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The porphyrin high-valent iron complex is one of the current @ ,, +H,0,

research targets with respect to investigations of the reactive ¢ A TThomieoe, °
intermediates in the catalytic cycles of heme-containing oxygena- % 0s || +1 equiv \ / 1Keq;i'cu
sest Normally, such highly oxidized states generated in model g 02 KF(CNI™ ¢ APe(Chd
complexes for the hemoproteins have been treated in organic 2 &

solvents without moisture and dioxygen at low temperature because

of their unstable propertiés: However, in the heme pocket of
horseradish peroxidase (HRP) containing protohemiri)X)e iron-
(IV)-oxo porphyrinz-cation radical (so-called “Compound I”) and
its one-electron-reduced form (iron(IV)-oxo called “Compound 11”)
are observable in water at room temperafifaerefore, it is likely
that the protein matrix of HRP is an appropriate tool for investigat-
ing the highly oxidized species of the heme derivatives.

Iron porphycene is a structural isomer of iron porphyrin, in which
two bipyrroles are linked to two ethylene bridgelts physico-
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chemical properties including the redox and spectroscopic behaviors

have been collectetwhereas very limited reports on the iron(1V)-
oxo states of porphycene are availab&e have recently prepared
an artificially created prosthetic group (Chart 1) using the
porphycene framework and inserted it into apomyoglobin to
evaluate the reactivities of the iron porphycene in the myoglobin
matrix.” On the basis of that study, the peroxidase activity of the
reconstituted protein witl2 was slightly enhanced, compared to
the native myoglobiri¢ however, it was still hard to detect the
intermediates upon the addition of®}, to the reconstituted protein.
In this paper, we report the first evidence of the formation of the
iron(IV)-oxo porphycener-cation radical o in the HRP matri&

and disclose the peroxidase activities of the reconstituted HRP with

2, tHRPQ).
Iron porphycene2 was smoothly inserted into apoHRP under
neutral condition8.The UV—vis spectrum of the ferric rHREJ

shows two characteristic bands at 382 and 621 nm with a shoulder

around 550 nm (spectrum A in Figure 1a). This feature is similar
to that of the myoglobin reconstituted wigy suggesting that the
iron atom of2 is coordinated by a histidine residue of r\2p(The
EPR spectrum of rHRRJ at 5 K mainly shows low-spin signals
(S = 1/2), although the native HRP (nHRP) exhibits a high-spin
character$= 5/2) (Figure S1). The low-spin character of ri\2p(
stems from the large ligand field splitting due to the low symmetry
in the porphycene framewofR.

We first carried out the reaction of rHRB(with H,O./K 4[Fe-
(CN)g] or H,O,/guaiacol (2-methoxyphenol), followed by a bV
vis spectral analysis (Figure 1). Upon the addition of 1 equiv of
H,0, to the ferric rHRPR), the absorbances at 382 and 623 nm
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Figure 1. (a) UV—vis spectra of the intermediates in the reaction of rHRP-
(2) with H202/K 4[Fe(CN)] in 50 mM sodium phosphate buffer (pH 7.0)

at 10°C. Spectrum A: ferric rHRR) (5.7 uM). Spectrum B: after the
addition of 1.1 equiv of HO,. Spectrum C: after the addition of 1 equiv

of K4[Fe(CN)] to B. (b) Spectral changes every 4 ms over 40 ms in the
near-infrared region for the reaction of rHRPith H.O,. (c) Spectral
changes every 10 ms over 100 ms in the near-infrared region after the first
addition of 1 equiv of K[Fe(CN].

Chart 1. Structures of Protohemin IX 1 and Iron Porphycene 2
z
N
X X
HO o o7 OH HO" g g7 OH
1 X =Cl, OH 2

decreased with slight red shifts to give spectrum B in the figure.
The addition of 1 equiv of l{Fe(CN)] (a one-electron reductant)

to the solution produced spectrum C, and the further addition of
K4Fe(CN)] gave the original spectrum of the ferric rtHRp(Very
similar spectral changes were also observed in the reaction with
guaiacol. Spectrum B changed to the original spectrum A directly
when thioanisole was added. Furthermore, we observed the ap-
pearance and disappearance of the band around 800 nm after the
addition of HO, and K,[Fe(CN})], respectively (Figure 1b and c),
indicative of the transient formation of the porphycene ring
sr-radical®1° On the basis of a series of spectral changes, the first
species formed by #D, can be identified as the iron(IV)-oxo
porphycenesn-cation radical, and the second intermediate was
assigned to the iron(lV)-oxo species.

10.1021/ja074685f CCC: $37.00 © 2007 American Chemical Society
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Table 1. Turnover Number (TN) of Catalytic Oxidations and Rate Constants of Each Process Involved in Guaiacol Oxidationsa?

guaiacol oxidation®? thioanisole oxidation?e k9 ko'h kil
protein (TN min~?) (TN min—?) M~tsh) (Mtsh) (M~tsh)
nHRP 2400+ 100 1.4+ 0.1 (1.0+£0.1) x 107 (4.4+0.5) x 100 (22+£0.3)x 10°
rHRPQ) 2300+ 100 17+ 2 (1.2£0.1) x 108 >108) 9.0+ 1.0)x 10°

a]n 50 mM sodium phosphate buffer (pH 7.0).° The data were taken as the averages of 3-run experinfgit®P] = 0.1uM, [guaiacolh = 300uM,
[H202]0 =4 mM. ¢ At 25 °C. ¢ [HRP] = 4.7 uM, [thioanisolep = 4.4 mM, [H,Oz]o = 4 mM. f At 10 °C. 9 Rate constant of iron (IV)-oxa-radical formation.
h Rate constant of iron(IV)-oxo formatiohRate constant of regeneration of a ferric stafoo fast to precisely determine because 40% of the reaction was
completed within the dead-time of the stopped-flow apparatus.

Scheme 1. Reaction of HRP with H,O2/Guaiacol kinetic measurements, and Prof. Sensuke Ogoshi (Osaka University,
_ ﬁ ) Japan) for GC/MS measurements. This work was financially
- H2°2 (Fe“; Guaiacol  (Fei) = Cofactor ring supported by MEXT Japan, lketani Science and Technology

Foundation (to T.H.), the Kurata Memorial Hitachi Science and
Technology Foundation (to T.M.), and the Japan Society for the
Promotion of Science (JSPS) (to D.M.).

Gualacol k3 |

Next, the peroxidase activity of rHRB)(was investigated. Both
rHRP@) and nHRP show a similar turnover number for the
oxidation of guaiacol, whereas the superiority of rHBPgas preparation of rHRR), EPR spectra, GEMS data, and the kinetic

exhibited for the thioanisole oxidation (Table 1). measurements and analyses for guaiacol oxidation are described. This

In order to discuss the reaction mechanism, the kinetic analyses terial is available free of charge via the Internet at http://pubs.acs.org.
for each process of the guaiacol oxidation were carried out

according to Scheme®.The spectral changes after mixing a ferric

Supporting Information Available: Detailed procedure of the

References

protein with excess WD, were followed by simple one-phase
kinetics (Figures S2S4). On the other hand, when the iron(1V)-
oxo porphycener-cation radical was mixed with excess guaiaol,

two-phase spectral changes were observed (Figures S5 and S6).

The first and the second stages were attributed to the formation of
the iron(IV)-oxo and the regeneration of the ferric state from the
iron(IV)-oxo, respectively. The determined rate constants are
described in Table 1. Interestingly, the valuekaffor rHRPQ)
was found to be 10-fold smaller than that of nHRP, wheieas
andks for rHRP@) are larger than the corresponding values of the
nHRP. Therefore, we can conclude that the ferric state of riaRP(
is less reactie toward HO,, whereas the ferryl species arere
reactive during oxidations, compared to nHRP.

The low reactivity of ferric rHRPZ) probably originates from
its low-spin characte¥ The larger values df, andks for rHRPQ)
suggest the more positive redox potentials of the oxo-ferryl species,
compared to nHRP. It is known that the redox potentials of these
species for nHRP can be determined by the oxidation of the ferric
species by KIrClg (+892 mV vs SHE)® However, the iridium
complex was found to be insufficient for the oxidation of ferric
rHRP@), indicating that the redox potentials of the ferryl species
for rHRP@) are more positive than those for nHRP. The reactivity
of iron(IV)-oxo porphycener-cation radical significantly contrib-
utes to the catalytic activity for the thioanisole oxidatién.
Therefore, the high catalytic activity of rHRB(for the thioanisole
oxidation is consistent with the kinetic analysis. On the other hand,
the overall rate of guaiacol oxidation would be determined by the

(10) Ohgo, Y.; Neya, S.;

(1) (a) McLain, J. L.; Lee, J.; Groves, J. T.Biomimetic Oxidations Catalyzed
by Transition Metal ComplexgsMeunier, B., Ed.; Imperial College
Press: London, 1999; pp 9170 and references therein. (b) Pan, Z;
Zhang, R.; Fung, L. W.-M.; Newcomb, Nhorg. Chem?2007, 46, 1517
1519 and references therein.

(2) (a) Groves, J. T.: Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans,
B. J.J. Am. Chem. S0d981, 103 2884-2886. (b) Watanabe, Y. Biol.
Inorg. Chem2001, 6, 846-856 and references therein. (c) Groves J. T.
J. Inorg. BlochemZOOG 100, 434-447 and references therein.

(3) (a) Dolphin, D.; Forman, A.; Borg, D. QAcc. Chem. Red974 7, 26—

32. (b) Tanaka, M.; Ishimori, K.; Mukai, M.; Kitagawa, T.; Morishima,
I. Biochemistry1997, 36, 9889-9898.

(4) Vogel, E.; Kaher, M.; Schmickler, H.; Lex, JAngew. Chem.,
Engl. 1986 25, 257—259.

(5) Sessler, J. L.; Gebauer, A.; Vogel, E. Porphyrin HandbookKadish,

K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: San Diego, CA,
2000; Vol. 2, pp +54.

(6) Rachlewicz, K.; Latos-GraZzghki, L.; Vogel, E.Inorg. Chem 2000 39,
3247-3251.

(@) (a) Hayashl T.; Dejima, H.; Matsuo, T.; Sato, H.; Murata, D.; Hisaeda,

J. Am. Chem. So@002 124 11226-11227. (b) Matsuo T.; Dejlma
H leota S.; Murata, D.; Sato, H.; Ikegami, T.; Hori, H.; Hlsaeda
Hayashi, T.J. Am. Chem. Sot2004 126, 1600'F16017. (c) Hayashi,
T.; Murata, D.; Makino, M.; Sugimoto, H.; Matsuo, T.; Sato, H.; Shiro,
Y.; Hisaeda, Y.Inorg. Chem.2006 45, 10530-10536.

(8) The electrochemical oxidations of iron(lll) porphycene to iron(1V) at low
temperature have been reported by Kadish and his co-workers: Kadish,
K. M.; D'Souza, F.; Caemelbeche, E. V.; Boulas, P.; Vogel, E.; Aukauloo,
A. M.; Guilard, R.Inorg. Chem.1994 33, 4474-4479.

(9) For examples of the reconstitution of HRP, see: (a) Tamura, M.; Asakura,
T.; Yonetani, T Biochim. Biophys. Acta972 268 292-304. (b) DiNello,

R. K.; Dolphin, D. H.J. Biol. Chem 1981, 256, 6903-6912. (c) Fruk,

L.; Muller, J.; Niemeyer, C. MChem—Eur. J. 2006 12, 7448-7557.
lkeue, T.; Takahashi, M.; Takeda, M.; Funasaki, N
Nakamura, M.Inorg. Chem 2002 41, 4627-4629.

Int. Ed.

(11) D'Souza, F.; Boulas, P.; Aukauloo, A. M.; Guilard, R.; Kishters, M.;

Vogel, E.; Kad|sh K. MJ. Phys. Cheml994 88, 11885-11891.

delicate balance of the reaction rates during each step, leading to (12) Primus, J.-L.; Grunenwald, S.; Hagedoorn, P.-L.; Albrecht-Gary, A.-M.;

the similar catalytic activities between the two proteins.

In conclusion, we successfully detected iron(IV)-oxo porphycene
sr-cation radical above OC in water using the HRP matrix. The
kinetic study indicates that the reactivities of both intermediate

Mandon, D.; Veeger CJ. Am. Chem. So002 124 1214-1221.

(13) For the measurement procedure, see Supporting Information.
(14) The low-spin character would be a disadvantage during the binding process

of H20;, as the ferric cytochrome P45Q with a low-spin against the
anionic and neutral ligands. Sono, M.; Dawson, JJHBiol. Chem1982
257, 5496-5502.

species are clearly higher than those observed for the native heme. (15) Hayashi, Y.: Yamazaki, . Biol. Chem.1979 254, 9101-9106.

This finding will provide a valuable insight into understanding high-
valent metal complex chemistry of a series of tetrapyrrole ligands.

Acknowledgment. The authors thank Dr. Tatsuo Nakagawa
(UNISOKU, Co., Ltd., Osaka, Japan) for the technical support of

(16) For rHRP®), the decay rate of iron(1V)-oxo porphycenecation radical

by thioanisole was estimated to be 5072, and the'®O incorporation
into thioanisole was observed in the presence F60b.

JA074685F

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 12907



