JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by The Libraries of the | University of North Dakota

Ligand Binding Properties of Myoglobin Reconstituted with Iron
Porphycene: Unusual O Binding Selectivity against CO Binding

Takashi Matsuo, Hirohisa Dejima, Shun Hirota, Dai Murata, Hideaki Sato,
Takahiro Ikegami, Hiroshi Hori, Yoshio Hisaeda, and Takashi Hayashi
J. Am. Chem. Soc., 2004, 126 (49), 16007-16017+ DOI: 10.1021/ja045880m « Publication Date (Web): 18 November 2004
Downloaded from http://pubs.acs.org on April 5, 2009

Reconstituted Myoglobin :

= Ko.=1.6x 10° M
Keo=1.6x108M"

) ¢ Insertion
AT Koa> Koo !
HO~O 0" ~oH

L—Iron Porphycene—

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 1 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja045880m

A\C\S

ARTICLES

Published on Web 11/18/2004

Ligand Binding Properties of Myoglobin Reconstituted with
Iron Porphycene: Unusual O ; Binding Selectivity against CO
Binding !
Takashi Matsuo, ™+ Hirohisa Dejima," Shun Hirota,® Dai Murata,” Hideaki Sato,*
Takahiro Ikegami,’ Hiroshi Hori," Yoshio Hisaeda, and Takashi Hayashi* 1+

Contribution from the Department of Chemistry and Biochemistry, Graduate School of
Engineering, Kyushu Unersity, Fukuoka 812-8581, Japan, PRESTO, Japan Science and
Technology Agency (JST), Department of Physical Chemistry, Kyoto Pharmaceuticalityi
Yamashina, Kyoto 607-8414, Japan, andiBibn of Bioengineering, Graduate School of
Engineering Science, Osaka Warsity, Toyonaka, Osaka 560-8531, Japan

Received July 9, 2004; E-mail: thayatcm@mbox.nc.kyushu-u.ac.jp

Abstract: Sperm whale myoglobin, an oxygen storage hemoprotein, was successfully reconstituted with
the iron porphycene having two propionates, 2,7-diethyl-3,6,12,17-tetramethyl-13,16-bis(carboxyethyl)-
porphycenatoiron. The physicochemical properties and ligand bindings of the reconstituted myoglobin were
investigated. The ferric reconstituted myoglobin shows the remarkable stability against acid denaturation
and only a low-spin characteristic in its EPR spectrum. The Fe(lll)/Fe(ll) redox potential (=190 mV vs
NHE) determined by the spectroelectrochemical measurements was much lower than that of the wild-
type. These results can be attributed to the strong coordination of His93 to the porphycene iron, which is
induced by the nature of the porphycene ring symmetry. The O; affinity of the ferrous reconstituted myoglobin
is 2600-fold higher than that of the wild-type, mainly due to the decrease in the O, dissociation rate, whereas
the CO affinity is not so significantly enhanced. As a result, the O, affinity of the reconstituted myoglobin
exceeds its CO affinity (M = Kcol/Ko, < 1). The ligand binding studies on H64A mutants support the fact
that the slow O, dissociation of the reconstituted myoglobin is primarily caused by the stabilization of the
Fe—0; o-bonding. The IR spectra for the carbon monoxide (CO) complex of the reconstituted myoglobin
suggest several structural and/or electrostatic conformations of the Fe—C—0O bond, but this is not directly
correlated with the CO dissociation rate. The high O affinity and the unique characteristics of the myoglobin
with the iron porphycene indicate that reconstitution with a synthesized heme is a useful method not only
to understand the physiological function of myoglobin but also to create a tailor-made function on the protein.

Introduction nonpolar amino acid residues in the hemepoéked, can be
reversibly bound on the ferrous hemieon in Mb, and the
hydrogen bonding between the boungladd His64 at the distal
site is observed by X-ray crystallograghy and neutron
diffraction 8¢ The nature of the FeO—O bond has also been
discussed based upon the results of resonance Raimiaared

resonance (IR}8and M@sbauer spectroscopic measurements.

Myoglobin (Mb) is a dioxygen (@ storage hemoprotein
having one protoporphyrin IX iron complex (herf€)) as a
prosthetic group and plays the role of facilitating @iffusion
to mitochondria through the muscle tissue of mamridige
heme in Mb is fixed by multiple noncovalent interactions:
coordination of His93 to the centered iron, hydrogen bondings
of heme propionates with a vicinity of amino acid residues, and
hydrophobic contact between peripheral heme alkyl chains and

(4) (a) Takano, TJ. Mol. Biol. 1977, 110, 537-568. (b) Ostermann, A;
Tanaka, I.; Engler, N.; Niimura, F.; Parak, F. Biophys. Chen2002 95,
183-193.

(5) Hargrove, M. S.; Barrick, D.; Olson, J. Biochemistryl996 35, 11293~
11299.

T Kyushu University.
#PRESTO, JST.
8§ Kyoto Pharmaceutical University.
I'Osaka University.
(1) Abbreviations: Mb, myoglobin; rMb, reconstituted myoglobin; wt-Nip(
sperm whale wild-type myoglobin; wt-rMBJ, sperm whale reconstituted

(6) (a) Phillips, S. EJ. Mol. Biol. 198Q 142 531-554. (b) VojtehovsKy J.;
Chu, K.; Berendzen, J.; Sweet, R. M.; SchlichtingBiophys. J1999 77,
2153—2174 (c) Ph||||ps S. E,; Shoenbom B. Rature 1981, 292 81—

) (a) Barlow, C. H.; Maxwell, J. E.; Wallace, W. J.; Caughey, WBi®chem.

myoglobin with porphyceng; H64A, the mutant whose 64th amino acid
residue is replaced with alanine; H64A-Mp( sperm whale H64A
myoglobin; H64A-rMbg), sperm whale reconstituted H64A myoglobin with
porphycene; hh-Mb(1), horse heart native myoglobin; hh-rN&)( horse
heart reconstituted myoglobin with porphycezieHb, hemoglobin.
Strictly speaking, the term “heme” stands for a ferrous porphyrin. As a
matter of convenience, we will employ this term throughout this paper for
an iron porphyrin in a protein matrix, regardless of its oxidation state.
(3) Hemoglobin and Myoglobin in Their Reactions with Liganéstonini,

E., Brunori, M., Eds.; North-Holland: Amsterdam, 1971.

@

~

10.1021/ja045880m CCC: $27.50 © 2004 American Chemical Society
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A.; Barlow, C. H.; Caughey, W. Biochem Biophys Res Commun 1974
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385. (b) Desbois, A.; Lutz, M.; Banerjee, Biochemsitryl979 18, 1510~
1518. (c) Yu, N.-T.; Benko, B.; Kerr, E. A.; Gersonde,Rroc. Natl. Acad.
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These measurements revealed that the bond configuration ofthe enhancement of Gaffinity is moderaté® To the best of
Fe—0O; in oxy-Mb is close to that of an Fe(IHOx~-like our knowledge, the Mb mutant with the highest &finity is
species. L29F/V68F, with the @ binding constant of 7.% 10" M~ at

The kinetic and thermodynamic studies of the ligand binding 20 °C and pH 7.0 Most of the other mutants prepared so far
for Mb have also been done in order to provide useful insights show an Q affinity lower than that in the wild-typ&?2.16|n
into the physiological property of Mb. Particularly, monitoring contrast, it was reported that the @issociation rate for sperm
the association and dissociation of ligand bindings for a series whale Mb was successfully diminished by swapping the F-helix
of Mb mutants directly indicates which amino acid residue of the Mb with that of leghemoglobil.However, the Qaffinity
significantly modulates the ligand binding process in the protein of the Mb mutant is not as high as that of leghemoglobin because
matrix 1° According to the ligand binding studies of Mb mutants, the O association of the mutant is slower than that for
the role of His64 is the most crucial. H64X (%X G, A, L, F, leghemoglobin. These findings suggest that it is not always easy
and so forth) mutants, in which His64 is replaced with a to improve the @ affinity of Mb by a genetic method.
hydrophobic amino acid, show a drastic acceleration of the O On the other hand, we have paid attention to another powerful
dissociation, leading to the decrease in thea@inity of Mb: method for modifying the Mb function: replacement of the
Ko, = 1.1 x 10° M~ for sperm whale wild-type Mb anto, native heme with an artificially synthesized prosthetic group
= 9.0 x 10* M~* for H64G-Mb at 20°C and pH 7.0° In (“reconstitution”). For the molecular design of a new prosthetic
addition, the replacement of His64 with Gly causes an increasegroup, three approaches can be pointed out: modifications of
in the ratio of the CO/@ affinities (Kco/Ko, or M' value) to  the heme propionatéé}® peripheral groupd? or porphyrin
1700, although thev' value for wild-type Mb is only 28% framework2.22 Particularly, it will be of interest to focus on
These findings support the fact that His64 undoubtedly stabilizes the porphyrin analogues with a different arrangement of the four
the heme-bound £via the hydrogen bonding by“NH of the pyrroles from theC,-symmetrical porphyrins. Such compounds
imidazole ring, as indicated in the 3D structure. Such amino would be a potent prosthetic group having a drastic influence
acid residues that can form hydrogen bonding witho@ the on the physiological property of Mb because the modification

heme are also found in a series of hemoglobins (Hfss).For of the ligand framework will alter the electronic and/or structural
example, Hb fromAscaris suuma family of nematodes, has
an extremely high @affinity (Ko, = 3.8 x 1B M~1 at 25°C)!2 (13) Other thamiscarisHb, a number of plant and bacterial Hbs with extremely
i it i high G, affinity have been reported. For example, see: (a) Arredodo-Peter,

because of the eXtremer §!OW2Q!SSOCIatI0n with the rate R.; Hargrove, M. S.; Sarath, G.; Moran, J. F.; Lohrman, J.; Olson, J. S.
constant of 0.00478. In addition, it is noted that th&co/Ko, Plant Physiol. 1997 115 1259-1266. (b) Trevasis, B.; Watts, R. A.;

: B [ ; ; Andersson, C. R.; Llewellyn, D.; Hargrove, M. S.; Olson, J. S.; Dennis, E.
value for Ascaris Hb is <1, indicating thatAscaris Hb S.: Peacock, W. Proc. Natl. Acad. Sci. U.S.A997, 94, 12230-12234.
selectively binds @ against CO. The X-ray analysis and (c) Duff, S. M. G.; Wittenberg, J. B.; Hill, R. DJ. Biol. Chem1997, 272,

: g _ 16746-16752. (d) Kiger, L.; Rashid, A. K.; Griffon, N.; Haque, M.; Moens,
resonance Raman studies for the ferric- and oxy-Hb from the ™5 500 "5 H.: Poyart, . Marden, M. Giophys. 31998 75, 990

Ascarisspecies have suggested that GIn64 and Tyr30, located  998. (e) Couture, M.; Das, T. K.; Lee, H. C.; Peisach, J.; Rousseau, D. L.;
Wittenberg, B. A.; Wittenberg, J. B.; Guertin, M. Biol. Chem.1999

in its d|stgl site, provide the systematic hydroggn .bondlng 274, 6898-6910. (f) Dewilde, S.; Kiger, L., Burnester, T.. Hankeln, T.;
network with heme-bound Q0 suppress the Qlissociatiort? Eatlldlg-hCreu%bll.;z égrtgé&glylgéggg, '\(A')Clli C?ut;ergs, RK.;I I\ﬁerns:]L. J.
. . . iol. em. . (9) Hunt, P. W.; Klok, E. J.;
The protem has the SE_im(_? prosthetlc_groh;fp_und n Mb- In Trevaskis, B.; Watts, R. A.; Ellis, M. H.; Pweacock, W. J.; Dennis, E. S.
this connection, the findings oAscaris Hb with a high Q Proc. Natl. Acad. Sci. U.S.R002 99, 17197-17202. (h) Kundu, S.; Trent

.. i . . . . J. T., lll.; Hargrove, M. STrends Plant Sci2003 8, 387—393.
affinity and with an Q selectivity against CO have inspired Us  (14) Hayashi, T.; ﬂisaeda, YAcc. Chem. Re€002 3323, 35-43.

to improve the phvsiological function of Mb b rotein (15) Travaglini-Allocatelli, C.; CutruzzolaF.; Brancaccio, A.; Vallone, B.;
. P s phy g y P Brunori, M. FEBS Lett 1994 352, 63—-66 (Erratum: FEBS Lett.1994
engineeringd: 356, 151).

] Wi P (16) Dou, Y.; Maillett, D. H.; Eich, R. F.; Olson, J. 8iophys. J2002 98,
The strategy of modifying Mb can be divided into two 1272148

approaches: (a) site-directed mutagenesis, and (b) reconstitutioni17) Kundu, S.; Snyder, B.; Das, K.; Chowdhury, P.; Park, J.; Petrich, J. W.;
; B ; : Hargrove, M. SProteins2002 46, 268-277.
using a synthesized prosthetic grodpTo improve the @ (18) (a) Hayashi, T; Hitomi, Y ; Ogoshi, H. Am. ChemSoc 1998 120, 4910~
affinity of Mb, some research groups have attempted to construct ~ 4915. (b) Heleg-Shabtai, V.; Gabriel, T.; Willner,J. Am Chem Soc
1999 121, 3220-3221. (c) Hamachi, I.; Shinkai, Eur. J. Org. Chem

the distal site mimicking that oAscaris Hb by the former 1999 539-549. (d) Matsuo, T.; Hayashi, T.; Hisaeda, X.Am. Chem.
method. The L29Y/H64Q sperm whale Mb mutant, however, ?oc U2002 1T24, &1%35%129;?- (/f) S?;tﬂ’ H; gaé%sgz, I.z;aAzgg,_ 1.3;)7Hlsaeda,
. . - .; Ueno, T.; Watanabe, YJ. Am. em. So .
shows only a 1.6-fold increase in the @Xfinity, compared to (19) (a) DiNelio, R. K.; Dolphin, D. HJ. Biol. Chem 1981, 256, 6903-6912.
that in wild-type Mb?® This is much lower than the Qaffinity f(b)'\;iajikisonc,g. B.;é-adl\gga fizNé;;sPlarﬁg%sR( ?H Retzzaréo,l_l. IEI.; Sdmlth,
. . . MLJoAM. em. S0 . (C unter, C. L.; Lloya,
of Ascaris Hb. Even in L29Y/H64Q/T67R/I102F, whose E.; Eltis, L. D.; Rafferty, S. P.; Lee, H.; Smith, M.;" Mauk, AY G.
structure at the distal site is much closer to thaf\starisHb, Biochemistryl997 36, 1010-1017. (d) Hayashi, T.; Matsuo, T.; Hitomi,

Y.; Okawa, K.; Suzuki, A.; Shiro, Y.; lizuka, T.; Hisaeda, Y.; Ogoshi, H.
J. Inorg. Chem2002 91, 94—100.

(10) (a) Springer, B. A.; Sligar, S. G.; Olson, J. S.; Phillips, G. N.Chem. (20) (a) Sono, M.; Asakura, T. Biol. Chem1975 250, 5227-5232. (b) Chang,
Rev. 1994 94, 699-714. (b) Draghi, F.; Miele, A. E.; Travaglini-Allocatelli, C. K.; Ward, B.; Ebina, SArch. Biochem. Biophy4984 231, 366-371.
C.; Vallone, B.; Brunori, M.; Gibson, Q. H.; Olson, J. &.Biol. Chem (21) (a) Stynes, D. V.; Liu, S.; Marcus, thorg. Chem1985 24, 4335-4338.
2002 277, 7509-7519. (c) Rohlfs, R. J.; Mathews, A. J.; Carver, T. E.; (b) Christopher, F., Jr.; Takimura, T.; Sessler, JAbstracts of Papers
Olson, J. S.; Springer, B. A.; Egeberg, K. D.; Sligar, SJGBiol. Chem. 213th ACS National Meeting, San Francisco, CA; American Chemical
199Q 265 3168-3176. (d) Quillini, M. L.; Arduini, R. M.; Olson, J. S; Society: Washington, DC, 1997; INOR-519. (c) Neya, S.; Hori, H.; Imai,
Phillips, G. N., JrJ. Mol. Biol. 1993 234, 140-155. K.; Kawamura-Konishi, Y.; Suzuki, H.; Shiro, Y.; lizuka, T.; Funasaki, N.
(11) Mathews, A. J.; Rohlfs, R. J.; Olson, J; $ame, J.; Renaud, J.-P.; Nagai, J. Biochem 1997, 121, 654-660. (d) Sotiriou-Leventis, C.; Chang, C. K.
K. J. Biol. Chem1989 264, 16573-16583. Inorg. Chim. Acta200Q 311, 113-118. (e) Neya, S.; Imai, K.; Hori, H.;
(12) (a) Goldberg, D. EChem. Re. 1999 99, 3371-3378. (b) Baere, I. D; Ishikawa, H.; Ishimori, K.; Okuno, D.; Nagatomo, S.; Hoshino, T.; Hata,
Perutz, M. F.; Kiger, L.; Marden, M. C.; Poyart, roc. Natl. Acad. Sci. M.; Funasaki, NInorg. Chem 2003 42, 1456-1461.
U.S.A.1994 91, 1594-1597. (c) Yang, J.; Kloek, A. P.; Goldberg, D. E.; (22) The employment of a non-tetrapyrrole prosthetic group has also been
Mathews, F. SProc. Natl. Acad. Sci. U.S.A995 92, 4224-4228. (d) reported. (a) Kieldahl, N. K.; Kolis, J. W.; Beckett, J.; Holland, G. F;
Peterson, E. S.; Huang, S.; Wang, J.; Miller, L. M.; Vidugiris, G.; Kloek, Patz, M. A.J. Coord. Chem.1983 12, 259-272. (b) Ohashi, M.;
A. P.; Goldberg, D. E.; Chance, M. R.; Wittenberg, J. B.; Friedman, J. M. Koshiyama, T.; Ueno, T.; Yanase, M.; Fujii, H.; Watanabe,Ahgew.
Biochemistry1997 36, 13110-13121. Chem, Int. Ed. 2003 42, 1005-1008.
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Chart 1 the replacement of the native heme with porphycedeastically
y enhances the £affinity of Mb. Furthermore, the CO affinity,
another important property of the ligand binding in Mb, was
A not reported. In this paper, we demonstrate some of the
physicochemical properties of sperm whale ri2)bvt-rMb(2),
and discuss the fashions of ligand binding for the deoxy-2yjb(
based upon a series of kinetic parameters for batlar@@ CO
bindings. The rMb?) prepared in this study also has a
remarkably high @affinity. Surprisingly, wt-rMb@) shows the
characteristic @CO discrimination, where its £ affinity
exceeds its CO affinity. The spectroscopic analyses for wt-rMb-
(2) indicated that the high £affinity is attributed to the nature
of the porphycene ring employed as a prosthetic group.
Furthermore, porphycer&was incorporated into the apo-H64A-
Mb to clarify the contribution of the hydrogen bonding between
the amino acid residues and the bound®the stability of the
oxygenated wt-rM). Throughout this study, we wish to
propose that an iron porphycene is superior to the native heme
d . : o )
as a prosthetic group in order to stabilize the oxygenated iron
fcomplex in Mb.

HO ™o o7 OH HO Yo o” OH
1 2

properties of the coordinated iron atom. In fact, there have been
several trials to obtain a special Mb with a high éffinity,
where iron phthalocyanirié2azahemirttiron corrphycenélc

iron chlorin2d hemiporphycenél¢ and so forth, were used as
an artificial prosthetic group. These compounds, however, have
revealed moderate or negative effects on thafdnity of Mb.

In contrast, to address the utility of the reconstitutional metho
for modulating the property of Mb, we have focused on an iron
porphycene as a new prosthetic group. Porphycene is one o
the tetrapyrrolic porphyrin isomers and was first synthesized gyperimental Section

by Vogel and co-workers in 1988 where two bipyrroles were

linked with two ethylene bridges (such asin Chart 1). The Instruments. The UV—vis spectra were recorded on a Hitachi
various spectroscopic and structural studies have shown thatU-3210 double-beam spectrometer. The mass analysis of a reconstituted
the structural nature of porphycenes and metalloporphycenesMP was carried out using a TOF mass spectrometer equipped with
gives rise to quite different physicochemical properties from electrospray ionization on an Applied .Blosystems Mariner API-TOF
that observed in the corresponding porphyrins, mainly becauseworkStat'on' The pH values were monitored by a Beckriaiil pH

h fthe f les i h lead | meter. The spectroelectrochemical measurement was performed by
the geometry of the four pyrroles in porphycene leads to a lower regulating the potentials using a Hokuto Denko HA-305 potentiostat/

symmetry of the framework than that in porphyribs — galvanostat. The EPR spectra were measured by a Varian E-12
D2n).2 % These characteristics suggest that the reconstitution spectrometer equipped with an Oxford ESR-900 liquid helium cryostat.
of Mb with an iron porphycene would be a useful method to The IR spectra of the CO-ligated Mbs were measured using a JASCO
enhance the gaffinity of Mb because the change in the energy FT/IR-620 spectrometer. Kinetic measurements for the ligand binding
levels of d-orbitals and/or the coordination behavior of an axial were carried out with a stopped-flow/laser flash photolysis system

ligand effectively regenerates the, @ffinity of the iron in constructed by Unisoku Co., Ltd. (Osaka, Japan). A Xe Arc lamp was
tetrapyrrole$o-32 employed as a source of the probe light to follow the spectral changes.
For laser flash photolysis, a sample was excited with 5 ns pulses (532

In a previous report, we demonstrated that horse heart Mb nm) from a Q-switched Nd:YAG laser (Surelite I, Continnum).

re(_:o_nSt'tUted wnh_porphycem’é (hh-rMb(Z))_ showed an @ Materials. All reagents and chemicals were obtained from com-
affinity 1400-fold higher than that of the native Mb (hh-N mercial sources and used as received unless otherwise noted. Por-
(Mb is reconstituted Mbj? However, it has not been clear why  phycene2 was synthesized by the method described in a previous
paper3® The sperm whale wild-type and H64A Mbs were expressed in
(23) Vogel, E.; Kaher, M.; Schmickler, H.; Lex, JAngew. Chem.Int. Ed. Escherichia coli These Mbs were purified by column chromatography
1986 25, 257-259. through CM-52 (Whatman) and Sephadex G-25 (Amersham Bio-

(24) Sessler, J. L.; Gebauer, A.; Vogel, ETlne Porphyrin Handbogkadish, . . )
K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: San Diego, CA, Sciences) columns. HN; (purity > 99.999%), and CO (purity~

2000; Vol. 2, Chapter 8, pp-152 and references therein. . 99.995%) were purchased from Sumitomo Seika Chemicals Co., Ltd.
(25) Ohgo, Y.; Neya, S.; Ikeue, T.; Takahashi, M.; Takeda, M.; Funasaki, N.; ) . K .
Nakamura, M.Inorg. Chem 2002 41, 4627-4629. Preparation of Myoglobins Reconstituted with Porphycene 2,

(26) Rachlewicz, K.; Latos-Grgaski, L.; Vogel, E.; Ciunik, Z.; Jerzykiewicz, i - -
L. B. Inorg. Chem 2002 41. 19791988, rMb(Z’)s. Apomyoglobin (apo Mb) was prepared frqm met-Mb by
(27) Bernard, C.; Le Mest, Y.; Gissselbrecht, Jirerg. Chem1998 37, 181— Teale’s 2-butanone meth8tlA solution of2 (buffer/pyridine or buffer/

DMSO = 1/1) was added to a solution of apo-Mb and was slowly

(28) (@) D'sauza, F.; Boulas, P.; Aukauloo, A. M.; Guilard R; Kisters, M-i gqqk ot £C. The solution was then dialyzed against a 100-fold volume

Vogel, E.; Kadish, K. M.J. Phys. Chem1994 98, 11885-11891. (b)

Gisselbrecht, J. P.; Gross, M. Am. Chem. Sod99Q 112 8618-8620. of 100 mM phosphate buffer (pH 7.0, 3 3, at 4°C). After the

(c) Ranner, M. W.; Forman, A.; Wu, W.; Chang, C. K.; FajerJJAm. i i i

Chem. Soc1989 111 8618 8621, (d) Oertiing, W. A.: Wu. W.- Lpez- mixture was centrifuged (4000 rpm, 10 min, @) and concentrated, _
Garriga, J. J.; Kim, Y.; Chang, C. Ki. Am. Chem. S0d991, 113 127- the solution was passed through a Sephadex G-25 column. The solution

134. (e) Kadish, K. M.; Tabard, A.; Caemelbecke, E. V.; Aukauloo, A.  of a purified rMb@) was concentrated and maintained atGl The
M.; Richard, P.; Guilard, RInorg. Chem 1998 37, 6168-6175. (f)

Bernard, C.; Gisselbrecht, J. P.; Gross, M.; Vogel, E.; Lausmanimadvg. protein solution was used within 2 days.

(29) %P;elzn 199#_ 3_II_3, %\13932;_101. vt K Ik N - Aovai Acid Titration. To 3 mL of a 100 mM KCI solution was added 10
a) Hayashi, T.; Nakashima, Y.; Ito, K.; Ikegami, T.; Aritome, |.; Aoyagi, . :
K.; Ando, T.; Hisaeda, Ylnorg. Chem?2003 42, 7345-7347. (b) Hayashi, uL of a concentrated Mb solutiom{0.4 mM) in 100 mM phosphate

T.; Nakashima, Y.; Ito, K.; Ikegami, T.; Aritome, |.; Suzuki, A.; Hisaeda,  buffer (pH 7.0). The UV-vis spectrum and pH value of the Mb solution
Y. Org. Lett 2003 5, 2845-2848.
(30) Momenteau, M.; Reed, C. &hem. Re. 1994 94, 659-698 and references

therein. (33) Hayashi, T.; Dejima, H.; Matsuo, T.; Sato, H.; Murata, D.; Hisaedal. Y.
(31) Chang, C. K.; Traylor, T. GJ. Am. Chem. Sod 973 95, 8477-8479. Am. Chem. So®002 124, 11226-11227.
(32) Collman, J. P.; Bauman, J. |.; Doxsee, K. M.; Sessler, J. L.; Morris, R. M.; (34) (a) Teale, F. WBiochim. Biophys. Actd959 35, 543. (b) Yonetani, T.;
Gibson, Q. H.Inorg. Chem 1983 22, 1427-1432. Asakura, T.J. Biol. Chem 1969 244, 4580-4588.
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were monitored for each addition of 14 of 100 mM HCI at 25°C. deoxy-Mb was first mixed with @saturated buffer to yield the oxy
The Ky value, the pH corresponding to a 50% loss of a prosthetic form. After an aging time of 1.0 s, the solution was further mixed with
group, was determined by fitting the titration curve to the modified CO-saturated buffer. The spectral changes in the range of B0
Hendersor-Hasselbach equatich. nm were monitored after the second mixing. The probe light at a shorter
EPR Measurement. EPR measurements were carried out at the wavelength €360 nm) was cut off with an optical filter (Sigma Koki
X-band (9.35 GHz) microwave frequency with 100 kHz field modula- Co., Ltd., Japan). With an excess of a ligand, the observed rate constant,
tion (0.5 mT) at 15 K. The range of the microwave power is 5 mW. ko is determined as follow¥©
The sample concentration wasgtO0«M, and the volume was 50L.
Determination of Fe(lll)/Fe(ll) Redox Potent_ial. The spe(_:t_roelec- Kops = koff(oz)/(l + kon(OZ)[OZ]/kon(CO{CO])
trochemical measurement was performed using the modified method
described in a previous repéftThe measurement was carried out at o .
25 °C under a N atmosphere with an optically transparent thin-layer Autoxidations fpr the Mb@s were measured by fqllowmg the
electrode cell L = 0.5 mm). A working electrode and a counter spectral changes in the range of SG®0 nm every 15 min at 37C.

electrode made of Pt mesh were employed along with an Ag/Agcl 1 he time course of absorbance at 580 nm for wt-Miafr at 619 nm
reference electrode. Anthraquinone-2-sulfonde={ —230 mV vs for wt-rMb(2) was analyzed by first-order kinetics to afford the

NHE) was employed as the electron mediator. The data obtained Wereautomdaﬂgn rate. For H64A-MF1][ and' HB4A-TMbe), a deoxy-Mb
fitted to a Nernst equation, and the resulting midpoint of the Fe(llly Prepared in a glovebox was mixed with 40%-aturated to follow
Fe(Il) redox potential was corrected to the value referenced to NHE. the spectral changes in the range of 5009 nm. The shortfar
Preparation of O,- and CO-Ligated Myoglobins, MbO,s and wavelgngth_ component@00 nm) in the probe light was cut off with
MbCOs. To prepare oxygenated Mbs (Mb€), except for the H64A- an optical filter. . L .
MbOs, the met-Mbs were reduced by sodium dithionite to give deoxy- '€ CO associations were measured by monitoring the changes in

Mbs and separated from excess sodium dithionite by Sephadex G-25t1€ absorbance at 425 nm for wi-Mp(and H64A-Mb() or at 613
gel filtration with 100 mM phosphate buffer, pH 7.0. During the elution, "M for wi-rMb(2) and HE4A-rMb@) after excitation by laser flash

the deoxy-Mb species smoothly changed to the Mb@ dissolving photolysis under 1 atm of CO. For the measurements, the probe light

0, in the buffer. The CO forms of Mbs (MbCOs) were obtained by &t the shorter wavelengti=¢00 nm) was cut off.
reduction with a slight excess of sodium dithionite under a co  1he CO dissociations from the CO-ligated Mbs were measured by

atmosphere. For the measurements of the CO dissociation from MbCOs displacement with @for wi-rMb(2) or NO for the others. A solution
excess dithionite was removed by the Sephadex G-25 gel filtration with °f @ MPCO was mixed with @ or NO-saturated buffer by a stopped-

elution of CO-saturated 100 mM phosphate buffer, pH 7.0. flow apparatus, and the decrease in absorbance at 423 nm for wt-Mb-
Kinetic Measurement for Ligand Bindings. Kinetic studies were (1) and H64A-Mb{) or 613 nm for wi-rMbg) and H64A-rMbg) was

carried out in 100 mM phosphate buffer, pH 7.0, at°g5 except for monitored. _ _

monitoring the autoxidation rate at 3. The Q associations for wt- IR Measurement for Carbon Monoxide Myoglobins. The C-O

Mb(1) and wt-rMb@) were measured by following the changes in the Strétching quesg(C—(_)), in the MbCOs were measured ina cell

absorbance at 435 nm for wt-Mb(or at 619 nm for wt-rMbg) after = 0.1 mm) with Cak windows. The measurement was carried out at

excitation of a MbQ by laser flash photolysisifx = 532 nm, 5 ns room temperature, and the background spectrum was collected for the

pulse) under atmospheric pressure in air. For H64ANbihe Q- corresponding deoxy-Mb.

saturated buffer at 4C was employed for the Sephadex G-25 gel Rpaogits

filtration after being reduced with dithionite. After the obtained oxy

form was directly injected from the gel column into an optical cell Characterization of Reconstituted Myoglobin. The rMb
under the @atmosphere, the {association was observed by following ~ with iron porphycene2 was successfully obtained by a
the absorbance change at 435 nm by laser flash photolysis. For H64A-conventional method adapted for the incorporation of an iron
rMb(2), the CO-boupd form, equilibrated with the atmosphere of CO/' porphyrin into apo-Mb. The color of the solution turned from
O, = 5/95, was excited by laser flash, and the absorbance change alyrean to blue upon the reconstitution due to the increase in the
365 nm during the initial stage was followétThe first-order rate absorbance at 624 nm. After the purification by chromatography,

constant was determined by fitting the reaction curve by a nonlinear . - .
least-squares method. Dividing the rate constants by the concentrationthe blue fraction oM,, > 10 000 was characterized by ESI

of O, under each measurement condition afforded the rate constantsTOF mass spectroscopy. The mqss spectrum of .the fraction
of the O associations. The probe light used to follow the kinetics was "€corded under neutral conditions (in 10 mM AcOlHisplays
passed through a monochromator. a series of protein ions in charge states ranging fromtd@

The O dissociations were measured by displacement with CO or 13+, as shown in Figure 1. The deconvoluted spectrum gave
the ferricyanide method by a stopped-flow apparatus. For the8bO  the mass number at 17 950, which corresponds to the mass
except for the mutants, the ferricyanide method was employed. Under number of apo-Mb from sperm whale and thaRof herefore,
[KsFe(CN)}] > [Mb], the decay of the absorbance at 580 nm for wt-  the component was identified as wt-r\g(

Mb(1) or at 619 nm for wt-rMb2) was analyzed by a first-order rate The UV-vis spectrum of met-wt-rMi®) showed three

law. The probe light used to follow the kinetics was passed through a characteristic bands at 387, 563, and 624 nm, as depicted in

monochromator. The observed rate constants leveled off for a huge . .
excess of KFe(CN}) to yield the dissociation rate constant. In the case Figure 2. Particularly, the band observed at 563 nm suggests

of the mutant Mbs, H64A-MH() and H64A-rMbg), a better-devised the axial coo_rdi_nation tq the iron porphycene _because there is
procedure was needed due to their extremely rapid autoxidations. ANO characteristic band in the 2583600 nm region for2—Cl
deoxy mutant Mb was prepared in a glovebex.(ppm Q) and loaded ~ Without an imidazole |'9§”a?‘ There is no significant
on a double-mixing stopped-flow apparatus without air contact. The difference in the peak positions among the rMbs from the sperm
whale, horse heart, and H64A mutant.
(35) Lloyd, E.; Burk, D. L.; Ferrer, J. C.; Maurus, R.; Doran, J.; Carey, P. R;; i i Wi i
Braver, G. D.. Mauk. A. GBiochemistryl998 35 1100111912, An |ncrea§e !n the pH value qumet wt-rvEolution Ieads
(36) Hildebrand, D. P.; Tang, H.-I.; Luo, Y.; Hunter, C. L.; Smith, M.; Brayer, 10 a blue shift in the characteristic band at 6824 nm. This
G. D.; Mauk, A. G.J. Am. Chem. Sod996 118 12909-12915. i o
(37) Shiro, Y.: Iwata, T.; Makino, R.; Fujii, M. isoga, Y.. lizuka, J. Biol. finding suggests that a water molecule weakly binding to the
Chem.1993 268 19983-19990. iron is deprotonated to the hydroxide in the alkaline pH region.
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Figure 1. ESI-TOF mass spectrum of wt-rM)( The values in parentheses
stand for the charge states. The peak with the astejigk{dentified a2
fragmented under the measurement condition.
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Figure 2. UV —vis spectrum of met-wt-rMI&); 100 mM phosphate buffer,
pH 7.0. Inset: U\+vis spectra of various forms of wt-rMB)in the range
of wavelengths from 550 to 650 nm.

Table 1. UV—vis Spectral Data for Ferrous wt-rMb(2)@

sixth ligand Amax (NM)
deoxy 352 (sh), 375,
584 (sh), 620
(073 387, 562 (sh),
619
Cco 391, 567 (sh),
613

a|n 100 mM phosphate buffer, pH 7.0.

On the contrary, in a lower pH region, the WWVis spectrum

of met-wt-rMb@) changed to that of the fr& indicating that

2 is dissociated from the protein matrix (Figure 3a). The titration
curve shown in Figure 3b affords a pH value corresponding to
a 50% dissociation, i ». Interestingly, the K1/, value for wt-
rMb(2) is found to be 3.1, which is more acidic than that for
wt-Mb(1), by 1.4 pH unit. Figure 3b shows that H64A-rNa(
also affords almost the same titration curve observed for wt-
rMb(2), suggesting that the distal histidine in wt-r\@pdoes

not affect the acid denaturation. These results indicate that His93 40

strongly coordinates to the porphycene iron in the protein matrix.

Figure 4 shows the EPR spectra of Mbs at 15 K. Both met-
wt-rMb(2) and H64A-rMb@) exhibited only low-spin$= 1/,)
signals ¢ = 2.43, 2.29, and 1.86 for wt-rMB) andg = 2.37,
2.29, and 1.89 for H64A-rMI®)). In contrast, met-wt-MKL)
and H64A-Mb() show the typical high-sping= 5/,) signals
atg = 6.0 and 2.0, which agrees with a previous regd8uch
high-spin and/or spin admixture signalS € %, and?,), as
observed for the halogen-coordinated porphycéhesgre not
observed for wt-rMi#) and H64A-rMb@). These results suggest
that the energy levels of the d-orbitals in r\2)¢ are quite
different from those for the Mbs or porphycenes in organic
solvents.

The spectroelectrochemical titration of wt-rN(was per-
formed in the presence of anthraguinone-2-sulfonate as an
electron mediator. The spectral changes, as shown in Figure
5a, were electrochemically reversible, and the redox potential
of Fe(lll)/Fe(ll) determined from the Nernst plot (Figure 5b)
was—190+ 15 mV vs NHES® This value is much lower than
the corresponding value for wt-Mb( (+59 mV vs NHE)*0
The remarkable difference in the redox potentials between wt-
rMb(2) and wt-Mb() can be attributed to the lower spin state
of wt-rMb(2) with respect to the high spin state of wt-Mb(

Ligand Binding for Deoxymyoglobins. The reduction of a
ferric rMb with dithionite gave a deoxy-rMb. The deoxy-rMb
was subjected to Sephadex G-25 gel chromatography under
aerobic conditions to afford a greenish-blue solutidpaf =
387, 562 (sh), and 619 nm). When the stream of CO was gently
passed into the solution for more than 20 min, the band at 387
nm shifted to 391 nm and the one at 619 nm shifted to 613 nm.
Furthermore, passing;@ave the solution with the same spectral
characteristics again as the above-mentioned greenish solution.
From this result, the greenish-blue solution can be identified as
the oxy-rMbg), wt-rMb(2)O,, and the reversibility between the
oxy and CO forms was confirmed. The UWis spectral data
of these species are summarized in Table 1 and Figure 2 (inset).

The kinetic parameters of the,®inding are summarized in
Table 2. To evaluate the effects of the distal histidine on the
stability of the oxy form, the @bindings for H64A-Mb() and
H64A-rMb(2) were also measured. The, @ssociation rate
constantkon(o,, Was determined by monitoring the, @com-
bination after cleavage of the F€, bond by a laser pulse.
From the Q association rate constants, it is noted that the
reconstitution with2 enhances the association rate of the O
binding by 3-5-fold both in the wild-type and H64A proteins.
The G dissociations were measured by the ligand displacement
method or ferricyanide oxidation with a stopped-flow apparatus.
The observed rate constants at a high concentration of CO or
ferricyanide are regarded as the values equal to the O
dissociation rate constarisfio,), because the kinetic profiles
show a typical saturation curve against the CO or ferricyanide
concentration3 However, the oxygenated states of mutant
Mbs, H64A-Mb() and H64A-rMbg), were so unstable due to
their rapid autoxidations that the conventional methods described
above were not available. Therefore, using the double-mixing
stopped-flow apparatus, an oxy-Mb was transiently prepared
by mixing the corresponding deoxy mutant Mb with-O

(38) Egeberg, K. D.; Springer, B. A.; Martinis, S. A.; Sligar, S. G.; Morikis,
D.; Champion, P. MBiochemistryl99Q 29, 9783-9791.

(39) The reaction of the oxy form, wt-rMB(O,, with dithionite affords the
visible spectrum similar to that of the electrochemically reduced state shown
in Figure 5a.

) Varadarajan, R.; Zewert, T. E.; Gray, H. B.; Boxer, S.S8iencel989
243 69-72.
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Figure 3. Acid titration for Mbs. (a) Spectral change for wt-rM)( (b) Effect of pH on the absorbance at the defined wavelength (normalized by the
absorbance at pH 7.0%, wt-rMb(2); O, H64A-rMb(2); O, wt-Mb(1).

500 G in rMbs mainly stems from the decrease in the dissociation rates,
(— Kofi(0). FOr the H64A mutants, the Qaffinities of both HE64A-
Mb(1) and H64A-rMb@) are much lower than those of the
=600 g=200 corresponding wild-type Mbs due to the lack of the hydrogen
(@ bonding between the bound,@nd His64. However, H64A-

rMb(2) clearly has a higher Daffinity than H64A-Mb()
because of the slow LQOdissociation from H64A-rMiE)0O..
These results indicate that it is not the environment of the distal
site but the nature of the porphycene ring mainly contributing
to the high Q affinities of wt-rMb(2).

The CO binding parameters are summarized in Table 3. The
association rates were measured by laser flash photolysis for
all of the MbCOs. The obtained rate constants suggest that the
Figure 4. EPR spectra of Mbs: (a) wt-MJ, (b) H64A-Mb(1), (c) wt- CO associations for the reconstituted Mbs are 20-fold faster
"Mb(2), (d) H64A-rMb@); 100 mM phosphate buffer, pH 7.0, at 15 K. 1h41 those observed for Mbs having the native heme.

saturated buffer, and then CO-saturated buffer was added toth;—T;ea(:llgsdoigle}gggn:iﬁsv;ﬁ;gc?r vaESI\/(I)bS(ZV)Vi:eWiiteN”Om%?d by
the oxy-Mb solution immediately after the aging time of 1.0 s the o%her Mbsp In contrast to CO association, it is noteworth

to monitor the displacement of the ligand. The transient spectra e - . o y
after the second mixing with the CO-saturated buffer are shown that there is no significant change in the CO dissociation rate

in Figure 6 (see the Experimental Section for the detailed methog UPON the replacement of the native hemg W'th. the iron
for estimatingkofoy)- porphycene. From these results, it is of particular interest to

A series of Q dissociation rate constants indicate that the [OCUS on the @CO discrimination for Mbs. Thé/' value, the

release of @from the reconstituted Mbs dramatically deceler- ratio of the CO/Q affinities, yields<1 for wt-rMb(2), whereas
ates, compared with those of the corresponding Mbs with the (e value of wt-Mbg) is 16 under the same conditions. The
native heme. In addition, interestingly, the @issociation of remgrkable difference is derived from the extremely high O
H64A-rMb(2) is still lower than that observed in wt-Mby, affinity of wt-rMb(2).

although the former Mb lacks the distal histidine. The rates of ~ Structural Characterization of CO-Bound Forms. To
autoxidation, an unfavorable process in biological systems, were&Valuate the structural character of the CO-ligated Mbs, the IR

also measured. For Mbs with the wild-type amino acid res- SPectra for the €0 stretching modes{(C—0), were collected.
idues (Wt-Mb() and wt-rMb@)), the first-order decays of The results of Fhe !R measurements for t{i€—0) modes are
the oxygenated species into the corresponding met form gavedemonstrated in Figure 8. _Th/éC—O) mod_es of ‘_Nt'MbDCO
their autoxidation rates. The mutant Mbs (H64A-NMlpand ~ Were observed at 1932 (minor) ar11d 1945 ¢rfmajor) and that
H64A-rMb(2)) also show the rapid disappearance of the Of H64A-Mb()CO at 1965 cm’, which agrees with the
oxygenated species with a first-order decay (Figure 7). The Previously reported values.in contrast, the/(C—0) bands of
autoxidation rates of rMbs in air are also slower than those of (e reconstituted Mbs witt2 are broader than that of the
the corresponding porphyrin-containing Mbs, suggesting that correspon(_jlng Mbs. These resglts sugge_st tha_t ther_e are several
the oxygenated iron porphycene is more stable than the 0themeeIectrostatlc and/or conformational configurations in rR)b(
in Mbs. COs.

The G affinities of Mbs were determined from the ratio of  piscussion
the obtained kinetic parametetiSo, = Konoy/Koti(o,)- It Was ) ) _
found that wt-rMbR) has a remarkable LQaffinity 2600-fold Ferrlc.rMbs. Ferric po.rphycené was §uccessfu|ly |ncor.—
higher than that of wt-MH(), which is the same tendency as porated into apomyoglobin by a conventional method to yield
the previous result by horse heart M8gs shown in Table 2. 1"/ "+ o iin M. L.: Philips, G. N., Jr.; Olson, J. Biochemistry1994
Table 2 clearly demonstrates that the enhancemeni affidity 33, 1433-1446.

(b)

(©

(@
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Figure 5. UV —vis spectra of wt-rMb¥) at several applied potentials (versus NHE) during the spectroelectrochemical titration. (a) Overlaid spectra. (b)
Nernst plot obtained from the spectral change at 623 nm; 100 nm phosphate buffer, pH 7.0Caug8er N.

Table 2. Kinetic Parameters of O, Binding in Mbs?

Kon(oz) L) Ko, Kauto

Mb (‘qu1 Sfl)b (Sfl)c (Mfl)d (hfl)e
wt-rMb(2)f 914+ 10 0.057+0.008 1.6x 10° 0.0244 0.001
wt-Mb(1)f 17+ 19 284 2h 6.1x 1> 0.10+0.01
HB4A-rMb(2)! 290+20  59+11  49x 100 22+ 3k
H64A-Mb(2)f 90+ 9 5700+ 500 1.6x 10 87+ 13
hh-rMb@)™ 120+ 10 0.114+0.01" 1.1x 10° 0.026+ 0.001
hh-Mb(@)™ 22+ 19 274 2h 8.1x 10> 0.18+0.01

aln 100 mM phosphate buffer, pH 7.DAssociation rate constants at
25 °C. ¢ Dissociation rate constants at Z&.9Ko, = Kon(oy/Kofi(0,)-
€ Autoxidation rate constants at 3 under atmospheric pressure in air.
fFrom sperm whale? Laser flash photolysis under atmospheric pressure
in air. " Ferricyanide method.Laser flash photolysis under 1 atm of CO/
0O, atmosphere (CO/£5= 5/95).) Double-mixing stopped-flow method was
used.k Followed the spectral change after mixing deoxy-Mb with 40% O
saturated buffer.Laser flash photolysis under 1 atm 05.0" From horse
heart (quoted from ref 33).

a reconstituted myoglobin. The UWis spectrum of wt-rMb-
(2) indicates His93 coordination to the porphycene iron. The
reversible U\~vis spectral changes between neutral and alkali

tion, where the distal histidine (residue 64) coordinates to the
iron as well as the proximal histidirfé¢ Moreover, it is known
that a cytochromdos with low-spin character has two axially
coordinating histidines as the fifth and sixth ligarfdsn this
regard, the spectrum in Figure 4c, at first glance, suggests that
wt-rMb(2) adopts a conformation with a hemichrome-like
coordination geometry. However, as shown in Figure 4d, H64A-
rMb(2) also has a typical low-spin spectrum despite no distal
histidine, indicating the distal histidine in wt-rM®) does not
coordinate to the iron porphycene, and then, the hemichrome-
like conformation should be ruled out. It has been reported that
ferric porphycenes coordinated by a halogen atom in organic
solvents show high-spin or spin admixtur® € 5, and 3/,)
signals in their ESR spectra, whereas the corresponding iron
porphyrins show high-spin signald43 This suggests that an
iron atom in a porphycene framework prefers to the lower spin
state, compared with the corresponding iron porphyrin. There-
fore, the tendency toward the lower spin state of the iron
porphycene in organic solvent will be reflected in the spin state

media suggest that the ferric rMb is an aquomet form under of 2 in the myoglobin matrix. The reason for the lower spin
neutral conditions. On the other hand, the spectrum observedstate in the porphycene iron is believed to be due to the fact

at low pH is the same as that 8Cl, due to the prosthetic
group dissociation from the protein matrix under acidic condi-
tions (pH < 3). The Ky value, the pH corresponding to the
50% loss of a prosthetic group, for met-wt-r\@p(s lower, by
1.4 pH units, than that for met-wt-Mb), Furthermore, thely»
value for H64A-rMbg) is consistent with that observed in wt-
rMb(2). Because it is known that the&p, value is affected by
the nature of the FeHis bond?® the bond strength of FeHis93

in rMbs seems to be relatively strong for that in wt-Mpéand

that the smaller cavity formed by the four pyrrole rings with
C, symmetry destabilizes theZd,?-orbital and, in turn, the
energy level of ¢f is correspondingly lowere#:** As a result,

the d?-,?-orbital with the highest energy level becomes the
unoccupied orbital. To the best of our knowledge, there has
been no model study that demonstrated a five-coordinated iron
porphycene with an imidazole derivative as an axial ligand.
However, it is reasonable that the iron in wt-r\pEhows a
low-spin character because the proximal imidazole, a stronger

to be independent of the distal structure. This strong coordinationfield ligand than halides, would bring about the large split in
of the imidazole to the porphycene iron is also supported by the ligand field, causing a lower spin state in the porphycene

the result of a previous study, where 2,7,17,27-tat@opy-
Iporphycenatoiron shows a high affinity against the imidazole
derivatives in organic solvents.

According to our EPR studies on met-Mbs, the porphycene

iron in wt-rMb(2) shows the typical low-spin character, which
is completely different from that observed in wt-M(In fact,
as shown in Figure 4a,b, protohentinwith a weakly bound

water as the sixth ligand in the protein usually exhibits the high-

spin state. Recently, Neya and co-workers reported that the EPR
spectrum of the reconstituted Mb with an iron hemiporphycene
shows a low-spin character due to the hemichrome conforma-

iron of the protein.

Although most of the five-coordinated iron porphycenes,
which have been reported so far, show similar Fe(lll)/Fe(ll)

(42) Rivera, M.; Barillas-Mury, C.; Christensen, K. A.; Little, J. W.; Wells, M.
A.; Walker, F. A.Biochemistry1992 31, 12233-12240.

(43) Some porphyrins, such as [Fe(lll)(TPP)(OglOand [Fe(lll)(OEP)-

(OCIOg)], show spin admixture signalSE& °, and?/,, respectively). (a)

Reed, C. A.; Mashiko, T.; Bentley, S. P.; Kastner, M. E.; Scheidt, R. W.;

Spartalian, K.; Lang, GJ. Am. Chem. Sod979 101, 2948-2958. (b)

Masuda, H.; Taga, T.; Osaki, K.; Sugimoto, H.; Yoshida, Z.; Ogoshi, H.

Inorg. Chem 198Q 19, 950-955.

(44) lkeue, T.; Ohgo, Y.; Yamaguchi, T.; Takahashi, M.; Takeda, M.; Nakamura,
M. Angew. Chemlnt. Ed. 2001, 113 2617-2620.
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Figure 6. CO replacement of H64A-rMBJO, with a double-mixing stopped-flow apparatus. (a) Observed spectra after the second mixing, every 0.1 s over
1 s. (b) Differential spectra, every 0.2 s over 3 s. [Mb5.0 uM, 100 mM phosphate buffer, pH 7.0, at 26.
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Figure 7. Transient spectra after mixing deoxy-H64A-r\p{with 40% |
O,-saturated buffer, every 32 s over 480 s. The dotted line is the spectrum
collected att = 0; 100 mM phosphate buffer, pH 7.0, at 3C. ‘ ! ‘ ! ! ! ‘
1880 1920 1960 2000
Table 3. Kinetic Parameters of CO Binding in Mbs2 Wavenumber (cm'1)
on(co) faco) Keo Figure 8. IR spectra of CO-bound Mbs. (a) wt-Mb)( (b) wt-rMb(2), (c)
Mb (uM~t sy (s (M7 M H64A-Mb(1), (d) H64A-rMb(2); 100 mM phosphate buffer, pH 7.0, at room
wt-rMb(2)¢ 11+1 0.070+ 0.008 1.6 10° 0.10 temperature.
wt-Mb(1)9 0.51+0.01 0.050+0.006 1.0x 10 16
H64A-rMb(2)9 110+ 11  0.086+0.008 1.3x 10° 27 ferric porphyrins with the low-spin state have the tendency of
Eﬁ‘:ﬁg\gj(l)g 31-3 iol-“ o%ﬁi 8-8(1)' . 431'(2“ 18; 190838 lower oxidation and/or reduction potential(s), although we
- . . L X . . .
hh-Mb(1) 061+ 002 0.035L0007 1.7x 107 21 should note that there is not always a correlation between the

redox potential and spin state of the centered metal because

2|n 100 mM phosphate buffer, pH 7.DAssociation rate constants at ~ some exceptions are knovi.

25 °C. ¢Laser flash photolysis under 1 atm of C¥Dissociation rate i _
constants at 25C. ¢ Keo = kamcofkoficoy ' M' = Kco/Koy, 8 From sperm O, Afflmty of rMbs. T_he most_ r_emarkable character of wt
whale." Replacement with © ' Replacement with NO.From horse heart. rMb(2) is its extremely high @affinity. It was found that both

d ial | h f th di ) association and dissociation rates contribute to the enhancement
redox potential values to those of the corresponding iron of the O affinity for wt-rMb(2) (~5-fold in Kon(oy and ~1/

ing23—29 i i i
porphyrins? our case is drastically different, where the 500-fold in kofioy). The autoxidation of wt-rMI)0; is also

unusualllly I|OW reddox potentla}l ;/\{as obse;ved forbwt-rlﬂunl(r hed slower than that of wt-M)O».
En“f]ua y lowre O;( Eotentlahln wt-rM J can be eXF alﬂe Possible factors that contribute to the acceleration of the O
y the spin state of the porphycene iron in wt-ridh(In the association are pointed out as follows. One factor is the structural

case of “’éMb(}) thhe (Ielectrond forb_re(ilucmgdtge Ilr%n can be changes at the distal site upon the reconstitution with an artificial
zar]cc?mmo atl\?lb N t € Ev&\_)//estl -orbital, thﬁ' : ital, gcaE§e| prosthetic group. In fact, it is known that,@igration is one
the ferric wt-Mb(l) is S = /2. In contrast, the lowest d-orbital ¢ i essential processes affectiago,.*® It is reasonable that
in ferric wt-rMb(2) is completely occupied (due 18 = 1/,),

and then, the additional electron in the reduction process should(4s) Guilard, R.; Boisselier-Cocolios, B.; Tabard, A.: Cocolios, P.: Simonet,

; R ~ B ; B.; Kadish, K. M.Inorg. Chem 1985 24, 2509-2520.
be accommodated in a hlgher energy level of the d-orbital (I'e" 46) Carver, T. E.; Rohlfs, R. J.; Olson, J. S.; Gibson, Q. H.; Blackmore, R. S;

the d,~ or d-orbital). In fact, it has already been reported that Springer, B. A.; Sligar, S. GJ. Biol. Chem 199Q 265, 20007-20020.
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the porphycene framework and/or the position of the propionate of the hydrogen bonding between @nd distal His in the rMb-

side chains could slightly perturb the protein structure at the
distal site, resulting in the easy access ofi@o the protein
matrix. Another reason is the location of the iron atom. This is
likely to be the main reason for the acceleration of the O
association. In deoxy-Mbs with protoheme IX, the ferrous iron
is located out of the porphyrin plaiéand then, the movement
of the iron to the in-plane of the porphyrin ring should be
accompanied by the process of &sociation. The out-of-plane
positioning of the iron in a deoxy form is caused by the existence
of the spin density in the,d,?-orbital of the ferrous iron. The
d?_,?-orbital overlaps with the 2p-orbitals of the pyrrole
nitrogens to form the Fe-pyrrole nitrogen(ando*)-molecular
orbitals, and the @2 electron is accommodated in the Fe-
pyrrole nitrogenc*-orbital in the bond formation. Therefore,

(2)Ozs. Although it is difficult to directly evaluate the strength
of the hydrogen bonding between His64 and the boupdhO
the rMb@)s, we compared the inding behavior of the wild-
type Mbs with that of the H64A mutants in order to investigate,
in detail, the effect of this hydrogen bonding on @issociation
and the contribution of the FeO, -bonding mode in the oxy-
rMb(2)s. If the argument described above was valid, the O
dissociation rate of H64A-rMI2)O, should be almost the same
or faster than that of wt-rMI)O,. The results of the kinetic
measurements indicated that the dissociation,a§@ccelerated
in about the same ratio in both H64A-rMB)O, and H64A-
Mb(1)O, due to truncation of the distal histidine. However, the
O, dissociation rate constant for H64A-rMB)QO. is 1/100
smaller than that for H64A-MH)O,. Thus, it should be

the Fe-pyrrole nitrogen bond is somewhat weakened, leadingconcluded that although the hydrogen bonding betweeand

to the iron deviation from the porphyrin plane. On the other
hand, the lower symmetry of the porphycene core will desta-
bilize the d?-,? level, resulting in the fact that thg?d,-orbital

of a relatively high energy level would be vacant. As a result,
the iron is positioned in the plane of the porphycé#t.
Therefore, @ can readily bind to the porphycene iron without
the movement of the iron.

The kinetic data clearly indicate that the extremely high O
affinity in wt-rMb(2) is predominantly caused by the very slow
O, dissociation. One of the factors to characterize the oxy-Mb
is the Fe-O, bond configuration, and boit+bond andz-bond
characters are consider&d.The former bonding mode is
suggested by the F&O—0 bond anglé,and the latter mode is
proposed by some spectroscopic studies of oxy/Nlos by
ligand binding of Mb model compound&:32 The retardation
of the & dissociation on wt-rMK) is accounted for by the
effect of the porphycene framework on the energy levels of the

His64 is essential for holding Oin the rMbs, the special
enhancement in the hydrogen bonding interaction between His64
and Q does not occur in wt-rMI&).

The kinetic parameters of the autoxidation from oxy-Mb to
met-Mb also give an insight into the stability of oxy-Mb because
the correlation between the,@ffinities and autoxidation rates
has been reported in a series of wild-type and mutant ¥Iks.
was found that wt-rM)O, has a slower autoxidation rate than
that of wt-Mb(@)O,. In contrast, the autoxidation rate of H64A-
rMb(2)O, is 22-fold faster than that of wt-Mfkf and is
accelerated by 2 orders of magnitude, compared with that of
wt-rMb(2)O,. These are attributed to the effect of truncation of
the hydrogen bonding at the distal site. When a set of H64A-
Mbs (H64A-rMbR) and H64A-Mb(l)) is compared, the au-
toxidation of the former is 1/4 that of the latter. The tendency
in the autoxidation rate constants agrees with the relationship
between the autoxidation rate constants andd@sociation

d-orbitals in the porphycene iron. As described above, the energydescribed abovet

level of the d?-orbital of the porphycene iron is stabilized in
wt-rMb(2) due to the lower symmetry of the porphycene
framework. The decrease in the energy level of tjfeodbital
allows a stable FeO, o-bond with energetically favorable
overlap of the gi-orbital with asz*-orbital of O, to form. It has

CO Affinity of rMbs. The CO affinities for rMbs are also
enhanced by the replacement of the native heme with iron
porphycene?. Table 3 shows that the enhancement of the CO
affinity is mainly caused by the acceleration of the CO
association, although an extremely high &@finity is derived

already been reported that the arrangement of four pyrroles leadsrom the slow Q dissociation. The large acceleration of CO

to the stabilization of the FeO, o-bond, contributing to the
deceleration of the @dissociatior?'¢ Therefore, the stable Fe
O, o-bonding is likely to be the main factor of the slow, O
dissociation in rMbg)s.

On the other hand, it could be argued that the-Bg
m-bonding mode is also important for the slow @ssociation

association in rMbs can be also explained by the in-plane
location of the porphycene iron because it is known that the
Fe—CO bond formation is more essential to the association rate
of CO than the migration from the outside of the prot&in.

On the other hand, the CO dissociation rates of the rMbs are
almost the same as those of the corresponding porphyrin-

of wt-rMb(2) because the Mb model compound studies have ¢ontaining Mbs. The rate for H64A-rMBY is slightly slower
suggested that the coordination of an axial ligand to the centeredinan that for H64A-MbY), but the difference is not significant.

iron promotes the FeO, w-bonding character, and the strong
coordination of His93 in wt-rM#) could facilitate Fe-O,
a-bonding, leading to Pé—0—0?~ charge separation. In this

In contrast, Figure 8 shows that the IR spectrum of wt-rMb-
(2)CO is remarkably different from that observed in wt-Mb-
(1)CO. The C-0O stretching band of wt-rMIZJCO displays an

case, the interaction between the imidazole proton on His64 gyerlap of several bands in the range of frequencies from-+930

and Q@ may be close to a charge-dipole interaction by the
increase in electron density onp,Qesulting in the tightening

(47) Kachalova, G. S.; Popov, A. N.; Bartunik, H. Bciencel 999 284 473—
476

(48) In the X-ray structure of ferrous four-coordinated tetrapropylporphycene,
the iron is located in the ring plane (see ref 26).

(49) According to the quantum chemical calculation on an iron porphycene
coordinated by an imidazole molecule, the in-plane location of the iron is
energetically favored. Nakashima, H.; Hasegawa, J.; Nakatsuji, H. Private
communication.

1970 cntl. This character is also observed in H64A-rIgp(
These spectra with severaHO stretching suggest that there
are several electronic and/or structural conformers for the Fe

(50) Brantley, R. E., Jr.; Smerdon, S. J.; Wilkinson, A. J.; Singleton, E. W.;
Olson, J. SJ. Biol. Chem 1993 268 6995-7010.

(51) The autoxidation rate is affected by the concentration pa@ has the
maximum value when the concentration of © equal to 1Ko, (see ref
50). The 1Ko, value for wt-rMb@) is much smaller than the concentration
of O, under 1 atm of air.
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Table 4. Kinetic Parameters of O, Binding in Myoglobins and
Ascaris Hb

Table 5. Kinetic Parameters of CO Binding in Myoglobins and
Ascaris Hb

Konoy) Katiio) Ko,
protein (uM~1s7?) (s (MY
wt-Mb(1)2 17+1 28+ 2 6.1x 10P
wt-rMb(2)2 91+ 10 0.057+ 0.005 1.6x 10°
AscarisHb? 1.5 0.004 3.8« 108

aFrom this work.? From ref 12a.

C—0 bond? in the rMb@)s as well as the native proteth;
however, the broadening is outstanding in wt-r@)b@ccording
to the previous report, the €0 stretching frequencies are

Konico) kattco) Keo
protein (uM~ts7?) (s MY M2
wt-Mb(1)P  0.514+0.01 0.050+ 0.006 1.0x 107 16
wt-rMb(2)> 1141 0.070+ 0.008 1.6x 1C° 0.10
AscarisHb¢ 0.17-0.21  0.018 (0.941.2) x 10" 0.02-0.032

aM' = Kco/Ko, P From this work.¢ From ref 12a.

CO association rates for wt-rMB) are much faster than those
of AscarisHHb (80-fold for Kon(o, and 60-fold forkoncoy In
deoxy-wt-rMb@), the iron is in-plane of the porphycene,

affected by the electrostatic interactions between amino acid "esulting in acceleration of the ligand associations. The reso-

residues at the distal site and the CO gréuor example, the

nance Raman spectrum fo(Fe—proximal His) in deoxy-

hydrogen bonding between the amino acid residue and theAscarisHb suggests that the iron of this protein is also located

terminal oxygen in the CO group induces a decrease in th® C
stretching frequency, whereas the-O stretching modes for
mutants lacking such amino acid residues that can form

in the plane of the porphyrin framewotR However, there are
bulky amino acid residues, such as Tyr and GIn, at the distal
site in Ascaris Hb.12 Therefore, this would make a ligand

hydrogen bonding are observed in a higher wavenumber thanMigration harder foAscarisHb.

that of the wild-type!! The broad G-O stretching band is

On the other hand, the Qdissociation of wt-rMb2) and

supposed to be caused by the existence of several configurationScarisHb are much slower than that of wt-Mb( The 3D
in the interactions between the amino acid residues and the costructure of the oxygenatgscarisHb shows that the systematic
group. However, there was no observation of a multicomponent ydrogen bonding network at the distal site stabilizes the O

decay in the CO dissociation kinetics for the rMbCOs. One

on the heme to slow thef@lissociatiort2¢In contrast, the small

possible reason is that the apparent dissociation rate is an averagofio for wi-rMb(2) is due to the stabilization of the F&©,
of the values for these conformers; otherwise, they are in rapid ?-0ond interaction. Thus, it should be noted that the ligand

equilibrium#152 Since the G-O stretching band for wt-rMb-
(2)CO is widely distributed both in lower and higher wave-
numbers, compared with that for wt-MBHCO, the dissociation
rate constant of wt-rMI)CO may be apparently similar to that
of wt-Mb(1)CO, as observed in this study. Although the origin
of the multiple Fe-C—0 bond configurations in wt-rMI2)CO

is not clearly known at the moment, we propose the following
two factors. First, the lower frequencies are due to the
enhancement of-back-donation from the iron te*-orbitals

of CO. The coordination of the proximal histidine may affect
the z-back-donation from the iron ta*-orbitals of CO30-32

binding mechanism is quite different between wt-rig@oénd
AscarisHb, although both proteins show a remarkably high O
affinity. AscarisHb achieves high @affinity by the environment
of the distal site, whereas in wt-rM®), the nature of the
prosthetic group contributes to both the &sociation and the
dissociation.

AscarisHb decelerates the CO dissociation, whereas the rate
for wt-rMb(2) is almost the same as that determined in the wt-
Mb(1). This finding is attributed to the existence of hydrogen
bondings between the terminal oxygen of CO and Tyr30 or
GIn64 in the same manner as the oxy form. This can account

Second, as another possible factor, the slight structural changedor the small CO dissociation rate AscarisHb.'>On the other
of the distal site due to the possession of an artificial prosthetic "and, wt-rMbg) has only His64 as a hydrogen bonding donor

group could bring out the structural disorder of the distal
histidine, adopting multiple orientations with both strong and
weak interactions with the bound ligand. A more-precise
discussion on the FeC—0 bond configuration will be done in
future>®

Unusual O, Selectivity against CO.As the result of the
extremely high Q affinity of wt-rMb(2) with iron porphycene
2, the M’ values of these Mbs are less than 1, that is to say,
their O, affinities aregreaterthan the CO affinities. The similar
O,/CO discrimination is also observed in some native proteins,
such asAscaris Hb, although they have protoheme IX as a
prosthetic group. Therefore, it is of interest to compare the
kinetic parameters of ligand binding between wt-rigband
AscarisHb to reveal the sharp contrast in the mechanism of
the ligand bindings between them.

The kinetic parameters of the,@nd CO binding for these
proteins are summarized in Tables 4 and 5. Both thex@l

(52) Das, T. K.; Friedman, J. M.; Kloek, A. P.; Goldberg, D. E.; Rousseau, D.
L. Biochemsitry200Q 39, 837-842.

(53) As preliminary data, the resonance Raman spectra for the2)flog also
show the broad bands for the FEO stretching modes. The data agree
with the results of the IR measurements.
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for CO molecule. As a result, the apparent CO dissociation rate
for wt-rMb(2) can be similar to that of the wild-type Mb.

Conclusion

We successfully prepared the reconstituted Mb with a
remarkably high @affinity and unusual and characteristig/O
CO discrimination using the iron porphycene as a prosthetic
group without any point mutations at the distal site. To the best
of our knowledge, this work demonstrates the most drastic
enhancement of £affinity among the studies on Mb modifica-
tion ever reported. The high Qaffinities in the rMb@)s are
predominantly due to the nature of the porphycene ring, not
the effect of the environment in the protein matrix. The low
symmetry of porphycene framework allows the formation of
the stable Fe O, o-bond, leading to the slower @issociation
rate. The intrinsically larger stability of the F€, bond in wt-
rMb(2) is also supported by the smalldf’ value of H64A-
rMb(2) than that of H64A-Mbl), where we do not need to
consider the influence of the distal imidazole on the bond
configuration. The difference between porphyrin and porphycene
is also reflected in the very unique physicochemical properties
of the ferric rMb@)s. In general, it is difficult to characterize
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