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Abstract Aromatic C-H bond hydroxylation of 1-
methoxynaphthalene was efficiently catalyzed by the sub-
strate misrecognition system of the hydrogen peroxide
dependent cytochrome P450gs; (CYP152A1), which usu-
ally catalyzes hydroxylation of long-alkyl-chain fatty acids.
Very importantly, the hydroxylation of 1-methoxynaph-
thalene can be monitored by a color change since the
formation of 4-methoxy-1-naphthol was immediately fol-
lowed by its further oxidation to yield Russig’s blue.
Russig’s blue formation allows us to estimate the peroxy-
genation activity of enzymes without the use of high per-
formance liquid chromatography, gas chromatography, and
nuclear magnetic resonance measurements.
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Introduction

Aromatic C-H bond hydroxylation is one of the key oxi-
dation reactions in organic synthesis. Hydroxylation reac-
tions of aromatic rings, however, tend to be accompanied
by side reactions and often require harsh conditions [1, 2].
By contrast, in metabolic processes in organisms, many
enzymes such as Rieske iron—sulfur non-heme dioxygen-
ases [3, 4], copper-containing oxidases [5], pterin-depen-
dent hydroxylases [6], and cytochromes P450 (P450s)
[7, 8] catalyze aromatic hydroxylations with high catalytic
activity and regioselectivity under mild conditions. Meth-
ane monooxygenase also catalyzes aromatic hydroxylation
through the peroxide shunt pathway [9]. P450s are a family
of hemoproteins that catalyze the insertion of an oxygen
atom (monooxygenation) into a wide variety of substrates
related to drug metabolism, detoxification of xenobiotics,
and biosynthesis of steroids [7, 8]. P450s are promising
enzymes with enormous potential in drug discovery, bio-
remediation, and chemical synthesis [10, 11]. One of the
limitations for the application of P450s to biocatalysts is
that the most of P450s consume a stoichiometric amount of
expensive cofactors, NADH or NADPH, in the oxidation
reactions. Even though the hydrogen peroxide shunt path-
way is a way to avoid the consumption of these expensive
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Fig. 1 The active-site structure of the palmitic acid bound form of cytochrome P450gss (P450gs4) (a) (Protein Data Bank code 11ZO) and a
plausible mechanism for the catalytic hydroxylation reaction for myristic acid (b)

cofactors, this pathway is inefficient for typical P450s
[12, 13]. In contrast to most P450s, P450gsz (CYP152A1)
isolated from Bacillus subtilis exclusively utilizes hydro-
gen peroxide to catalyze the hydroxylation (peroxygen-
ation) of long-alkyl-chain fatty acids [14]. The crystal
structure of a palmitic acid bound form of P450ps; and a
plausible reaction mechanism for the hydroxylation of
long-alkyl-chain fatty acids have been reported (Fig. 1)
[15]. In the hydroxylation of long-alkyl-chain fatty acids,
the electrostatic interaction between the carboxyl group of
the fatty acid and Arg-242 is indispensable for the gener-
ation of the active species (compound I) using hydrogen
peroxide. According to this reaction mechanism, P4505g
exclusively catalyzes the hydroxylation of long-alkyl-chain
fatty acids. Recently, we have reported that P450gg; can
catalyze the peroxygenation of a variety of nonnatural
substrates, such as epoxidation of styrene and hydroxyl-
ation of ethylbenzene, by employing a simple substrate
trick; a series of short-alkyl-chain carboxylic acids are
misrecognized as substrates and P4505gy starts the perox-
ygenation of nonnatural substrates [16]. We refer to a series
of short-alkyl-chain carboxylic acids and this reaction
system as a “decoy molecule” and as a “substrate mis-
recognition system,” respectively (Scheme 1). The cata-
Iytic activity and the enantioselectivity of the substrate
misrecognition system can be manipulated by changing the
decoy molecule. Indeed, the hydroxylation reaction of
ethylbenzene in the presence of heptanoic acid gave the
maximum turnover and the highest enantioselectivity
among a series of short-alkyl-chain carboxylic acids [16].
During the screening of various substrates, we found that
aromatic ring hydroxylation of 1-methoxynaphthalene is
catalyzed by the substrate misrecognition system. More-
over, we found that the progress of this hydroxylation can
be monitored by a color change of the reaction mixture.
Herein we report the hydroxylation of an aromatic ring by
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hydrogen peroxide dependent P450 and offer a useful
colorimetric assay for detecting the hydroxylation activity.

Materials and methods
Chemicals

All chemicals were purchased from commercial sources
and used without further purification. The following
reagents were obtained from Nacalai Tesque (Kyoto
Japan): acetic acid, propionic acid, butanoic acid, hexanoic
acid, octanoic acid, 3,3-dimethylglutaric acid, n-hexane,
and 2-propanol. Heptanoic acid, hydrogen peroxide, 1-
methoxynaphthalene, and 1-naphthol were obtained from
Wako Pure Chemical Industries (Osaka, Japan). Pentanoic
acid, suberic acid, and 4-methoxy-1-naphthol were
obtained from Tokyo Chemical Industry (Tokyo, Japan).
Benzoic acid, trimethylacetic acid (pivalic acid), mono-
methyl glutarate, mono-fert-butyl succinate, cyclohexane-
carboxylic acid, dithranol, and horseradish peroxidase
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(HRP) were obtained from Sigma—Aldrich (USA). H21802
was purchased from ICON (Isotope) Services (Summit, NJ,
USA). The recombinant P450gssz with a 6 x histidine tag at
its N-terminal was expressed in Escherichia coli M15
(pREP4) and purified by nickel chelate affinity chroma-
tography (HiTrap, GE Healthcare Bio-Sciences, USA)
using BioAssist eZ (TOSOH, Japan) or AKTA FPLC (GE
Healthcare Bio-Sciences, USA) according to a reported
procedure [15, 17]. V170F and F79L mutants were
expressed and purified by the same procedure. Reduced
P450 carbon monoxide difference spectra were measured
to determine the P450 concentration of these enzymes
according to a reported method [18]. The recombinant
sperm whale myoglobin and its mutants were expressed in
E. coli TB1 and purified according to a reported procedure
[19].

Instruments

UV-vis spectra were recorded with a Shimadzu UV-2400
PC spectrophotometer. Matrix-assisted laser deposition
ionization (MALDI) time-of-flight (TOF) mass specrome-
try was performed using a Bruker Daltonics Ultraflex III
MALDI-TOF/TOF mass spectrometer. 'H NMR spectra
were recorded with a JEOL ECA600 spectrometer. The
optical density of the wells was recorded using a model 680
microplate reader (Bio-Rad, Philadelphia, PA, USA)
equipped with a 595-nm wavelength filter.

Catalytic activity assay

The reaction was carried out in 0.1 M potassium phosphate
buffer (pH 7.0) in the presence of 0.67 pM P450ggg,
0.67 mM substrate, and 6.7 mM carboxylic acid. The
substrates and carboxylic acids were added as an ethanol
solution. When I-methoxynaphthalene was added, the
reaction mixture became slightly clouded owing to its low
solubility. Reactions were initiated by the addition of
20 mM hydrogen peroxide (final concentration of
1.3 mM). The total volume of the reaction mixture was
3 mL including 10% of ethanol. The reaction was per-
formed at 25 °C for 1 min. After the reaction, the reaction
mixture was extracted with 2.5 mL of chloroform. The
extract was filtrated, transferred into a volumetric flask, and
diluted to 5 mL. The catalytic activities for 1-methoxy-
naphthalene and 4-methoxy-1-naphthol were determined
by monitoring the absorption at 634.5 nm with a molar
absorption coefficient of &= 1.8 x 10* M~'cm™" in
chloroform. The molar absorption coefficient of Russig’s
blue was determined using the purified sample. The initial
turnover rates are averages of at least three measurements
and are expressed in terms of micromoles of product per
minute per micromole of P450.

The catalytic activity for 1-methoxynaphthalene hydr-
oxylation by myoglobin mutants was determined in a
similar manner as that of P450gss. A reaction mixture
containing potassium phosphate buffer (50 mM, pH 7.0),
3.6 UM myoglobin, and 0.5 mM 1-methoxynaphthalene
was prepared. The reaction was initiated by the addition of
100 mM hydrogen peroxide (final concentration of
1.0 mM). The reaction was repeated at least three times
and the average of the absorbance is summarized in Fig. 4.

Analysis of the reaction mixture after the oxidation
reaction

The reaction mixture was extracted with chloroform and
analyzed by MALDI-TOF mass spectrometry using
dithranol (1,8,9-anthracenetriol) as a matrix. Formaldehyde
formation owing to the O-demethylation reaction was
confirmed by the tryptophan—sulfuric acid—iron reaction
according to a reported method [20, 21].

Screening of the combination of P450gss mutants
and the decoy molecules

A reaction mixture containing potassium phosphate buffer
(0.1 M, pH 7.0), 0.67 uM wild-type P450 or mutants,
0.67 mM 1-methoxynaphthalene, and 6.7 mM carboxylic
acid was prepared in a Costar® 96-well enzyme-linked
immunoassay/radioimmunoassay plate (Corning, NY,
USA) with different carboxylic acids. The reaction was
initiated by the addition of 20 mM hydrogen peroxide
(final concentration of 1.3 mM) and the mixture was
incubated for 90 min at 25 °C. The UV absorption at
595 nm was recorded with the microplate reader. The
reaction was repeated three times and the average of the
absorbance is summarized in Fig. 4. For the screening,
P450 mutants with a His-tag were used.

Results and discussion

When 1-methoxynaphthalene was oxidized by P450ggg in
the presence of heptanoic acid as a decoy molecule, the
color of the reaction mixture turned to blue. The UV-vis
spectra of the reaction mixture after the addition of
hydrogen peroxide show a increase of absorption around
600 nm (Fig. 2). The blue product had absorption maxima
at 634.5 nm in chloroform and the MALDI-TOF mass
spectrum showed a peak at m/z 345.13 [M + H]™, sug-
gesting the blue product was 4,4'-dimethoxy-[2,2/]-bi-
naphthalenylidene-1,1"-dione  (calcd. exact mass for
CyH 04 344.11), so-called Russig’s blue. [22, 23]
Indeed, the structure of the blue product after the purifi-
cation by silica gel column chromatography was confirmed
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by the "H NMR spectrum to be identical to that of Russig’s
blue (see the electronic supplementary material) [24]. High
performance liquid chromatography (HPLC) analysis of
the extract of the reaction mixture monitored at 614 nm
showed a single peak, suggesting no isomer of Russig’s
blue was formed (see the electronic supplementary
material).

A plausible reaction mechanism for Russig’s blue for-
mation shown in Scheme 2 begins with the hydroxylation
of 1-methoxynaphthalene (1) at its 4-position, followed by
one-electron-oxidation reactions of 4-methoxy-1-naphthol
(2) (peroxidase reaction) and the radical coupling reaction.
Experiments with '®0-labeled hydrogen peroxide further
support the proposed reaction mechanism. The MALDI-
TOF mass spectrum of Russig’s blue obtained with H,'%0,
showed a peak at m/z 349.11 [M + H]* (calcd. exact mass
for C22H1618021602 348.11), indicating two 80 atoms are
inserted into Russig’s blue. No peaks corresponding to
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Fig. 2 Time course of UV-vis spectral changes during the reaction.
A reaction mixture containing potassium phosphate buffer (0.1 M, pH
7.0), 0.67 uM P450ggsp, 0.67 mM 1-methoxynaphthalene, 6.7 mM
carboxylic acid, and 1.3 mM hydrogen peroxide was incubated at
25 °C. The inset shows the UV-vis spectrum of the blue product in
chloroform

Scheme 2 A plausible reaction

CxH6'%0,'°0; and C,H;6'°0, were observed. No
formaldehyde formation due to the O-demethylation reac-
tion of 1-methoxynaphthalene was confirmed by the tryp-
tophan—sulfuric acid—iron reaction [20, 21], even though
the O-dealkylation has been frequently observed in human
and rat hepatic P450s [25, 26]. In fact, HPLC analysis
(monitored at 280 nm) of the extract of the reaction mix-
ture showed no peak corresponding to 1-naphthol, whereas
peaks related to other side reactions were observed (see
the electronic supplementary material). Oxidation of
1-methoxynaphthalene and 1-naphthol by HRP did not
result in a color change, whereas Russig’s blue was
obtained by HRP-catalyzed oxidation when 4-methoxy-1-
naphthol was used as a starting substrate, suggesting that
4-methoxy-1-naphthol is the intermediate and its one-
electron oxidation is expected to be the initial step for the
formation of Russig’s blue. Apparently, it is hard for HRP
to oxidize 1-methoxynaphthalene even though HRP forms
compound I. The initial turnover rate for Russig’s blue
formation by P450ggs in the presence of heptanoic acid
was 56 & 1 min~'. Since 2 mol of 1-methoxynaphthalene
is required for the formation of 1 mol of Russig’s blue, the
hydroxylation rate is twice as high, e.g., 112 min~". This is
the first example of efficient aromatic C—H bond hydrox-
ylation catalyzed by a hydrogen peroxide dependent P450
system. Although the hydroxylation of 9-methylanthracene
catalyzed by P450ggs without the decoy molecule has been
reported, the specific activity was less than 1 min~! [27].
The initial turnover rate of the oxidative dimerization of 4-
methoxy-1-naphthol was determined to be 282 + 3 min™';
that is more than twice as fast as the hydroxylation of
I-methoxynaphthalene, indicating the rate-determining
step for Russig’s blue formation is the hydroxylation of the
aromatic C—H bond. Thus, the catalytic activity of the
hydroxylation reaction can be estimated from the rate of
Russig’s blue formation. These results allow us to evaluate
the catalytic activity of P450gs indirectly by observing the
color change of the reaction mixture.
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Fig. 3 Comparison of the activities of Russig’s blue formation and
those of styrene oxidation catalyzed by P450gs; in the presence of
decoy molecules (a) and by myoglobin mutants (b). In the case of the
F43H/H64L mutant, the initial turnover rate of the styrene epoxida-
tion is shown [28, 29]

We have already reported that the peroxygenase activ-
ities of P450ggs in styrene oxidation are dependent on the
structure of the decoy molecule. Therefore, we compared
the oxidation activities of styrene and 1-methoxynaphtha-
lene in the presence of a series of decoy molecules
(Fig. 3a). The effects of the decoy molecule on both
activities are similar, suggesting that the oxidation activity
of heme enzyme can be roughly estimated by monitoring
the Russig’s blue formation. The effect of the structure of
the decoy molecule on the activity of ethylbenzene
hydroxylation reported previously accords with that of 1-
methoxynaphthalene hydroxylation, indicating that the
activity of ethylbenzene hydroxylation also correlates well
with Russig’s blue formation.

We have developed a series of myoglobin mutants
which show high peroxygenase activities in sulfoxidation

and epoxidation [28, 29]. Thus, we compared the activities
of Russig’s blue formation and styrene oxidation catalyzed
by myoglobin mutants. Among the myoglobin mutants,
H64D myoglobin is known to show the highest oxidation
activity. As summarized in Fig. 3b, the peroxygenase
activities of myoglobins in 1-methoxynaphthalene and
styrene correlate quite well, whereas the catalytic activities
of myoglobin mutants are much smaller than the catalytic
activity of P450ggg.

Encouraged by the correlation between the color
change and the hydroxylation activity of I-methoxy-
naphthalene as well as styrene oxidation by P450gsg, we
decided to screen the combination of P450gs; mutants
and decoy molecules to determine higher aromatic C-H
bond hydroxylation conditions. The catalytic activities of
V170F, F79L, and wild-type P450gs; were evaluated by
changing the decoy molecule. Val-170 and Phe-79 inter-
acting with the bound palmitic acid (Fig. 4d) are key
residues for fatty acid binding [15]. The catalytic activity
of VI70F, F/9L, and wild-type P450ggs for the hydrox-
ylation of myristic acid have been reported to be
113 +£ 28, 175+ 5, and 365 + 19 min~ !, respectively
[15, 17]. The reaction mixtures were prepared in a 96-
well plate with different carboxylic acids and were
incubated for 90 min at 25 °C (Fig. 4a). The decoy
molecules used in this study and the result of colorimetric
screening are shown in Fig. 4c. From the result of col-
orimetric screening (Fig. 4b), wild-type P450gss and
pentanoic acid is the optimum combination for the reac-
tion under the conditions examined (90-min reaction).
Interestingly, several carboxylic acids other than n-alkyl
carboxylic acids such as mono-tert-butyl succinate also
serve as good decoy molecules. In addition, even though
the hydroxylation activity of V170F for myristic acid is
about one third of that of the wild type, its catalytic
activities for aromatic hydroxylation in the presence of
octanoic acid or nonanoic acid are comparable to the
catalytic activity of the wild type with pentanoic acid.

In conclusion, we have reported here that the aromatic
hydroxylation of 1-methoxynaphthalene is efficiently cat-
alyzed by P450gs in the presence of decoy molecules and
its activity is simply monitored by a color change due to
Russig’s blue formation. The initial turnover rate was
112 min~" in the presence of heptanoic acid. This is the
first example of efficient aromatic C—H bond hydroxylation
catalyzed by P450 using hydrogen peroxide as an oxidant.
Furthermore, we have demonstrated that 1-methoxynaph-
thalene is a very useful substrate for estimating the per-
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Fig. 4 Screening of the (A) 1 2 3 4 5
combination of P450pss and - P
decoy molecules. a A reaction A @ -@“@ :
mixture containing potassium B Q@ @ 6 ;
phosphate buffer (0.1 M, pH A @ C 6
7.0), 0.67 uM wild-type L )AL

: J | P 4!
P45035 or mutants, 0.67 mM ”:\;C 0)0}0 @

1-methoxynaphthalene, 6.7 mM
carboxylic acid, and 1.3 mM _“ -
hydrogen peroxide was B Q }é g‘ C
prepared in 96-well plates with -
different carboxylic acids, and
was incubated for 90 min at
25 °C. b The absorption of the A3 HyG(CHy)y-COOH
solution in the well at 595 nm. Butanoic acid

¢ Decoy molecules used in the
screening. d The active-site
structure of the palmitic acid-
bound form showing the
location of Phe-79 and Val-170

A1:  HzC-COOH
(C) Acetic acid

A5:  HzC—(CH,)4-COOH
Hexanoic acid

A7:  HzC—(CH,)s~COOH
Octanoic acid

B1: None
B3: —|—COOH
Pivalic acid

BS: HOOC\></COOH

3,3-Dimethylglutaric acid

o7 —|—0\n/\/COOH
0

mono-tert-Butyl succinate

oxygenation activity of enzymes without the use of HPLC,
gas chromatography, and NMR measurements.
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