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A substrate-binding-state mimic of H,O,-dependent
cytochrome P450 produced by one-point
mutagenesis and peroxygenation of non-native
substrates

Osami Shoji,*® Takashi Fujishiro,® Kousuke Nishio,® Yukiko Kano,? Hiroshi Kimoto,?
Shih-Cheng Chien,? Hiroki Onoda,® Atsushi Muramatsu,® Shota Tanaka,®
Ayumi Hori,? Hiroshi Sugimoto,® Yoshitsugu Shiro® and Yoshihito Watanabe*®

A substrate-binding-state mimic of H,O,-dependent cytochrome P450 that is able to catalyze mono-
oxygenation of non-native substrates was constructed by one-point mutagenesis of P450sp, (CYP152B1).
P450sp,, a long-alkyl-chain fatty acid hydroxylase, lacks any general acid-base residue around the heme.
The carboxylate group of a fatty acid is thus indispensable for the generation of active species using H,O5.
We prepared an A245E mutant to mimic a substrate-binding state by placing a carboxylate group at the
active site. The active site structure of the A245E mutant is similar to that of the fatty-acid-bound state of
P450sp, and catalyzes styrene oxidation at a rate of 280 min™ (k.,), whereas the wild-type enzyme does
not show any catalytic activity. More importantly, the same mutation, i.e. the mutation of the highly con-
served threonine in P450s to glutamic acid, was also effective in introducing peroxygenase activity into
P450BM3, P450.5m, and CYP119. These results indicate that a variety of peroxygenases based on P450s

www.rsc.org/catalysis

Introduction

Construction of biocatalysts based on cytochrome P450s
(P450s) has attracted much attention because P450s can effi-
ciently catalyze monooxygenation of less reactive organic com-
pounds under mild conditions."? A wide variety of
engineered P450s for the oxidation of inert alkanes and aro-
matic compounds have thus been constructed by
mutagenesis® ® and modification.'*>° Most P450s, however,
consume a stoichiometric amount of a costly cofactor
(NAD(P)H) for the activation of molecular oxygen. Alterna-
tively, H,O, can be used as an oxidant for the generation of
the active species (H,O,-shunt reaction). The H,0,-shunt reac-
tion is an attractive candidate for monooxygenation reactions
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can be constructed by one-point mutagenesis.

catalyzed by P450s,>' because i) electron transfer partners,
such as P450 reductase, are not required for the generation of
an active species, and ii) the low cost of H,0, allows the reac-
tion to be performed on an industrial scale. However, in gen-
eral, the H,0,-shunt reaction is inefficient because the cata-
Iytic activities of P450s for the H,O,-shunt reaction are lower
than those when molecular oxygen is used. In contrast to
most P450s which use molecular oxygen, H,0,-dependent
P450s, such as P450sp,,”" >* P450gss,”> and P450pa,”® effi-
ciently utilize H,0, for the hydroxylation of less reactive
alkanes. H,0,-dependent P450s have thus been considered as
excellent candidates for practical biocatalysts. Unfortunately,
these H,0,-dependent P450s exclusively catalyze the hydroxyl-
ation of long-alkyl-chain fatty acids, and their substrate speci-
ficity is very high. The crystal structures of P450sp, (Fig. 1,
PDB code: 3AWM)>” and P450gs3 (PDB code: 11ZO)*® in the
palmitic acid-bound forms reveal that P450gp, and P450gs
lack any general acid-base residue around the distal side of
the heme, whereas the carboxylate group of palmitic acid in-
teracts with the arginine located at the distal side of the
heme. Thus, salt bridge formation between the arginine resi-
due and the carboxylate group in the substrate is expected to
be crucial for the formation of compound I (Fig. 2a).>® This
substrate-assisted reaction mechanism also contributes to the
high substrate specificity of the enzymes; thus, P450sp, and
P4505s3 never oxidize substrates other than fatty acids.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 a) Overall structure of cytochrome P450sp, with palmitic acid.
The two channels are represented as pink (channel I) and light-blue
(channel 1) surfaces. b) Structure of the active site around the heme
group. The heme, Arg-241, and Ala-245 are represented as stick
models. The palmitic acid of the productive conformation that
afforded the a-hydroxy fatty acid is shown as a line drawing.
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Fig. 2 Proposed catalytic reaction mechanisms for hydroxylation of
long-alkyl-chain fatty acids by wild-type P450sp,, (a) and for oxidation
of styrene by A245E (b).
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Nevertheless, we succeeded in oxidizing non-native substrates
other than fatty acids by P450gp, (ref. 17) and P450gs (ref.
29-31) by employing a series of short-alkyl-chain carboxylic
acids as decoy molecules (inert dummy substrates). In these
reaction systems, P450gp, and P45053 misrecognize the decoy
molecules as substrates and the carboxylate group of the de-
coy molecules serves as an acid-base catalyst for the genera-
tion of compound 1.>*> Very recently, we have reported that
P450sp, and P4505sp can catalyze the oxidation of non-native
substrates in the presence of a high concentration of the ace-
tate anion, which also serves as a general acid-base catalyst.*
Although the addition of external carboxylic acids (decoy mol-
ecules) is effective for the oxidation of non-native substrates,
the use of decoy molecules would not be suitable for the en-
zyme reaction in vivo in Escherichia coli. To perform
peroxygenation of non-native substrates by P450sp, without
the use of external carboxylic acids, we introduced an amino
acid bearing a carboxylate side chain to mimic the fatty-acid-
binding state of P450gp,,. The crystal structure of P450gp,, (ref.
27) suggests that Ala-245, in the distal I helix, is a candidate
that is suitable for placing a carboxylate group close to the
heme by mutagenesis (Fig. 1b). Interestingly, the location of
Ala-245 corresponds to a highly conserved threonine in the
P450 family** (Thr-268 of P450BM3 (Fig. S31) and Thr-252 of
P450.,m), which is critical for oxygen activation.*>” Herein,
we report a substrate-binding-state mimic of P450sp, pre-
pared by one-point mutagenesis that oxidizes non-native sub-
strates without requiring a decoy molecule. Similar mutation
of other P450s that utilize molecular oxygen was also
attempted to convert them into H,0,-dependent P450s.

Results and discussion
Design and preparation of mutants

Based on the crystal structure analysis shown in Fig. 1, an
A245E mutant in which to place a carboxylate group close to
the heme was prepared. An A245D mutant was also prepared
to examine the influence of the side-chain length. Further-
more, Ala-245 was replaced with histidine, which serves as a
general acid-base catalyst in peroxidases such as horseradish
peroxidase (HRP)*® and cytochrome ¢ peroxidase (CcP).*

cause Arg-241 is also close to the heme, this residue was re-
placed with glutamic acid to examine whether the introduc-
tion of a carboxylate at a position other than that of Ala-245
is effective for the generation of compound I. Accordingly,
A245E, A245D, A245H, and R241E mutants were prepared un-
der the same conditions used for the wild-type enzyme and
they were purified by using several chromatographic col-
The UV-vis spectrum of purified A245E showed an
absorption maximum at 417 nm that was identical to that ob-
served for the wild-type enzyme (Fig. 3). The reduced form of
A245E, which was formed upon treatment with sodium di-
thionite under CO atmosphere, absorbed at 444 nm. A245D
and A245H also showed essentially the same absorption as
observed for the wild-type enzyme; however, the small

umns.>”
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Fig. 3 UV-visible absorption spectra of P450¢p, in 0.1 M potassium
phosphate buffer (pH 7.0) containing 0.3 M KCl and 20% (v/v) glycerol.
The resting state (black line) and the Fe?*-CO state (red line).

shoulder peak at around 420 nm indicated a slightly different
mode of cysteine ligation.”” The resting state of R241E gave a
broad Soret band with a peak that was shifted to shorter
wavelength, which resembles that of the fatty-acid-bound
form of P450BM3."" In the case of P450BM3,"> a water
molecule coordinated to the heme iron moves upon fatty
acid binding, leading to a low- to high-spin shift of
iron(m). Indeed, a slight shift of the water molecule above
the heme was observed in the crystal structure of R241E

(Fig. S9%).

Styrene epoxidation

In contrast to the wild-type P4505p,, which does not catalyze
styrene oxidation, A245E catalyzes this reaction with k., and
Ky, estimated to be 280 min™" and 1.5 mM, respectively,
based on Michaelis-Menten kinetics analysis (Table 1). The
catalytic activity is comparable to that of chloroperoxidase
(288 min™),** whereas it is lower than that of the Agrocybe
aegerita aromatic peroxygenase (AaeAPO, 790 min *)** which
is one of the most efficient hydrogen peroxide-dependent bio-
catalysts known. In contrast to A245E, A245D showed a lower
catalytic activity (72 min™, K, = 5.3 mM), presumably be-
cause the carboxylate of A245D is located too far from the

View Article Online
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heme iron to serve as a general acid-base catalyst. Al-
though the side-chain length of histidine is not very differ-
ent from that of glutamic acid, the catalytic activity of
A245H was much lower (18 min™, K, = 3.5 mM),
suggesting that the location and orientation of histidine-
245 of A245H are not suitable for serving as a general
acid-base catalyst. That no catalytic activity was observed
with R241E indicates that the carboxylate of R241E is also
too far from the heme iron. The stereoselectivity of styrene
epoxidation by mutants was (S)-configuration, whereas the
wild-type P450gp, in the presence of acetic acid gave the
(R)-isomer,*® suggesting that the replacement of Ala-245 af-
fects the styrene orientation in the active site. We also ex-
amined the hydroxylation of indole to give indigo® as well
as the hydroxylation of 1-methoxynaphthalene to give Russig's
blue*! (Scheme S11) and found that the A245E mutant also
catalyzes these reactions. The catalytic activities for the hy-
droxylation of indole and 1-methoxynaphthalene were esti-
mated to be 20 and 75 min™", respectively, indicating that the
A245E mutant catalyzes the hydroxylation of various sub-
strates bearing structures that differ from those of fatty acids.

X-ray crystal structure analysis

X-ray crystal structure analysis of A245E, A245H, and R241E
allows us to evaluate the location and orientation of the mu-
tated amino acids in their active sites. The overall structures
of the mutants, which were obtained in substrate-free forms,
were found to be essentially the same as that of the wild type
(Fig. S107). The crystal structure of A245E showed that the
carboxylate group of Glu-245 is located above the heme
(Fig. 4a). The distance between the nearest carboxylate oxy-
gen atom of Glu-245 and the heme iron is estimated to be 6.9
A, which is 1.7 A longer than that of palmitic acid (5.2 A). A
triad structure (Arg-Glu-Heme) in the A245E mutant is simi-
lar to that of AaeAPO (Fig. 4d).*® The longer distance between
the carboxylate group of Glu-245 and the heme iron suggests
that this carboxylate group does not directly serve as a gen-
eral acid-base catalyst. This observation is reminiscent of the
high peroxidase and peroxygenase activities'” of a series of
H64D myoglobin mutants in which the distance between the

Table 1 Catalytic activity (k.. for styrene oxidation by P450sp, and mutants evaluated by Michaelis-Menten kinetics®

(R o ), 0
N P450sp,, ©A ©AWH
_ + +
H20, °
Styrene oxide (SO) Phenylacetaldehyde (PAA)
Kea/min Kp/mM Keat/ Kes/M ™ 57 SO : PAA? %ee”

Wild-type n.d.
A245E 280 + 40 1.5+04 190 70:30 20 (S)
A245D 72+ 6 5.3 +0.6 14 81:19 41 (S)
A245H 18+8 3.5+2.5 5.3 79:21 0.5 (S]
R241E n.d.

“ Reaction conditions: 0.5-3 mM styrene, 4 mM H,0, and 1 uM P450gp, in 0.1 M potassium phosphate buffer (pH 7.0) at 25 °C for 1 min.

b The values under the conditions of 3 mM styrene. n.d. = not detected.

5808 | Catal. Sci. Technol., 2016, 6, 5806-5811
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Fig. 4 The active site structures of P450sp, mutants and AaeAPO
(PDB code 2YP1). a) A245E, b) A245H, c) R241E, and d) AaeAPO. Two
alternative conformations of His-245 of A245H are shown.

carboxylate oxygen atom of Asp-64 and the heme iron is 7.7 A
(PDB code: 1LUE).***° 1t was suggested that Asp-64 is indi-
rectly associated with the generation of compound I and that
the arrangement of distal water molecules affects the cata-
lytic activity of myoglobin mutants. In the crystal structure of
A245E, a water molecule interacting with Glu-245 (W4 in
Fig. 5b) is observed. The distance between this water mole-
cule and the heme iron is 4.9 A, which is suitable for the gen-
eral acid-base function. Interestingly, the location of this wa-
ter molecule is virtually identical to that of the carboxylate
oxygen atom of the fatty acid observed in the wild type
(Fig. 5a), suggesting that this water molecule works together
with Glu-245 and Arg-241 to serve as a general acid-base cata-

a) b)
N
41 )\

s
P

w2
ws() OW1Q

Y

/ >
Heme

c) Glu-241 \

Ows

Palmitic acid

wzomo

Heme

Fig. 5 The active site structures of P450sp,: a) wild type, b) A245E,
and c¢) R241E. The water molecule in A245E (W4) would serve as a
general acid-base catalyst.
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lyst (Fig. 2b). In the case of the carboxylate group of the
palmitic acid in the crystal structure of the wild-type enzyme,
a salt bridge between Arg-241 and Glu-245 was observed. This
salt bridge seems to be important for the fixation of Glu-245
and the water molecule (W4 in Fig. 5b). In the crystal struc-
ture of A245E, channel I, which allows fatty acids access to
the active site, is blocked because Glu-245 and Phe-288 (one
of dual conformations) occupy this channel (Fig. S10 and
S117); however, channel II is still accessible for additional
foreign substrates, thus styrene is able to access the heme
cavity through channel II. In contrast to A245E, the carboxyl-
ate of R241E is positioned far from the heme iron (9.4 A,
Fig. 4c), and no water molecule interacts with Glu-241
(Fig. 5¢). This suggests that R241E cannot generate the active
species. The crystal structure of A245H reveals that the side
chain of His-245 flipped away from the heme iron (Fig. 4b),
and this was accompanied by side-chain flipping of Phe-169
toward channel I (Fig. S11bt). Accordingly, the nitrogen atom
(N;) of His-245 is far from the heme iron (9.6-10.2 A), and
thus, this residue cannot serve as an efficient general acid-
base catalyst.

Construction of cytochrome P450 peroxygenase by the
replacement of the highly conserved threonine with
glutamic acid

As pointed out, the location of Ala-245 in P450gp, corre-
sponds to the conserved threonine in the P450 family** (Fig.
S3 and S127), and this residue is crucial for the reductive ac-
tivation of molecular oxygen as a proton donor. Thus, the
mutation of the conserved threonine to alanine or valine in-
duced the uncoupling reaction (H,0, production).>*” To ex-
amine whether the mutation of the conserved threonine to
glutamic acid effectively introduces peroxygenase activity into
P450s in general, we prepared the corresponding mutants of
P450BM3, P450.,,, and CYP119 (T268E of P450BM3, T252E
of P450.,,, and T213E of CYP119). The UV-vis spectra of the
purified mutants were essentially identical to those of the
wild type in spite of the introduction of glutamic acid close
to the heme (Fig. S2f). The CO adduct of the mutants
exhibited absorption at around 450 nm, which indicated that
the proteins were folded correctly. The catalytic activity for
H,0,-dependent styrene oxidation by these mutants was eval-
uated by Michaelis-Menten kinetics, and the k. and K,
values were estimated by using 60 mM H,0, (final concentra-
tion). In contrast to the wild-type P450s, which show very low
or no catalytic activity, all the mutants showed catalytic activ-
ity for styrene oxidation (Table 2). Among the mutants exam-
ined, the T268E mutant of P450BM3 gave the highest k.
(110 min™, K, = 1.5 mM). It is interesting to note here that
the catalytic turnover rate of the T268E mutant is comparable
to that of 21B3 (initial rate using 10 mM H,0,: 56 min '),
which is a mutant of P450BM3 (ref. 50) having 10 mutations
prepared by random mutagenesis. Whereas the wild-type
P450.,, did not show any catalytic activity for the H,O,-
dependent oxidation, the k., of the T252E mutant of P450.,,

Catal. Sci. Technol., 2016, 6, 5806-5811 | 5809
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Table 2 Catalytic activity (k.. for styrene oxidation by mutants of PA50BM3, P450,,,, and CYP119¢

Keoe/min ™t Kyo/mM keat/ K/M ' 571 SO:PAA? %ee”
P450BM3 T268E 110+ 5 1.5+0.3 72 85:15 22 (R)
P450¢,m T252E 3.1+0.2 5.4+ 1.0 0.57 78:22 70 (S)
CYP119 T213E 16 + 0.7 3.9+0.5 4.1 88:12 29 (S]

“ Reaction conditions: 0-15 mM styrene, 60 mM H,0, and 5 uM P450 in 0.1 M potassium phosphate buffer (pH 7.0) at 25 °C for 1 min. ® The
values under the conditions of 5 mM styrene. The initial turnover rate at 70 °C is shown for CYP119.

was estimated to be 3.1 min™* (K, = 5.4 mM). The k., of the
T213E mutant of CYP119 (16 min~', K, = 3.9 mM) was also
improved compared with that of the CYP119 wild type (initial
turnover rate: 1.6 min '/P450, 10 mM styrene, and 60 mM
H,0,). Natural substrates were also oxidized by these mu-
tants, whereas the wild type of these P450s shows almost no
catalytic activity upon the use of H,0,. For example, the cata-
Iytic activities for myristic acid hydroxylation by the T268E
mutant of P450BM3 and by the T213E mutant of CYP119
were estimated to be 4.9 and 8.3 min '/P450, respectively.
The total turnover numbers for a 30 min reaction were 18
and 76/P450. The catalytic activity for p-camphor hydroxyl-
ation by the T252E mutant of P450.,,, was estimated to be 28
min'/P450, and the total turnover number for a 30 min reac-
tion was 40/P450. These results clearly show that even P450s
that utilize molecular oxygen can be converted into H,O,-
dependent P450s by single-point mutagenesis of the highly
conserved threonine.

Conclusions

The A245E mutant of P450gp, essentially mimics the
substrate-bound state and facilitates oxidation of non-native
substrates. It is important to mention that the corresponding
mutation has never been found in mutants prepared®’ by
random mutagenesis, possibly because the replacement of
threonine with glutamic acid requires at least 2 base-pair
changes, e.g. ACG (Thr) to GAG (Glu). Furthermore, to our
knowledge, this is the first example of a P450 mutant having
a carboxylate in the distal side of the heme that accelerates
H,0,-dependent oxidation. Given that Ala-245 in P450sp, is
highly conserved among H,0,-dependent P450s (CYP152 fam-
ily, Fig. S131)*>* and considering that threonine is also
highly conserved among P450s, we expect that most P450s
can be converted into versatile peroxygenases by similar one-
point mutagenesis. This mutation is anticipated to become
one of the key mutations that can lead to further develop-
ment of biocatalysts by point mutagenesis as well as through
directed evolution. These findings also further contribute to
our understanding of the reaction mechanism of H,0,-
dependent monooxygenation.

Acknowledgements

This work was supported by Grants-in-Aid for Scientific Re-
search (S) to Y. W. (24225004) and Grants-in-Aid for Scientific
Research on Innovative Areas “Precise Formation of a Catalyst

5810 | Catal Sci. Technol, 2016, 6, 5806-5811

Having a Specified Field for Use in Extremely Difficult Sub-
strate Conversion Reaction” to O. S. (15H05806) from the
Ministry of Education, Culture, Sports, Science, and Technol-
ogy (Japan). We thank Dr. Go Ueno, Dr. Hironori Murakami,
and Dr. Nobuyuki Shimizu for their assistance with the data
collection at SPring-8. We also thank Dr. Isamu Matsunaga
for his kind gift of the expression system of P450sp,,.

Notes and references

1 Cytochrome P450: Structure, Mechanism, and Biochemistry, ed.
P. R. Ortiz de Montellano, Plenum Press, New York, 2005.

2 M. Sono, M. P. Roach, E. D. Coulter and J. H. Dawson,
Chem. Rev., 1996, 96, 2841-2888.

3 I G. Denisov, T. M. Makris, S. G. Sligar and I. Schlichting,
Chem. Rev., 2005, 105, 2253-2277.

4 R. Fasan, M. M. Chen, N. C. Crook and F. H. Arnold, Angew.
Chem., Int. Ed., 2007, 46, 8414-8418.

5 P. Meinhold, M. W. Peters, M. M. Y. Chen, K. Takahashi and
F. H. Arnold, ChemBioChem, 2005, 6, 1765-1768.

6 C.]. C. Whitehouse, S. G. Bell and L. L. Wong, Chem. Soc.
Rev., 2012, 41, 1218-1260.

7 F. Xu, S. G. Bell, J. Lednik, A. Insley, Z. H. Rao and L. L.
Wong, Angew. Chem., Int. Ed., 2005, 44, 4029-4032.

8 R. Fasan, Y. T. Meharenna, C. D. Snow, T. L. Poulos and
F. H. Arnold, J. Mol. Biol., 2008, 383, 1069-1080.

9 S.Kille, F. E. Zilly, J. P. Acevedo and M. T. Reetz, Nat. Chem.,
2011, 3, 738-743.

10 R. Agudo, G. D. Roiban and M. T. Reetz, ChemBioChem,
2012, 13, 1465-1473.

11 Z. L. Wu, L. M. Podust and F. P. Guengerich, J. Biol. Chem.,
2005, 280, 41090-41100.

12 J. N. Kolev, K. M. O'Dwyer, C. T. Jordan and R. Fasan, ACS
Chem. Biol., 2014, 9, 164-173.

13 K. D. Zhang, B. M. Shafer, M. D. Demars, H. A. Stern and R.
Fasan, J. Am. Chem. Soc., 2012, 134, 18695-18704.

14 M. Erkelenz, C. H. Kuo and C. M. Niemeyer, J. Am. Chem.
Soc., 2011, 133, 16111-16118.

15 O. Shoji, T. Kunimatsu, N. Kawakami and Y. Watanabe,
Angew. Chem., Int. Ed., 2013, 52, 6606-6610.

16 N. Kawakami, O. Shoji and Y. Watanabe, Chem. Sci., 2013, 4,
2344-2348.

17 T. Fujishiro, O. Shoji, N. Kawakami, T. Watanabe, H.
Sugimoto, Y. Shiro and Y. Watanabe, Chem. - Asian J.,
2012, 7, 2286-2293.

18 N. Kawakami, O. Shoji and Y. Watanabe, Angew. Chem., Int.
Ed., 2011, 50, 5315-5318.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cy00630b

Open Access Article. Published on 22 April 2016. Downloaded on 4/2/2026 2:14:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34
35

H. Hirakawa and T. Nagamune, ChemBioChem, 2010, 11,
1517-1520.

J. N. Kolev, J. M. Zaengle, R. Ravikumar and R. Fasan,
ChemBioChem, 2014, 15, 1001-1010.

0. Shoji and Y. Watanabe, J. Biol. Inorg. Chem., 2014, 19,
529-539.

I. Matsunaga, N. Yokotani, O. Gotoh, E. Kusunose, M.
Yamada and K. Ichihara, J. Biol Chem., 1997, 272,
23592-23596.

I. Matsunaga, M. Yamada, E. Kusunose, T. Miki and K.
Ichihara, J. Biochem., 1998, 124, 105-110.

I. Matsunaga, T. Sumimoto, A. Ueda, E. Kusunose and K.
Ichihara, Lipids, 2000, 35, 365-371.

I. Matsunaga, A. Ueda, T. Sumimoto, K. Ichihara, M. Ayata
and H. Ogura, Arch. Biochem. Biophys., 2001, 394, 45-53.

M. Girhard, S. Schuster, M. Dietrich, P. Durre and V. B.
Urlacher, Biochem. Biophys. Res. Commun., 2007, 362, 114-119.
T. Fujishiro, O. Shoji, S. Nagano, H. Sugimoto, Y. Shiro and
Y. Watanabe, J. Biol. Chem., 2011, 286, 29941-29950.

D. S. Lee, A. Yamada, H. Sugimoto, I. Matsunaga, H. Ogura,
K. Ichihara, S. Adachi, S. Y. Park and Y. Shiro, J. Biol. Chem.,
2003, 278, 9761-9767.

0. Shoji, T. Fujishiro, H. Nakajima, M. Kim, S. Nagano, Y.
Shiro and Y. Watanabe, Angew. Chem., Int. Ed., 2007, 46,
3656-3659.

T. Fujishiro, O. Shoji and Y. Watanabe, Tetrahedron Lett.,
2010, 52, 395-397.

0. Shoji, C. Wiese, T. Fujishiro, C. Shirataki, B. Wiinsch and
Y. Watanabe, J. Biol. Inorg. Chem., 2010, 15, 1109-1115.

0. Shoji, T. Fujishiro, S. Nagano, S. Tanaka, T. Hirose, Y. Shiro
and Y. Watanabe, J. Biol. Inorg. Chem., 2010, 15, 1331-1339.

H. Onoda, O. Shoji and Y. Watanabe, Dalton Trans.,
2015, 44, 15316-15323.

0. Gotoh, J. Biol. Chem., 1992, 267, 83-90.

M. Imai, H. Shimada, Y. Watanabe, Y. Matsushimahibiya, R.
Makino, H. Koga, T. Horiuchi and Y. Ishimura, Proc. Natl.
Acad. Sci. U. S. A., 1989, 86, 7823-7827.

This journal is © The Royal Society of Chemistry 2016

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

View Article Online

Paper

S. A. Martinis, W. M. Atkins, P. S. Stayton and S. G. Sligar,
J. Am. Chem. Soc., 1989, 111, 9252-9253.

H. Yeom, S. G. Sligar, H. Y. Li, T. L. Poulos and A. J. Fulco,
Biochemistry, 1995, 34, 14733-14740.

M. Gajhede, D. J. Schuller, A. Henriksen, A. T. Smith and
T. L. Poulos, Nat. Struct. Biol., 1997, 4, 1032-1038.

J. E. Erman, L. B. Vitello, M. A. Miller, A. Shaw, K. A. Brown
and J. Kraut, Biochemistry, 1993, 32, 9798-9806.

S. A. Martinis, S. R. Blanke, L. P. Hager, S. G. Sligar, G. H. B.
Hoa, J. J. Rux and J. H. Dawson, Biochemistry, 1996, 35,
14530-14536.

H. Y. Li, K. Darwish and T. L. Poulos, J. Biol. Chem.,
1991, 266, 11909-11914.

D. C. Haines, D. R. Tomchick, M. Machius and ]. A.
Peterson, Biochemistry, 2001, 40, 13456-13465.

X. W. Yi, M. Mroczko, K. M. Manoj, X. T. Wang and L. P.
Hager, Proc. Natl. Acad. Sci. U. S. A., 1999, 96, 12412-12417.
M. Kluge, R. Ullrich, K. Scheibner and M. Hofrichter, Green
Chem., 2012, 14, 440-446.

J. Xu, O. Shoji, T. Fujishiro, T. Ohki, T. Ueno and Y.
Watanabe, Catal. Sci. Technol., 2012, 2, 739-744.

K. Piontek, E. Strittmatter, R. Ullrich, G. Grobe, M. J. Pecyna,
M. Kluge, K. Scheibner, M. Hofrichter and D. A. Plattner,
J. Biol. Chem., 2013, 288, 34767-34776.

T. Matsui, S. Ozaki and Y. Watanabe, J. Am. Chem. Soc.,
1999, 121, 9952-9957.

Y. Watanabe, H. Nakajima and T. Ueno, Acc. Chem. Res.,
2007, 40, 554-562.

H. J. Yang, T. Matsui, S. Ozaki, S. Kato, T. Ueno, G. N.
Phillips, S. Fukuzumi and Y. Watanabe, Biochemistry,
2003, 42, 10174-10181.

P. C. Cirino and F. H. Arnold, Angew. Chem., Int. Ed.,
2003, 42, 3299-3301.

H. Joo, Z. L. Lin and F. H. Arnold, Nature, 1999, 399,
670-673.

T. Furuya and K. Kino, Appl. Microbiol. Biotechnol., 2010, 86,
991-1002.

Catal. Sci. Technol., 2016, 6, 5806-5811 | 5811


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cy00630b

	crossmark: 


