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ABSTRACT: Myoglobin (Mb) catalyzes a range of oxidation reactions in the presence of hydrogen peroxide
(H2O2) through a peroxidase-like cycle. C110A and Y103F variants of human Mb have been constructed
to assess the effects of removing electron-rich oxidizable amino acids from the protein on the peroxidase
activity of Mb: a point mutation at W14 failed to yield a viable protein. Point mutations at C110 and
Y103 did not result in significant changes to structural elements of the heme pocket, as judged by low-
temperature electron paramagnetic spectroscopy (EPR) studies on the ground-state ferric proteins. However,
compared to the native protein, the yield of globin radical (globin•) was significantly decreased for the
Y103F but not the C110A variant Mb upon reaction of the respective proteins with H2O2. In contrast
with our expectation that inhibiting pathways of intramolecular electron transfer may lead to enhanced
Mb peroxidase activity, mutation of Y103 marginally decreased the rate constant for reaction of Mb with
H2O2 (1.4-fold) as judged by stopped-flow kinetic analyses. Consistent with this decrease in rate constant,
steady-state analyses of Y103F Mb-derived thioanisole sulfoxidation indicated decreasedVmax and increased
Km relative to the wild-type control. Additionally, thioanisole sulfoxidation proceeded with lower stereose-
lectivity, suggesting that Y103 plays a significant role in substrate binding and orientation in the heme
pocket of Mb. Together, these results show that electron transfer within the globin portion of the protein
is an important modulator of its stability and catalytic activity. Furthermore, the hydrogen-bonding network
involving the residues that line the heme pocket of Mb is crucial to both efficient peroxidase activity and
stereospecificity.

Peroxidase enzymes are a ubiquitous class of hemo-
proteins that perform a wide range of biological function
(1). Peroxidases catalyze the oxidation of various biological
molecules by degrading hydroperoxides (often H2O2) (1).
In this catalytic cycle, the iron (Fe[III]) center of the resting
state reacts with 2 mol of H2O2 to generate a porphyrin
radical cation (Compound I). In the presence of a suitable
substrate (AH2), Compound I is reduced through a one-
electron process to yield Compound II. Compound II oxidizes
AH2 to regenerate the resting enzyme.

The structure, function (2), and kinetic properties (3) of
peroxidases have been studied extensively to provide a
framework for molecular engineering approaches to alter
substrate specificity (4) and increase both thermal stability
(5) and catalytic activity (6) of the protein.

Myoglobin (Mb)1 is an intracellular hemo-protein found
in skeletal, cardiac (7), and smooth muscle (8). Mb shares
many physical, spectroscopic, and chemical similarities with
authentic peroxidases. For example, ferric or metmyoglobin
(metMb) has a limited ability to reduce H2O2 to water with
the concomitant formation of ferryl [Fe(IV)dO] heme and
a porphyrin radical cation (9). The reaction of metMb with
H2O2 also yields protein radicals (globin•) (10) through
heterolytic cleavage of the peroxide (11). The identity of
the Mb residue(s) that form globin• in the presence of H2O2

has been the subject of some controversy. The precise
location of the radical on the protein is likely to be dependent
on both the mechanism by which it forms and the stability
of the radical (12). Globin• have been assigned to occur at
tyrosine (Y103 and Y146) (13, 14) and/or tryptophan (W14)
(15) residues through the use of electron paramagnetic
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spectroscopy (EPR). The transfer of oxidizing equivalents
to amino acids adjacent to the heme prosthetic group (to yield
globin•) decreases Mb peroxidase activity (16). Thus, un-
derstanding the role of specific amino acids within the Mb
active site may lead to the development of molecular
engineered proteins with enhanced catalytic activity (6, 17,
18) for commercial applications (19).

The role of Mb as a short-term reservoir of O2 is well
established. Mb facilitates O2 transfer from the extracellular
matrix into the cell cytosol by translational diffusion,
releasing O2 in a cycle termed “facilitated O2-diffusion” (20,
21). However, generation of viable transgenic mice deficient
in Mb conflicts with this physiological role for Mb (22).
Interestingly, the loss of Mb results in multi-compensatory
mechanisms invoking nitric oxide (•NO) chemistry (23, 24).
These latter observations have shifted the focus for Mb from
O2 transport to a role in•NO homeostasis (25). In support
for this idea,•NO oxidation by oxy-Mb modulates intracel-
lular concentrations of the signal molecule in cardiac
myocytes (15): regulation of myocardial•NO is crucial for
maintaining coronary blood flow, cardiac contractility, and
normal heart function. Human Mb is similar in sequence to
other mammalian myoglobins except for the presence of a
cysteine residue at position 110 (C110) (27). Reaction of
wild-type human Mb and H2O2 yields globin• derived from
tryptophan-14 (W14), tyrosine (Y103 and Y146, respec-
tively), and cysteine (C110) (28). Reaction of C110 in human
Mb with •NO yieldsS-nitroso-Mb (29), and this may prove
to be a pool of bio-active•NO.

The three-dimensional structure of wild-type human Mb
has not been reported. An alternate structure for estimating
distances between structural elements of this protein is the
crystal structure of the K45R/C110A variant of human Mb
(27). In this structure, determined at 2.8 Å resolution, Y103
is the tyrosine residue nearest the heme group, as is also the
case for sperm whale (30) and horse heart (31) Mb (Figure
1): the point of closest approach is a phenyl carbon that is
∼3.44 Å from the edge of the heme group. Studies of the
reaction of the Y103F variant of human Mb and H2O2

indicated that Y103 was involved in the translocation of
oxidizing equivalents to the protein yielding C110-derived
thiyl radicals (32). Together, these observations support the
idea that substitution of Y103 by an oxidation-inert amino
acid (phenylalanine) should enhance the catalytic activity of
Mb. Herein, we report kinetic and steady-state investigations
of the reactions of wild-type Mb and C110A and Y103F
variants of recombinant human Mb with H2O2, and establish
that Y103 plays an important role in substrate orientation as
well as influencing the rate of peroxide degradation.

EXPERIMENTAL PROCEDURES

Materials. Trypsin (type III, 10 200 units/mg of protein),
urea, EDTA, TEMPO, diethylenetriaminepentaacetic acid
(DTPA), 2-butanone, acetaphenone (purity>99%), and
thioanisole (99% purity) were obtained from Sigma (Sydney,
Australia). Racemic thioanisole sulfoxide (>97% purity) was
from Aldrich (Sydney, Australia). Tryptone and yeast extract
were from Bectin Dickinson (Sparks, MD). Dithiothreitol
and NaCl were obtained from Fisher Scientific (Fair Lawn,
NJ). Hydrogen peroxide (H2O2) was from BioRad (Rich-
mond, CA). Buffers were prepared from either glass-distilled
water or glass-distilled water that was purified further by
passage through a Barnstead Nanopure system. Buffers were
stored over Chelex-100 (BioRad) at 4°C for 24 h to remove
contaminating transition metals as verified by the ascorbate
autoxidation assay (33). Solvents and all other chemicals
employed were of the highest quality available.

Site-Directed Mutagenesis. Restriction enzymes were from
New England Biolabs or Gibco BRL. DNA manipulations
were performed using procedures described in (34). Comple-
mentary oligomers were synthesized and DNA sequence
analysis was performed at the UBC Nucleic Acid and Protein
Services Unit (University of British Columbia, Canada). Site-
directed mutagenesis was performed with the pBluescript II
KS(() vector (Stratagene, La Jolla, CA). DNA was amplified
by the polymerase-chain reaction with a high-fidelity Pfu-
Turbo DNA polymerase (Stratagene). Point mutations were
confirmed by DNA sequence analysis prior to protein
expression in bacteria. Once the sequence was confirmed,
the BamHI-HindIII fragment from the amplified DNA,
which also contained the mutant Mb coding, was ligated to
theBamHI-HindIII fragment from the vector pMb3 (35) to
yield the final expression vector. The circular plasmid was
then transformed to the appropriate cell line for protein
expression. Thus, DNA bearing the Y103F mutation was
obtained by site-directed mutagenesis and used to transform
Escherichia coliDH10B cells (see below). DNA bearing the
W14FY103F double mutation consistently (n ) 3) yielded
a sequence in which one base had been deleted, effectively
scrambling the sequence (i.e., a DNA frame-shift), while
DNA bearing the W14F single point mutation failed to yield
protein upon transformation into DH10B cells (not shown).

Preparation of Recombinant Protein. TransformedE. coli
(strain AR68) containing plasmids for both the wild-type
recombinant human myoglobin and the C110A variant (35)
were obtained from Prof. S. G. Boxer (Stanford University).
For transformed bacteria (strain AR68), cells were grown at
28 °C in 10× 2 L flasks containing 2YT super-broth (1 L
per flask: tryptone 16 g/L, yeast extract 10 g/L, and NaCl
5 g/L) to an optical density (OD600nm) of 1.2-1.5. The

FIGURE 1: Structural elements of the heme pocket from the K45R/
C110A variant of human Mb. Proximal and distal histidine residues
of the protein are shown below and above the plane of the heme
prosthetic group, respectively. Other critical residues are included
to show proximity to the heme group. Wild-type human Mb
contains C110 in place of A110.
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expression of recombinant Mb proteins was induced by
immersing each flask into a water bath (55°C) for 5 min
and then transferring the flask to an incubator operating at
42 °C. For the case of transformed DH10B cells, cultures
were grown at 28°C in 10 × 2 L flasks containing 2YT
super-broth to OD600nm∼3-4, and then the heat shock was
applied in a fashion similar to that described for transformed
AR68 cells. All cultures were subsequently incubated for a
further 6-7 h, and the cells were harvested. Rapidly
increasing the culture temperature in this manner was
essential, as simply increasing the incubation temperature
from 28 to 42°C failed to induce protein expression. Where
relevant, Mb (isolated as a fusion product) was purified by
anion-exchange chromatography (DE52 resin, Whatman) as
described (35). The fusion protein(s) was (were) reconstituted
with excess hemin (heme:protein ratio∼1.5) (Porphyrin
Products, Logan, UT), treated with trypsin (final concentra-
tion ∼0.1 µg/mL) to cleave the fusion segment, and then
further purified as described previously (35). Thus, recom-
binant Mb was isolated as metMb. When required, proteins
were concentrated by ultra-filtration (Centriprep-10 concen-
trators, Millipore). Each ferric protein showed anASoret/A280nm

ratio >5, consistent with the high purity of each preparation
(not shown).

EPR Spectroscopy. X-band EPR spectra were obtained
with a Bruker EMX Benchtop spectrometer. Mb solutions
(0.5 mM) were treated with H2O2 (H2O2:protein ratio∼1.2
or 5). A sample of the reaction mixture (250µL) was
removed and transferred into a standard quartz round cell
(Wilmad, Buena, NJ), snap-frozen in liquid N2, and trans-
ferred to a finger-dewar insert (77 K) for EPR analyses. The
limit of detection of a stable nitroxide (TEMPO) measured
under identical conditions was determined to be∼50 nM.
EPR spectra were obtained as an average of 3-5 scans with
a modulation frequency of 100 kHz and a sweep time of 84
s. Microwave power, modulation amplitude, and scan range
used for each analysis varied appropriately as indicated in
the figure legends. Radical concentrations were determined
by peak area comparison with that from a 10 mM solution
of TEMPO measured under identical spectrometer conditions.
Peak areas were assessed by double integration with WINEPR
software (Bruker). DTPA (100µM) was included in reaction
mixtures to minimize the possibility of peroxide decomposi-
tion by Fenton-type chemistry.

Sulfoxidation of Thioanisole. Solutions of Mb (50µM final
protein concentration) were treated with acetaphenone (50
µM), and then thioanisole was added to the final concentra-
tions indicated in the figure legends. Thioanisole was not
miscible in the reaction buffer above 3 mM, so investigations
were limited to [thioanisole]e 2.5 mM. Sulfoxidation was
initiated in these mixtures by addition of H2O2 (36) at a H2O2:
Mb ratio of∼10 mol/mol. DTPA (100µM) was included in
all reaction mixtures prior to H2O2 addition. After incubation
at 37 °C for 1 h, reaction mixtures were extracted into
CH2Cl2 (2 × 5 reaction volumes). The combined organic
phase was evaporated to dryness (under a flow of N2 gas),
and the residue was suspended in hexane/isopropyl alcohol
(4:1 v/v) for analyses. Sulfoxides present in the extract were
then analyzed by HPLC with a chiral column (Chiralcel
OD-H, Diacel Chemical Industries) with hexane/2-propanol
(4:1 v/v) as eluent and monitoring at 254 nm (36). Concen-
trations of acetaphenone and sulfoxide products were deter-

mined by peak area comparison with authentic standards.
Total yields of sulfoxide [R(+) and S(-)] were corrected
for acetaphenone recovery and used for determinations of
reaction velocity. Assignment of identity to the sulfoxide
products was performed by polarimetry using an Optical
Activity (Polaar 2001) polarimeter. Thus, a solution of
isolated thioanisole sulfoxide with a retention time of∼21-
22 min (purity 94%) gave an observed rotationRobs(ethanol))
(+) 2.7 ( 0.2° (mean( SD, n ) 3) and was assigned as
the R(+)-sulfoxide.

Peroxidase Kinetics. Kinetic determinations for the reac-
tions of wild-type and Y103F variant forms of human Mb
with H2O2 were performed with an Applied Photophysics
SX-17 MV stopped-flow spectrophotometer. Typically, 250
time-dependent spectra (logarithmic time-base, integration
2.56 ms, dead-time∼2 ms,λ ) 350-750 nm, resolution 1
nm) were collected over 100 s at 25°C. Kinetic data were
processed using Pro-Kineticist global analysis software (Pro-
Kineticist, Version 4.1; Applied Photophysics, Leatherhead,
U.K., 1996), as described previously (37). Apparent rate
constants (k1) were then determined by linear regression.

Electronic spectra were measured with a Cary 3E UV/
Vis spectrophotometer. Spectra of the Y103F and C110A
variants prepared in phosphate buffer (50 mM, pH 7.4)
showed Soret (λmax ) 409 nm) and visible bands (λmax )
505-508 and 630-633 nm) similar to those of native Mb
(32) (not shown). These spectral features are consistent with
a hexa-coordinate high-spin ferric form of heme (38). Where
required, Mb solutions were quantified withε409nm∼ 153×
103 M-1 cm-1 (39).

Where required, heme-free Mb apoprotein was prepared
by adjusting the pH of solutions of the respective holo-Mb
in phosphate buffer (50 mM, pH 7.4) to pH 2.5 by addition
of 1 M HCl at 4°C. Free heme was then removed from the
mixture by repeated extraction (×3) of the acidified fraction
into ice-cold 2-butanone as described previously (40). The
acidified aqueous fraction was then dialyzed against phos-
phate buffer (50 mM, pH 7.4 containing 100µM DTPA),
and the concentration of apo-Mb was determined usingε280nm

) 16 × 103 M-1 cm-1).
Statistical Analyses. Statistics were performed with the

Student’s t-test available in MS Excel (Microsoft), and
statistical significance accepted the 95% confidence level (P
< 0.05).

RESULTS

Electron Paramagentic Resonance Spectroscopy. EPR
spin-trapping investigations on globin• generated through
reaction of Y103F and H2O2 have established that the
mutation efficiently decreased the radical density on the
protein (32). However, one limitation of these spin-trapping
studies is the requirement that globin• and added trap must
react at close proximity to yield a radical-adduct. Therefore,
it remains a possibility that radical species formed on human
Mb may remain inaccessible to the added spin trap. Also,
reaction of H2O2 with the W14F/Y146F/Y103F/K102Q
variant of sperm whale Mb failed to inhibit globin• formation,
indicating that yet other amino acids were involved in globin•

generation on Mb (41). For example, H64 in Mb is
implicated as an intramolecular reducing agent that reacts
with the intermediate porphyrin radical cation to decrease
Mb peroxidase activity (23, 42).
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Therefore, we investigated the EPR response for wild-
type and variant Mb’s in the absence or presence of H2O2

without an added spin trap and at 77 K. In the absence of
H2O2, frozen Mb solutions showed signals atg ∼ 6 andg ∼
2 assigned as theg⊥ andg| signals of ferric high-spin iron,
respectively (Figure 2). Ground-state EPR spectra obtained
for the C110A and Y103F variants showed no significant
differences from those of the wild-type protein (cf. Figure
2A-C and their respective insets).

Addition of H2O2 (H2O2:Mb ∼5 mol/mol) eliminated the
signal atg ∼ 6 (data not shown), and globin• radicals were
observed by EPR as judged by the changes in theg ∼ 2
region of the field (Figures 3 and 4). Globin• radicals on
wild-type and C110A Mb proteins detected immediately after
H2O2 treatment were identical (cf. Figure 3A,B): peak
response(s) centered atg1 ∼ 2.036,g2 ∼ 2.013, andg3 ∼
2.006 were consistent with the formation of a W14 peroxyl
radical (W14-OO•) on Mb (22, 43). In contrast, reaction of
the Y103F variant and H2O2 generated a mixture of radicals
(Figure 3C). Clearly, the peakg shifted tog1 ∼ 2.036 is
similar to that for the corresponding reactions of wild-type
Mb and C110A Mb with peroxide. However, the signal
centered atg ∼ 2.01 is complex and suggestive of closely
overlapping signals from a mixture of radicals. Incubation
of either the wild-type Mb or the C110A variant Mb with
H2O2 at 77 K resulted in decay of the signal atg1 and
broadening of theg2 signal over 30 s (Figure 4A,B). Such
broad, poorly resolved peak responses have been assigned
previously to a mixture of Y103 and Y146 tyrosyl phenoxyl
radicals on horse heart (43) and human Mb (28), respectively.
Incubation of Y103F Mb with H2O2 at 77 K resulted in decay
of the signal atg ∼ 2.036 and detection of a multiplet EPR
signal (cf. Figures 3C and 4C). The yields of globin• radicals
determined in reactions of Y103F Mb and H2O2 after decay

of the W14-OO• were consistently lower (by a factor∼42%)
than in corresponding reactions of the wild-type protein. In
the absence of protein, no EPR signal was detected (Figure
4D), indicating that the radical signals detected in theg ∼ 2
region were not simply due to a dewar artifact. Where
investigated, signals detected after the W14-OO• decay were
stable for up to 15 min of monitoring at 77 K. No other
radicals were detected over this time (not shown).

Cross-Linking of Heme to the Apoprotein of Human Mb.
Following formation of ferryl Mb, a proportion of heme is
irreversibly cross-linked to the protein via reaction with
Y103-derived phenoxyl radicals (44). Therefore, the forma-
tion of cross-linked heme (45, 46) can be employed as a
surrogate measure of globin• formation on Mb. Treatment
of wild-type Mb and either C110A or Y103F variant Mb’s
with peroxide, followed by removal of heme (40), afforded
the corresponding apo-Mb containing varying concentrations
of cross-linked heme as judged by a residual absorbance at
A409nm(not shown). Incubation of wild-type Mb or the C110A
variant Mb with H2O2 resulted in a significant increase of
residual heme compared with the corresponding apo-Mb in
the absence of peroxide treatment (Table 2). In contrast,
mutation of Y103 decreased the concentration of residual
heme and, therefore, the extent of heme cross-linking
compared to the native protein under identical conditions
(Table 2). Together, these data confirm that Y103 is the site
for covalent binding of the heme prosthetic group in human
Mb similar to the situation in sperm whale Mb (44), and
support the argument that mutation of Y103 significantly
decreases the yield of globin• on human Mb.

Reactions of Ferric Myoglobins with Peroxide. The pKa

value for the acid-base transition in the Y103F variant (8.26

FIGURE 2: Ground-state EPR spectra obtained for 0.5 mM solutions
of (A) wild-type human Mb and the (B) C110A and (C) Y103F
variants of human Mb at 77 K. Where appropriate,g values are
indicated on the figures. Insets show spectra measured with the
scan width expanded in theg ∼ 2 region of the field (arrow) for
the respective proteins. Parameters: power, 3 mW; frequency, 9.49
GHz; modulation amplitude, 0.2 mT; gain, 1× 105; scan time,
168 s; and time constant, 164 ms. Data are representative of 3
independent analyses with different Mb preparations.

FIGURE 3: W14-OO• radicals are detected in reaction mixtures
containing (A) wild-type human Mb and (B) C110A and (C) Y103F
variants of human Mb and H2O2. Solutions of Mb (final concentra-
tion 0.5 mM) were treated with H2O2 (H2O2:Mb ∼5 mol/mol) and
immediately frozen in liquid N2, and the reactions were monitored
by EPR in theg ∼ 2 region of the field at 77 K. Peak responseg
shifted tog1 ∼ 2.036 (asterisk in Figure 3C) is typical of a radical
localized to a heteroatom (59). Parameters: power, 1.3 mW;
frequency, 9.49 GHz; modulation amplitude, 0.1 mT; gain, 2×
105; sweep time, 83 s; and time constant, 164 ms. Panels A-C are
presented with identical intensity scales. Data presented are
representative of 3 independent analyses with different Mb prepara-
tions.
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( 0.03) is significantly lower than that determined for the
wild-type protein (8.29( 0.09) (32). Because the conversion
from ferric aquo to ferric hydroxo decreases the rate of Mb
reaction with peroxides (47), we chose reaction conditions
to eliminate the acid-base transition as a confounding factor
in the kinetic analyses. Therefore, rapid-scan analyses of
mixtures of the Y103F variant and H2O2 were performed in
phosphate buffer (50 mM, pH 6) and resulted in the time-
dependent changes to the electronic spectra indicated (Figure
5A). Independent of the Mb employed, mixing protein and
H2O2 resulted in decreases in peak intensities atA409nm, A505nm,
andA633nm, and concomitant increases inA420nm, A550nm, and
A585nm values. These changes in spectral properties are
consistent with formation of an iron(IV)-oxo (or ferryl Mb)
derivative (16). Kinetic analyses of these stopped-flow
transient-kinetic traces showed a monophasic decrease in the

value ofA409nm (Figure 5B). This decay curve was readily
simulated with a single-exponential function (Figure 5B,
dashed line and inset). Pseudo-first-order rate constants (kobs)

FIGURE 4: Solutions containing (A) wild-type human Mb, (B)
C110A and (C) Y103F variants of human Mb, or (D) buffer alone
were treated with H2O2 (as described in the legend to Figure 3).
Panels A-C show the EPR spectra obtained after incubating the
samples for 10 min at 77 K to facilitate the decay of W14-OO• as
judged by the decay of the peakg shifted tog ∼ 2.036. Globin•
radical concentration was determined to be 0.13( 0.03 spin/mol
of protein in panels A and B, while in panel C the spin density
was determined to be 0.05( 0.03 spin/mol of Mb. EPR parameters
were as for Figure 3. Data presented are representative of 3
independent analyses using different Mb preparations.

Table 1: Apparent Rate Constants for the Reaction of Various
Heme-proteins with H2O2

a

protein k1 (M-1 s-1) source

wild-type human Mb 3.2 (0.2)× 102 present study
wild-type human Mb 2.7× 102 (48)
C110A Mb 3.5 (0.2)× 102 present study
Y103F Mbb 2.3 (0.1)× 102 present study
HRP 2.0× 107 (53)
cytochromec peroxidase 5.0× 107 (63)
a Reactions were performed in 50 mM phosphate buffer (pH 6)

maintained at 25°C and with Mb (final concentration 5µM) and H2O2

concentrations ranging from 0.005 to 1 mM. Where possible, kinetic
data (k1) are reported as the mean( SD of g3 independent analyses.
b Significantly different from the corresponding value for wild-type Mb
or C110A variant Mb (P < 0.05).

Table 2: Cross-Linked Heme Present after the Reaction of Various
Mb Proteins with H2O2

a

protein

holo-Mb/apo-Mb
ratio (%) before
H2O2 addition

holo-Mb/apo-Mb
ratio (%) after
H2O2 addition

residual
[cross-linked
heme] (µM)

wild-type
human Mb

2.1 (0.3) 8.5 (0.5)b 1.1

C110A Mb 0.9 (0.2) 7.2 (2.0)b 1.1
Y103F Mb 1.3 (0.1) 2.0 (0.8)c 0.03

a Proteins were incubated in the presence or absence of added H2O2

(where relevant at Mb:H2O2 ∼5 mol/mol) for 15 min at 37°C; then
the reaction mixture was acidified and free heme was extracted as
described previously (40). The fraction of holo-Mb/apo-Mb (represent-
ing residual heme) was determined from the percentage ratio for
A409nm/A260nm. The concentration of cross-linked heme was determined
from the residualA409nm[ε409nm∼ 153× 103 M-1 cm-1 (39)] remaining
from 3 consecutive extraction procedures. Data represent the mean(
SD from 3 independent analyses using different Mb preparations.
b Significantly different from the corresponding holo-Mb/apo-Mb ratio
before peroxide treatment (P < 0.05). c Significantly different from
wild-type and C110A variant Mb proteins after peroxide treatment (P
) 0.001).

FIGURE 5: Stopped-flow rapid-scan electronic spectra obtained upon
mixing native human Mb (5µM final concentration) with H2O2.
(A) Reactions were performed in phosphate buffer (50 mM, pH 6)
at 25°C, and the time-dependent transformation of metMb to ferryl
Mb was monitored over 100 s. (B) Single-exponential fit (broken
line) of the monophasic decay measured atA409nm(filled line) yields
a low residual (B, inset). (C) Plots of the observed rate constants
(kobs) versus [H2O2] were readily fitted by linear regression to yield
the apparent rate constantk1 as the slope of the line. Data are
presented as the mean( SD of 3 independent analyses. Where
error bars are not shown, the symbol is larger than the error.
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were calculated from the global analysis fit and plotted
against increasing H2O2 concentration as described (48) to
afford linear relationships for all proteins tested (Figure 5C).
The data presented in Table 1 summarize thek1 values for
the reaction of the various Mb proteins with peroxide together
with reported data for wild-type human Mb and other
authentic peroxidase enzymes. The values ofk1 for reactions
of wild-type and the C110A variant human Mb proteins with
H2O2 were similar; however, they were 5-6 orders of
magnitude lower than the correspondingk1 values from
horseradish (HRP) or cytochromec peroxidase. Importantly,
the k1 values that were determined from reactions of wild-
type human Mb and peroxide in this present study are similar
to that previously reported for this recombinant protein (Table
1), thereby verifying our data. In contrast with the expectation
that decreased globin• yield on Y103F Mb increases catalytic
activity, thek1 value was consistently lower (1.4-fold) than
for wild-type and C110A proteins. These data areincongru-
ous with the idea that simple translocation of oxidizing
equivalents to globin is a major pathway leading to decreased
Mb peroxidase activity.

Thioanisole Sulfoxidation. For reactions of authentic
peroxidase and H2O2, the two-electron oxidation product of
the native enzyme is stable and can be detected directly by
electronic absorption spectroscopy. However, for the case
of Mb an authentic Compound I has not been characterized
(49) likely due to rapid formation of globin• radicals [for a
conflicting view, refer to (50)]. Importantly, through the
ability for peroxidase proteins to receive 2 oxidizing equiv
more than the resting Fe[III] enzyme, the corresponding
Compound I product can act as a peroxygenase. Therefore,
the determination of Mb peroxygenase activity can be
considered as a surrogate to indirectly assess the effect of
amino acid modification on Mb peroxidase activity.

In the presence of Mb/H2O2, thioanisole was oxidized to
yield a mixture of sulfoxides that were readily resolved by
HPLC (e.g., Figure 6). Consistent with reported data for
thioanisole sulfoxidation induced by other mammalian Mb
(25, 42), human Mb oxidized thioanisole with reasonable
stereoselectivity with theR(+) enantiomer formed in excess
over theS(-) enantiomer (Table 3). In contrast, reaction of

the Y103F variant/H2O2 and thioanisole gave thioanisole
sulfoxide as a racemic mixture (Figure 6 and Table 3).
Double-reciprocal plots of reaction rate against thioanisole
concentration (Figure 7) afforded linear relationships for the
wild-type Mb and Y103F variant Mb, yielding the corre-
spondingKm andVmax values (Table 3). Values ofVmax and
Km were decreased and increased, respectively, upon muta-
tion of Y103, reflecting the lowerk1 value for the reaction
of this variant Mb with H2O2. These values were also
significantly lower than the steady-state parameters reported
for HRP-mediated thioanisole sulfoxidation (36, 51). Simi-
larly, and consistent with the limited ability of Mb for
peroxidase activity, turnover numbers for the Mb proteins
investigated were significantly lower than the corresponding
value for HRP (Table 3).

DISCUSSION

It is commonly assumed that eliminating pathways of
intramolecular electron transfer within the Mb active site will
enhance peroxidase activity. In direct contrast to the expecta-
tion that inhibition of globin• radical formation on Mb results
in an enhanced peroxidase activity for this protein, the data
presented herein indicate that mutation of Y103 effectively
decreases the activity of this protein toward H2O2. This
conclusion is supported by a marginal decrease in the
absolute rate constant for reaction of the Y103F variant Mb

FIGURE 6: Representative chromatogram showing the reaction
products of Mb/H2O2-mediated thioanisole sulfoxidation after 1 h
at 37°C (figure taken from a mixture of thioanisole, Y103F Mb,
and peroxide at 5:1:2 mol/mol/mol). Peak eluting with retention
time 9.2 min corresponds to the internal standard (acetaphenone),
while peaks at∼17-18 and 21-22 min are theS(-)- andR(+)-
sulfoxide products, respectively. The inset shows the chromatogram
obtained from a purified sample ofR(+)-thioanisole sulfoxide
employed in polarimetry studies. HPLC conditions are as described
under Experimental Procedures.

Table 3: Steady-State Kinetic Parameters for Thioanisole
Sulfoxidation in the Presence of Mixtures of Various Hemo-proteins
and H2O2

a

protein Km (M) Vmax (s-1)
turnover
no. (s-1)

% ee
R(+) source

wild-type
human Mb

3.4× 10-4 9.2× 10-4 18 33 (4)b this study

Y103F Mb 5.8× 10-4 4.1× 10-4 8.2 6 (3)b this study
HRP 0.56× 10-3 23× 10-3 940 70 (36, 51)

a Reaction conditions were as described under Experimental Proce-
dures. The absolute stereochemistry of the predominant sulfoxide was
determined to beR(+) by polarimetery.b Percent enantiomeric excess
(% ee) is presented as the mean( SD, n ) 5, and determined by
assessing theR(+)- andS(-)-thioanisole sulfoxide distribution under
all conditions examined.

FIGURE 7: Double-reciprocal plots of the steady-state yield of
thioanisole sulfoxide. Thioanisole (at the concentrations indicated)
was treated with either 50µM wild-type Mb (circles) or Y103F
variant Mb (squares) and H2O2 (H2O2:Mb ∼10 mol/mol) in
phosphate buffer (50 mM, pH 6, at 37°C). After incubation for 1
h, the yield of thioanisole sulfoxide in the reaction mixture was
determined by HPLC as described under Experimental Procedures.
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with H2O2 and a corresponding decrease in theVmax value
for thioansole sulfoxidation. In addition, the increasedKm

value obtained for the reaction of Y103F Mb and thioansiole
sulfoxide indicates a weaker substrate binding. The latter is
completely consistent with the significant decrease in ste-
reospecificity for thioanisole sulfoxidation compared to the
corresponding wild-type control. Also, C110 in human Mb
can act as a radical sink, yielding C110-thiyl radicals in the
presence of peroxide (28). While the C110A mutation
prevents thiyl radical formation on human Mb (28), the rate
constant for the reaction of protein and peroxide was not
different from that of the wild-type control. Thus, amino acid
modification within the active site can have a bearing on
the reaction of peroxide with Mb, while point mutations at
the periphery of the protein are inconsequential to this
activity. Overall, the new data indicate that the elimination
of pathways leading to electron translocation (through
mutation of oxidizable amino acids within the heme pocket)
is not the sole determinant for enhancing Mb peroxidase
activity.

Molecular engineered Mb proteins have, in general,
produced disappointing results in terms of enhancing catalytic
activity. Unlike authentic peroxidase enzymes, the heme-
iron center of ferric Mb is generally hexa-coordinated except
for the reduced deoxygenated state. H64 is a conserved
residue located in the distal ligand-binding site of all
mammalian Mb proteins (Figure 1). H64 plays a major role
in stabilizing coordinated oxygen, water (as the sixth ligand),
or other ligands through hydrogen bonding, as well as
actively participating in acid-base catalysis. Studies with a
series of H64 Mb variants unambiguously showed that H64
plays a key role in the catalytic activity of the protein (23).
Thus, a simplistic approach suggests that mutation of H64
may engineer Mb to exhibit comparable activity to authentic
peroxidases. However, H64 variants of sperm whale Mb
showed only modest (∼1.5-30-fold) increases in peroxidase
activity (23, 52). Furthermore, the absolute rate constants
for these engineered proteins consistently remained 3-4
orders of magnitude lower than that for an authentic
peroxidase (e.g., HRP,k1 ∼ 107 M-1 s-1) (53, 54). The
presence or absence of suitable reducing agents on the
matrix adjacent to the heme prosthetic group is a key
determinant of whether the second oxidation equivalent is
presented as an unstable porphyrinπ-radical cation or as a
globin• derived from the oxidation of the protein matrix (11,
54).

Paradoxically, improved peroxidase activity is obtained
with yet other Mb variants that introduce an electron-rich
(oxidizable) amino acid at F43 [i.e., F43H (42), F43Y (55),
and F43W (25)]. Similarly, random mutagenesis has suc-
cessfully identified a T39I/K45D/F46L/I107F variant Mb
with increased peroxidase activity (6). Despite the 25-fold
greater activity of the quadruple variant than the wild-type
protein, the enhanced catalytic activity remained significantly
lower than the intrinsic activity of authentic peroxidases. The
difficulty in interpreting the available data indicates that a
clear strategy is yet to be established that will yield an
engineered Mb with catalytic activity comparable to authentic
peroxidases.

Previous EPR studies using spin-trapping agents have
indicated that hydroxyl radicals are not produced from
reactions of H2O2 with either human (28, 32) or equine (56)

Mb. These data effectively rule out the possibility that this
reactive oxidant is responsible for the formation of globin•

on Mb through direct oxidation of the protein. Therefore,
the evidence obtained in this study supports the conclusion
that wild-type and Y103F variant human Mb proteins react
with peroxide through a heterolytic mechanism generating
ferryl Mb and water in the process. However, mammalian
myoglobins (e.g., wild-type and variant sperm whale Mb)
may react with other organic peroxides by both homolytic
and heterolytic mechanisms (11). For the case of organic
peroxides, the extent of heterolysis depends on the pKa (57)
of the alcohol produced from the degradation reaction while
the extent of homolysis is apparently dependent on the
stability of the radical produced from theâ-scission reaction
of the corresponding alkoxyl radical (58).

Definitive assignment of a tyrosyl phenoxyl radical to
protein radicals is complicated by the fact that tyrosyl radicals
exhibit variable EPR hyperfine signal structure. Hyperfine
couplings vary, depending on the conformation of the side
chain (in particular C-HR) relative to theπ-system of the
phenol group. Thus, tyrosyl radicals reportedly exhibit two-
(59) or multi-line EPR spectra (60), resulting from decreased
and increased overlap of electronic orbitals, respectively. In
general, the extent of orbital overlap is dictated by the degree
of steric constraint applied to the phenyl ring of tyrosine by
other nearby residues. Assignment of a tyrosyl phenoxyl
radical to the multiplet EPR signal detected in reactions of
Y103F Mb with H2O2 (Figure 3F) indicates that the plane
of the phenyl ring is orientated to facilitate electron delo-
calization throughout the aromaticπ-system and theσ-bond-
ing orbitals of the benzylic (C-HR) position.

Interestingly, the tyrosyl radical detected from samples of
Y103F Mb/H2O2 is generated simultaneously with W14-OO•

in the presence of excess peroxide. In contrast, tyrosyl
radicals are detected only after the decay of W14-OO• in
the corresponding reactions of sperm whale (19, 20), horse
(43), and human Mb (28). The sequential formation of W14-
and then Y103/146-derived radicals has been interpreted as
support for the idea that radical transfer can occur between
these amino acids either by intra- or by intermolecular
mechanisms. Furthermore, that long-range electron transfer
between tryptophan and tyrosine has been reported (reviewed
in 61) and that W14-OO• is capable of reacting with tyrosine
residues on other proteins (62) are taken as further support
for the idea that W14- and then Y103/146-derived radicals
interact through either intra- or intermolecular mechanisms.
Alternatively, the signal assigned to Y103/146-derived
radicals may be obscured by the W14-OO• radical and
become increasingly resolved upon decay of the peroxyl
radical to below detection limits. Yet another explanation is
that an electron-transfer process between Y103/Y146 may
result in line broadening on the EPR time-scale and account
for the broad EPR signal detected after the decay of W14-
OO•. Interestingly, the phenoxyl radical on Y103F Mb is
well-resolved, exhibits fine structure, and represents∼58%
of the total tyrosyl radical concentration detected in the
corresponding reactions of wild-type and C110A variant
proteins. This can be interpreted as support for the idea that
mixtures of Y103- and Y146-derived tyrosyl radicals coexist
simultaneously on the wild-type protein and these radicals
yield closely overlapping unresolved EPR signals.
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Previously we determined that the pKa value for the Y103F
variant was significantly lower than that of the wild-type
protein (32). The decrease in pKa value for the acid-base
transition of Y103F Mb indicates that the point mutation
likely introduces a subtle change to the heme pocket that
alters the binding of the water ligand to the ferric iron center.
This minor change may involve a redistribution of the
hydrogen-bonding network in the heme pocket as structural
changes were not detected by either circular dichroism
spectroscopy (32) or EPR analyses of the various resting-
state proteins as determined in the present study. Importantly,
the observed decrease in stereospecificity of thioanisole
sulfoxidation catalyzed by the Y103F variant Mb is consis-
tent with a putative alteration to the hydrogen-bonding
network within the Mb active site that results in weaker
binding and a greater degree of freedom to the substrate.
Together, these data support the idea that the close proximity
of Y103 to the heme-edge allows this residue to play an
active role in binding and orientation of both exogenous
substrates (e.g., thioanisole) and ligands (e.g., water) within
the heme pocket of Mb. Future studies comparing structural
elements of the heme pocket in both the wild-type and variant
proteins by use of X-ray absorption fine structure spectros-
copy may provide further evidence to substantiate this idea.

In summary, enhancement of Mb peroxidase activity based
on site-directed molecular engineering leads to unpredictable
results. Furthermore, the cumulative results to date indicate
that molecular engineering of Mb has yielded a range of
changes to Mb peroxidase activity (including both positive
and negative enhancements). Despite these conflicting results,
data obtained from engineered Mb have afforded a better
understanding of the roles of specific amino acids in the
catalytic activity of the protein. The Y103F mutation in
human Mb successfully modulated globin• radical formation
on Mb, but it resulted in decreased (rather than increased)
catalytic activity as assessed by both rapid kinetic and steady-
state analyses. Overall, the results point to the importance
in understanding not only the roles of protein radicals in the
transfer of oxidizing equivalents but also the role of
individual amino acid residues around the heme pocket in
stabilizing the catalytic intermediates through steric and
hydrogen-bonding effects. Clearly both are important con-
tributing factors in understanding the properties of authentic
peroxidases as well as the design of engineered protein
catalysts.
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