
Enzymatic Reaction of Hydrogen Peroxide-Dependent Peroxygenase Cytochrome
P450s: Kinetic Deuterium Isotope Effects and Analyses by Resonance Raman

Spectroscopy

Isamu Matsunaga,*,‡ Akari Yamada,§ Dong-Sun Lee,§ Eiji Obayashi,§ Nagatoshi Fujiwara,| Kazuo Kobayashi,|

Hisashi Ogura,‡ and Yoshitsugu Shiro§

Department of Virology and Department of Host Defense, Osaka City UniVersity, Graduate School of Medicine,
1-4-3 Asahi-machi, Abeno-ku, Osaka 545-8585, Japan, and RIKEN Harima Institute/SPring-8, 1-1-1 Kouto, Mikazuki-cho, Sayo,

Hyogo 679-5148, Japan

ReceiVed October 3, 2001; ReVised Manuscript ReceiVed NoVember 19, 2001

ABSTRACT: Cytochromes P450SPR (CYP152B1) and P450BSâ (CYP152A1), which are isolated from
Sphingomonas paucimobilisandBacillus subtilis, respectively, belong to the P450 superfamily, but catalyze
hydroxylation reactions, in which an oxygen atom from H2O2 is efficiently introduced into fatty acids
(e.g., myristic acid). P450SPR produces theR-hydroxylated (R-OH) products at 100%, while P450BSâ
producesR- andâ-hydroxylated (â-OH) products at 33 and 67%, respectively. Using deuterium-substituted
fatty acids ([2,2-d2]-myristic acid andd27-myristic acid) as a substrate, the peroxygenase reactions of the
two bacterial P450s were investigated. In the P450SPR reaction, we observed an intermolecular
noncompetitive kinetic isotope effect onVmax (DV ) 4.1) when [2,2-d2]-myristic acid was used, suggesting
that an isotopically sensitive step involving theR-hydrogen of the fatty acid is present in the catalytic
cycle. On the other hand,D(V/K) was masked, in sharp contrast to the features of usual monooxygenases
P450. The characteristic kinetic features can be interpreted in terms of the faster product formation than
the substrate dissociation. A similar kinetic isotope effect was observed [DV ) 4.9, D(V/K) ∼ 1] for the
P450BSâ reaction, whend27-myristic acid was used as a substrate, indicating that the reaction mechanism
is the same for both peroxygenases. The resonance Raman spectral data of P450BSâ in the ferric and
ferrous-CO forms in the presence and absence of myristic acid demonstrated that the catalytic pocket of
the enzyme is polar, so that the location of the carboxylate of the substrate close to the sixth ligand of the
heme could be allowed. On the basis of these results on the kinetic isotope effects and spectroscopy, we
discuss the possible mechanisms of theR- andâ-hydroxylation of fatty acids catalyzed by peroxygenases
P450SPR and P450BSâ.

We have studied two unusual bacterial cytochrome P450
(P450)1 enzymes, both of which hydroxylate a carbon
adjacent to the carboxyl carbon of fatty acids. P450SPR

[systematic nomenclature (1), CYP152B1], identified in
Sphingomonas paucimobilis, specifically hydroxylates an
R-carbon of fatty acid substrates (2), and P450BSâ [systematic
nomenclature (1), CYP152A1] fromBacillus subtiliscan
attack theâ-position as well as theR-position of a fatty acid
to produce bothâ- and R-hydroxyl products (3). Both the
enzymes efficiently introduce an oxygen atom derived from
H2O2 to the substrate, and catalytic turnovers of these
enzymes are very high (3-5), although theirKm values for

H2O2 are very low (10-2 mM magnitude). These high
activities are specific for H2O2, but alkyl hydroperoxides
often used for mechanistic study on P450-containing reac-
tions are not effective. Moreover, our previous work showed
that the NADH-supportedR-hydroxylation activity of fatty
acids in the crude extract fromS. paucimobiliswas com-
pletely inhibited by catalase (6, 7) and NADH, ferredoxin,
ferredoxin reductase, and the peroxygenase P450 did not
reconstitute the activities of these P450 enzymes (unpub-
lished results). Therefore, it is unlikely that these P450s
require a reduction system of molecular oxygen for their
catalysis. Based on these findings, we considered that these
bacterial P450 enzymes specifically require H2O2 for their
catalytic activities and, therefore, should be appropriately
designated asperoxygenaserather thanmonooxygenase.
Compared with the usual monooxygenase P450s, there are
two characteristic properties in the enzymatic reactions of
peroxygenases P450SPR and P450BSâ: utilization of H2O2 in
place of O2, and the site specificity of the reaction.

It is generally accepted that the monooxygenase P450
reaction (8) proceeds as follows: the substrate binds to ferric
P450 (step 1); the ferric P450-substrate complex receives
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one electron from NAD(P)H to yield a ferrous P450-
substrate complex (step 2); this complex combines with
molecular oxygen to produce an oxygenated form (step 3);
a second electron from NAD(P)H and a proton to the
oxygenated form yields a hydroperoxy complex (step 4); a
second protonation leads to heterolytic cleavage of the O-O
bond, resulting in a highly reactive intermediate (step 5);
insertion of the activated oxygen into the substrate is believed
to occur by way of C-H bond cleavage, followed by rapid
oxygen rebound to form a product (step 6). Newcomb et al.
(9), however, proposed another mechanism, instead of steps
5 and 6, in which OH+ is inserted from the iron-
hydroperoxy complex to the substrate.

In the monooxygenase P450-containing system, hydrogen
peroxide and alkyl hydroperoxides such as cumene hydro-
peroxide are sometimes used as surrogates for the reduction
system and molecular oxygen (peroxide shunt pathway) to
skip steps 2-4. However, the turnover rate in the hydro-
peroxide-supported system is generally much lower than that
in the reduction system-supported catalytic cycle. In contrast,
in the peroxygenase P450 (P450SPR and P450BSâ) reaction,
the shunt pathway is the main route to provide hydroxylated
products of fatty acids, and the turnover numbers are
extremely high (1000 min-1).

On the site specificity of the reaction, theR- and
â-hydroxylations of fatty acids by P450SPR and P450BSâ are
very unique, compared to monooxygenase P450s, which have
been known to catalyze the hydroxylation at theω-n (n )
1, 2, 3) site of fatty acids. Structural differences in the
substrate recognition must be responsible for the difference
in the site specificity of the reaction between peroxygenases
P450SPR and P450BSâ and the usual monooxygenase P450s.

The two characteristic properties in the reaction of P450SPR

and P450BSâ are highly attributable to the uniqueness of their
protein structure at the active site, which are possibly related
to the uniqueness of the reaction mechanism. To address
these issues, we investigated the effect of deuterium substitu-
tion on fatty acid hydroxylation by the peroxygenase P450s
and the structural characterization of the heme environment
with resonance Raman spectroscopy. A kinetic hydrogen
isotope effect has been examined for many P450 reactions
(10-13), and has provided useful information in restricting
candidate mechanisms to those involving a C-H bond
cleavage step. On the other hand, resonance Raman spec-
troscopy is a powerful tool to characterize the heme
environmental (active site) structures of hemoproteins in-
cluding P450s, by monitoring appropriate bands such asν3,
ν4, andνFe-CO. On the basis of these results obtained in
this study, we could discuss the possible reaction mechanisms
of fatty acid hydroxylation by peroxygenase P450s. Since
the peroxygenase enzymes might be useful for industrial
applications because of their unique property of being
functional even in the absence of a reduction system such
as NADPH-P450 reductase, it is important to clarify the
reaction mechanisms responsible for their modulating func-
tions. This knowledge may aid the development of enzymes
with novel functionality using future protein engineering
methods.

MATERIALS AND METHODS

Materials. Myristic acid andR-hydroxylauric acid were
purchased from Sigma-Aldrich Japan (Tokyo, Japan). [2,2-

d2]-Myristic acid, d27-myristic acid, and 9-anthryldiazo-
methane were purchased from Funakoshi Co. Ltd. (Tokyo,
Japan). Other reagents were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan).

Preparation of Recombinant Forms of Peroxygenase
P450s and Assay for Hydroxylation ActiVities of Myristic
Acid. Expression inEscherichia coliand purification of
recombinant forms of P450SPR (14) and P450BSâ (15) were
described previously. Assay methods for the myristic acid
hydroxylating activities of P450SPR (2) and P450BSâ (15) were
presented elsewhere. In the current work, the reaction time
was 2 min, andR-hydroxylauric acid was used as an internal
standard in each enzyme assay. The deuterated substrates
were stored ind6-ethanol until use. On commencing an
experiment, the substrates were diluted with ethanol to each
desired concentration, and 1µL of the ethanol solution was
added to 0.2 mL of the reaction mixtures. Gas chromatog-
raphy-mass spectrometry (GC-MS) confirmed that no
substrate deuterium exchange to the solvent occurred during
the experiments described above. Derivatization of the [2,2-
d2]-myristic acid metabolite by P450SPR with diazomethane
and analysis of this product with GC-MS were performed
as previously described (6).

Spectral Analyses.The dissociation constants of P450BSâ

for nondeuterated myristic acid andd27-myristic acid were
measured spectrophotometrically at room temperature via
substrate difference spectra using a Hitachi spectrophotom-
eter U2001 (Hitachi Co. Ltd., Tokyo, Japan).

Measurement of resonance Raman spectra was performed
with a JASCO NR-1800 spectrometer (Japan) modified in a
single dispersion mode equipped with a liquid-nitrogen-
cooled CCD detector (Princeton Instruments). The slit width
for the spectral measurements was 4 cm-1. The excitation
wavelengths used for the measurements of the ferric enzymes
and the ferrous-CO complexes were 413 nm from a Krypton
ion laser (Coherent, Innova 90) and 441 nm from a He-Cd
vapor laser (KIMMOM, Elect. Co. Ltd., Japan), respectively.
The power of the Kr+ and He-Cd lasers at the sample was
about 50 and 10 mW, respectively. Holographic filters
(KAISER OPTICAL SYSTEMS, Inc.) were used to remove
the Rayleigh scattering. The cylindrical Raman cell contain-
ing the sample solution, whose concentration was 50µM,
was spun to minimize local heating and photodissociation
of the iron-bound CO. The Raman spectrometer was
calibrated for each measurement with indene as standard.

RESULTS

Deuterium Effect on Enzymatic Reactions Catalyzed by
P450SPR. Peroxygenase P450SPR catalyzes the reaction of a
long-chain fatty acid (substrate) with H2O2 to specifically
produce an enantiomerically pureR-[S]-hydroxyl product (2).
We analyzed the reaction products using the GC-MS
technique, when a deuterated fatty acid, [2,2-d2]-myristic
acid, was used as a substrate. In Figure 1, the mass
chromatogram for the metabolite of this reaction is illustrated.
The M+ ion and two fragment ions produced by C1-C2
and C2-C3 cleavage, respectively, are larger by+1 than
the corresponding ones of the reaction product (R-hydroxy-
myristic acid) from the nondeuterated substrate (6). The result
clearly indicated that the metabolite of this reaction was
R-hydroxy-[2-d]-myristic acid. TheR-hydrogen (R-H) of the
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myristic acid was abstracted and replaced with a hydoxyl
group in a step of the catalytic cycle of peroxygenase
P450SPR.

We investigated the effects of the deuterium substitution
at theR-position of the fatty acid on the enzymatic reaction
of P450SPR. In Table 1, kinetic parameters,Vmax andKm, of
the Michaelis-Menten mechanism are presented for the two
reactions, in which nondeuterated or [2,2-d2]-myristic acid
was used as a substrate. The table shows that both kinetic
parameters,Vmax andKm, were dramatically affected by the
deuterium substitution for theR-H. This result suggests that
the catalytic cycle of P450SPR contains an isotopically
sensitive step, the reaction rate of which becomes signifi-
cantly slow relative to those of other steps in the catalytic
cycle of P450SPR, when the deuterated substrate is used.

For further quantitative analysis of the intermolecular
noncompetitive kinetic deuterium isotope effects, we fol-
lowed Northrop’s abbreviations (16), whereDV andD(V/K)
are the kinetic deuterium isotope effects onVmax andVmax/
Km, respectively. According to this description, a relatively
large intermolecular isotope effect was observed forVmax,
whereasD(V/K) was masked for the catalytic reaction by
P450SPR, as shown in Table 1.

Deuterium Effect on Enzymatic Reactions Catalyzed by
P450BSâ. P450BSâ also catalyzes the hydroxylation reaction
of myristic acid with H2O2, as in the case for P450SPR, but
the reaction products are both theR- and â-hydroxylated
(-OH) myristic acids. Their proportions were 37% forR-OH

and 63% forâ-OH myristic acid. We used [2,2-d2]- andd27-
myristic acids in place of the nondeuterated substrate to
examine the deuteration effect on the enzymatic reaction and
on theR-OH/â-OH product ratio (Table 1). In the reaction
using [2,2-d2]-myristic acid, both kinetic parameters,Vmax

andKm, were hardly altered, compared with the correspond-
ing values of the reaction using the nondeuterated substrate.
Consequently, the total amount of the hydroxylated products
was unaltered. However, the reaction products were 9% of
theR-OH and 91% of theâ-OH products. We also analyzed
the kinetic parameters in the formation ofR-OH andâ-OH
products separately. As presented in Table 2, it was found
that theDV value was 6.1 forR-OH formation, while it was
0.7 forâ-OH formation. Upon deuteration of theR-position
of myristic acid, theR-OH formation rate was largely
decreased, but theâ-OH formation rate was increased to
compensate for the decrease in theR-OH formation rate,
resulting in no change in theDV value in the total hydroxy-
lated product formation.

Upon deuteration of all the hydrogen atoms in myristic
acid (d27-myristic acid), theR-ÃΗ/â-ÃΗ product ratio was
apparently unchanged from that with the nondeuterated
substrate, i.e., 27% of theR-OH and 73% of theâ-OH, but
theVmax andKm values were dramatically changed, as shown
in Table 1. TheDV values forR- and â-hydroxylation of
d27-myristic acid were 6.7 and 5.2, respectively (Table 2).
The DV and D(V/K) values for P450BSâ in the total product
formation were basically the same as those for P450SPR

(Table 1), suggesting that the reaction mechanism is the same
between P450SPR and P450BSâ, although the site specificity
is different.

Dissociation Constants of Substrates to P450BSâ. In the
kinetic analyses stated above, it was notable that theKm

values were decreased in parallel with the decrement of the
Vmax, and theD(V/K) values were thus masked in both cases
of the P450SPR and P450BSâ reactions. For comparison, we
estimated dissociation constants (Kd) of nondeuterated and
d27-myristic acids for P450BSâ by spectral analyses. Each
substrate induced small but significant spectral changes for
P450BSâ of so-called “type I substrate difference spectra”
(data not shown). TheKd value ford27-myristic acid (14(
2.1 µM) was almost the same as that for nondeuterated

Table 1: Kinetic Noncompetitive Isotope Effects of the Reactions of P450SPR and P450BSâ

P450SPR P450BSâ

substrates Km
a Vmax

b DV D(V/K) Km
a Vmax

b DV D(V/K)

myristic acid 41( 7.2 2700( 200 58( 15 320( 29
[2,2-d2]-myristic acid 14( 2.1 660( 29 4.1 1.4 58( 7.0 312( 16 1.0 1.0
d27-myristic acid ndc ndc 17 ( 2.0 65( 2.3 4.9 1.4
a Results are shown as mean (µM) ( standard error (n ) 6). b Results are shown as mean [nmol min-1 (nmol of P450)-1] ( standard error (n

) 6). c Not determined.

Table 2: Kinetic Isotope Effect on the Formation ofR- or â-Hydroxyl Products by P450BSâ

formation ofR-hydroxyl product formation ofâ-hydroxyl product

substrates Km
a Vmax

b DV D(V/K) Km
a Vmax

b DV D(V/K)

myristic acid 85( 12 128( 7.8 50( 22 201( 29
[2,2-d2]-myristic acid 51( 18 21( 3.3 6.1 3.7 59( 22 290( 48 0.7 0.8
d27-myristic acid 18( 0.9 19( 3.0 6.7 1.4 11( 1.4 39( 1.3 5.2 1.1
a Results are shown as mean (µM) ( standard error (n ) 6). b Results are shown as mean [nmol min-1 (nmol of P450)-1] ( standard error (n

) 6).

FIGURE 1: Mass spectrum of a [2,2-d2]-myristic acid metabolite
by the reaction of P450SPR. The metabolite was methylated by
diazomethane for analysis.
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myristic acid (16( 2.4 µM). Since no significant change
was induced in the optical spectrum of P450SPR upon addition
of any fatty acids (17), we could not obtainKd values for
the substrates to test the reaction mechanism of P450SPR.

Resonance Raman Spectra of P450BSâ. To characterize the
heme environmental structure of peroxygenase P450s, we
measured the resonance Raman spectra of P450BSâ in the
ferric and ferrous-CO forms in the presence or absence of
myristic acid. We were unable to measure the Raman spectra
of P450SPR, because the protein precipitated under irradiation
of the laser.

(A) Ferric-Resting State.Figure 2 shows the resonance
Raman spectra of P450BSâ in the ferric-resting state. In the
high-frequency region of the substrate-free form (right
column in Figure 2A), theν4 andν3 bands were observed at
1372 and 1501 cm-1, respectively. The positions of these
bands indicated that the iron in the ferric-resting and the
substrate-free form of P450BSâ was a hexa-coordination in a
low-spin state (18), as in the case for usual P450s (19).
However, theν4 andν3 bands, as well as the others, did not
change in their position upon addition of myristic acid to
the enzyme solution (right column in Figure 2B). This
observation was in sharp contrast to those for the substrate-
bound forms of monooxygenase P450s (19), in which the
ν4 and ν3 bands were usually observed at 1374 and 1488
cm-1, respectively. While the heme iron in the usual P450s
changed to a penta-coordination in a high-spin state upon
substrate binding (19, 20), the iron of P450BSâ is still a hexa-
coordination in a low-spin state even in the substrate-bound
form. Corresponding to these observations in the high-
frequency region, the spectra of P450BSâ in the low-frequency
region (left column in Figure 2) are basically indistinguish-
able between the substrate-free and -bound forms. The only
difference was observed in the position of the band at 374
cm-1, which can be assigned to the bending mode of the
heme propionate, on the basis of the spectral comparison
with myoglobin (21, 22). The band was shifted from 374 to

369 cm-1 upon addition of myristic acid to the enzyme. The
binding of myristic acid to P450BSâ possibly influences
conformations around the heme propionates.

(B) Ferrous-CO Complex of P450BSâ. Figure 3 shows the
resonance Raman spectra of P450BSâ in the ferrous-CO
complex. The positions of theν4 (1369 cm-1), ν3 (1494
cm-1), and ν2 (1580 cm-1) bands observed in the high-
frequency region (right column in Figure 3A) were typical
for the ferrous iron in a hexa-coordination and low-spin state.
These bands were unaltered in their positions when myristic
acid bound to P450BSâ (right column in Figure 3B). On the
other hand, the Fe-CO stretching frequency (νFe-CO) was
observed at 488 cm-1 in the spectra of the low-frequency
region [Figure 3A(d)]. When13CO, C18O, or 13C18O was
bound in place of CO, theνFe-CO band shifted to 484,
479, and 476 cm-1, respectively, as shown in Figure 3A(c),
(b), and (a). This shift pattern indicated the linear Fe-C-O
unit. The νFe-CO band shifted by 3 cm-1 to the higher
frequency region, and was observed at 491 cm-1 in the
substrate-bound form [Figure 3B(h)]. This band shifted to
486, 483, and 479 cm-1 for the 13CO, C18O, and 13C18O
complexes, respectively [Figure 3B(g), (f), and (e)]. The 3
cm-1 shift caused by myristic acid binding was small but
significant, suggesting changes in the protein conformation
or chemical environment around the iron-bound CO in
P450BSâ.

DISCUSSION

Characteristics of Enzymatic Reactions by Peroxygenase
P450s.In the present study, we found that the deuterium
substitution for hydrogen atoms of the substrate (myristic
acid) dramatically affected both theVmax and Km in the
enzymatic reactions of peroxygenases P450SPR and P450BSâ.
It was noteworthy to be found thatDV was altered, butD-
(V/K) was masked in the reactions. The observations for
P450SPR and P450BSâ were in sharp contrast to those for the

FIGURE 2: High (1300-1800 cm-1) and low (300-800 cm-1)
frequency regions of the resonance Raman spectra of P450BSâ in
the ferric-resting state (A) in the absence and (B) presence of
myristic acid (0.5 mM). The samples were dissolved in the buffer
solution containing 100 mM HEPES (pH7.4) and 20% glycerol.
The sample concentration was 50µM. All spectra were obtained
at 413 nm excitation with a laser power lower than 25 mW at the
sample.

FIGURE 3: High (1300-1800 cm-1) and low (300-800 cm-1)
frequency regions of the resonance Raman spectra of P450BSâ in
the ferrous-CO complex (A) in the absence and (B) presence of
myristic acid (0.5 mM). In the left column, spectra of the isotopic
CO complexes are shown: (a)13C18O, (b) 12C18O, (c) 13C16O, and
(d) 12C16O in (A); and (e)13C18O, (f) 12C18O, (g) 13C16O, and (h)
12C16O in (B). The sample condition was the same as indicated in
Figure 2. All spectra were obtained at 441 nm excitation with a
laser power lower than 5 mW at the sample.
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usual monooxygenase P450s reported previously, in which
the effects of the deuterium substitution of substrates were
observed for bothDV and D(V/K) (10). To our knowledge,
one exception was reported by Ottoboni et al. (23) for the
oxidation of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine by
P450 1A1, in whichD(V/K) was masked.

In the classical and simple Michaelis-Menten model of
enzymatic reactions (Scheme 1), theKm value can be
considered to be an expression of the dissociation constant
(Kd) for a substrate when the substrate dissociation rate (k2)
is much larger than the product formation rate (k3). On the
other hand, we can express the deuteration effect on the
reaction,D(V/K), as follows: D(V/K) ) (DV + k3/k2)/(1 +
k3/k2). Under the conditionk2 . k3, the D(V/K) value must
be nearly equal to theDV value. Namely, upon deuteration
of the substrate, theVmax is affected, but theKm is not. This
has been the case for the usual monooxygenase P450s
reported so far.

In contrast, the present results on peroxygenases P450SPR

and P450BSâ, in which D(V/K) is almost masked, imply that
k3 would be larger thank2 (k2 , k3). Under this kinetic
feature, theKd value for a substrate must be different from
the Km value. Indeed, theKd value of P450BSâ for myristic
acid (14µM), which was spectrophotometrically determined,
is not identical to theKm value (58µM). As a consequence
of the deuteration effect, thek3 step in the reaction of P450BSâ

with the d27-substrate was smaller than the other rate
constants, giving aKm value (17µM) apparently close to
theKd value. It was, therefore, concluded for the fatty acid-
hydroxylating reactions with H2O2 catalyzed by P450SPR and
P450BSâ that the product formation rate (k3) is relatively fast,
compared with the substrate dissociation rate (k2) from the
enzyme. The relatively largek3 could be one of the driving
forces for the high turnover of the H2O2-dependent hydroxy-
lation by peroxygenases P450SPR and P450BSâ.

Substrate Recognition and Site Specificity of the Reaction.
Monooxygenase P450s such as P450BM3 catalyze the
hydroxylation of long-chain fatty acids as in the case for
P450SPR and P450BSâ. However, the site specificities of the
reactions are entirely different from each other; P450BM3
hydroxylates theω-1 andω-2 positions of the fatty acid,
while P450SPR and P450BSâ give theR- or â-OH products.
The difference in the reaction site is suggestive of differences
in the substrate recognition by the enzymes. The substrate
recognition in P450BM3 has been well-defined on the basis
of its crystal structure (24): the carboxylate of the fatty acid
electrostatically interacts with the Arg47 guanidyl group
present on the protein surface, and the alkyl chain entering
into the active site is stabilized through some hydrophobic
contacts with the Leu, Val, and Ala residues present in the
channel. As a result, theω-1 andω-2 positions of the fatty
acid are located closest to the active site, producing the (ω-
1)- and (ω-2)-OH products in the catalytic reaction.

In contrast, the carboxylate of the fatty acid should be
located in close proximity to the heme iron in the active site
of peroxygenases P450SPR and P450BSâ, because theR- or
â-position of the substrate reacts. In the Raman measure-
ments of the present study, we found that a water molecule

was present at the sixth coordination site of the heme ferric
iron in P450BSâ, irrespective of the presence or absence of
the substrate. In the Raman spectra of the ferrous-CO
complex of P450BSâ, theνFe-CO stretching band (488 cm-1)
was located in a higher frequency region than that of
P450BM3 (471 cm-1) (19), the heme pocket of which is
hydrophobic. All these spectral data are suggestive of a polar
environment of the sixth iron coordination site in P450BSâ.
The polar environment would allow the location of the polar
carboxylate of the fatty acid substrate. Interestingly, we
recently obtained evidence that Arg242 of the distal helix
of P450BSâ interacts with the substrate and, thus, such a basic
residue stabilizes substrate binding (15).

As evidenced by the isotope effect on theνFe-CO
stretching band in the Raman spectra of P450BSâ, CO linearly
binds to the ferrous iron. However, the linear Fe-C-O
geometry is slightly bent upon substrate binding, because
theνFe-CO stretching band moved from 488 to 491 cm-1.
The bent configuration was possibly caused by the steric
hindrance exposed by the bound substrate. Therefore, the
ligand-binding pocket of P450BSâ is polar, and the substrate
can bind to the enzyme very closely to the sixth ligand.

In P450SPR, the R-position of the fatty acid should be
closest to the heme iron (Figure 4A), resulting in only
R-hydroxylation. On the other hand, as determined from the
ratio of theR-OH/â-OH products, theR- and â-positions
would be almost equally close to the heme iron in P450BSâ.
In the present study, it is of note that the deutration of only
theR-position of the substrate ([2,2-d2]-myristic acid) largely
decreased theVmax value for R-hydroxylation, while it
increased theVmax value for â-hydroxylation (Table 2),
resulting in no change in theVmax for total product formation,
but a large change in theR-OH/â-OH product ratio. These
findings may be explained by the kinetic model of a branched
pathway (25) (see Scheme 2), where two distinct products
(PR, Pâ) are formed from one substrate (S) and two activated
substrate-enzyme tertiary complexes (ESR and ESâ) are in
equilibrium: PR is produced from ESR, and Pâ from ESâ.
For example, SR and Sâ may be rotational isomers of the
bound substrate (see Figure 4B), and PR is theR-OH product
and Pâ is the â-OH product. When the PR formation is

Scheme 1

FIGURE 4: Possible configuration of the substrate relative to the
heme moiety of peroxygenases P450SPR (A) and P450BSâ (B). B+

indicates a basic amino acid residue.
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reduced by deuteration ofR-H, ESâ will increase, resulting
in an increment in the Pâ formation.

Possible Mechanism of Hydroxylation Reaction by Per-
oxygenase P450.In the usual P450 monooxygenation reac-
tions, O2, two electrons, and two protons are essential
requirements, and proton transfer from solvent water to the
heme moiety, which is coupled with the second electron
transfer, is a rate-determining step (8). In contrast, peroxy-
genases P450SPR and P450BSâ utilize H2O2 as an oxidant in
the hydroxylation reaction of fatty acids in place of O2, two
electrons, and two protons. This implies that proton transfer
is not involved in the peroxygenase reaction, i.e., the self-
sufficient reaction. When D2O was used as a reaction solvent,
in place of H2O, the peroxygenase reaction was unaffected
(data not shown). In addition, it should be noted that the
highly conserved Thr residue, which is found in usual
monooxygenase P450s, is probably replaced with another
residue (Pro or Ala) in both P450SPR and P450BSâ, as was
revealed from the primary sequence alignment (3, 4),
suggesting an absence of the proton delivery pathway from
solvent water to the heme active site.

Concerning the hydroxylation reaction catalyzed by mo-
nooxygenase P450s, the hydrogen abstraction-oxygen re-
bound mechanism shown in Scheme 3 has been generally
accepted. In this mechanism, the hydroperoxo-iron species
is first converted to an iron-oxo species [either Fe5+O or
Fe4+O (porphyrinπ-cation radical)], and the resultant iron-
oxo species abstracts a hydrogen atom from the substrate to
produce an iron-hydroxy species and an alkyl radical
intermediate. The alkyl radical then displaces the hydroxyl
from the iron in a process termed “oxygen rebound”.

This mechanism is apparently applicable for theR- and
â-hydroxylation by P450SPR and P450BSâ. It seems reasonable
to consider that theR-H or â-H, which are located in close
proximity to the heme site, are abstracted by the putative
iron-oxo species, and that this step is a rate-determining
step of the catalytic reaction. This consideration is apparently
consistent with a previous report from another study on P450
reactions (13), in which a deuterium intermolecular non-
competitive isotope effect was interpreted as indicating that
hydrogen atom abstraction is a rate-limiting step. However,
the peroxide O-O bond cleavage (the first step of Scheme
3) must usually be supported by some functional residues.
For example, His and Arg act as acid-base catalysts for the
peroxide O-O bond cleavage by peroxidases. As stated
above, the functional Thr residue seems to be absent in the

active site of P450SPR and P450BSâ. This is apparently
supported by our recent finding that these ferric enzymes
could not react with H2O2 in the absence of the substrate;
that is, their optical absorption spectra were hardly changed
by the addition of H2O2 (data not shown). The catalytic
reaction turns over, of course, in the presence of the substrate.
Therefore, we suggest that the active sites of P450SPR and
P450BSâ themselves do not have a system to support the
peroxide O-O bond cleavage, and that substrate binding is
essential for the catalytic reaction of these peroxygenases.
If substrate binding changes protein conformations suitable
for the peroxide O-O bond cleavage, the reaction mecha-
nism in Scheme 3 would be acceptable for P450SPR and
P450BSâ.

Recently, Newcomb, Hollenberg, Coon, and co-workers
(9) proposed the so-called “cationic rearrangement mecha-
nism,” as shown in Scheme 4, in which the OH+ element
(electrophile) from the hydroperoxide-iron species is in-
serted into the substrate. This mechanism may be consider-
able given the hydroxylation by P450SPR and P450BSâ,
because, in this mechanism, the substrate can support
peroxide O-O bond cleavage and functional residues such
as conserved Thr are not necessarily required. However, here
we should consider the proposed mechanism of P450eryF
(26), one of a few monooxygenase P450s of which the
functional Thr residue is substituted with another hydropho-
bic residue such as Ala. In this mechanism, the 5-hydroxyl
group of the substrate, 6-deoxyerythrolide B, let the water
molecule position to operate as an acid catalyst required for
cleaving dioxygen. Namely, the hydroxyl group apparently
acts instead of the functional Thr residue, and the O-O band
would be cleaved by the water to produce an iron-oxo
species. This mechanism is very attractive, because the
carboxylate of P450SPR and P450BSâ substrates would be
positioned nearby the heme iron and, thus, an oxygen of the
carboxylate may act in the same manner as the P450eryF
mechanism. In any event, details should be discussed
following the determination of the structures of P450SPR or
P450BSâ in the substrate-free and -bound forms.
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