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ABSTRACT: Human myoglobin (Mb) possesses a unique cysteine (Cys110), whereas other mammalian
Mbs do not. To investigate the effect of a cysteine residue on Mb, we introduced cysteine to various sites
on the surface of sperm whale Mb (K56C, V66C, K96C, K102C, A125C, and A144C) by mutation. The
cysteines were inserted near the end ofR-helices, except for V66C, where the cysteine was introduced in
the middle of anR-helix. Reduction of the heme was observed for each mutantmetMb by incubation at
37 °C under carbon monoxide atmosphere, which was much faster than reduction of wild-typemetMb
under the same condition. Heme reduction did not occur significantly under nitrogen or oxygen atmospheres.
The rate constant for heme reduction increased for higher mutant Mb concentration, whereas it did not
change significantly when the CO concentration was reduced from 100% CO to 50% CO with 50% O2.
The similarity in the rate constants with different CO concentrations indicates that CO stabilizes the reduced
heme by coordination to the heme iron. SDS-PAGE analysis showed that mutant Mb dimers were formed
by incubation under CO atmosphere but not under air. These dimers were converted back to Mb monomers
by an addition of 2-mercaptoethanol, which showed formation of a Mb dimer through a disulfide bond.
The rate constant decreased in general as the heme-cysteine distance was increased, although V66C Mb
exhibited a very small rate constant. Since V66 is placed in the middle of anR-helix, steric hindrance
would occur and prevent formation of a dimer when the cysteine residues of two different V66C Mb
molecules interact with each other. The rate constants also decreased for K56C and A144C Mbs presumably
because of the electrostatic repulsion during dimer formation, since they are relatively charged around
the inserted cysteine.

The knowledge of the importance of cysteine for protein
structure and reaction has been increasing. Cysteine serves
as the proximal axial ligand for the heme in O2 activating
heme proteins, such as cytochrome P450 and nitric oxide
synthase (1). It has been proposed that the cysteinate ligand
of P450 plays a key mechanistic role as a strong internal
electron donor to promote O-O bond cleavage in the ferric-
peroxide intermediate and to generate the high oxidation
ferryl-oxo state of the reaction cycle (2, 3). The aerobic
class Ia ribonucleotide reductase ofEscherichia coli is
composed of two homodimeric components, proteins R1 and
R2, and the early radical intermediate of protein R1 has been
postulated to be a cysteinyl radical, which is in close
proximity to the diiron-oxo site (4).

Oxidation of two cysteines in close proximity with each
other would favor the formation of a disulfide bond, which
is hydrophobic and often vital for the folding, stability, and
reaction of the protein. The disulfide bond stabilizes the
protein by reducing the entropy of the denatured state,
together with enthalpic and native state effects (5). Cleavage
of one or more of the disulfide bonds controls the function
of some secreted soluble proteins and cell surface receptors
(6). In neuroglobin, a newly found dioxygen binding protein,
two cysteines are sufficiently close to form an internal
disulfide bond, where reduction of the disulfide bond
decreases its oxygen affinity (7). Cysteine-modified structures
have been reported in several metalloenzymes. For example,
the two cysteine residues coordinated to the iron were
posttranslationally modified to cysteine-sulfenic and -sulfinic
acids in iron-containing nitrile hydratase, which catalyzes
the hydration of nitriles to their corresponding amides (8).
The sulfur atom of a cysteine residue was intrachain cross-
linked to an orthoquinone-modified tryptophan in amine
dehydrogenase (AMDH),1 which converts amine into cor-
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responding aldehydes (9, 10). Additional cross-links were
also detected in AMDH, where a cysteine side chain was
bridged to a carboxylic acid side chain of an aspartate or a
glutamate residue (9, 10). We have also found modification
of Ni-coordinating cysteines at the active site of [NiFe]
hydrogenase (11).

Myoglobin (Mb) is a well-known heme protein, which
consists of 153 amino acids with eightR-helices and seven
nonhelical segments (Figure 1) (12, 13). The heme is
coordinated by a histidine nitrogen, and the oxygen binds to
the heme iron in the opposite position of this histidine.
Human Mb possesses a unique cysteine at position 110
(Cys110), while other mammalian Mbs do not have any
cysteine (14). It has been shown that an addition of hydrogen
peroxide to human Mb generates Trp14-peroxyl, Tyr103-
phenoxyl, and Cys110-thiyl radicals and coupling of Cys110-
thiyl radical yields a homodimer through intermolecular
disulfide bond formation (15). There have been several
studies on the reduction of Mb. For example, dihydrolipoic
acid is reported to reducemetMb to oxyMb (16), whereas
glutathione and ergothioneine can reduce the ferryl state of
Mb to metMb (17, 18), although it cannot reducemetMb
further.

Electron transfer processes in proteins are key steps in
biological functions, such as photosynthesis and respiration
(19). Much has been learned about the mechanism of electron
transfer of proteins with the use of small metalloproteins and
small inorganic complexes. Several methods have been
applied to elucidate the spatial relationship between the donor
and acceptor in a biomolecule and to define the intramo-
lecular electron transfer rates. Particularly, photochemical
methods have been applied to study intramolecular electron
transfer in hemoproteins (20). Synthesized porphyrins were
incorporated into the protein matrix of myoglobin (Mb) to
construct a photochemical system (21-24), whereas proto-
hemin molecules with Ru(bpy)3 have been synthesized and
incorporated into the heme crevice of Mb (23, 24). Gray
and co-workers have utilized Ru-modified metalloproteins
in an elegant way to study intramolecular electron transfer
reaction rates between redox centers in proteins (25, 26).
Electron transfer in a Ru-modified protein was first reported
with a pentaammineruthenium(III)(His33)ferricytochromec
(PFeIII -RuIII ), where the redox centers, the heme and modified
His33, were separated by 15 Å (27, 28). Electron transfer
from electronically excited Ru(bpy)3

2+ to PFeIII -RuIII pro-
duced PFeIII -RuII in 5-fold excess to PFeII-RuIII , where PFeIII -
RuII decayed to PFeII-RuIII by intramolecular electron transfer.

To investigate the effect of the cysteine residue in Mb
and also to obtain insights into the cysteine oxidation process

in proteins, we introduced cysteine to various positions on
the surface of sperm whale Mb (Figure 1). We found that
intramolecular electron transfer from the cysteine to the heme
occurs within the protein in mutantmetMbs under carbon
monoxide atmosphere, producing a Mb dimer with a disulfide
bond.

MATERIALS AND METHODS

Site-Directed Mutagenesis and Protein Purification. En-
zymes for site-directed mutagenesis were obtained from
Takara Shuzo Co. (Kyoto, Japan). Oligonucleotide primers
were purchased from Kurabo Industries Ltd. (Osaka, Japan).
Amino acid substitutions of sperm whale Mb at the Lys56,
Val66, Lys96, Lys102, Ala125, and Ala144 positions were
introduced by PCR-based in vitro mutagenesis of a Mb
expression vector as follows (29): Using a pMb413a-derived
plasmid which carried the cDNA of the sperm whale
precursor Mb as a template (30, 31), two DNA segments
were initially amplified with pEMBL-F1 and pXX-R1 (Table
1) primers and pEMBL-R1 and pXX-F1 (Table 1) primers,
respectively, and then purified. The overlap region of the
two PCR products was successively extended by an ad-
ditional PCR with pEMBL-F1 and pEMBL-R1 primers. The
resulting PCR product, which contained the full-length cDNA
of the mutant sperm whale precursor Mb, was digested with
PstI and KpnI and inserted into thePstI-KpnI site of the
pMb413a expression vector. The obtained plasmids were
introduced intoE. coli TB-1 using a competent cell. Plasmid
DNAs were prepared using an Accuprep plasmid extraction
kit (Bioneer, City, South Korea). DNA sequencing was
carried out with a BigDye Terminator v1.1 cycle sequencing
kit (Applied Biosystems, Inc., City, CA) and an ABI PRISM
310 genetic analyzer sequencing system (Applied Biosys-
tems, Inc.).

Recombinant sperm whale Mb was overproduced inE.
coli TB-1 cells.MetMb was purified by the reported method
(32) with a few modifications. Dithiothreitol (2 mM) was
added during extraction of Mb from the cells. The extracted
Mb solution was added with hemin (0.1 mM) and stirred
for 30 min at 4°C. After purification with a DEAE column,
Mb was completely oxidized with a small amount of
potassium ferricyanide dissolved in the buffer and purified
with a CM-52 column (Whatman). We washed Mb with
buffer thoroughly during purification with the CM column
to avoid the effect of ferricyanide introduced and ferrocya-

FIGURE 1: Structure of sperm whale Mb (PDB entry 1DUK) from
opposite directions. Amino acids modified to cysteine in this study
are shown in black spots.

Table 1: Nucleotide Sequences of the Primers

primer sequencea

pEMBL-F1 CGGATAACAATTTCACACAGG
pEMBL-R1 TAACGCCAGGGTTTTCCCA
pK56C-F1 AGCTGAAATGTGCGCTTCTGAAG
pK56C-R1 CTTCAGAAGCGCACATTTCAGCT
pV66C-F1 AAACATGGTTGCACCGTGTTAAC
pV66C-R1 GTTAACACGGTGCAACCATGTTT
pK96C-F1 GCATGCTACTTGCCATAAGATCC
pK96C-R1 GGATCTTATGGCAAGTAGCATGC
pK102C-F1 GATCCCGATCTGCTACCTGGAAT
pK102C-R1 ATTCCAGGTAGCAGATCGGGATC
pA125C-F1 TAACTTCGGTTGCGACGCTCAGG
pA125C-R1 CCTGAGCGTCGCAACCGAAGTTA
pA144C-F1 GATATCGCTTGCAAGTACAAAGAAC
pA144C-R1 GTTCTTTGTACTTGCAAGCGATATC

a Underlines indicate the nucleotides for the modified amino acid.
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nide, which may be produced. Removal of ferrocyanide was
confirmed by comparison of the difference absorption spectra
of Mb observed during the heme reduction with the differ-
ence spectrum between ferricyanide and ferrocyanide. Puri-
fied metMb was dialyzed with 10 mM potassium phosphate
buffer, pH 7.0, before each measurement. The absorption
spectra of mutant Mbs were identical with the spectrum of
wild-type Mb, which showed no significant perturbation on
the Mb structure by the mutation. The purity of each protein
was confirmed by the SDS-PAGE analysis and by the
absorbance (Abs) ratio between 280 and 409 nm (Abs409/
Abs280 > 4.6). The concentration of the protein was adjusted
by the absorption spectrum.

Spectroscopic Measurements.The absorption change of
sperm whalemetMb at 37°C was recorded on a Shimadzu
UV-3100PC spectrophotometer.MetMb (2-18 µM) in 10
mM potassium phosphate buffer, pH 6.0 or 7.0, was
transferred into a quartz cell. To obtain N2 atmosphere, the
cell was degassed and refilled with N2 using a vacuum line.
For introduction of CO, the cell was first filled with N2, then
degassed, and refilled with CO. First-order reaction rate
constantskobs of the heme reduction were obtained from the
slopes of the absorption changes. The actual rates for the
heme reduction of mutantmetMbs by the cysteine residues
were estimated by subtracting the effect of direct heme
reduction by CO.

SDS-PAGE Analysis of MetMb. Mutant sperm whale
metMb in 10 mM potassium phosphate buffer, pH 7.0, was
placed under air or CO atmosphere at 37°C for 15 h. For
reduction of disulfide bonds,metMb was incubated with
2-mercaptoethanol (2% v/v) at 90°C for 5 min after
treatment with CO. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) analysis was performed
for each sample using a 15% separation gel without 2-mer-
captoethanol. The obtained gel was stained with CBB R-250.

RESULTS

Heme Reduction of Cysteine-Introduced MetMb.The Soret
band of mutant sperm whalemetMb at pH 7.0 was detected
at 409 nm, which showed that the heme structure was not
perturbed significantly by cysteine mutation. By incubation
at 37 °C under CO atmosphere, the Soret band of K96C
gradually was red shifted, and new bands were generated at
about 542 and 580 nm (Figure 2A). These changes are clearly
seen by calculating the difference spectra with the initial
spectra (Figure 2B). Isosbestic points were observed at about
345, 416, 462, and 524 nm in the difference spectra, which
demonstrated that no stable intermediate was generated at
the heme site during the reduction. The same changes were
observed in the absorption spectra of other cysteine-
introduced mutantmetMbs by incubation under CO atmo-
sphere. These changes are typical for generation of CO-bound
Mb, which shows that the heme of cysteine mutant Mbs is
reduced by incubation with CO. The absorption spectra of
mutantmetMbs, however, changed little under nitrogen or
oxygen atmosphere.

Since CO-driven reduction has been reported for cyto-
chromec oxidase (CO+ 2OH- f CO2 + H2O + 2e-) (33,
34), one may claim that sperm whale Mb could also be
reduced slowly at 37°C under CO atmosphere, although its
redox potential is relatively low. Actually, wild-type sperm

whalemetMb was reduced very slowly at 37°C under CO
atmosphere, but the rate was significantly slower than the
rates of cysteine mutantmetMbs, more than an order of
magnitude slower except for V66C Mb (see text below). The
difference in the reduction rates suggests that the heme of
mutantmetMbs was reduced by a different reducing agent
than CO, probably the introduced cysteine residue. The actual
rate constants (kobs) for the heme reduction of mutantmetMbs
by the cysteine residues were estimated by subtracting the
effect of direct heme reduction by CO determined from the
reduction of wild-type Mb by CO under the same condition.
The absorption changes of mutant Mbs were less than 0.001
at 310 nm (absorption minimum for oxidized Mb), while a
larger absorption difference (about 0.008) was detected in
the difference spectrum between 5µM ferricyanide and
ferrocyanide at 310 nm. The results showed that the heme
was not reduced by ferrocyanide, which may be produced
during the Mb oxidation process.

FIGURE 2: Change in the absorption spectra of K96CmetMb under
CO atmosphere: (A) absorption spectra and (B) difference absorp-
tion spectra between the initial absorption spectrum. Inset: Enlarged
view of the absorption spectra in the 500-600 nm region. The
spectra were taken at the beginning of the reaction and then after
each hour for 8 h. Experimental conditions: Mb, 5µM; phosphate
buffer, 10 mM; pH 7.0; 37°C.

FIGURE 3: Plots ofkobsvs protein concentration of K102C Mb under
CO atmosphere. Other experimental conditions are the same as those
used in Figure 2.
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The reduction rate constantkobs of K102C Mb increased
with increasing the Mb concentration from 2 to 18µM
(Figure 3), which suggested intermolecular interaction during
the reaction. When the CO concentration was reduced from
100% CO to 50% CO with 50% O2, no significant change
was observed in the reduction rate for mutant Mbs, while
the rate constant decreased for wild-type Mb. The similarity
in the rate constants under different CO concentrations for
mutant Mbs indicates that CO stabilizes the reduced heme
by coordination to the heme iron. With decreasing the pH
from 7.0 to 6.0 and an addition of 100 mM NaCl, the rate
constant decreased to about 50% and 30-50%, respectively,
whereas the rate constant for wild-type Mb did not change
significantly.

Dimerization of Mb. Each mutantmetMb was incubated
at 37 °C under air and subsequently subjected to SDS-
PAGE analysis without 2-mercaptoethanol. Mutant Mbs
incubated under air exhibited bands at a molecular weight
of about 18 000, which corresponded to that of Mbs (Figure
4a). For the mutant Mb solutions incubated under CO
atmosphere, the dimer peaks at a molecular weight of 36 000
emerged, whereas the intensities of the monomer bands were
not perturbed significantly (Figure 4b). For the protein
solutions obtained by the reaction under CO atmosphere with
100 mM NaCl, the intensities of the dimer bands in the
SDS-PAGE analysis decreased significantly. The weaker
dimer band is consistent with the decrease in the rate constant
by an addition of NaCl (see text above).

The dimer bands of the CO-treated samples disappeared
by incubation with 2-mercaptoethanol (Figure 5). The results
show that Mb dimers were formed through an intermolecular
S-S bond of their introduced cysteines, and the disulfide
bond can be produced under CO but not without CO.

DISCUSSION

Heme Reduction and Dimerization of Cysteine-Introduced
Mb. The reduction of the heme of cysteine mutant Mbs may

be due to electron transfer from the cysteine thiolate,
deprotonated cysteine sulfur atom, to the heme. The thiolate
species would be produced in a certain amount at pH 7, since
the pKa for the cysteine thiol is 8.37. The amount of the
thiolate species and the rate of heme reduction would depend
on pH. However, there is an effect of the heme axial
exchange from water to hydroxide with increasing the pH,
and thus we investigated the effect of lowering the pH. The
rate of the heme reduction for the mutant Mbs was decreased
by decreasing the pH from 7.0 to 6.0, which supports electron
transfer from the thiolate species. The electron transfer rate
was also decreased by an addition of 100 mM NaCl, which
may be attributed to stabilization of the thiolate species by
interaction with Na+.

By an addition of 100 mM NaCl, the intensities of the
dimer bands of the reaction solution in the SDS-PAGE
analysis were decreased significantly. The heme reduction
rate of cysteine mutant Mb increased for higher protein
concentration (Figure 3). These results are consistent with
the interpretation that dimerization of cysteine mutant Mb
occurs during the reduction of the heme. Dimerization occurs
through an intermolecular S-S bond, which suggests forma-
tion of cysteinyl radicals by electron transfer from the
cysteine to the heme. The cysteinyl radical, however, must
have been produced very slowly, since the reduction of the
heme in mutant Mb was very slow, although the radical may
react very rapidly with the cysteine thiol group of another
Mb molecule to form a Mb dimer. Actually, the cysteinyl
radical was not detectable by EPR measurements even by
using a spin-trap reagent, 5,5-dimethylpyrrolineN-oxide
(DMPO).

A similar dimerization reaction has been observed by an
addition of hydrogen peroxide to human Mb (15), which
possesses a unique Cys110, and dimerization occurred by
coupling of the produced Cys110-thiyl radicals (14). Cys110
is located on the protein surface of human Mb (14), and the
protein forms a disulfide bond by reaction with H2O2 (15).
The present results in cysteine mutant Mb suggest that CO
may react with humanmetMb and reduce the heme, where
the heme could receive an electron from the cysteine residue.

Factors Controlling the Rate of Heme Reduction.To
investigate the effect of the heme-Cys distance on the heme
reduction rate, the distance for each mutant was defined as
the shortest distance between the heme macrocycle and the
â-carbon of the original amino acid that was modified to
cysteine. The rate constantkobs decreased in general as the
heme-Cys distance was increased, although V66C Mb
exhibited a significantly smallkobs value (see text below).

FIGURE 4: SDS-PAGE analysis of cysteine-introducedmetMbs incubated under (a) air and (b) CO atmosphere.MetMbs were incubated
at 37°C for 15 h in phosphate buffer (10 mM), pH 7.0.

FIGURE 5: SDS-PAGE analysis of K56CmetMb after incubation
under (a) air and (b, c) CO atmosphere: (b) untreated and (c) treated
with 2-mercaptoethanol before analysis. Experimental conditions
were the same as those used in Figure 4.
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Theoretical studies have shown that the electronic coupling
strength decays exponentially with increasing donor-accep-
tor separation. In the case of Ru-modified metalloproteins,
the reduction depended on the donor-acceptor distance,
although the medium separating two redox sites in a protein
is a heterogeneous array of bonded and nonbonded interac-
tions (35, 36). For Ru(bpy)2(imidazole)2+-modified azurins,
variation of the electron transfer rate constant with direct
metal-metal separation was well described by an exponential
function (37). The rate constants for the heme reduction of
mutant Mbs in this study are thus plotted for the logarithm
of kobs versus the heme-Cys distance (Figure 6).

The value of logkobs decreased in general as the heme-
Cys distance was increased. The effect of the heme-Cys
distance on logkobs was more significant when the heme-
Cys distance was shorter (Figure 6). The reduction rate of
V66C Mb, however, was much slower than that of K102C
Mb, although the heme-Cys distances are about the same
for these mutants (Figure 6). V66C is placed in the middle
of an R-helix, whereas cysteines of other mutant Mbs
including K102C Mb are introduced near the end of
R-helices. Steric hindrance, therefore, would occur during
formation of V66C Mb dimers, which prevents dimer
formation and reduction of the heme, while other mutant
Mbs do not suffer significant steric hindrance during dimer
formation. In the SDS-PAGE analysis of V66C Mb by
incubation under CO atmosphere, the intensity of the band
attributed to the dimer was relatively weak compared to the
dimer peaks of other mutant Mbs (Figure 3), which dem-
onstrated the difficulties in dimerization and heme reduction
for this mutant. These results show that the intermolecular
interaction is an important factor for the reaction. The heme
reduction rate of cysteine-introduced mutant Mb increased
for higher Mb concentration (Figure 4), which showed that
reduction of the heme by the cysteine residue in mutant Mb
is affected by intermolecular interaction. The slope in Figure
6 was significantly smaller than that obtained for electron
transfer in proteins (25, 26), since there was a significant
effect by dimerization in cysteine mutant Mb.

The rate constants of heme reduction for K56C and A144C
Mbs exhibited smaller values compared with those estimated
from a linear correlation between the logarithm of the rate
constants and the heme-Cys distances for K102C and
A125C Mbs (Figure 6). Since positively charged lysine
residues are distributed around the inserted Cys for A144C
Mb, the lysine residues may cause intermolecular repulsion
between the Cys sites of different Mb molecules and inhibit
formation of A144C Mb dimers. The positive charges may
also stabilize the deprotonated negatively charged S- of the
cysteine residue and inhibit intramolecular electron transfer
for this mutant. For K56C Mb, negatively charged amino
acids, glutamic acid and aspartic acid residues, are distributed
around the introduced cysteine, and the negatively charged
amino acids around the cysteine may also cause repulsion
during dimerization. These results support the conclusion that
the ability of dimerization may control intramolecular
electron transfer and reduction of the heme.

The heme-Cys distance of human Mb is about 10 Å, as
judged from the crystal structure of its C110A mutant (PDB
entry 2MM1). This distance is comparable to the heme-
Cys distances for K102C and V66C sperm whale Mbs.
Cys110 of human Mb, however, is placed in the middle of
anR-helix, which is comparable to the position of the inserted
Cys in V66C sperm whale Mb. Therefore, reduction of the
heme in human Mb would not be very significant, although
it may occur.

Mechanism of Heme Reduction and Mb Dimerization.
Absorption measurements showed that heme reduction
occurred by incubation under CO atmosphere, but little under
oxygen or nitrogen atmosphere. Similarly, the SDS-PAGE
analysis showed that Mb dimers with intermolecular S-S
bonds were produced only by incubation under CO atmo-
sphere. We interpret that the heme of Mb is reduced by the
cysteine thiolate in cysteine-introduced Mbs, and as a result
a cysteinyl radical is produced (Figure 7). Mb(FeIII )/Cys and
the electron transfer product, Mb(FeII)/Cys•, may form an
equilibrium, which is usually shifted to the left. Since CO
binds strongly to the reduced heme, reduction of the heme
is enhanced by an addition of CO. As a result, the equilibrium
is shifted to the right and a cysteinyl radical may generate.
When the cysteinyl radical produced reacts with another
cysteinyl radical of a different Mb molecule, a Mb dimer
may form through an intermolecular S-S bond, whereas the
heme is kept reduced with the bound CO.

The present work shows that a cysteine residue in the
protein may reduce the heme ofmetMb by functioning as
an electron donor site. The rate of heme reduction is affected
not only by the heme-Cys distance but also by the capability
to form a dimer with a S-S bond. Similar electron transfer
from a cysteine to a metal site may occur in other metallo-
proteins.

FIGURE 6: Correlation between logkobsand the heme-Cys distance
for mutant Mbs. Experimental conditions (for all mutant Mbs):
protein concentration, 5µM; phosphate buffer, 10 mM; pH 7.0;
37 °C.

FIGURE 7: Schematic view of reduction and dimerization of the cysteine mutant Mb under CO atmosphere.
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