Cpd I (14, 18). Thus, the possible involvement of the Cpd
0 species in oxygenation, including hydroxylation or epoxi-
dation by cytochrome P450, is still controversial, even though
the involvement of Cpd I could not be ruled out.

An amino acid sequence comparison of all P450 enzymes
reveals that only a few residues are implicitly conserved
throughout the superfamily. One of these is the cysteine
coordinated to the heme iron (Cys317 in P450st) (7). The
conservation indicates the importance of the residue. The
importance of the Cys residue as the fifth heme ligand in
P450 reactions has been demonstrated in theoretical studies
and kinetic analyses of model complexes and variant
P450s (23-26). The electron density of the axial cysteine
ligand in P450s plays a key role in their unique catalytic
activities. The thiolate of the Cys ligand has been proposed
to provide a strong electron releasing push effect on the heme
iron, which promotes scission of the heterolytic O-O bond
to generate Cpd I.

Extensive studies suggest that donation of the electron
from the thiolate ligand is controlled by the conserved
hydrogen bonds between the thiolate sulfur and surrounding
main-chain and side-chain amide NH groups. An earlier
mutagenesis-based study of these residues in P450cam
missing hydrogen bonds suggested that these hydrogen bonds
contribute to the enhanced electronegativity of the thiolate
and demonstrated that the enhanced push effect inhibits the
protonation of the inner oxygen atom and promotes the
protonation of the outer oxygen atom in Cpd 0 (27, 28).
Consequently, the formation of Cpd I from the precursor
Cpd 0 was influenced by the donation of the electron from
thiolate, and the donation estimated from its reduction
potentials was modulated with the mutation to the residues
which exist around the Cys ligand.

In addition, there are several residues placed close to the
Cys ligand, which are highly conserved within the “heme-
binding” motif. The phenylalanine within the heme-binding
loop (Phe393 in P450BM3) is also highly conserved and
contributes to the control of the donation of the electron from
the thiolate ligand (29-32). The mutation of Phe393 to Ala,
His, Tyr, or Trp affected the electronic environment of the
proximal heme ligand, Cys, and modulated the reduction
potential of cytochrome P450BM3.

In this study, we initially constructed three mutants and
verified whether the mutation of the residues around the
ligand affects the redox potential and donation of the electron
from thiolate as seen in P450cam and P450BM3. First is
the P450st mutant with Phe310 changed to Ala which is at
a position similar to that of Phe393 in P450BM3. The second
mutation changed Ala320 to Gln, residing close to the
conserved cysteine ligand, Cys317 in P450st. The Gln at this
position is conserved in the P450 family (Gln360 in P450cam
and Gln403 in P450BM3). Third, a double-point mutant, with
both F310A and A320Q mutations, was also constructed.
These mutants are expected to exhibit a more positive
reduction potential than the wild type and suppress the
cleavage of the O-O bond of Cpd 0 for the formation of

Cpd I. Furthermore, we have experimentally confirmed that
Cpd 0 participates in the oxidation of substrates in P450
reactions with the mutants and peroxide shunt pathway. We
have employed the shunt pathway which can provide two
electrons and an oxygen required for the P450 catalytic cycle
instead of electrons from NAD(P)H and dioxygen (33-35)
to rule out the first and second heme reduction in the catalytic
process. Hence, it provided evidence for intermediate species
in the P450 epoxidation reaction.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis. The preparation of plasmids
for the overexpression of wild-type (WT) P450st has been
reported previously (7). All mutations were engineered into
the P450 gene using the standard QuikChange protocol
(Stratagene). A full-length P450st gene inserted into the NdeI/
XhoI restriction site of the pET23-b expression vector was
used in combination with PfuTurbo DNA polymerase (Stra-
tagene) and the following primer pairs (with the mutation
sites underlined): F310A primers, 5′-CCTCATTTGAGT-
GCCGGTTCTGGAATACA-3′ and 5′-TGTATTCCAGAAC-
CGGCACTCAAATGAGG-3′; A320Q primers, 5′-CATT-
TATGTTTAGGACAACCTCTAGCGAG-3′ and 5′-CTCG-
CTAGAGGTTGTCCTAAACATAAATG’3′. Site-specific
mutations were confirmed by automated DNA sequencing.
Mutants were overexpressed in Escherichia coli BL21(DE3)
in a manner identical to that of wild-type P450st.

Enzyme Preparations. All cytochrome P450sts (wild-type
and mutants) were purified from E. coli BL21(DE3) trans-
formants by being grown in 1 L of Luria-Bertani medium
containing 100 µg/mL ampicillin and 1 mM δ-aminolevulinic
acid at 37 °C without isopropyl �-D-thiogalactopyranoside
induction. After an overnight culture, the expressed enzymes
were purified as previously described with some modifica-
tions (7). The E. coli cells harboring P450st gene expression
plasmids were disrupted by sonication, and the cell lysate
was heated at 62 °C to remove E. coli proteins. All
recombinant P450sts were purified on an anion-exchange
diethylaminoethyl (DEAE) column and a nickel-nitrilotri-
acetic acid (Ni-NTA) affinity column according to the
method outlined in our previous paper (7). Then, as the final
step, the samples were applied onto a Sephacryl S-200 size
exclusion column equilibrated in buffer [50 mM Tris-HCl
containing 0.2 M NaCl (pH 7.5)].

UV–Vis Absorption Spectroscopy. The electronic absorp-
tion spectra were measured at room temperature with a
Shimadzu UV-2450 spectrometer. The CO-bound proteins
were obtained by the dithionite reduction followed by CO
bubbling.

Resonance Raman Spectroscopy. Resonance Raman spec-
tra were recorded on a JASCO NRS-1000 spectrometer using
a Kaiser Optical holographic notch-plus filter and a liquid
N2-cooled CCD detector (Princeton Instruments, Spec-10).
Raman scattering was excited at 413.1 nm with a Kr ion
laser (Coherent, Innova 90C-K), and incident powers were
3.4 mW. The spectra were obtained with data accumulated
over 2.5 min and a spectral resolution of 1.47 cm-1. A
multiple-point level-fitted fluorescence baseline was per-
formed with GRAMS/386. All measurements were per-
formed at room temperature.
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Thermal Stability. The P450st enzymes’ activities were
assayed at room temperature after preincubation between 25
and 90 °C to investigate the thermostability of the enzymes.
P450sts at 1 mg/mL in 50 mM Tris-HCl (pH 7.5) were
heated at various temperatures for 30 min. After centrifuga-
tion (25000g for 30 min), the supernatants were used for
the assays.

Steady-State Kinetics. All steady-state kinetic measure-
ments of peroxide-dependent epoxidation assays were per-
formed at 30 °C in 50 mM Tris-HCl buffer at pH 7.5.
Reaction mixtures (total volume, 200 µL) contained 20 µM
P450st, styrene (40 µM to 1.5 mM), and H2O2 (10 mM).
Styrene was added as a solution in acetonitrile to give a final
acetonitrile concentration of <1.5%. The reaction was
initiated by the addition of the enzymes. Control incubations
were done without P450st enzymes or without H2O2. Samples
were then extracted with CH2Cl2. The combined CH2Cl2

layers were concentrated by evaporation and then analyzed
by isothermal gas chromatography (GL-380, GL Science)
at 80 °C on a fused silica TC-1 column [30 m × 0.25 mm
(inner diameter), GL Science]. Under these conditions, the
retention times for styrene and styrene oxide were 2.5 and
5.3 min, respectively. Styrene epoxide formation was quan-
titated using relative peak areas with acetophenone as the
internal standard. The initial P450st concentration was used
for all calculations. Assays were performed in triplicate for
each substrate concentration, and kinetic constants were
calculated with Lineweaver–Burk plots.

Square WaVe Voltammetry. To estimate the redox poten-
tials of wild-type P450st and mutants, square wave volta-
mmetry was carried out using an ALS 624B electrochemical
analyzer. All square wave voltammetry measurements were
performed in 0.1 M phosphate buffer (pH 7.0). A film-coated
plastic formed carbon (PFC) electrode was used as a working
electrode (working area, 0.071 cm2). Multilayer films were
grown on PFC electrodes. The PFC was polished with water
proof abrasive paper (DCC type by Sankyo Rikagaku Co.,
Ltd., grit number 400) prior to film assembly. The bare PFC
electrode was thoroughly washed with water and then
sonicated in water for 1 min. Poly(ethyleneimine) (2 mg/
mL; average MW of 70000) (PEI) in 0.1 M phosphate buffer
(pH 7.0) was used as the polycation for film construction.
The (P450st enzyme/PEI) films, where the number of
protein-polycation bilayers is 3, were prepared by repeated
alternate adsorption for 20 min from a solution of positively
charged PEI and negatively charged P450st enzymes.
Electrode potentials were measured against a Ag/AgCl (3
M NaCl) electrode with a platinum wire as the counter
electrode. Square wave voltammetry conditions were as
follows: 2 mV step height, 20 mV pulse height, and 6 Hz
frequency. The redox potentials were estimated from the
midpoint of reduction-oxidation peaks. All experiments
were carried out under an atmosphere of N2 at room
temperature. Square wave voltammetry was performed in
triplicate for each sample to average the redox potentials and
calculate the experimental errors in each sample.

RESULTS

OVerexpression and Purification of P450st Mutants. DNA
sequence analysis shows the site-specific mutations intro-
duced into the P450st gene. The F310A, A320Q, and F310A/

A320Q variants were successfully overexpressed as a soluble
form and subsequently purified to high homogeneity by using
a previously described method with some modifications (7).
All mutant enzymes were expressed at high levels, similar
to that of the wild type. The purified enzymes appeared as
a single band at a molecular mass of 43 kDa, consistent with
the molecular mass deduced from the gene sequences.

Spectroscopic Analysis of the Resting State and Carbon
Monoxide-Binding P450st Mutants. The purified wild-type
and mutant P450sts exhibit a Soret absorbance at 414 nm
with a shoulder peak at 360 nm and R and � bands at 532
and 566 nm, respectively, indicating the general feature of
cytochrome P450s in a low-spin state. The spectra of the
variants were scarcely distinguishable from that of the wild
type.

Resonance Raman spectra of WT P450st in its oxidized
form using an excitation wavelength of 413.1 nm are shown
in Figure 1. At high frequencies (Figure 1A), the Raman
bands of wild-type P450st appear at 1372, 1501, 1582, 1629,
and 1634 cm-1, indicating a hexacoordinate low-spin (6cls)
heme. These frequencies compare well with those reported
for another thermophilic P450, CYP119A1 (4), and are in
good agreement with our reported Raman bands for P450st
(36). Compared with the spectra of the three mutant enzymes,
the differences among the WT, F310A, and A320Q enzymes
are small. However, the vinyl stretching vibration, νcc, which

FIGURE 1: Resonance Raman spectra of P450st enzymes in the
oxidized form. (A) At high frequencies and (B) low frequencies,
Raman spectra of WT P450st (a), F310A (b), A320Q (c), and
F310A/A320Q (d) at pH 7.5. All measurements were carried out
using excitation at 413.1 nm and incident powers of 3.4 mW at
room temperature. All spectra were obtained with data accumulated
over 2.5 min and a spectral resolution of 1.47 cm-1.
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appeared at 1629 cm-1 in WT P450st, varies slightly among
the mutants. The νcc vibration at 1629 cm-1 can be assigned
to an out-of-plane vinyl conformer. The few significant
changes in the high-frequency vibrations of WT and mutant
enzymes suggest that the heme plane geometry remains
almost unchanged. In the low-frequency region as shown in
Figure 1B, the ν16, ν7, and ν8 modes of wild-type P450st
occur at 752, 674, and 344 cm-1, respectively, which also
agree with those previously reported (36).

Typically, treatment of a reduced Cyt P450s with carbon
monoxide generates the characteristic CO-P450 Soret
absorption at 450 nm due to the strong donation of an
electron from the Cys ligand. The ferrous form of the wild
type and all mutant enzymes were capable of generating the
FeII-CO complexes when they were bubbled with CO.
While wild-type P450st exhibits a Soret peak at 450 nm as
well as spectra typical of CO-bound P450s, blue shifts in
the Soret absorption for mutants F310A (Amax ) 446 nm),
A320Q (Amax ) 449 nm), and F310A/A320Q (Amax ) 444
nm) were observed (Figure 2). Slight blue shifts were
observed, indicating that the substitution of these residues
did not lead to an inactive cytochrome P420, the so-called
P420 (37).

Thermal Stability. The effects of mutations on the ther-
mostability of heme chromophores for wild-type, F310A,
A320Q, and F310A/A320Q enzymes were investigated. After
preincubation of the enzymes at temperatures between 25
and 90 °C for 30 min, the absorbance maximum of the ferric
enzymes at 25 °C was measured. Preincubation for 30 min
between 25 and 70 °C did not measurably alter the absorption
of the enzymes (Figure 3). While WT P450st and A320Q
retained ∼80% of the absorption at 25 °C, in F310 mutants,
abrupt precipitation occurred when the proteins were prein-
cubated between 80 and 90 °C. The order of thermal
tolerance for these enzymes was as follows: WT ≈ A320Q
> F310A ≈ F310A/A320Q. The differences in thermosta-
bility indicate that the phenylalanine at position 310 in P450st
participates in the stabilization of heme groups buried in its
protein matrix.

Determination of the Redox Potentials of P450sts. The
substrate-free redox potentials of the wild-type, F310A,
A320Q, and F310A/A320Q enzymes were measured by
square wave voltammetry to verify the effects of the
mutations on the redox potential of heme. Figure 4 shows

the square wave voltammograms of WT P450st and mutants
obtained by the electrostatic layer-by-layer self-assembly
technique. Using square wave voltammetry, Figure 4 (wild
type) exhibits a peak with a redox potential of Fe3+/Fe2+ at
–481 mV versus Ag/AgCl (3 M NaCl). A summary of redox
potentials for the wild type and mutants determined from a
repeated trial is presented in Table 1. The square wave
voltammetry gave a redox potential of –481 mV [vs Ag/
AgCl (3 M NaCl)] for WT P450st, which is more negative
than that with a didodecyldimethylammonium bromide
(DDAB) film [-250 mV vs Ag/AgCl (3 M NaCl)] in our
previous report (7). We have recently studied the charac-
terization of P450st-DDAB films by using UV–vis absorp-
tion, resonance Raman spectroscopy, and electrochemical
methods (38). The results indicated that when working with
a P450st-DDAB film, the heme could be released from its
protein matrix in DDAB films on PFC electrodes.

Also, the same analysis for P450 mutant enzymes shows
that the redox potential of mutants F310A and F310A/A320Q
is considerably more positive than that of the wild type [–453
and –450 mV vs Ag/AgCl (3 M NaCl), respectively] and
that for the A320Q mutant is rather positively shifted [-477
mV vs Ag/AgCl (3 M NaCl)]. The substitution of phenyla-
lanine at position 310 increased the redox potential of P450st,
similar to the mutation of F393 in P450BM3 (30, 31).

Kinetics of Styrene Oxidation with Hydrogen Peroxide.
No information is available on the endogenous substrates
for thermophilic P450st, although sulfur-containing com-
pounds are good candidates for this role given the growth
of S. tokodaii strain 7 in sulfur-rich environments. After a
30 min incubation of the WT and mutant enzymes with 5
mM styrene and 10 mM H2O2, the products were detected
by isothermal gas chromatography at 80 °C to confirm the
catalytic activity of thermoacidophilic P450sts for styrene
and H2O2. The sole detectable product detected by gas
chromatography was styrene oxide. The styrene oxide was
identified by direct chromatographic comparison with an
authentic standard. For styrene oxidation, the Km values
varied as follows: F310A/A320Q > A320Q ≈ F310A > WT
(as shown in Table 2). The Km value of each enzyme in this
system was large. Because it is difficult to increase the
concentration of styrene experimentally, the calculated error
bar for each Km value was large. The observed trend in kcat

values was as follows: F310A/A320Q ≈ F310A > A320Q
≈ WT.

FIGURE 2: UV–vis spectra of the CO-bound ferrous forms of wild-
type P450st and F310A, A320Q, and F310A/A320Q mutants. The
spectra highlight the deviation in the wavelength of the Soret
absorption maximum. The Soret peaks were blue-shifted by 4 nm
(F310A, dashed line), 1 nm (A320Q, dotted line), and 6 nm (F310A/
A320Q, thin solid line) compared to that of the wild type (thick
solid line; Amax ) 450 nm).

FIGURE 3: Thermal stability of WT and mutant P450st enzymes.
The percentage of the residual Soret absorption of WT P450st (0),
F310A (O), A320Q (4), and F310A/A320Q (3) after the incubation
at each temperature is represented. The Soret absorption of each
sample was normalized by the absorption at 25 °C.
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DISCUSSION

Effects of Amino Acid Substitutions at Positions 310 and
320 on Redox Potential. Phenylalanine 310 in P450st is a
highly conserved residue throughout the P450 superfamily.
Previous mutagenesis studies for P450BM3 indicate that the
residue has an influence on electronic nature, reflecting the
electron density at the heme iron and heme reduction (29-32).

Glutamine 320 in P450st was conserved in P450cam and
P450BM3, which also exists around the thiolate ligand and
is involved in controlling reduction potential (27, 28). In this
study, we constructed P450st mutants with Phe310 changed
to Ala and Ala320 to Gln and a double-point mutant with
the F310A and A320Q mutations to investigate the effects
of these mutations on redox potential and catalytic activity
with H2O2 (peroxide shunt pathway) (33-35). Phe310 and

FIGURE 4: Oxidation and reduction square wave voltammetry of PEI-P450st films on a PFC electrode in 0.1 M phosphate buffer at pH 7.0:
(A) cathodic scan and (B) anodic scan. Experimental conditions were as follows: square wave amplitude, 20 mV; potential step, 2 mV;
frequency, 6 Hz.

Table 1: Redox Potentials for Substrate-Free WT P450st and Mutant
P450sts

protein
redox potential

[mV vs Ag/AgCl (3 M NaCl)]

wild-type -481 ( 9
F310A -453 ( 7
A320Q -477 ( 9
F310A/A320Q -450 ( 10

Table 2: Steady-State Kinetics of Styrene Oxidation by the Wild Type
and F310A, A320Q, and F310A/A320Q Mutants

protein Km (×102 µM) kcat (×10-3 s-1)

wild-type 1.7 ( 0.9 8.7 ( 0.9
F310A 5.7 ( 1.9 20.8 ( 2.9
A320Q 6.2 ( 2.2 13.3 ( 1.8
F310A/A320Q 8.0 ( 0.9 28.7 ( 2.9
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Ala320 in P450st reside close to the conserved cysteine
ligand, Cys317, which coordinates with the heme iron.

We successfully expressed and purified the F310A,
A320Q, and F310A/A320Q mutants, the yield of which was
comparable to that for the WT enzyme. The UV–vis spectral
and resonance Raman spectral measurements for the purified
mutant enzymes are indicative of a substrate-free low-spin
oxidized P450.

The three mutations had little effect on thermostability.
On the basis of the homology model (39) and the crystal
structures of CYP119 and P450st (5, 7, 40), three factors
have been proposed to contribute to the thermal stability of
P450st. The first is a higher density of salt bridges, for
example, the Lys49-Asp61-Arg65 salt link in P450st. The
second factor is a relatively low density of alanines coupled
with a high incidence of isoleucines in the interior of the
protein, resulting in better side-chain packing. The third factor
is the presence of extended aromatic clusters that are not
present in mesophilic P450 structures. One aromatic cluster
includes Tyr2, Trp4, Phe5, Phe24, Trp281, and Tyr15. A
second cluster is composed of Phe225, Tyr229, Trp231,
Phe250, Phe298, Phe334, and Phe338. These observations
suggest that the mutation of F310 and A320 hardly has an
influence on the overall conformation and thermostability
of P450st enzymes. Therefore, all mutants exhibited higher
thermal tolerance than the mesophilic counterpart P450cam.
However, a difference in thermostability between the F310
mutants (F310A and F310A/A320Q) and the enzymes not
mutated at F310 was observed at 90 °C. The difference
demonstrates that the interaction of heme groups and
phenylalanine at position 310 can be attributed to the
thermostability of P450st.

Substitutions of Phe310 and Ala320 of cytochrome P450st
have been shown to modulate the redox potential while
preserving the structural integrity of the enzyme’s active site.
The observed trend in redox potential was as follows: F310A/
A320Q ≈ F310A > A320Q ≈ WT. The more positive redox
potentials of heme iron are totally consistent with the
observed blue-shifted Soret band in the ferrous-CO form,
suggesting a decrease in the level of backdonation from the
thiolate ligand. In the features of CO-bound P450st, differ-
ences between the wild type and mutants were observed.
The blue shifts indicate a change in the vibrational energy
of the CO bond on the heme iron induced by changes in the
strength of backbonding from the ferrous heme iron to the
CO antibonding orbitals, and hence the electron density at
the heme iron (30). The blue shift is also indicative of a
decrease in electron density at the heme iron because higher
electron density increases the degree of backdonation to the
CO antibonding orbitals, effectively weakening the CO bond
in conjunction with a decrease in the FeII-CO vibrational
energy; thus, absorption would be red-shifted. The blue shifts
in the P450st-CO absorption are indicative of an increase
in the strength of the CO bond with less backbonding and
demonstrate that the order in terms of electron density at
the heme iron is as follows: WT > A320Q > F310A > F310A/
A320Q. These substitutions of phenylalanine at position 310
and alanine at position 320 with alanine and glutamine,
respectively, and both mutations appear to have an influence
on the electron density of the heme iron, similar to the nature
of these residues in P450cam and P450BM3 (28, 30).

Multiple factors are generally considered to influence the
redox potential of metalloproteins, for example, the microen-
vironment and the electrostatic environment around the heme
iron (41-45), the orientation, and the nonplanarity of the
heme chromophore (46-48). The proximal ligand of the
redox center as well as the hydrogen bond to the proximal
thiolate ligand is also considered to play a key role in
modifying redox potential (25, 26, 49, 50). Contributions
from the heme propionate and vinyl groups (51-54) have
also been considered to be involved in regulating the heme
iron redox potential.

Resonance Raman spectroscopy plays a key role in the
study of heme proteins because of the strong signal enhance-
ment and detailed vibrational spectrum afforded by the heme
group. To obtain detailed insight into the effects of the
mutations on the structural formation of the active site, we
also measured Soret-enhanced Raman spectra of the oxidized
WT and three mutants. Several porphyrin marker bands in
the high-frequency region, ν4, ν3, ν2, and ν10, are available
for characterizing the heme structure. The band at 1372 cm-1

in Raman scattering of wild-type P450st is assigned to the
oxidation marker band ν4, indicating a ferric state of the
hemes. Raman bands of WT P450st at 1501, 1582, and 1634
cm-1 can be also assigned to heme core vibrations of ν3, ν2,
and ν10, respectively. The ν3, ν2, and ν10 frequencies are
known as diagnostic markers for the coordination and spin
states of the heme (55-59). The heme core size marker bands
ν3, ν2, and ν10 obtained from the wild-type enzyme are
characteristic of a 6cls, analogous to that for the other
P450s (57, 59). In comparison with the data for F310A,
A320Q, and F310A/A320Q mutants, our data show that the
mutations do not have a significant effect on the heme core
size marker bands.

At low frequencies, the assigned heme skeletal modes in
wild-type P450st and mutant enzymes are ν7 (674 cm-1), ν8

(344 cm-1), and ν16 (752 cm-1). Also, the propionate bending
mode δ(C�CcCd)6,7 observed at 370 cm-1 occurs, indicative
of hydrogen bonding of the propionate groups to well-ordered
amino acid residues (60-62). Two vinyl bending modes,
δ(C�CaCb)2,4, appear at 403 and 427 cm-1, indicating two
distinct vinyl conformations (63-65). According to previous
Raman studies of myoglobin (65), cytochrome c peroxidase
(66), and P450BM3 (32), the frequencies at 403 and 427
cm-1 can be assigned to an in-plane vinyl conformer and an
out-of-plane vinyl conformer, respectively. Single and double
mutations of Phe310 and Ala320 in P450st have a negligible
effect on these modes (less than 1 cm-1) at low frequencies,
whereas F393 mutants of P450BM3 have changes in those
vibrations (32).

While changes in the frequencies of the vinyl bending
modes were observed in F393 P450BM3 mutants, P450st
mutants had no significant change in these frequencies.
However, mutations of F310 influence the intensity of the
propionate bending mode significantly, consistent with F393
mutants in P450BM3, although an increase in the intensity
of A320 mutants was not observed. The detailed mechanism
that determines the Raman intensity of the propionate
bending mode is not known. However, Chen et al. (32)
hypothesized that it could relate to the orientation of the
propionate groups with respect to the heme plane.

The ν7 vibration shows that the relative intensities of these
modes increase as follows: WT < A320Q < F310A <
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F310A/A320Q (which may indicate small differences in
heme planarity). However, that there were no significant
changes in the high-frequency vibration of WT P450st and
its variants suggests that the heme plane geometry remains
unchanged. Therefore, the F310 and A320 mutation could
induce a change in the protein environment of the vinyl
groups. Indeed, investigation of the crystal structure of WT
P450st supports the possibility that F310 is in van der Waals
contact with the 2-vinyl group as in the crystal structure of
P450BM3 (29), although a detailed X-ray analysis of these
mutants is still underway. Furthermore, considering the
studies on P450cam Q360 mutants (28), the slight positive
shift in the redox potential of A320 mutants with respect to
the wild-type enzyme could be attributed to the change in
interaction between the heme iron and thiolate ligand via
hydrogen bonding, and thus the change in withdrawing the
electron density from the heme iron. However, the effects
of mutation at position 320 in P450st on electron density
may be weaker than that in P450cam because significant
frequency shifts were not detected in Raman studies for
P450sts and the shift in redox potential was smaller than
that for P450cam mutants.

Effects of Amino Acid Substitutions at Positions 310 and
320 on Catalytic Reactions. The monooxidation process
catalyzed by cytochrome P450s involves the reduction of
dioxygen to hydrogen peroxide followed by the formation
of the high-valent oxygen complex species capable of
transferring oxygen (8-10). The reactive species in the
cytochrome P450 cycle may be (i) the equivalent of Cpd I
of the peroxidases, in which formally the heme iron(IV) state
bears an activated oxygen with an oxidizing equivalent on
the porphyrin ring (FeO2+por•+), or (ii) Cpd 0, the iron(III)
bound to a hydroperoxide (FeOOH2+). However, the transient
character of these intermediates hampers even spectroscopic
detection during the reaction cycle under physiological
conditions; thus, the reactive intermediates in the P450
reaction cycle are still controversial, and it is still not quite
clear to us why only P450 exhibits monooxygenase activity
among the heme enzymes in spite of the fact that these
enzymes produce Cpd I, as the common oxidant, using either
H2O2 or O2, 2 e-, and 2 H+. In this study, the catalytic
activity for styrene epoxidation with H2O2 was assayed using
WT P450st and its mutants which have more positive redox
potential than the wild type. We have employed styrene as
a substrate because the putative product yielded by epoxi-
dation, styrene oxide, is readily analyzed with gas chroma-
tography and there are extensive data on their oxidation by
other P450s (18, 67). Also, styrene is expected to be a proper
substrate for investigating the reactivity of the prospective
reactive intermediate Cpd 0, because Cpd 0 could prefer
epoxidation to hydroxylation due to its electrophilicity (18, 22).
Hence, it could be experimentally assessed if an intermediate
other than Cpd I catalyzes the oxygenation as the reactive
species.

In the comparison among WT P450st and mutant enzymes,
the blue shift of the Soret band in the ferrous-CO forms
and the change in their redox potential indicate that the
electron densities on the heme iron decrease as follows:
F310A/A320Q > F310A > A320Q > WT. The electron
density on the heme iron, correlated with redox potential, is
modulated by multiple contributing factors as mentioned
above. Notably, the theoretical calculation using density

functional theory and experimental works for P450 mutants
and model complexes suggested that the electronic influence
of the axial ligand on the heme iron in P450s is the key to
their unique reactivities (8, 10, 23-26). An increase in
electron density with more negative reduction potential on
the heme iron is believed to result in the promotion of the
heterolytic cleavage of heme-bound dioxygen (27). Thus,
the more positive redox potential shift is expected to interfere
with the formation of Cpd I and decrease the rates of styrene
oxidation. However, for styrene oxidation, the observed trend
in kcat was as follows: F310A/A320Q > F310A > A320Q
> WT (which opposes the order for the redox potential
among P450st enzymes). The resulting trend for the rate of
oxygenation is inconsistent with that for the P450BM3 F393
mutant (31).

In the P450BM3 F393 mutant, the higher reduction
potentials lowered the catalytic turnover rates, although the
stability of the oxy-ferrous complexes and heme reduction
rates increased. The catalytic rate-determining step of these
P450BM3 enzymes cannot be the initial heme reduction
event but is likely to be reduction of the stabilized oxy-ferrous
complex and, thereby, the second electron transfer to heme
or subsequent protonation. On the other hand, in this study,
we have investigated the steady-state kinetics with styrene
among P450st variants using a pathway employing H2O2

instead of NAD(P)H and the reductases to exclude effects
of the second electron transfer to heme. We have used styrene
as a test substrate because endogenous substrates for wild-
type P450st are still not available, which provide larger Km

values (Table 2). In this study, the formation of the
hydroperoxo complex [Fe3+-OOH] species is likely to be
the initial step in the reaction of P450st with hydroperoxide.
The protonation of the distal oxygen atom bound to the heme
iron would be followed by the heterolytic cleavage of the
O-O bond to form Cpd I. A study of mutations in P450cam
suggested that the decrease in electron density on the heme
iron could disturb the protonation to the outer oxygen atom
(27). Therefore, in the reaction of these P450st mutants
bearing more positive redox potentials, the formation of Cpd
I could be prevented. We concluded that intermediates such
as Cpd 0 mainly participate in the styrene epoxidation,
although the formation of Cpd I cannot be ruled out
completely.

In summary, our single and double site-directed mutations
of F310 and A320 in P450st have revealed that the
intermediate Cpd 0 mainly catalyzes the styrene epoxidation
with H2O2. We have constructed mutants F310A, A320Q,
and F310A/A320Q in which the phenylalanine at position
310 and the alanine at position 320 are in the vicinity of the
thiolate ligand to the heme. The mutation at position 310
influenced the electron density and reduction potential on
the heme iron. We have also used H2O2 to rule out the first
and second heme reduction in the catalytic process and assess
if the intermediate Cpd 0 participates in P450 activity and
employed styrene as a test substrate for epoxidation since
Cpd 0 may have electrophilic properties. Our results showed
that the steady-state turnover rate of styrene epoxidation was
greater with the increase in the redox potential of the heme
despite the prediction that an increase in redox potential
interferes with the formation of Cpd I. Hence, in this case,
we postulate that the intermediate Cpd 0 instead of Cpd I
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mainly catalyzes styrene epoxidation with H2O2 as an
electrophilic oxidant.
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