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Characterization and Peroxidase Activity of a
Myoglobin Mutant Containing a Distal Arginine
Cristina Redaelli,[a] Enrico Monzani,[a] Laura Santagostini,[a] Luigi Casella,*[a]

Anna Maria Sanangelantoni,[b] Roberta Pierattelli,[c] and Lucia Banci[c]

The spectroscopic, conformational, and reactivity characteristics of
the T67R variant of sperm whale myoglobin have been studied to
assess the effects of introducing an arginine residue into the distal
side of this protein, as occurs in the active site of heme peroxidases.
The overall circular dichroism (CD) and NMR spectroscopic proper-
ties of various derivatives of the protein are little affected by the
mutation. The mutant contains a high-spin ferric ion with a water
molecule as the sixth ligand, which exhibits slightly enhanced
acidity (pKa� 8.43� 0.03) with respect to the corresponding
derivative of wild-type myoglobin (pKa� 8.60� 0.04). The presence
of the distal arginine increases the affinity of the FeIII center for
azide (K� (6.0� 0.5)� 104 M�1) and decreases that for imidazole
(K� 12.0� 0.2 M�1), with respect to the wild-type protein (K�
(5.0� 0.1)� 104 and 24.7� 0.7 M�1, respectively). The peroxidase

activity of T67R and wild-type myoglobins has been studied with a
group of phenolic substrates related to tyrosine. The mutant
exhibits an increased rate of reaction with hydrogen peroxide (k�
1550� 10 versus 760� 10 M�1 s�1) and a generally increased
peroxidase activity with respect to wild-type myoglobin. Relaxation
measurements of proton nuclei of the phenolic substrates in the
presence of either the T67R variant or the wild-type protein show
that binding of these molecules occurs at distances of 8 ± 10 ä from
the iron center, that is, close to the heme pocket, except for p-cresol,
which can approach the heme more closely and, therefore,
probably enter into the distal cavity.
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Introduction

In recent years, site-directed mutagenesis has been intensively
used as a tool to investigate the role of critical amino acid
residues in the active site of myoglobins (Mbs) from various
sources.[1±8] Particularly interesting from the point of view of
potential biotechnological applications are the experiments
aimed at introducing catalytic activities into the Mb scaffold,[9±14]

to convert this oxygen storage protein into, for example, an
oxidative enzyme with activity mimicking that of cytochrome
P450s, peroxidases, or catalases. The most notable results in this
field have been obtained in the stereoselective peroxygenase
activity of Mb mutants against methylphenyl sulfide and
styrene.[11, 14] This activity is typical of chloroperoxidase, while
classical peroxidases such as horseradish peroxidase (HRP) are
poorly efficient in oxygen transfer reactions.[15] It is not surpris-
ing, therefore, that the best performance in the peroxygenase
reactions was exhibited by the His64 (E7) to Asp mutant,
constructed to mimic the active site of chloroperoxidase.[14] On
the other hand, the peroxidase activity of site-directed Mb
mutants, routinely measured against guaiacol as the substrate, is
generally modest and this conclusion applies, in particular, to
mutants that were constructed in an attempt to mimic the active
site of cytochrome c peroxidase.[10, 11] Somewhat more promising
results have apparently been obtained with the multiple
mutants resulting from random mutagenesis of Mb in the
catalytic oxidation of 2,2�-azino-di-(3-ethyl)benzthiazoline-6-sul-
fonic acid (ABTS),[9] but in that case it is difficult to assess the
effects of the replacements, since none of the residues

introduced appears to play a direct role in the enhancement of
activity.
We have been interested for some time in synthetic and

mechanistic aspects of peroxidase-catalyzed reactions with
enzymes from various sources.[16±20] More recently, we have
explored the possibility of increasing the peroxidase activity of
Mb through reconstitution of the apoprotein with chemically
modified protohemins.[21] The availability of the expression
system for recombinant sperm whale Mb in Escherichia coli[22]

gives the opportunity to investigate in a systematic way the
catalytic properties of Mb mutants with characteristics that may
progressively enhance the efficiency of the proteins as perox-
idase analogues. In this paper we report the detailed character-
ization and catalytic properties of the T67R Mb mutant. This
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derivative was prepared previously, together with many other
Mb mutants,[2, 3] primarily with the end of explaining the unusual
characteristics of Mb from Aplysia limacina.[23] This protein lacks
the distal histidine (E7) but contains an arginine residue (E10)
that appears to be capable of stabilizing the binding of ligands
to the iron center through hydrogen-bonding interactions from
the guanidinium group.[24] In spite of the fact that T67R Mb
contains the key histidine and arginine residues which character-
ize the distal site of peroxidases,[25, 26] no study of its potential
catalytic activity has been performed before. On the other hand,
the Mb mutants studied previously as peroxidase mimics lack a
distal arginine and, therefore, we thought it of interest to
investigate the catalytic activity of T67R Mb in typical peroxidase
reactions, such as the oxidations of phenolic substrates 1 ±4.
This information is important in assessing the effect of distal site
alterations for the development of new Mb mutants with
enhanced catalytic performance.

Results and Discussion

Characterization of the T67R mutant

The electronic spectra of the FeIII form and other derivatives of
T67R Mb are very similar to those of the corresponding
derivatives of the wild-type (WT) protein (Table 1); this indicates
that the distal site environment of Mb is little affected upon
Thr67�Arg substitution. In particular, T67R Mb contains a high-
spin ferric ion with water as the sixth ligand in the unoxidized
(met) form, and a five-coordinated ferrous ion in the reduced
form.[1] The presence of a distal Arg67 slightly increases the

affinity of the FeIII center for a negatively charged ligand such as
azide (K� (6.0� 0.5)� 104 for T67R Mb; (5.0� 0.1)�104 M�1 for
WT Mb) and decreases that for imidazole, which is significantly
protonated at pH 6.0 (K� 12.0� 0.2 for T67R Mb; 24.7�0.7 M�1

for WT Mb). The investigation of the pH dependence of the
optical properties of T67R and WT Mbs discloses two proton-
dependent equilibria (Figure 1). Protonation of the proximal
histidine was studied in the pH range of 4.5 ± 7.[27, 28] It can be

Figure 1. Acid-alkaline transitions observed for T67R Mb (*) and WT Mb (�) by
spectrophotometric titrations. Continuous lines were obtained by fitting the
experimental data for the proton dissociation equilibria according to Equa-
tion (10).

followed through the intensity changes of the Soret band and
occurs with a pK of 4.89� 0.03 for T67R Mb and 6.03�0.05 for
WT Mb. The point mutation has a smaller effect on the proton
dissociation equilibrium occurring in the alkaline pH range,
ascribable to the deprotonation of iron-bound water [Eq. (1)] .
Formation of the FeIII�OH� species produces a red shift in the
Soret band of the proteins (Table 1). The pK values that we found
here for bound water are 8.43� 0.03 for T67R Mb and 8.60�
0.04 for WT Mb.

FeIII�OH2 � FeIII�OH��H� (1)

The far-UV circular dichroism (CD) spectrum of T67R Mb has a
similar shape to that of WT Mb, although the fitting to secondary
structure elements reveals a slightly reduced helical content
(64.1% versus 71.4%, respectively). The CD ellipticity in the
aromatic region and especially that in the Soret region, reflecting
the coupling of electronic transitions of the porphyrin with
transitions localized in residues in the heme environment,[29] is
quite similar for the two proteins; this confirms the maintenance
of the overall globin fold in the mutant.
The 600 MHz 1H NMR spectrum of T67R metMb is shown in

Figure 2A. In the downfield region four three-proton intensity
signals are observed, in addition to several one-proton signals.
The spectrum is similar to that reported and assigned for WT
Mb;[30] this indicates that a similar coordination arrangement is
present at the iron ion. Significantly, the broad signal shifted far
downfield (103 ppm), which is probably due to the ring NH
resonance of the axial histidine, also has a similar shift to that of
the wild-type protein.

Table 1. Absorption spectral data [nm] for ferrous and ferric derivatives of
T67R and WT Mbs.[a]

Protein T67R Mb[b] WT Mb[b]

derivative Soret visible Soret visible

FeII 432 (118) 556 (13.2) 434 (115) 556 (11.8)
FeII�O2 416 (122) 544 (13.7) 418 (128) 542 (13.6)

580 (13.3) 582 (13.3)
FeII�CO 422 (164) 540 (14.6) 424 (187) 540 (14.0)

578 (12.4) 578 (12.2)
FeIII 410 (149) 504 (10.3) 410 (157) 504 (9.4)

632 (3.9) 635 (3.6)
FeIII�OH� 414 (100) 540 (11.0) 414 (117) 540 (11.0)

584 (9.5) 586 (9.5)
FeIII�N3

� 422 (105) 542 (10.7) 420 (122) 544 (12.7)
FeIII�imidazole 414 (123) 532 (13.7) 416 (129) 532 (12.7)

[a] Measured in 0.2M phosphate buffer (pH 6.0). [b] Molar extinction
coefficients [mM�1 cm�1] are given in parentheses.
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Addition of CN� to the protein sample produces a low-spin
state, characterized by narrower NMR lines that make two-
dimensional experiments feasible (Figure 2B). Three of the
downfield-shifted signals have a relative intensity of three and
are assigned as heme methyl signals. A NOESY cross-peak
between two of them locates the 1-CH3 and 8-CH3 pair. Each of
the two signals shows a NOESY connectivity with at least one
resonance of a COSY-detected vinyl and propionate spin system;
this allows the identification of the 2-vinyl and the 7-propionate
groups. The third methyl also shows NOESY cross-peaks to a
propionate group; they must arise from the 5-CH3 and
6-propionate groups. The remaining 4-vinyl group is assigned
from the typical pattern in a COSY spectrum tailored to enhance
fast relaxing signals. No resonance was found for the heme 3-CH3

group, as it falls in the intense diamagnetic envelope of the
signals. The assignment of the resolved upfield resonances is
reported in Table 2. Minor peaks, with fractional intensities, can
also be detected in the T67R metMb�CN spectrum between 20
and 25 ppm; these are most likely due to the minor heme
orientational isomer of the protein.
Overall, the spectrum and the pattern of connectivities closely

resemble those of the wild type metMb�CN[31] and the
metMb�CN derivatives of other point mutants.[32] The NMR

spectra of the native and cyanide-bound species
indicate that the mutation of Thr to Arg does not
significantly perturb the heme electronic structure as
well as its environment.

Kinetic studies

The peroxidase activities of WT and T67R Mbs were
studied by considering the one-electron oxidation of
phenolic substrates to phenoxy radicals. This reaction is
typically performed by the two peroxidase intermedi-
ates known as compound I and compound II, according
to the reaction scheme in Equations (2) ± (5), where SH
is the substrate, compound I a FeIV�O/R .� species with
a radical cation localized on the porphyrin or a protein
residue, and compound II a FeIV�O species.[33, 34]

Fe3��H2O2 �k1 compound I�H2O (2)

compound I� SH �k2 compound II� S .�H� (3)

compound II� SH�H� �k3 Fe3�� S .�H2O (4)

2S . �fast S�S (5)

Myoglobin exhibits a weak peroxidase activity that is assumed
to proceed through a similar mechanism.[9, 35] . The reaction with
hydrogen peroxide, in the first step, is very fast for peroxidases
(k1�107)[33] but drops dramatically for metMb (k1�
102 M�1 s�1)[36] and is accompanied by rather rapid protein
degradation when excess oxidant is used. With Mb the radical
site is distributed among different residues, including a tyrosine,
a tryptophan (as a Trp peroxy radical), and a histidine residue
(most likely distal histidine).[37±42]

The kinetic constants for the formation of the active species in
the first step [Eq. (2)] , which we determined here at 25 �C and
pH 6.0, show an appreciable increase fromWTMb (k1� 760� 10)
to T67R Mb (k1� 1550�10 M�1 s�1). The Soret band of the
intermediate is similarly shifted to longer wavelengths, with the
maximum occurring near 422 nm for both Mb derivatives
(Figure 3). The increase in k1 for T67R Mb can be attributed to
either of the following effects: (1) a slightly higher acidity of
coordinated hydrogen peroxide, which favors the peroxide
binding step, and/or (2) a positive contribution by the Arg67
mutation in the peroxide (heterolytic) cleavage step. The first
effect would parallel the increased acidity observed for coordi-
nated water in the mutant, the second one requires a direct
interaction between the Arg67 side chain and the bound
hydroperoxide anion, according to the classical peroxidase
mechanism of Poulos and Kraut[43] (Figure 4).
For Mb derivatives, the determination of the rate of reduction

of compound I in the second step, k2 , is technically difficult
because this protein intermediate has optical features similar to
compound II, but the process is probably very fast. In order to
get an appreciation of the change in catalytic activity introduced
by the T67R mutation, detailed steady-state kinetic experiments

Figure 2. A) 1H NMR spectrum (600 MHz) of T67R metMb. B) 1H NMR spectrum (800 MHz) of
T67R metMb-CN. The samples were in 20 mM tris(hydroxymethyl)aminomethane ±HCL (Tris-
HCl) buffer at pH 8, prepared in 2H2O/H2O (1:9), at 25 �C.

Table 2. Assignment of upfield-shifted resonances of T67R metMb�CN and
WT metMb�CN.

T67R Mb WT Mb[a]

Residue Position Chemical shift

Ile99 (FG5) C�H� �1.14 � 1.91
C�H3 �3.56 � 3.46
C�H3 �3.86 � 3.83
C�H �9.48 � 9.60

Val68 (E11) C�H �2.61 � 2.55
C�1H3 �0.59 � 1.02
C�2H3 �0.45 � 0.89

[a] Data taken from ref. [61].
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on the peroxidase activity towards the phenolic substrates 1 ±4
were performed.
It is known that the phenoxy radicals produced on phenol

oxidation by the peroxidase/H2O2 systems according to the
reactions shown in Equations (3) and (4) evolve in solution
independently of the enzyme.[18] Coupling of phenoxy radicals
initially produces the two dimers, resulting from ortho ± ortho
coupling (� ±� dimer) or ortho ±para coupling followed by a
cyclization rearrangement (Pummerer's ketone). Then, more
complex mixtures of oligomeric products are obtained, which
are difficult to analyze.[44, 45] We have confirmed that the same
behavior is followed in the peroxidase-like activity of T67R and
WT Mbs by using high-pressure liquid chromatography (HPLC)
separation and characterization of the dimeric products 5 (�±�
dimer) and 6 (Pummerer's ketone), formed as the major products
in the early stages of the reaction of 2. These are formed in a ratio

of 3:1 for 5 :6, as with HRP. At reaction times
longer than about 1 min the HPLC traces show
the appearance of a progressively more complex
pattern of peaks. However, by considering initial
rates, only the formation of dimeric coupling
products can be taken into account in the
kinetics of the phenol oxidation reactions pro-
moted by the Mbs and H2O2. Since the dimer
composition is independent of the enzyme, the
primary kinetic data for the oxidations of 1 ±4
were analyzed by using the apparent extinction
coefficients for the dimers; these were conven-
iently determined from the peroxidase catalyzed
reactions.[18]

Assuming that reduction of compound I is a
fast step, the catalytic scheme can be reduced to
a simple bimolecular ping-pong mechanism of
the type shown in Equations (6) and (7), where
EOX represents compound II.[18]

Fe3��H2O2 � [Fe3��H2O2] � Eox (6)

Eox�phenol � [Eox�phenol]
� Fe3��product

(7)

The initial rate equation in these conditions is
given by Equation (8), where [E0] is the total
protein concentration, kcat corresponds to the
maximum turnover rate of the protein, and KM
and K

�
M are the Michaelis constants for the

phenol and hydrogen peroxide, respectively.

r0 � kcat	E0


1 � K
�
M

	H2O2

� KM

	phenol


(8)

Operating under saturating hydrogen peroxide conditions,
the term K

�
M/[H2O2] becomes negligible and the rate equation

can be further simplified to conventional Michaelis ±Menten
kinetics.[18] The kinetic parameters found for the catalytic
reactions of WT and T67R Mbs are collected in Table 3.
The Arg67 mutation produces an increase in the turnover rate

of Mb in the oxidation of phenolic substrates 2 and 3. This may
reflect a higher redox potential for compound II, that is, for the
Fe4��O/Fe3� couple, in the T67R Mb mutant as a result of the
increase of positive charge in the active site. On the other hand,
KM is sensitive to the charge present in the substrate side chain
and this may affect the catalytic efficiency in opposite ways. For
the anionic substrate 2, the activity of T67R Mb is enhanced by
the marked reduction in KM, which implies larger affinity for the
protein containing the positively charged Arg67 residue. On the
other hand, for 3, which carries a positive charge, KM is larger for
T67R Mb than for WT Mb and this effect reduces the efficiency of
the protein catalyst (in terms of kcat/KM). The behavior of the
tyrosine enantiomers L-4 and D-4 in the catalytic oxidations by
both Mb proteins is apparently contradictory, as for both
systems remarkably small KM constants, indicating strong bind-

Figure 3. Rapid-scan spectra observed during the reaction between T67R Mb and excess hydrogen
peroxide in 0.1M phosphate buffer (pH 6.0) at 25 �C.

Figure 4. Elementary steps probably involved in compound I formation in T67R Mb, adapted from
the work of Poulos and Kraut.[43]
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ing to the proteins, are found together with a very inefficient
electron transfer processes (small kcat). Clearly, such a high affinity
depends on some interaction between the charged groups
present on these molecules and residues on the surface of the
protein, but involves an unfavorable orientation of the phenol
ring with respect to the heme. The NMR relaxation measure-
ments, discussed below, indeed show that the phenol ring of
these substrates binds far from the heme.
For p-cresol (1) the rate of the catalytic reactions is much

higher than for the other phenolic substrates. With both the Mb
protein catalysts, it was not possible to obtain the kinetic
parameters kcat and KM for the reaction with this substrate. In fact,
at high concentrations of 1, even with hydrogen peroxide
present in up to molar concentrations, the reaction rate was not
independent of the oxidant concentration (further increase in
H2O2 concentration causes a fast protein degradation). There-
fore, the first step of the catalytic cycle, the formation of the
active species, could not be considered as a fast step with
respect to the substrate oxidation. The parameter kcat/KM was
obtained from the dependence of the rate on the p-cresol
concentration in the low concentration range ([1]�4 mM,
[H2O2]�50 mM). The observation of the spectrum of the iron(III)
species during turnover confirms that in these conditions the
slow step of the cycle is the formation of the active species. The
lower kcat/KM value determined for T67R Mb in this case could be
due to changes of the individual parameters, since both of them
can be affected by differences in the polarity of the protein
active site.
The high oxidation rates for 1 depend on its low reduction

potential (for the couple phenoxide radical/phenol), but also on
the different mode of binding of this substrate (closer to the
heme), that apparently further facilitates the electron transfer to
the heme in the second step. Binding experiments of p-cresol to
the Mbs show that, in fact, this substrate perturbs the Soret band
of the proteins, even at relatively low concentrations, causing a
small decrease in intensity without affecting the position of the
band. However, the analysis of the absorbance changes as a
function of p-cresol concentration is complicated, probably
because more than a molecule of the phenol interacts with the
proteins.

NMR relaxation of bound substrates

In order to gain an understanding of the protein ± substrate
interactions, we performed NMR relaxation measurements on
substrates 1 ±4 in the presence of T67R and WT Mbs, where the

paramagnetic contribution by the high-spin FeIII center can be
exploited to estimate the distances of the substrate protons
from the iron. As shown by the data collected in Table 4, p-cresol
can approach the heme in both Mbs much more closely than the
other phenolic substrates. Iron±proton distances in the range of
6.0 ± 6.5 ä can only be accounted for by a disposition of the
bound phenol partially inside the distal cavity (the protons of the
porphyrin methyl groups are at 6.2 ä from the iron) and
somewhat above the plane of the heme. This is not surprising
since imidazole, with a comparable size, has access to the iron,
and explains the larger reactivity of this substrate in the catalytic
oxidation with respect to the other substrates. The binding of 2
and 3 to the Mbs occurs with iron ±proton distances in the range
of 8 ± 10 ä, which is the same range commonly found for bound
phenols in the active site of peroxidases.[16, 18, 46, 47] Therefore, the
low efficiency in the peroxidase activity of myoglobins does not
depend on restrictions in the approach of the substrates to the
heme. When these restrictions are operative, as in the case of L-4
and D-4, a marked drop in reactivity is observed. A similar effect
was previously found to control the peroxidase activity of
chloroperoxidase towards phenolic substrates.[18]

Concluding Remarks

The present study has explored the possibility of enhancing the
peroxidase activity of myoglobin by site-directed mutagenesis.
An important step in the construction of a peroxidase analogue
is clearly engineering the active site of the protein with
introduction of an arginine in the distal pocket, since this
residue is highly conserved in peroxidases and plays a basic role
in the peroxide activation process.[33, 34, 43] As we have shown
here, the Thr67� Arg mutation does not significantly affect the
folding of the protein but does perturb the binding affinity of the
iron center towards exogenous ligands and increases its
reactivity with hydrogen peroxide. The mutant exhibits a modest
but significant enhancement of peroxidase activity towards
hydrogen peroxide and phenolic substrates. Since the mode of
interaction of these substrates with the WT and T67R Mbs
appears to be quite similar, the enhanced activity of the T67R
mutant can be totally ascribed to the single-point mutation.
Previous studies[10, 11] have shown that other mutations of amino
acids at the active site can slightly increase the reactivity towards
peroxide. Other studies based on random mutagenesis of Mb
have shown that an enhancement of peroxidase activity can be
obtained by (unpredictable) modifications at the periphery of
the active site.[9] We are therefore confident that coupling the

Table 3. Kinetic parameters for the catalytic oxidation of phenols by T67R and WT Mbs and hydrogen peroxide.[a]

T67R Mb WT Mb
Phenol kcat [s�1] KM [mM] kcat/KM [M�1 s�1] kcat [s�1] KM [mM] kcat/KM [M�1 s�1]

1 [b] [b] 1900� 200 [b] [b] 4800� 200
2 2.3�0.1 12� 2 190� 25 1.0� 0.1 72� 5 14� 0.4
3 1.4�0.1 19� 4 76� 15 0.36�0.02 4� 1 90� 11

L-4 0.06� 0.03 0.50� 0.09 120� 15 0.16�0.02 0.34�0.13 470� 130
D-4 0.06� 0.03 0.43� 0.05 140� 18 0.15�0.02 0.41�0.20 370� 120

[a] Measured in 0.1M phosphate buffer (pH 6.0) at 25 �C. [b] See text.
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present site-directed approach with techniques employing
multiple-point mutations, like random mutagenesis,[9] or cofac-
tor modification[21] will succeed in the conversion of myoglobin
into an effective peroxidase.

Experimental Section

Mutagenesis, expression, and protein purification: Site-directed
mutagenesis of the Thr67 residue in the synthetic sperm whale
gene[22] was performed with the ™LA PCR in vitro mutagenesis kit∫
(TaKaRa Biomedicals) through the polymerase chain reaction, by a set
of oligonucleotides where the normal codon for Thr (ACC) had been
substituted with that for Arg (CGT). Wild-type and mutant sperm
whale Mbs were expressed in E. coli and purified according to the
method described by Springer et al.[22] Purity of the proteins was
checked by sodium dodecylsulfate polyacrylamide gel electropho-
resis (SDS-PAGE) analysis and monitoring the absorbance ratio ASoret/
A280 , which was above 3. Absorption coefficients were determined by
using the pyridine hemochromogen assay.[48] The expression of both
Mbs yields the proteins in the FeII�O2 form; the FeIII species was
obtained by treating the proteins with diluted H3PO4 until the pH
value was 3.5 followed by addition of diluted NaOH to raise the pH
value to 8. The acid treatment remarkably increases the autoxidation
rate of myoglobins.[49]

Spectroscopic characterization: The UV-Vis spectra of WT and T67R
Mbs were recorded in sodium phosphate buffer (pH 6.0; ��0.2M),
with a HP8452A diode array spectrophotometer. The various
derivatives of the proteins were obtained as described previously.[21]

CD spectra were measured with a Jasco J710 dichrograph. Determi-
nation of secondary structure contributions was performed by fitting
of the CD spectra with software available from Jasco.

Spectrophotometric acid ±base titrations: These experiments were
performed with solutions of WT and T67R Mbs (�4 �M) at a series of

pH values in the range between 3.5 and 11.5 by using a thermostated
cell with a path length of 1 cm. Typically, the protein solution, initially
in sodium phosphate buffer (pH 5.0; �� 0.2M) at 25.0�0.1 �C, was
brought to the given pH value by small additions of phosphoric acid
or sodium hydroxide solutions. After recording each spectrum, the
pH value was measured again. The pK values were obtained from the
absorbance variations of the Soret band of the protein against the
pH values, after correcting for dilution. Fitting of the data was
performed considering the successive dissociation equilibria [Eq. (9)]
through Equation (10), where Z is the absorbance at each pH value,
and A±C are the absorbancies of the acid (AH2), neutral (BH), and
basic (C) forms of the protein, respectively.

AH2 �K1 BH �K2 C (9)

Z � A � B� 10�pH�pK1 � C � 10�2 pH�pK1�pK2

1 � 10�pH�pK1 � 10�2 pH�pK1�pK2
(10)

Binding experiments: The equilibrium constants for the association
of azide and imidazole to the WT and T67R Mb forms were
determined by spectrophotometric titrations in 0.2M phosphate
buffer (pH 6.0) at 25.0� 0.1 �C by using a thermostated optical cell
with a path length of 1 cm, as described previously.[21]

HPLC analysis of phenolic dimers: HPLC analyses of the oxidation
products of 2 were performed at room temperature with an AKTA
purifier (Pharmacia Biotech) and a Supelco LC18 reverse-phase
semipreparative column (5 micron). The eluates were monitored at
two wavelengths, �1� 280 nm and �2� 200 nm. The solvents chosen
for the separation were: solvent A, 0.1% trifluoroacetic acid (TFA) in
distilled water and solvent B, 0.1% TFA in CH3CN; gradient runs were
performed with a flow rate of 6 mLmin�1. The elution was performed
for 2.5 column volumes with 10% solvent B and then with a gradient
up to 55% solvent B in 7 column volumes.

In a typical experiment, a solution of 10 mM 2 and 1 �M WT or T67R
Mb in 0.2M phosphate buffer (pH 6.0) at 25.0�0.1 �C was treated

Table 4. Substrate proton relaxation times and iron ±proton distances for T67R Mb±phenol and WT Mb±phenol complexes.[a]

Substrate Proton T67R Mb WT Mb
[ppm] T1M [s] r [ä] T1M [s] r [ä]

CH3 2.19 (1.8� 0.1)� 10�3 6.6 (1.8� 0.1)� 10�3 6.6
(a) 6.77 (1.5� 0.1)� 10�3 6.3 (1.4� 0.1)� 10�3 6.3
(b) 7.07 (1.5� 0.1)� 10�3 6.3 (1.4� 0.1)� 10�3 6.3

(a) 2.30 (2.1� 0.1)� 10�2 9.8 [b] [b]
(b) 2.77 (2.0� 0.1)� 10�2 9.8
(c) 6.71 (1.6� 0.1)� 10�2 9.4
(d) 7.03 (2.0� 0.1)� 10�2 9.8

(a) 2.79 (1.2� 0.2)� 10�2 8.6 (1.1� 0.1)� 10�2 8.9
(b) 3.09 (9.0� 0.6)� 10�3 9.0 (1.4� 0.1)� 10�2 9.1
(c) 6.77 (6.4� 0.8)� 10�3 8.1 (8.7� 0.8)� 10�3 8.5
(d) 7.07 (7.4� 0.9)� 10�3 8.3 (1.1� 0.4)� 10�2 8.7

(a) 3.07 (2.9� 0.5)� 10�2 10.4 (1.0� 0.1)� 10�1 12.8
(b) 3.88 (5.7� 1.0)� 10�2 11.6 (8.6� 0.5)� 10�2 12.4
(c) 6.83 �0.4 �16 �0.4 �16
(d) 7.11 �0.6 �17 �0.3 �15

[a] Measured in phosphate buffer (pH 6.0) at 25 �C. [b] See text.
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with 11.5 mM hydrogen peroxide. After 1 min, a small volume of the
reaction mixture was injected into the column. Two major products,
with retention times of 12.7 and 13.0 min, were separated from the
prominent peak of unreacted phenol at 7.7 min and collected. A few
other smaller peaks eluted at longer times. 1H NMR spectroscopy and
mass spectrometry analysis indicate that the peak at 12.7 min
corresponds to the � ±� dimer (5 ; 3-[5�-(2-carboxy-ethyl)-6,2�-
dihydroxy-biphenyl-3-yl]-propionic acid) while the peak at 13.0 min
corresponds to the Pummerer's ketone (6 ; 3-[2-(2-carboxy-ethyl)-7-
oxo-6,7-dihydro-5aH-dibenzofuran-9a-yl]-propionic acid).

Kinetic studies: Comparative kinetic experiments on WT and T67R
Mbs were performed in 0.2M phosphate buffer (pH 6.0) at 25.0�
0.1 �C, with the thermostated and magnetically stirred optical cell of
1 cm path length. The reactions were followed through the increase
of absorbance at 300 nm in the initial phase (typically 5 ± 10 s) due to
the formation of phenol dimerization products.[18] In order to reduce
the noise in the absorbance readings, the difference in absorbance
between 300 and 500 nm, where the absorption of reagents and
products is negligible, was monitored. In preliminary experiments,
the linearity between oxidation rates and Mb catalysts concentration
was established. Relatively high concentrations of the phenols (30 ±
60 mM, except for L- and D-tyrosine, for which the solubility limit is
about 2 mM) and hydrogen peroxide (20 mM) were used, while the
protein concentration was varied from 0±1.5 �M. The plots were
found to be linear for both WTand T67R Mbs (data not shown). These
experiments also enabled us to find conditions of protein catalyst
concentrations that make the noncatalytic phenol oxidation reac-
tions negligible.

The steady-state kinetics of oxidation of the phenolic substrates 1 ±4
by hydrogen peroxide were studied as a function of substrate
concentration under saturating hydrogen peroxide conditions.
These conditions were established for the phenolic derivatives 2, 3,
L-4, and D-4 by studying the rate dependence of the catalytic
oxidation at high substrate concentration (typically 50 mM; about
1.5 mM for L- and D-tyrosine) as a function of hydrogen peroxide
concentration (0.05 ± 40 mM); with 1, the saturation of H2O2 concen-
tration could be obtained only at low (4 mM) substrate concentration.
The Mb catalyst concentration in these experiments was kept at
0.1 �M for 1 and 1 �M for 2 ±4. The experiments at variable substrate
concentrations were carried out in the following conditions: for 1,
[protein]�0.1 �M, [H2O2]� 46 mM, [substrate]�0.3 ± 4 mM; for 2,
[protein]�0.5 �M, [H2O2]�11.5 mM, [substrate]�2 ±75 mM; for 3,
[protein]�1 �M, [H2O2]� 15 mM, [substrate]�1 ±50 mM; for L-4 and
D-4, [protein]�2 �M, [H2O2]�5 mM, [substrate]�0.1 ± 1.9 mM. With 2,
3, L-4, and D-4 the kinetics exhibited substrate saturation behavior
and the kinetic parameters kcat and KM were calculated through the
fitting of the rate versus substrate concentration data.[50] Conversion
of rate data from absorbance s�1 into mol s�1 units was obtained by
using the difference in molar extinction coefficient (��) between the
mixture of dimeric products and the phenolic substrates at 300 nm,
as described previously.[18] The following �� values were determined
from the enzymatic oxidation of 1 ±4 by HRP and hydrogen peroxide
in the same conditions and used in the calculations: for 1 ��� 2350,
for 2 1950, for 3 1460, for L-4 and D-4 1350M�1 cm�1.

The second-order catalytic constant for the reaction between wild
type or T67R Mb and hydrogen peroxide was determined with a
Model RS-1000 Applied Photophysics stopped-flow apparatus ther-
mostated at 25.0�0.1 �C. The reactions were followed bymonitoring
the absorbance changes of the proteins (5.5 �M) with time (readings
every 0.1 s) in the range of 390 ± 440 nm; a variable excess of
hydrogen peroxide (50 �M±1.5 mM) was used in 0.1M phosphate
buffer (pH 6.0). The active species formation follows a first-order
behavior. The observed constant (kobs) depends on the hydrogen

peroxide concentration. The replots of kobs versus H2O2 concentration
were linear and the slope gave the catalytic constants.

1H NMR spectroscopy: Proton NMR spectra of the FeIII forms of T67R
Mb were recorded with a Bruker AVANCE 600 spectrometer, operat-
ing at 600.13 MHz and equipped with a high-power probe, on
solutions of the protein in 20 mM Tris-HCl buffer (pH 8.0) prepared in
2H2O/H2O (1:9) and containing 1 mM ethylenediaminetetraacetate
(EDTA). The cyanide adduct of T67R Mb (T67R metMb�CN) was
obtained by addition of excess KCN to a solution of the protein in the
same buffer. The spectra of this adduct were recorded on a Bruker
AVANCE 800 spectrometer, operating at 800.13 MHz, with a standard
TXI probe. Two-dimensional NOESY,[51] TOCSY,[52] and COSY[53] maps
were recorded by collecting 512 experiments over the 60 ppm
spectral width and by using 2048 data points. All the spectra above
were acquired in the phase-sensitive mode[54] with standard pulse
sequences and processed by using XWINNMR Bruker software. All the
matrices recorded were zero-filled up to either 2048�1024 or 2048�
512 data points. NOESY spectra were collected at both 25 and 35�C.

NMR relaxation measurements: The T1 relaxation times for the
protons of substrates 1 ±4 in the presence of variable amounts of WT
or T67R Mbs were determined with a Bruker AVANCE 400 spectrom-
eter operating at 400.13 MHz, by using the standard inversion
recovery method.[55] Solutions of the substrates were prepared in
deuterated 0.2M sodium phosphate buffer (pH 6.0; the deuterium
isotopic effect was neglected), with the addition of a small quantity
of EDTA to remove metal impurities, and contained different
concentrations of WT or T67R Mb (0± 0.2 mM). The concentrations
of the substrates in these solutions were 30 mM for 1 and 2, 40 mM for
3, and 1 mM for L-4. The relaxation rate of the protons of substrate
molecules interacting with the Mb, T1b , can be calculated from the
experimental relaxation rate, T1obs , according to Equation (11), where
T1f is the T1 value for free substrate, E0 and S0 are the initial protein
and substrate concentrations, respectively, and KD is the dissociation
constant for the Mb± substrate complex.[56]

1

T1obs

�
�
1

T1b

� 1

T1f

�
E0

KD � S0
� 1

T1f

(11)

The KD values for substrates 1 ±4 were assumed coincident with the
KM values deduced from kinetic experiments. 1/T1b is given by the
relaxation rate of the substrate nuclei when the substrate is bound to
the protein in the diamagnetic form (1/T1d) and by the rate
determined by the interaction of the substrate with the para-
magnetic metal ion (1/T1M). Relaxation measurements, performed at
two different temperatures (25 and 35 �C), showed that no exchange
contribution to relaxation is present.[56, 57] The diamagnetic contri-
bution to relaxation was estimated by performing relaxation
measurements of the substrate protons in the presence of variable
amounts of the cyanide adduct of the protein, assuming a KD value
similar to that of metMb for metMb�CN. The reduced S value (1/2
instead of 5/2) and the smaller �c value of this protein derivative
induces a much smaller 1/T1b value, which can be considered as an
upper limit of 1/T1d . The paramagnetic contribution to relaxation
originates only from dipolar relaxation, according to the Solomon-
Bloembergen equation [Eq. (12)] , where �I is the gyromagnetic ratio
of the resonating nucleus, ge is the g factor of the free electron, r is
the distance of the nucleus from the FeIII center, and�I and�S are the
Larmor frequencies of I and S, respectively.[58, 59]
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The correlation time �c for the paramagnetic contribution to the
nuclear relaxation, in the case of slowly rotating molecules, is
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dominated by the electron relaxation rate, �s . This has been reported
to be 5� 10�11 s for high-spin FeIII myoglobin,[60] and we used the
same value for the WT and T67R Mbs.

In the case of 2, the plot of T1obs versus E0/(KD� S) measured in the
presence of WT Mb was not found to be linear, instead the slope
decreased at high protein concentration; thus, the T1b value could
not be estimated.
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