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Myoglobin, one of the most famous dioxygen storage proteins,
is a well-investigated hemoprotein.1 To understand the physiological
function of myoglobin, it is important to focus not only on the O2

affinity for deoxymyoglobin but also on the O2 discrimination from
other ligands such as CO.2 A series of ligand binding studies of
myoglobin mutants indicate that the structure of the distal site
strictly regulates the O2 affinity and O2/CO discrimination.3,4 On
the basis of this finding, it will be significant to improve the
physiological function of myoglobin by molecular engineering. Over
the past decade, it has been revealed that several unique mutants
such as the L29F and V68N sperm whale myoglobins decreased
in the specific affinity of CO over O2 (M′ ) KCO/KO2) by 10-20-
fold compared to the native protein5 (M′ ) 2.5 and 1.2 for L29F6

and V68N,7 respectively). Furthermore, replacement of the native
heme 1 with an artificial prosthetic group is another way to
modulate the myoglobin function.8 For example, the incorporation
of a structural isomer of iron porphyrin into the apoprotein
dramatically enhances the O2 affinity and reduces theM′ value.9,10

However, it is likely that the O2 dissociation is too slow to apply
the reconstituted myoglobins to an artificial O2 carrier. In contrast,
there has been no example of improving the physiological function
by modification of the heme propionate side chains, although the
reconstituted myoglobin could be readily available. Here, we
demonstrate the first example to regulate the O2/CO discrimination
by introducing a hydrophobic cluster into the terminal of the two
propionates.

The artificial hemes2-4 having hydrophobic moieties linked
at each terminal of the two heme propionates were synthesized
(Figure 1). Reconstituted horse heart myoglobins were constructed
using a standard reconstitution protocol and purified by gel filtration
chromatography.9,11 The aromatic moieties of the modified hemes
should form a hydrophobic domain on the protein surface. The
UV-vis absorption spectra of the reconstituted myoglobins exhib-
ited the characteristic spectra similar to those observed for the native
myoglobin nMb(1), indicating that2-4 are located in the normal
position of the heme pocket (see Supporting Information). The ESI-
mass spectra of the reconstituted myoglobins, rMb(2) and rMb(3),
showed the characteristic peaks corresponding to the multiple
ionization states. The deconvoluted mass spectra of rMb(2) and
rMb(3) gave the desired mass numbers of the holoproteins, 18349
( 1 (calcd 18346) and 19375( 1 (calcd 19371), respectively.
Furthermore, the autoxidation of oxymyoglobin to metmyoglobin
was monitored by the UV-vis spectral changes in 0.1 M potassium
phosphate buffer (pH 7.0) at 25°C. The rate constant (kauto) of
oxy-rMb(4) (0.18 ( 0.02 h-1) was 6-fold higher than that of
nMb(1) (Table 1), indicating that the elimination of the salt bridges
between the heme propionates and surrounding ionic amino acid
residues, such as Lys45, destabilizes oxy-rMb(4).12,13 In contrast,
thekauto value of oxy-rMb(2) was 4-fold smaller than that of oxy-
rMb(4) and as small as that of nMb(1). Therefore, to prevent oxy-

rMb(2) from being autoxidized, the hydrophobic domain of2 may
inhibit the penetration of H2O molecules into the heme pocket, even
though oxy-rMb(2) also has no salt bridge at the heme propionates.

To evaluate the effect of the introduction of the artificial
hydrophobic domain onto the heme pocket, the O2 and CO bindings
were examined in detail by laser flash photolysis and stopped-flow
rapid mixing techniques.9 The kinetic parameters for the O2 binding
to the deoxymyoglobins are summarized in Table 1. The O2

dissociation rate constant (koff
O2) for oxy-rMb(2) is as small as that

obtained for oxy-nMb(1). Oxy-rMb(3) also showed a slightly
smallerkoff

O2 (14 ( 1 µM-1 s-1) than that of oxy-nMb(1). It is
suggested that, even in oxy-rMb(2) and oxy-rMb(3), the heme-
bound O2 should be stabilized by the preserved hydrogen bonding
between the heme-bound O2 and distal His64 imidazole. The
observed time courses for the O2 association to deoxy-nMb(1),
deoxy-rMb(2), and deoxy-rMb(4) by laser flash photolysis were
monophasic and fit well to single-exponential expressions which
led to pseudo-first-order rate constants under aerobic conditions
(see Supporting Information). The O2 associations to the heme iron
of deoxy-rMb(2) and deoxy-rMb(4) are 44-fold and 2.4-fold slower
than that observed for deoxy-nMb(1), respectively. These results
indicate that the constructed hydrophobic domain at the entrance
of the heme pocket hinders the approach of an O2 molecule into
the heme pocket. Thus, the binding constant of O2 (KO2) for
rMb(2) decreased by 38-fold as compared to nMb(1).

The kinetic parameters for the CO binding to the deoxymyo-
globins are also shown in Table 1. The reconstitution with the
modified heme2 decreased the CO association rate constant (kon

CO)
to the heme iron of deoxymyoglobin by 41-fold and increased the
CO dissociation rate constant (koff

CO) from the heme iron by 20-
fold. Thus, the binding constant of CO (KCO) for rMb(2) was
significantly decreased (810-fold), compared to that of nMb(1). It
is suggested that the introduced hydrophobic domain at the entrance

Figure 1. Construction of reconstituted myoglobins with a hydrophobic
domain-linked heme.
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of the heme pocket should modify the environment at the heme
distal site to hamper the CO association to the heme iron of deoxy-
rMb(2) and accelerate the CO dissociation from the CO-bound
rMb(2). To obtain further information about the distal pocket
structure of the reconstituted myoglobin, the infrared (IR) spectra
of CO-bound nMb(1) and rMb(2) were obtained (Figure 2). The
IR spectrum of the CO-bound rMb(2) exhibited three major bands
at 1942 (56%), 1967 (25%), and 1987 cm-1 (19%) for the C-O
stretching frequency (νCO) at ambient temperature, while the CO-
bound nMb(1) showed a major peak at 1944 cm-1.14 The higher
frequency bands for the CO-bound rMb(2) appeared to be due to
the loss of the hydrogen-bonding interactions between the ligated
CO and His64 and/or some steric repulsion at the distal site.14 These
data suggest that the construction of the hydrophobic domain by
the modified heme reconstitution perturbs the distal site structure
of rMb(2) and strengthens the C-O bond.

Moreover, the ligand discrimination in myoglobin can be
evaluated using theM′ value. Compared to nMb(1), theM′ value
of rMb(2) decreased to 0.88 due to the relatively largekoff

CO value
for rMb(2) (Table 1), indicating the preferential binding of O2 over
CO. The smallestM′ value reported thus far for the myoglobin
mutants was 1.2 by the V68N mutation at the distal site of sperm
whale myoglobin due to the relatively smallkoff

O2 value.5,7 The
present result indicates that the perturbation of the distal site by
modification of the heme propionates clearly regulates the ligand
dissociation.

In summary, we constructed new reconstituted myoglobins
possessing a hydrophobic domain at the terminal of the two heme
propionate side chains. The artificially created domain worked as
a barrier against exogenous ligand penetration into the heme pocket,

whereas the bound O2 was stabilized in the reconstituted myoglobin
as well as in the native one. The present study concludes that the
O2 selectivity of myoglobin over CO is markedly improved by
chemically modifying the heme propionates without any mutation
of the amino acid residues at the distal site. This approach will be
useful to construct a new supramolecular composite from a
hemoprotein and to develop unique biomaterials.

Acknowledgment. This work was supported in part by Kato
Memorial Bioscience Foundation and the Ministry of Education,
Culture, Sports, Science and Technology, Japan.

Supporting Information Available: Syntheses of hemes2-4,
preparation of reconstituted myoglobins, experimental procedures, UV-
vis spectra, mass spectra of rMb(2) and rMb(3), flash photolysis and
stopped-flow data of rMb(2), ligand binding parameters (PDF). This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Antonini, E.; Brunori, M.Hemoglobin and Myoglobin in Their Reactions
with Ligands; North-Holland: Amsterdam, 1971.

(2) Jain, R.; Chan, M. K.J. Biol. Inorg. Chem.2003, 8, 1-11.
(3) (a) Rohlfs, R. J.; Mathews, A. J.; Carver, T. E.; Olson, J. S.; Springer, B.

A.; Egeberg, K. D.; Sligar, S. G.J. Biol. Chem.1990, 265, 3168-3176.
(b) Egeberg, K. D.; Springer, B. A.; Sligar, S. G.; Carver, T. E.; Rohlfs,
R. J.; Olson, J. S.J. Biol. Chem.1990, 265, 11788-11795. (c) Smerdon,
S. J.; Krzywda, S.; Wilkinson, A. J.; Brantley, R. E., Jr.; Carver, T. E.;
Hargrove, M. S.; Olson, J. S.Biochemistry1993, 32, 5132-5138. (d)
Scott, E. E.; Gibson, Q. H.; Olson, J. S.J. Biol. Chem.2001, 276, 5177-
5188.

(4) (a) Phillips, S. E. V.J. Mol. Biol. 1980, 142, 531-554. (b) Pond, A. E.;
Roach, M. P.; Thomas, M. R.; Boxer, S. G.; Dawson, J. H.Inorg Chem.
2000, 39, 6061-6066.

(5) Springer, B. A.; Sligar, S. G.; Olson, J. S.; Phillips, G. N., Jr.Chem. ReV.
1994, 94, 699-714.

(6) Krzywda, S.; Murshudov, G. N.; Brzozowski, A. M.; Jaskolski, M.; Scott,
E. E.; Klizas, S. A.; Gibson, Q. H.; Olson, J. S.; Wilkinson, A. J.
Biochemistry1998, 37, 15896-15907.

(7) Carver, T. E.; Brantley, R. E., Jr.; Singleton, E. W.; Arduini, R. M.; Quillin,
M. L.; Phillips, G. N., Jr.; Olson, J. S.J. Biol. Chem. 1992, 267, 14443-
14450.

(8) Hayashi, T.; Hisaeda, Y.Acc. Chem. Res.2002, 35, 35-43.
(9) Hayashi, T.; Dejima, H.; Matsuo, T.; Sato, H.; Murata, D.; Hisaeda, Y.J.

Am. Chem. Soc.2002, 124, 11226-11227.
(10) (a) Chang, C. K.; Ward, B.; Ebina, S.Arch. Biochem. Biophys.1984,

231, 366-371. (b) Sotiriou-Leventis, C.; Chang, C. K.Inorg. Chim. Acta
2000, 311, 113-118. (c) Neya, S.; Imai, K.; Hori, H.; Ishikawa, H.;
Ishimori, K.; Okuno, D.; Nagatomo, S.; Hoshino, T.; Hata, M.; Funasaki,
N. Inorg. Chem.2003, 42, 1456-1461.

(11) For example, Hayashi, T.; Hitomi, Y.; Ogoshi, H.J. Am. Chem. Soc.1998,
120, 4910-4915.

(12) Carver, T. E.; Olson, J. S.; Smerdon, S. J.; Krzywda, S.; Wilkinson, A.
J.; Gibson, Q. H.; Blackmore, R. S.; Ropp, J. D.; Sligar, S. G.Biochemistry
1991, 30, 4697-4705.

(13) Hayashi, T.; Matsuo, T.; Hitomi, Y.; Okawa, K.; Suzuki, A.; Shiro, Y.;
Iizuka, T.; Hisaeda, Y.; Ogoshi, H.J. Inorg. Biochem.2002, 91, 94-
100.

(14) Li, T.; Quillin, M. L.; Phillips, G. N., Jr.; Olson, J. S.Biochemistry1994,
33, 1433-1446.

JA044984U

Table 1. Autoxidation Rate Constants and O2 and CO Binding Parameters for the Native and Reconstituted Myoglobins at 25 °Ca

myoglobin kauto (h-1) kon
O2 (µM-1 s-1) koff

O2 (s-1) KO2 (µM-1) kon
CO (µM-1 s-1) koff

CO (s-1) KCO (µM-1) M′

nMb(1) 0.029( 0.002 21( 1 24( 1 0.87 0.61( 0.02 0.035( 0.002 17 20
rMb(2) 0.043( 0.005 0.48( 0.01 20( 1 0.024 0.015( 0.001 0.70( 0.09 0.021 0.88

a Conditions: 0.1 M potassium phosphate buffer (pH 7.0).kauto is the autoxidation rate constant of oxymyoglobin to metmyoglobin.kon
O2 andkon

CO are
the association rate constants of O2 and CO to heme iron, respectively.koff

O2 andkoff
CO are the dissociation rate constants of O2 and CO from heme iron,

respectively.KO2 andKCO are the binding constants of O2 and CO, respectively, and were calculated from the measuredkon andkoff values.M′ ) KCO/KO2.

Figure 2. IR spectra of CO-bound nMb(1) and rMb(2). Conditions: 1.3
mM nMb(1) or 0.5 mM rMb(2), 0.1 M potassium phosphate (pH 7.0), 20
mM Na2S2O4. Resolution) 2 cm-1, light path) 0.1 mm, accumulation)
1024, at room temperature. The smooth lines for the spectrum of rMb(2)
represent three bands separated by a curve-fitting analysis.
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