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ABSTRACT: The direct hydroxylation of alkanes under mild conditions is a key
issue in catalytic chemistry that addresses an increasing number of industrial and
economic requirements. Cytochrome P450s are monooxygenases that are capable
of oxidizing less reactive C—H bonds; however, wild-type P450s are unavailable
for many important nonnative substrates such as gaseous alkanes. Here, we report
the enhanced hydroxylation activities and crystallographic evidence for the role of
decoy molecules in wild-type P450BM3-catalyzed hydroxylation of gaseous
ethane and propane by using the next generation of decoy molecule. A cocrystal
structure of P4S0BM3 and a decoy molecule reveals that an N-perfluoroacyl
amino acid (decoy molecule) partially occupies the substrate-binding site of
P450BM3. This binding of the decoy re-forms the active site pocket to allow the
accommodation of small substrates and simultaneously influences the formation
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of compound I species by expelling water molecules from the active site.
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Bl INTRODUCTION

Gaseous alkanes, which are found in abundance in natural gas,
are important fuels and potential chemical feedstock." The
development of molecular catalysts (homogeneous and/or
heterogeneous) for the selective hydroxylation of less-reactive
gaseous alkanes is a longstanding challenge and a current topic
of interest, considering increasing industrial and economic
requirements.”> One of the main difficulties for gaseous alkane
hydroxylation is their high C—H bond-dissociation energies
(BDEs). For example, methane and ethane have BDEs of 104.9
and 101.4 kcal/mol, respectively.* Although methane mono-
oxygenases from methanotrophic bacteria oxidize methane to
methanol under mild conditions, they are not suitable for
further application as biocatalysts, mainly because of difficulties
associated with preparing the multicomponent system in
recombinant form.>® Cytochrome P450s (P450s) are a
superfamily of iron-containing monooxygenases that are
capable of breaking strong C—H bonds of hydrocarbons.
Because recombinant forms of P450s are prepared by using
common expression systems such as Escherichia coli, P450s have
great potential for further engineering and subsequent
application in synthetic chemistry.””® Unfortunately, the
substrate specificity of cytochrome P450s makes them
unsuitable for the hydroxylation of gaseous small alkanes,
because P450s, especially those isolated from bacteria,
recognize their specific substrates by intermolecular interactions
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to ensure their specificity and efficiency. For the past few
decades, protein engineering has emerged as a powerful tool to
remodel P450s for the oxyfunctionalization of nonnative
substrates. These studies have succeeded in changing the
substrate specificity and have improved the catalytic activity of
P450s by the application of rational and semirational structure-
based mutagenesis, as well as by directed evolution techniques
(random mutagenesis).'*'® Although challenging, it is still
possible to apply wild-type P450s for the oxidation of small
nonnative substrates.

In the absence of substrates, the generation of an active
intermediate of P450s is prevented by the coordination of a
sixth water ligand in the low-spin resting state of the heme iron
(substrate-free form)."” The binding of substrate perturbs the
aqua ligand, which leads to a shift of the heme to a high-spin
state (substrate-bound form)'® accompanied by a positive
redox potential shift that initiates the reduction of ferric heme
(Figure 1A). Subsequent O, binding to the ferrous heme
followed by its reductive activation generates an iron(IV)—oxo
cation radical intermediate (compound I), which is generally
considered to be the active species that is responsible for
substrate oxidation (Figure 1B).'”*° According to the oxygen-
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Figure 1. (A) Active site structures of wild-type P450BM3: substrate-free form'” (left, inactive state, PDB code 2HDP); N-palmitoylglycine-bound
form"® (right, active state, PDB code 1JPZ). (B) Catalytic cycle of cytochrome P450. (C) Schematic representation of a plausible catalytic cycle of

the “P450BM3-decoy molecule system”.

activation mechanism of P450s for the generation of compound
I, substrate binding serves as a switch to start the reaction. For
example, P450BM3, a fatty acid hydroxylase isolated from
Bacillus megaterium, selectively binds long-alkyl-chain fatty acids
to start its catalytic cycle”' Although wild-type P450BM3
shows very high catalytic activity for fatty acid hydroxylation, it
does not efliciently catalyze nonnative substrates with
structures that are significantly different from those of fatty
acids because these nonnative substrates do not bind to the
enzyme to initiate the first step of the catalytic cycle (Figure
1C). The crystal structure of a substrate-bound form of
P4S0BM3 shows that the fatty acid (palmitoleic acid) is fixed
by two major interactions with P4SOBM3: (1) a hydrophobic
interaction of the alkyl chain of the fatty acid with hydrophobic
residues in the active site and (2) hydrogen bonding and
electrostatic interaction of the carboxylate in the fatty acid with
amino acids TyrS1 and Arg47 located at the entrance to the
active site of P450BM3 (Figure 2A).” Insertion of the alkyl
chain into the active site is critical, because this switches on the
reaction by removing the water molecule coordinated to the
ferric heme. In fact, carboxylic acids with a short alkyl chain of
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Figure 2. Substrate-binding sites of P4S0BM3 in complexes with (A)
palmitoleic acid (PAM, PDB code 1FAG) and (B) N-palmitoylglycine
(NPG, PDB code 1JPZ).
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less than 12 carbon atoms are not hydroxylated by P450BM3.**
Furthermore, P4S0BM3 does not start the catalytic hydrox-
ylation of normal alkanes such as tetradecane and hexadecane,
which do not have the carboxyl group.>* This indicates that the
interaction of the carboxylate with Arg47 and TyrS1 is also
critical for initiating the monooxygenation. This cooperative
switching mechanism of the substrate recognition by P450BM3
contributes to its high substrate specificity. Recently, we have
demonstrated that the switch of P450s can be turned on by
using a series of perfluorinated carboxylic acids (PFCs) with
shorter alkyl chains named “decoy molecules” such as
perfluorinated nonanoic acid.>>*® In these cases, P4SOBM3
misrecognizes PFCs as its natural substrate because their
structures resemble those of fatty acids, since the atomic radius
of fluorine is similar to that of hydrogen. Thus, PFCs turn on
P450s, which adopt the active, high-spin state to start the
catalytic cycle (Figure 1C). By utilizing this substrate
misrecognition, a variety of substrates such as propane and
benzene can be hydroxylated by wild-type P450BM3.”*~>* The
catalytic activities for nonnative substrates, however, are still
lower than those of long-alkyl-chain fatty acids. We presume
the interaction of PFCs with P450BM3 is not sufficient to fully
switch on P45S0BM3 because of its weak binding affinity to the
enzyme. However, it was reported that hydroxylation of N-
palmitoyl glycine is more efliciently catalyzed by P450BM3
than palmitic acid because of an increased association constant
of N-palmitoyl glycine (K, = 262 nM)."® The crystal structure
of an N-palmitoylglycine-bound form of P4S0BM3 shows
additional hydrogen-bonding interactions of the carboxylate
group in N-palmitoylglycine with GIn73 and Ala74 (Figure
2B),"® which are expected to contribute to the improved
binding affinity of N-palmitoylglycine. These observations allow
a new generation of decoy molecules to be developed on the
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basis of the introduction of an amino acid onto the PFCs
(Chart 1). The resulting molecule was anticipated to interact
strongly with P4S0BM3, resulting in higher rates of
hydroxylation of small aliphatic and aromatic hydrocarbons.

Chart 1. Design of N-Perfluoroacyl Amino Acids as Second-
Generation Decoy Molecules Used in This Study
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In a mutagenesis study on the oxidation of hydrophobic
substrates by P450BM3,” the replacement of Arg47 and Tyr51
by hydrophobic amino acids (R47L/YSIF) greatly improved
the catalytic activity. The results indicate that a hydrophobic

environment at the entrance of the substrate access channel in
P450BM3 would be conducive for the hydroxylation of
hydrophobic substrates. We thus prepared a series of N-
perfluoroacyl amino acids with hydrophobic side chains as a
new generation of decoy molecules (Chart 1). Herein, we
report that N-perfluoroacyl amino acids with hydrophobic side
chains do indeed strongly activate (arouse) wild-type
P450BM3, and we demonstrate that the hydroxylation rates
of gaseous alkanes are reached to 45/min/P450 for ethane and
256/min/P450 for propane, by employing N-perfluoronona-
noyl-L-leucine. Furthermore, we have succeeded in obtaining
the crystal structure of N-perfluorononanoyl L-tryptophan-
bound P450BM3, which provides crucial evidence for the roles
of decoy molecules and gives some mechanistic insights into
the activation of wild-type P450 by decoy molecules and into
how gaseous alkanes gain access to the heme pocket.

B EXPERIMENTAL SECTION

Decoy Molecules. The preparation, spectroscopic charac-
terization, and dissociation constants of decoy molecules, as
well as absorption spectral studies of P4S0BM3 in the presence
of decoy molecules, are described in the Supporting
Information.
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Figure 3. Hydroxylation of propane (A), ethane (B), and cyclohexane (C) catalyzed by wild-type P4S0BM3 (0.5 4M) with N-perfluoroacyl amino
acids (100 yM) as second-generation decoy molecules. The previous results from the first-generation decoy molecules (PFCs) are also shown in
(A). The # symbols denote the reactions in which the product was not detected. N-Perfluorononanoyl amino acids are abbreviated to the three-letter
codes of the corresponding amino acids in (B) and (C). For the hydroxylation of propane (A) and cyclohexane (C), S mM NADPH was added to
the reaction mixture. The ethane hydroxylation was performed by using an NADPH regeneration system consisting of p-glucose (100 mM), NADP*
(1 mM), and glucose dehydrogenase (1 unit). The PFR is given in gmol min~" (umol of P450)~’, and the error bars denote the standard deviation
calculated from three parallel experiments. The coupling efficiencies ([product formation]/[NADPH consumption] X 100) are shown as red open

circles in (A) and (C).
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Procedure for Hydroxylation of Propane. To a stirred
gas-saturated buffer solution (propane/oxygen 80/20 v/v)
composed of 20 mM Tris HCI (pH 7.4) and 100 mM KClI (1
mL) in a glass sample bottle at room temperature were
successively added P450BM3 (0.5 zM), a methanolic solution
of N-perfluoroacyl amino acid (decoy molecule) (100 zM), and
NADPH (5 mM). The reactor was immediately fitted with a
balloon (propane/oxygen ca. 1/1), and air in the bottle was
replaced by the mixed gas for 2 min. After addition of NADPH
to start the reaction, the reaction was carried out for 10 min,
and then a sample of the reaction mixture (10 L) was taken to
determine the consumption of NADPH. The reaction solution
was mixed with sodium nitrite (150 mg), hexane (1 mL), and
3-pentanol (1 mM, internal standard). Aqueous sulfuric acid
(20%, 150 uL) was added dropwise to the mixture cooled in an
ice bath over 15 min. The organic phase was separated and
washed with water, and the obtained solution was directly
analyzed by gas chromatography (GC2014; Shimadzu) with an
Rtx-1 column (Restek).

The hydroxylations of ethane and cyclohexane performed by
using similar procedures are described in detail in the
Supporting Information.

Procedure for Hydroxylation of Ethane using an
NADPH Regeneration System. To a stirred gas-saturated
buffer solution (ethane/oxygen 80/20 v/v) composed of 20
mM Tris HCI (pH 7.4) and 100 mM KCI (1 mL) in a glass
sample bottle at room temperature were successively added
P450BM3 (0.5 uM), N-perfluoroacyl amino acid (decoy
molecule) (100 #M), p-glucose (100 mM), NADP* (1 mM),
and glucose dehydrogenase (1 unit). The reactor was
immediately fitted with a balloon (ethane/oxygen ca. 1/1),
and the reaction was carried out under balloon pressure for 4
min. The reaction solution was mixed with sodium nitrite (150
mg), hexane (1 mL), and 3-pentanol (1 mM, internal
standard), and then the mixture was carefully treated by
addition of diluted sulfuric acid (20%, 150 uL) cooled in an ice
bath. After more than 15 min, the organic phase was separated
and washed with water. The obtained solution was directly
analyzed by gas chromatography (GC2014; Shimadzu) with an
Rtx-1 column (Restek). Control experiments were carried out
with nitrogen gas instead of ethane under the same conditions.

Crystallization of P450BM3 with N-Perfluorononano-
yl-.-Tryptophan. The buffer of the purified P4S0BM3 was
exchanged with 50 mM Tris-HCl (pH 7.4) containing 100 uM
of N-perfluorononanoyl-L-tryptophan and 1% (v/v) dimethyl
sulfoxide. P4SOBM3 was then concentrated to 20.3 mg/mL by
centrifugation using Amicon Ultra filter units (Millipore,Co.).
An aliquot of the concentrated P4SOBM3 solution (1 M) was
mixed with 1 M of a reservoir solution composed of 100 mM
Tris-HCI (pH 8.5), 210 mM MgCl, and 21% (w/v) PEG8000.
The cocrystals were grown by a sitting-drop vapor diffusion
method at 20 °C for 20 days.

Data Collection and Refinement. Crystals were flash-
cooled by liquid nitrogen. X-ray diffraction data sets were
collected on the beamline BL26B2 equipped with a MAR22S
CCD detector at SPring-8 (Hyogo, Japan) with a 1.0 A
wavelength at 100 K. The program HKL2000*° was used for
integration of diffraction intensities and scaling. The structure
was solved by molecular replacement with MolRep.*' The
structure of P4S0BM3 with N-palmitoylmethionine (1ZO9)
was used as a search model. Model building and refinement
were performed by using COOT>* and REFMACS.*® The N-
perfluorononanoyl-L-tryptophan model was generated by using
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a Dundee PRODRG server’* and used in the refinement with
COOT and REFMACS. All protein figures were depicted by
using PyMOL.> The final refinement statistics are summarized
in Table S1 (Supporting Information).

B RESULTS AND DISCUSSION

A series of N-perfluoroacylglycines with different lengths of
alkyl chain (PFC6-Gly to PFC11-Gly) were synthesized both to
examine the effect of the glycine on propane hydroxylation and
to establish an appropriate length for the alkyl chain of the N-
perfluoroacyl amino acids (Figure 3A and pages S1—S4 in the
Supporting Information).® As expected, the catalytic hydrox-
ylation activity and the binding affinity (Table 1) were both

Table 1. Dissociation Constants of Decoy Molecules Bound
to P450BM3

second generation® Ky/uM first generationb Ky/uM
PEC7-Gly 911
PEC8-Gly 9§ PFC8 1900
PEC9-Gly 22 PFC9 980
PEC10-Gly 3 PFC10 290
PEC11-Gly N PEC11 91
PFC9-L-Ala 26 PFC12 30
PFC9-L-Val 7.3 PEC13 1.8
PEC9-1-1le 4.1 PFC14 13
PFC9-1-Leu 39
PFC9-L-Met 20
PFC9-1-Phe 3.4
PEC9-L-Trp 1.6

“This study. The K values of PFC9-DL-Ala and PFC9-p-Ala were not
estimated because of the irregular spectral change during titration
experiments. bPrevious study.2

drastically improved by simply introducing glycine. The
optimum chain length was PFC9, and the use of this compound
gave a product formation rate (PFR) of 2-propanol of 128/
min/P450 (Figure 3A). To examine the effect of the side chain
structure and chirality of the amino acid on propane
hydroxylation, we prepared a series of PFC9 derivatives
modified with amino acids bearing a range of hydrophobic
side chains (Chart 1, Figure 3A, and pages S1—S4 in the
Supporting Information). Among the N-perfluorononanoyl
amino acids examined, N-perfluorononanoyl-L-leucine was the
most effective for propane hydroxylation (PFR = 256/min/
P450, Figure 3A). This activity reaches about half of that
obtained by the best reported mutant of P4SOBM3 (propane
monooxygenases, P450p,o) with 22 mutations from 15 rounds
of directed evolution (455/min/P450) (Figure SS and Tables
$2—85, Supporting Information),”” whereas two PFRs obtained
under different conditions could not be compared directly. This
activity of PFC9-L-Leu for propane hydroxylation was 4 times
higher than that of PFC10 (67/min/P450, Figure 3A).>® The
coupling efficiency of PFC9-L-Leu (36%) for propane
hydroxylation was increased 2 times in comparison with that
of PFC10 (18%),> but it was lower than that of P450py0
(94%).”” The higher affinity could be one of the possible
reasons for the higher rates of the hydroxylation reaction. It is
interesting to note that compounds with the L-amino acid were
better than those with the D enantiomer (Figure 3A and Table
S$3, Supporting Information). PFC9 derivatives modified by -
amino acids with larger side chains showed a tendency to give
higher PFRs (more than 200/min/P450), which suggested a
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significant steric effect of the side chain of the amino acid
(Figure 3A and Table S4, Supporting Information). Moreover,
a small amount of 1-propanol (23/min/P450) was detected
under these conditions (Tables S2—SS, Supporting Informa-
tion), whereas the hydroxylation of the unreactive primary sp*
C—H bond was observed with P450BM3 and PFCs only when
a high pressure of propane was applied (Figure SS, Supporting
Information)®” or when the reaction was performed by using
engineered P450BM3 and P4S0,, (Figure S8, Supporting
Information).*~*

The hydroxylation of ethane was then examined under
similar conditions by using NADPH. Because control experi-
ments using nitrogen gas instead of ethane showed a small
amount of ethanol formation due to a side reaction, we
calculated the formation rate of ethanol by ethane hydrox-
ylation (4—15/min/P450) after subtracting the background
ethanol (Figure S6 and Table S6, Supporting Information).
The rates were 6—22 times faster than that of the reaction
performed under high-pressure ethane (500 kPa) using PFC10
as the decoy molecule (0.67/min/P450)>” and were 10—37
times faster than that obtained with the P450BM3 variant
(P450pp0, 0.4/min/P450).> It is not clear at this time how the
background ethanol was formed; however, decomposition of
NADPH could afford ethanol. Therefore, we also examined
ethane hydroxylation by employing a glucose dehydrogenase
promoted NADPH regeneration system to reduce the
concentration of NADPH in situ.*' The regeneration system
also promoted ethane hydroxylation, with a PFR range of 8—
45/min/P450 (Figure 3B and Figure S7 and Table S7,
Supporting Information). PFC9-L-Leu gave the largest PFR
(45/min/P450), and this activity was comparable with that
obtained with the best reported P450 variant (four mutations of
P4S0cam, 78.2/min/P450) for ethane hydroxylation (Figure
S8, Supporting Information).>® In addition, a long-term
reaction of ethane hydroxylation was carried out for S h in
the presence of PFC9-L-Leu together with an NADPH
regeneration system to give a TON of 292 umol/(umol of
P450), which is lower than that observed by P450pp0.>" The
hydroxylation of cyclohexane was also examined by using the
second generation of decoy molecules, resulting in PFRs higher
than those obtained by using the first-generation decoy
molecules (Figure 3C).»

The high affinity of this series of N-perfluoroacyl amino acids
to P4SOBM3 (Table 1 and Figures S13 and S14, Supporting
Information) encouraged us to prepare cocrystals of P4SOBM3
and N-perfluoroacyl amino acids. As a result, we succeeded in
crystallizing a PFC9-L-Trp-bound form of P450BM3 and
obtained crystals that diffracted at 1.8 A resolution (Figure
4A). In the fatty acid binding channel of P4S0BM3, clear
electron density that was readily assignable to PFC9-L-Trp was
observed, and the fluorine atoms were clearly distinguished
from proton atoms of fatty acids (Figure 4B and Figure S9,
Supporting Information). PFC9-L-Trp was bound to P4S0BM3
through hydrogen bond interactions with three amino acids:
TyrS1, GIn73, and Ala74 (Figure 4B). The overall structure has
a quasi-open conformation that is between the open
conformation (substrate-free, PDB code 2HPD)'” and the
closed substrate-bound conformations (PDB codes 1FAG
(palmitoleic acid),”* 1JPZ (N-palmitoylglycine),'® and 1209
(N-palmitoylmethionine)**). Clear changes in the quasi-open
conformation from the open conformation of 2HPD are found
in the F and G helices and the F/G loop (Figure SI104,
Supporting Information). Large differences in comparison with
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Figure 4. (A) Crystal structure of P4S0BM3 with PFC9-L-Trp (red
sphere). (B) Binding modes of PFC9-L-Trp to P4SOBM3. An F, — F,
electron density map contoured at the 3.0 level omitting PFC9-L-Trp
is shown in light blue mesh. (C) The 2F, — F, electron-density map
around the active-site pocket. (D) Substrate-induced rotation of Arg47
in an increasing order of PAM- (palmitoleic acid, light blue), NPG-
(N-palmitoylglycine, magenta), NPM- (N-palmitoylmethionine, yel-
low), and PFC9-L-Trp-bound P450BM3 (green);. (E) Conformational
change of Phe87 in substrate-free P4SOBM3 (cyan), PFC9-L-Trp-
bound P450BM3 (pink), and NPG-bound P450BM3 (sky blue). (F)
DMSO-bound structure.

Ala264 DMSO

Phe87

Heme iron

the bound forms of P450BM3 were also observed in the I, H,
and B’ helices and related loops (Figure S10B, Supporting
Information). More importantly, the quasi-open conformation
provides space that allows access to an additional small
substrate. Furthermore, a DMSO molecule unambiguously
occupied the sixth ligand position of the heme instead of a
water molecule, according to a 2F, — F, electron density map
contoured at 1o around this region (Figure 4C), even though
only 1% DMSO was present (to improve the solubility of
PFC9-L-Trp). The distance between the sulfur atom of DMSO
and the heme iron is 2.4 A (Figure SI1A, Supporting
Information).* This DMSO is also close to PEC9-L-Trp (4.2
A), Phe87 (3.9 A), Ala264 (3.2 A), Thr268 (3.1 A), and Ala328
(3.8 A) (Figure S11B, Supporting Information). Considering
the similar size of DMSO and small alkanes, this result provides
evidence that the short chain length of PFC9-L-Trp allows
accommodation of the target substrates near the heme iron.
Interestingly, water molecules, which are usually observed near
the active center upon binding of long chain fatty acids (1JPZ
and 1Z09), are not observed, possibly because of the increased
hydrophobic interaction of decoy molecules with the substrate-
binding channel upon the introduction of fluorine (Figure S12,
Supporting Information). The results are consistent with the
observation that the binding of decoy molecules leads to an
increased proportion of high-spin heme iron; thus, the
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reduction of ferric heme is expected to take place readily in the
presence of NADPH.**

Conformation changes of key residues in the PFC9-L-Trp-
bound P450BM3 provide clear evidence for the transition from
a resting state of P4SOBM3 (substrate free) to a “substrate-
bound-like” state upon binding of the decoy molecule. One
striking difference between the decoy molecule bound form and
the native substrate bound forms is found for Arg47, which is a
polar residue close to the entrance of the substrate access
channel. This residue moves toward the surface of the protein
and away from the substrate (Figure 4D), which may allow the
admission of a small substrate. Moreover, a hydrophobic side
chain of the decoy molecule occupies the space provided by the
rotation of Arg47. Therefore, the water network environment
in the entrance of the substrate-binding channel might be
disturbed, which makes the entrance more hydrophobic.¥* A
second significant change was observed in Phe87, a key residue
in the active site, which is 75° inclined to the heme plane,
whereas the DMSO binding may also contribute to this
orientation (Figures 4C). This perpendicular orientation is
similar to that observed in the substrate-free structure (2HPD)
but differs from the parallel orientation found in the N-
palmitoyl glycine-bound structure (1JPZ) (Figures 4E). The
perpendicular orientation of Phe87 reduces steric conflict with
the bound DMSO (Figure 4F). Because the structure of
DMSO-bound P450BM3 could be regarded as a model
structure of small alkane-bound P450BM3, the perpendicular
orientation of Phe87 would contribute to the accommodation
of small alkanes between Phe87 and Ala264. The crystal
structure analysis also reveals why the medium chain length of
the decoy molecule was effective, while decoy molecules having
longer alkyl chains showed better binding affinity to P450BM3.
The crystal structure of the PFC9-L-Trp-bound form of
P450BM3 indicated that the terminal perfluoromethyl group
of PFC9-.-Trp was close to DMSO (4.2 A, Figure S11B,
Supporting Information) coordinated to the heme iron. This
observation clearly indicates that, in the case of decoy
molecules with alkyl chains longer than nine carbon atoms
such as PFC10-L-Leu and PFC11-1-Leu, the binding site for
gaseous alkane would be occupied by the alkyl chain of decoy
molecules or the access of gaseous alkane would be disturbed
by the alkyl chain of decoy molecules, both of which would lead
to lower catalytic activities and higher uncoupling reactions
(Table S5, Supporting Information),* while the binding
affinities of PFC10-L-Leu and PFCIl1-L-Leu are higher than
that of PFC9-L-Leu.

B CONCLUSION

In conclusion, we have demonstrated that N-perfluoroacyl
amino acids strongly activate wild-type P4SOBM3 for the
hydroxylation of inert alkanes. PFC9-L-Leu gave PFRs for the
hydroxylation of secondary and primary C—H bonds of alkanes
that were comparable with those of the best P450 variants
prepared by multiple-round mutagenesis. The crystal structure
of the PFC9-L-Trp-bound form of P450BM3 revealed the active
site re-formation and provided mechanistic insight into the
activation of wild-type enzyme by decoy molecules. We
conclude that the catalytic activity for gaseous alkane
hydroxylation by wild-type P450BM3 would be improved
further by optimizing the structure of the decoy molecule.
Although we have focused herein on natural amino acids for the
modification of the carboxylate group of PFCs, non-natural
amino acids may further improve the catalytic activity. Further
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modification of the amino acids to elongate the terminal of
PFCs is also expected to improve the binding affinity as well as
the solubility of decoy molecules.
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