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Università di Pavia, Dipartimento di Chimica Generale, Via Taramelli 12, 27100 Pavia, Italy

Received 19 July 2006; accepted after revision 8 September 2006

Available online 18 December 2006

Abstract

Heme-peptide complexes can be used as model systems for peroxidases. The build-up of these complexes depends on which of
the enzyme features have to be introduced into the model; i.e. the reactivity vs. peroxide or some substrate selectivity. Four different
approaches are described:

(a) linking a peptide residue to hemin or deuterohemin, with the aim of introducing substrate selectivity or stereoselectivity in
the catalytic activity;

(b) coordinating an axial histidine to the heme iron, to increase the reactivity; the efficiency of the models then depends on the
strain in the coordination;

(c) using microperoxidases as starting point for the preparation of complexes with high activity and controlled substrate
selectivity;

(d) reconstitution of proteins (usually myoglobin) with heme-peptide complexes, possibly in combination with protein engineer-
ing, to introduce catalytic activity into the protein. The heme peptide opens the protein active site and, together with the
protein backbone, controls the affinity and substrate disposition during catalysis.
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1. Introduction

Heme peroxidases are an important class of iron-
porphyrin-containing enzymes which efficiently catalyze
substrate oxidations using hydrogen peroxide [1]. The
first step of the catalytic cycle of these enzymes consists
in the coordination of H2O2 to the iron, followed by het-
erolytic cleavage of the OeO bond to produce a species

* Corresponding author.

E-mail address: enrico.monzani@unipv.it (E. Monzani).
1631-0748/$ - see front matter � 2006 Académie des sciences. Publi

doi:10.1016/j.crci.2006.09.013
commonly named compound I. In the classical peroxi-
dases, such as horseradish peroxidase, this species is an
iron-oxo species containing a porphyrin cation radical,
�þPorFe(IV)]O. The reaction is facilitated by the prox-
imal and distal environment of the heme through the
cooperation of several amino acids with a ‘pushepull’
mechanism [2]. In the proximal site the axially bound
histidine residue has partial anionic imidazolate charac-
ter, due to hydrogen bonding to an aspartate, and acts as
electron donor, thus stabilizing the high oxidation state
of the iron in compound I (the push effect). In the distal
shed by Elsevier Masson SAS. All rights reserved.
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site, an arginine residue polarizes the iron bound hydro-
peroxide, and the distal histidine acts as a shuttle for the
proton transfer required for the release of a water mol-
ecule (pull effect) [3,4]. The global effect of the right
positioning of the catalytic amino acids in the heme
surrounding is a very efficient compound I formation
from the resting enzyme. The rate constant for the
hydrogen peroxide activation by peroxidase is in the or-
der of 106e107 M�1 s�1 [5,6]. A single point mutation
of a relevant amino acid gives rise to a marked drop of
this rate constant, which can be reduced by orders of
magnitude [7].

Other heme proteins, such as myoglobin, hemoglo-
bin, etc., are capable, in the presence of hydrogen
peroxide, of generating active species but with a much
reduced activity (rate constant below 103 M�1 s�1)
[8,9].

The peroxidase compound I species generally oxi-
dizes monoelectronically a substrate molecule forming
the compound II species, an iron-oxo species Por-
Fe(IV)]O, while the electron from the substrate is
transferred to the porphyrin radical. Since delocalized
p-type orbitals are involved in the electron transfer
and since upon reduction the enzyme undergoes only
small structural changes, the compound I to compound
II reduction is really a fast process, usually the fastest
within the enzyme catalytic cycle [1]. A further one-
electron reduction of compound II restores the enzyme
in the resting state and closes the cycle. Two protons are
required to transform the iron-oxo to the iron(III) form
of the protein, with the release of a water molecule.
Furthermore, upon reduction the iron ion slightly shifts
toward the proximal porphyrin site. The larger rear-
rangement required for compound II reduction contrib-
utes to the reduction of the electron transfer rate with
respect to that involving compound I. The distal argi-
nine in peroxidases acts a proton donor for the iron-
oxo group, thus facilitating the process. In fact, removal
of the distal arginine by site-directed mutagenesis gives
rise to a huge reduction in the rate constant for com-
pound II reduction [10].

The high activity shown by peroxidases, together
with the wide range of substrates that can be oxidized
in the presence of hydrogen peroxide, makes these
enzymes very appealing for the removal of pollutants
present, for instance, in industrial waste waters but
also to be used as catalysts in fine chemical industries.
At the same time, the use of peroxidases has some draw-
backs. They are generally expensive enzymes obtain-
able in small amounts from natural sources. Often
they are unstable during catalysis and after a few thou-
sands of catalytic cycles their activity falls down, with
the consequence of requiring renewal of these precious
enzymes. Furthermore, their specificity is controlled by
the charge at the substrate binding site and the accessi-
bility of the binding site at the heme periphery, where
the electron transfer can occur readily; but the molecule
to be processed by the peroxidase catalysis may be
a poor substrate of the enzyme and this will make the
enzymatic process inconvenient.

One way to overcome, at least in part, the above
problems is the preparation of heme derivatives with
peroxidase-like activity. It is difficult to reproduce in
a synthetic molecule the peculiar features of peroxi-
dases, i.e. the high reactivity vs. both hydrogen perox-
ide and the substrates, and the stability during
turnover due to the protective action given by the pro-
tein backbone to the heme active species. Though, often
an increase in the activity toward the substrates is ob-
tained using synthetic models exhibiting reduced rates
in the reaction with hydrogen peroxide.

This review deals with the preparation of peroxidase
model systems by using heme-peptide complexes, and
it is mainly focused on the results obtained in our
laboratory. In particular, our research efforts were
developed through four different approaches, as sum-
marized below.

(a) In the first approach, peptide residues are cova-
lently attached to hemin (or deuterohemin, derived
from hemin upon removal of the vinyl groups).
The amino acid residues of the peptide(s) interact
with the substrates giving rise to some selectivity
effect, thus partly mimicking the substrate recogni-
tion mechanism exhibited by the enzyme [11e13].

(b) In the second approach the hemin is further modi-
fied by covalently linking to the propionate side
chain a histidine residue or a peptide containing
histidine that better models the effect of the prox-
imal histidine in the enhancement of the heme
reactivity vs. hydrogen peroxide [11,14e17].

(c) The third approach is based on microperoxidases,
the heme-peptide complexes obtained from proteo-
lytic degradation of cytochrome c. They already
contain a proximal histidine and, through further
chemical modification, it is possible to introduce
other polar residues which may contribute to hy-
drogen peroxide activation or substrate recognition
[11,18e20].

(d) The last approach utilizes a synthetic heme-peptide
complex for the reconstitution of a heme protein.
The globular protein myoglobin is used to provide
the amino acid scaffold around the heme; the poly-
peptide chain is useful for substrate recognition
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and protects the porphyrin during catalysis. The
peptide bound to the heme has the effect of open-
ing the myoglobin active site allowing an easier
access to the substrate and can fine tune substrate
recognition [8,9,21e29].

2. Hemin/deuterohemin-peptide complexes

Synthetic and natural iron(III) porphyrins are able to
generate highly reactive species upon reaction with hy-
drogen peroxide. These species are strong oxidizing
agents which can react with substrates in one-electron
or two-electron oxidation, often in catalytic processes.
The activation of the metal catalyst by peroxide is gen-
erally a slow step; in fact, the synthetic systems usually
lack the acidebase activation required for an efficient
heterolytic cleavage of the bound peroxide in the first
step of the catalytic cycle. Often this activation is given
by the buffer, through general acidebase catalysis and
is facilitated by basic conditions, where a larger fraction
of peroxide exists in the deprotonated form [30e34]. In
spite of that, the active species thus generated is highly
reactive due to the easy approach of the substrate to the
porphyrin plane and the iron-oxo group. The capability
of the catalyst in discriminating between different sub-
strates depends on the redox potentials of the active spe-
cies and of the substrates. Another important aspect is
the mode of interaction between the two molecules; in
fact, in order to have an efficient oxidation process,
the substrate must bind with high affinity to the iron-
porphyrin complex and with a disposition which favors
the electron transfer. In peroxidases, substrate discrim-
ination is controlled by the protein backbone in the ac-
tive site. In synthetic iron-porphyrins the accessible
distal and proximal sites do not allow such a discrimina-
tion. In tetraaryl iron-porphyrin derivatives, it is possi-
ble to introduce charged or bulky groups on the
phenyl rings in order to introduce some selectivity
[35]. The two propionate substituents present in hemin
and deuterohemin complexes may also exhibit some
electrostatic interaction with charged substrates.

The preparation of synthetic catalysts with peroxidase-
like activity which are capable of selectively oxidize
a certain type of substrate is of particular interest. Such
systems must have only a partly accessible porphyrin
and a substrate binding site where, after binding, it
can undergo oxidation by the catalyst active species.
The iron-porphyrin-peptide complexes we used to
mimic the environment of the heme present in the en-
zymes were obtained by covalently linking to one of
the propionate side chains of deuterohemin a peptide
[11e13]. Deuteroporphyrin was preferred to protopor-
phyrin IX as iron ligand because it does not contain
the oxidation-sensitive vinyl groups and therefore it is
supposed to be less prone to autoxidation. In the two
heme-peptide complexes the peptides we prepared
were a deca-L-alanine (DH-Ala10) and Ala-Phe-Ser-
Phe-Glu-Ala-Gln-Gly-Gly-Leu-Ala-OH (DH-pep11),
both bound through the amino terminal group (Fig. 1).

It should be noted that the synthesis of these com-
plexes gives rise to an equimolar mixture of the two
isomers carrying the peptide linked to each of the pro-
pionate side chains. The two isomers have very similar
properties and this prevents their separation. Both DH-
Ala10 and DH-pep11 derivatives catalyze the oxidation
of L- and D-tyrosines to o,o0-dityrosine in the presence
of hydrogen peroxide. It is worth noting that the depen-
dence of the reaction rates on substrate concentration,
under saturating peroxide concentration, follows a hy-
perbolic behavior, suggesting the need of binding the
substrate at the catalyst active site during the catalytic
cycle according to the following pre-equilibrium reac-
tion scheme:

Feox þ substrate % ½FeoxðsubstrateÞ�

/ Fe3þ þ product

where Feox represents the catalyst active species and
[Feox(substrate)] its adduct with the substrate. This re-
action scheme can be treated with a rate equation sim-
ilar to the MichaeliseMenten equation. The peptide
chain in the catalyst affects both the substrate affinity
and its disposition in the [Feox(substrate)] adduct, al-
lowing selectivity to be introduced in the reaction. In
particular, the rate constants kcat and KM were found
to be different for the oxidation of the two enantiomers
of tyrosine [12]. The affinity of the substrate for the ac-
tive species (indicated by the reciprocal of KM) is the
parameter which mostly allows the isomer differentia-
tion. The stereoselectivity effect is due to the interaction
with the chiral peptide chain and the preference for the
substrate can be modulated by changing the peptide.
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Fig. 1. Structures of the deuterohemin derivatives DH-Ala10 and

DG-pep11.
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Thus, while DH-Ala10 shows a preference for the oxida-
tion of the D isomer of tyrosine with respect to the L iso-
mer, in the case of DH-pep11 the stereoselectivity is
reversed [12].

The degree of stereoselectivity obtainable with these
deuterohemin complexes is limited (up to 50% prefer-
ence for one enantiomer). This is probably connected
to the flexibility of the peptide arm, which can span al-
most freely most of the space around deuterohemin,
a behavior which is clearly different from the reduced
mobility of the peptide backbone in the protein. Fur-
thermore, the activity in the reaction with hydrogen per-
oxide, required for the formation of the active species, is
low due to the lack of the ‘pushepull’ effect around the
iron porphyrin.

3. Proximal histidine coordination

The easiest way to introduce the push effect by the
proximal histidine of peroxidase in model systems in
order to increase the activity vs. peroxides is the intro-
duction of coordinating molecules in the solution. The
buffer itself or an exogenous base ligand, like imidazole
added to the solution, can act as iron ligand [30e34].
The problem of the simple addition of the ligand is
the high tendency of iron-porphyrins to form the six-
coordinated low-spin adduct. When the imidazole de-
rivatives are kept at low concentration only a minor
fraction of the iron is bound; raising the concentration
of the ligand, the six-coordinated species which forms
is catalytically inactive. As a result, the activation ob-
served with the addition of free ligand is quite low [13].

In order to force the coordination of an axial imidaz-
ole, covalently modified protohemin or deuterohemin
complexes, through the linkage of imidazole residues
to the propionate side chains of the porphyrin, were syn-
thesized [11,14e17]. Complexes of this type have been
previously used to investigate the ligand binding prop-
erties of the iron center [36e39], and also as peroxidase
mimics [30,31].

To combine the activation effect given by the axial
imidazole and the substrate recognition given by an ap-
pended peptide chain, two model systems were studied
by our group. These complexes contain a L-histidine
methyl ester residue linked to one propionate group of
deuterohemin and a poly-L-alanine peptide, containing
a L-phenylalanine residue at 3- or 4-position, linked to
the other propionate arm (Fig. 2) [15]. The chelated
histidine residue improves the reactivity of the model
systems; it also has the effect of forcing the peptide of
the other arm to fold toward the opposite (distal) plane
of the porphyrin. The catalytic oxidation of the two
enantiomers of tyrosine methyl ester in the presence
of tert-butyl hydroperoxide follows a Michaelise
Menten behavior indicating the formation of an inter-
mediate complex between the catalyst active species
and the complex. Interestingly, only the complex bear-
ing the phenylalanine residue in the fourth position of
the peptide chain exhibits enantioselectivity in the
oxidation of the two isomers. This result has been ex-
plained considering that the chiral recognition required
interaction with the polar groups of the peptide; when
the interaction is mostly through hydrophobic ring
stacking with the Phe residue, the substrate is not immo-
bilized in the adduct and its large mobility prevents the
observation of appreciable stereoselectivity effects.

The strain in the coordination to the iron of the che-
lated imidazole alters the binding properties of the iron-
porphyrins. For instance, it has been shown by Traylor
et al. that this strain affects the CO dissociation in the
iron(II) forms [39], but it also has strong effect on the
catalytic activity of the complexes because it affects
both the binding of ligands/substrates in the opposite
plane of the porphyrin and the donor strength of the
axial imidazole. Molecular mechanics and molecular
dynamics calculations carried out on five-coordinated
deuterohemin complexes bearing a histidine, or a short
peptide containing a His residue, bound to one propio-
nate chain have shown that strain in the coordination de-
pends on the His position in the peptide sequence [14].
When His is the first amino acid and is directly bound to
the propionate (as in deuterohemin-6(7)-L-histidine
methyl ester, DH-His) (Fig. 3), the interaction with the
iron center is weaker and the imidazole plane is not
perpendicular to the porphyrin ring but with somewhat
tilted. This strain is released when histidine is the second
residue in the peptide, as in the complex containing
Ala-His bound to the propionate (deuterohemin-6(7)-
L-alanyl-L-histidine methyl ester, DH-Ala-His) (Fig. 3).
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The position of the histidine in the peptide has
a marked influence in the affinity constant for imidazole
binding to iron(III), with DH-His showing a 4-fold
lower binding constant with respect to DH-Ala-His,
but the difference is much larger when the binding is
studied in an organic solvent [15].

Also the reactivity of the complex in the catalytic ox-
idation of N-acetyl-tyrosine is affected by the position
of the histidine in the chelated complex. DH-Ala-His
shows a higher reactivity with respect to DH-His both
in terms of increased turnover number (larger kcat) and
affinity vs. the substrate (lower KM).

The chelating arms containing the histidine residue
in DH-His and in the complex with a Gly-His-OMe
peptide covalently bound to deuterohemin, (deuterohe-
min-6(7)-glycyl-L-histidine methyl ester, DH-Gly-His)
(Fig. 3), exhibit a further effect on the reactivity. These
complexes show appreciable stereoselectivity in the ox-
idation of the L and D isomers of tyrosine and tyrosine
methyl ester [16]. The selectivity can only be due to
the interaction of the chiral substrate with the chelating
arm containing the L-His residue. Analysis by molecu-
lar mechanics and molecular dynamics shows that, in
the substrateecatalyst adduct, phenol interacts with
the histidine bound to the iron and approaches the por-
phyrin edge from the proximal site of the molecule. The
disposition of the two tyrosine isomers is different, thus
justifying the catalyst stereoselection.

The effect of the position of the histidine residue on
the catalytic activity of heme-peptide complexes has
been observed by the Nordlander group with modified
protohemins [17]. They synthesized the hemin modified
by covalently linking to one propionate arm of the
porphyrin a Gly-His-OMe (protohemin-6(7)-L-glycyl-
histidine methyl ester, HGH) or a Gly-Gly-His-OMe
(protohemin-6(7)-L-glycyl-glycyl-histidine methyl ester,
HGGH) residue. The analysis of the catalytic activity
of these complexes in the oxidation of p-cresol, L-tyro-
sine methyl ester, and ABTS in the presence of
hydrogen peroxide indicates that the longer and less
coordinatively strained heme-peptide complex
(HGGH) exhibits higher reactivity.

4. Modified microperoxidases

Microperoxidases (MPs) are heme-containing pep-
tides derived from proteolytic digestion of cytochrome
c, in which the heme is covalently linked to the peptide
chain through two thioether bonds [40e42]. The pep-
tide size and sequence in MPs can be modified by
changing the source of the starting cytochrome c or
the type of proteolytic enzyme (i.e., trypsin, pepsin or
both of them one after the other). In all MPs the histi-
dine residue, acting as iron proximal ligand in cyto-
chrome c, is maintained while the second axial ligand
(Met80 in cytochrome c) is removed by proteolysis;
this leaves the iron(III) center weakly bound to a water
molecule, allowing the coordination of hydrogen perox-
ide or other exogenous ligands. The best known among
MPs is MP8 (Fig. 4), which is obtained from the peptic
and tryptic digestion of horse heart cytochrome c; it re-
tains the amino acid residues 14e21 of the starting pro-
tein. Treatment of the protein with pepsin alone yields
MP11, which contains residues 11e21; instead, using
trypsin proteolysis alone generates MP9, containing
residues 14e22. In the presence of hydrogen peroxide,
all these MPs form active species which are able to ox-
idize several substrates, thus acting as models for perox-
idases [19].

Microperoxidases are highly soluble in water me-
dium and can take advantage of the activating ‘push’ ef-
fect due to the presence of a suitably positioned axial
histidine. Therefore, MPs are good starting points for
the building up of heme-peptide catalysts with en-
hanced activity and selectivity. At the same time, the
presence of a rigid proximal site makes the modified
MPs good probes for investigating the effect of modifi-
cations at the distal site on the reactivity of the complex.
MP8 is characterized by an open distal site, which
is freely accessible to both hydrogen peroxide and
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substrate molecules. The reduced substrate selectivity
observed in its reactions is due to electrostatic interac-
tion with the protonated N-terminal amino group. The
lack of charged residues at the distal site, that could re-
produce the effect of distal histidine and arginine in per-
oxidases, makes the reactivity of MP8 toward H2O2

orders of magnitude lower than that of the enzyme.
To investigate the effect of distal residues on the for-

mation of the active species upon reaction with H2O2,
some MP8 derivatives were synthesized by covalent
linkage to the N-terminal amino group of one (Pro-
MP8) or two (Pro2-MP8) proline residues, or a single
proline N-protected by an aromatic fluorenyl group
(Fmoc-Pro-MP8) (Fig. 4) [18]. Table 1 shows the sec-
ond order rate constants for the reaction with hydrogen
peroxide of these MP8 derivatives at two pH values.
The data show that the reactivity is controlled by the po-
larity around the iron. In Fmoc-Pro-MP8, the amine
protecting group reduces the polarity and introduces
some steric hindrance; as a consequence, the k1 value
drops down with respect to the value observed for
MP8. In Pro-MP8, the protonated proline NHþ2 group
acts as an internal acidebase catalyst in the heterolytic
cleavage of the heme-bound peroxide, thus increasing
the activity of the catalyst. The addition of a second
Pro residue further reduces the distance between the
proline N atom and the peroxide oxygen atom, increas-
ing the k1 value for Pro2-MP8. The second order rate
constants observed at pH 9 are higher than those at
pH 5. This is because at basic pH a larger fraction of an-
ionic peroxide ðHO�2 Þ is present in solution, facilitating
its coordination to iron; at the same time, the acidebase
catalysis by OH� from the buffer further activates the
complexes.

The analysis of the reactivity of MP active species
toward the substrates is complicated by the complete
accessibility of the porphyrin ring of MPs by exogenous
molecules. Therefore MPs substrate oxidation is ex-
tremely rapid compared to the formation of the active

Table 1

Second order kinetic constants for oxidation of p-cresol by MP8

derivatives

Catalyst k1 (M�1 s�1), pH 5 k1 (M�1 s�1), pH 9

MP8 680� 10 13 300� 350

Fmoc-Pro-MP8 390� 10 5300� 150

Pro-MP8 1100� 20 13 500� 400

Pro2-MP8 2000� 50 17 500� 400

At 25.0� 0.1 �C, in 200 mM acetate buffer (pH 5) and in 100 mM bo-

rate buffer (pH 9), obtained from the rate dependence on the hydrogen

peroxide concentration [18].
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species and usually occurs as a fast step in the catalytic
cycle. But operating at high peroxide concentration and
analyzing only the initial phase of the reaction (where
catalyst degradation is negligible), the substrate oxida-
tion reaction becomes the rate determining step of the
turnover process. It is thought that MPs react with
a mechanism similar to that of peroxidases, i.e.:

MP þ H2O2 % ½MP=H2O2�/ MPox1 þ H2O ð1Þ

MPox1 þ SH / MPox2 þ S� þ HþðfastÞ ð2Þ

MPox2 þ SH þ Hþ / MP þ S� þ H2O ð3Þ

where MPox1 and MPox2 are analogues of compound I
and compound II, respectively, but their nature is still
under debate [19,28]. Operating at peroxide saturation
the turnover is controlled by reaction (3). The observa-
tion of a hyperbolic dependence of the reaction rates on
substrate concentration indicates that reaction (3) is
a composite process that requires substrate binding to
the active species prior to the electron transfer process.

The activity of several MP derivatives in the oxida-
tion of two representative phenols, 4-(2-aminoethyl)-
phenol (tyramine) and 3-(4-hydroxyphenyl)propionic
acid (HPA), by hydrogen peroxide has been investi-
gated. The MP derivatives used were MP8, MP11,
AcMP8 (obtained from MP8 after acetylation of the
terminal amino group), MP011 (obtained from baker’s
yeast cytochrome c), and the synthetic N-Fmoc-
Arg(Mtr) MP8 (FM-R-MP8) (Fig. 5) [20]. The latter
compound was obtained from MP8 by linking to the
N-terminal amino group a double protected arginine
residue, by 9-fluorenylmethoxycarbonyl (Fmoc) at Na

and by a 4-methoxy-2,3,6-trimethylbenzenesulfonyl at
Ng. The kinetic parameters for the activity of these
MPs are reported in Table 2. The data show that the res-
idues on the distal MP site alter the reactivity of the ac-
tive species by controlling both the substrate approach
and affinity (KM), and the electron transfer rate (kcat),
which is modulated by the phenol disposition at the ac-
tive site. An indication of the substrate disposition in the
adduct with the catalyst is given by the ironesubstrate
proton distances evaluated from the paramagnetic effect
of the metal ion on the 1H NMR relaxation rates. It is
interesting to note that the binding of HPA and tyramine
to MP complexes occurs with ironeproton distances in
the range of 7.4e9.5 Å, which is the same range com-
monly observed for substrate binding to peroxidases
[43e45]. The collective data show that the difference
in reactivity between tyramine and HPA is little depen-
dent on their redox potential; this is consistent with
a high redox potential for the MP active species.
Comparing the data for MP8 and AcMP8 clearly indi-
cates that the protonated amino group of the former
complex exhibits substrate recognition, because of their
different charge; its acetylation leads to loss of selectiv-
ity in the oxidation of the two phenolic substrates. The
electrostatic interaction between substrate and MP con-
trols substrate binding but stacking pep interactions
also seem to play an important role. This is evident
with FM-R-MP8 where, besides the lack of the proton-
ated amino group, the two aromatic protective groups
make the distal site of the complex much more hydro-
phobic. It binds the substrates with high affinity, as
shown by the low KM values, but the binding site is quite
far from the iron and this leads to strong reduction in the
reaction rates, since it is known [46] that for an efficient
electron transfer between the substrate and the catalyst
active species a good overlap of the orbitals is required.
Table 2 also shows that polar residues near the heme fa-
cilitate the oxidation of the substrate. This is particu-
larly evident with MP11 and MP011 where in some
cases the substrate oxidation rates are so high that
only a guess for the lower limit of kcat is possible. The
notably high electron transfer rates observed with
MP11 and MP011 is probably connected to the presence
of protonated residues which can approach the iron-oxo
group. This may favor the protonation of the ferryl ox-
ygen required for the transformation of the active spe-
cies into the iron(III) form. Therefore, these charged
residues mimic the effect of the distal arginine in perox-
idases in the activation of compound II reduction [10].
The efficiency of this process is so high in MP11 and
MP011 that their reactivity becomes comparable with
that of HRP, and even larger than that in the case of ty-
ramine oxidation. To our knowledge this is the highest
peroxidase-like activity ever reported for a heme model
system.

The emerging picture from the activity of cova-
lently modified MPs is that to have an efficient cata-
lyst the distal site must contain positively charged
residues which can approach the iron; their presence
increases both the reactivity toward hydrogen perox-
ide and the substrates. The selectivity for different
substrates can take advantage of the addition of other
charged residues which do not necessarily have to ap-
proach closely the iron, since the electron transfer oc-
curs through the porphyrin plane. Aromatic residues
can be used to increase the substrate affinity through
stacking pep interactions. To keep a good activity,
the reduction of the polarity around the iron by the
aromatic groups should be prevented; moreover, the
substrate binding site must be kept close to the por-
phyrin edge.
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Fig. 5. Structures of the microperoxidase derivatives AcMP8, MP11, MP011 and FM-R-MP8.
5. Reconstitution of myoglobin with
heme peptides

A main goal of protein engineering is the construc-
tion of new enzymes which are capable of enhancing
the catalytic activity and/or the specificity toward a sub-
strate. In particular, efforts to introduce new functions
into the heme enzymes and other heme proteins such
as myoglobin (Mb) have been increasingly reported in
the recent years. Moreover, protein modification is
useful to get a fuller understanding of both the enzy-
matic reaction mechanism and physiological function,
including structureefunction relationships. Myoglobin,
the protein of storage and intracellular transfer of molec-
ular oxygen [47], has a potential for catalytic peroxide-
dependent one-electron oxidation reactions, such as
the oxidation [28,48] and nitration [49,50] of phenolic
substrates, and for reactions involving formal two-
electron oxidation of substrates, such as the sulfoxida-
tion of organic sulfides and the epoxidation of alkenes
Table 2

Kinetic parameters for the catalytic activity of MPs in the oxidation of HPA and tyramine by hydrogen peroxide

kcat (s�1) KM (M) kcat/KM (M�1 s�1) References

MP8 HPA 26.9� 1.6 0.0053� 0.0010 5050� 750 [19]

Tyramine 22.9� 1.3 0.0119� 0.0015 1920� 150 [19]

AcMP8 HPA 32� 2 0.0071� 0.0001 4200� 600 [20]

Tyramine 31� 1 0.0053� 0.0005 5800� 400 [20]

FM-R-MP8 HPA 0.80� 0.02 3.4� 10�4� 4� 10�5 2300� 200 [20]

Tyramine 1.18� 0.07 6� 10�4� 1� 10�4 1900� 300 [20]

MP011 HPA >800 n.d. n.d. [20]

Tyramine >800 >0.030 25 700� 500 [20]

MP11 HPA >800 n.d. n.d. [20]

Tyramine 257� 8 0.015� 0.001 16 700� 700 [20]

In 200 mM acetate buffer, pH 5.0, 25 �C; n.d.¼ not determinable.
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[51]. Even if the peroxidase activity of Mb is much lower
than that of the peroxidases, it can be improved by
protein modification.

Different approaches can be explored to convert
a protein into a peroxidase: rational design of heme en-
zymes, direct evolution of heme enzymes, exon shuf-
fling, and modification of the heme prosthetic group
[52]. Regarding the peroxidase activity, the rate of sub-
strate oxidation depends on two main factors: the acti-
vation of hydrogen peroxide and the rate of electron
transfer from the substrate to the iron active species,
which is controlled by the disposition of the substrate
in the active site, with respect to the heme. Site-directed
mutagenesis enables to improve activation of H2O2 but
does not represent the best route for the construction of
a specific receptor site for a particular type of substrate.
On the other hand, the heme reconstitution method is
a powerful way to enhance the selectivity of Mb. An in-
teresting possibility is the engineering of Mb by combi-
nation of the genetic and reconstitution approaches, to
potentiate the different effects on the enhancement of
the catalytic activity [28].

The chemical modification of the protein cofactor as
a new strategy for introducing new chemical functions
into the protein emerged in the eighties [53]. The
most interesting improvements in the peroxidase activ-
ity of Mb by a nongenetic method where a functional-
ized heme is inserted into apoMb were reported by
the group of Hayashi and by our group. The work of
Hayashi focused on the construction of a binding inter-
face for substrates through the functionalization of the
two heme propionates [21]. It is well known that these
groups play a role in fixing the heme in the protein
pocket by electrostatic interactions with Lys-45 and
Ser-92 [54,55]. Moreover, to evaluate the specific role
of the heme-6- and heme-7-propionate side chain in
horse heart Mb, Hayashi reconstituted the protein
with hemin derivatives methylated at the 6- and 7-posi-
tion [22]. The results indicate that the elimination of the
salt bridge between the 6-propionate side chain and
Lys-45, which further makes a network with His-64
via one water molecule, might affect the physiological
binding of molecular oxygen. Differently, the lack of
heme-7-propionate has an influence on the proximal
site since it regulates the hydrogen-bonding network be-
tween Ser-92 and His-93, perturbing the coordination of
the latter residue to the heme iron.

The chemical reactivity of Mb can be improved by
setting a substrate binding site on the protein surface,
near the entrance of the heme pocket. With the aim of
creating such an artificial binding domain, Hayashi re-
constituted Mb with two different types of chemically
modified cofactors: an anionic heme with four or eight
carboxylates at the terminal of the two propionate side
chains [23,24] and a cationic heme with four amino
groups at the end of the two propionate chains [25].
These modified Mbs form stable complexes both by
electrostatic interactions with substrates carrying an op-
posite charge and by hydrophobic contacts [25]. More-
over, the proteins functionalized with the binding
domain are useful models to clarify the behavior of
the proteineprotein recognition and interprotein ET
(with cytochrome c as the cationic partner of Mb recon-
stituted with anionic heme) [26]. The findings of Haya-
shi on the reactivity of the Mb intermediate compound
II indicate that modification of the heme propionates
creates a binding site with specificity for some sub-
strates: with guaiacol, for example, the peroxidase ac-
tivity of the reconstituted Mb was 14-fold higher than
that of the native protein [8].

The interest of our group focused on the peroxidase-
like activity of Mb: the combination of site-directed
mutagenesis and prosthetic group modification allowed
us to develop a powerful method to enhance the reactiv-
ity and selectivity of Mb derivatives. The active site
similarities between Mb and peroxidases make the
changes to be introduced in the protein of relatively lim-
ited entity, compared to those eventually necessary to
attempt to simulate the activities of other enzymes using
Mb. The scope of our modifications of Mb aimed at in-
troducing into the protein the amino acid residues that
are essential for the activation of hydrogen peroxide
(a distal arginine and a proximal aspartate) and a specific
cleft for substrate binding near the heme. In our initial
attempts, horse heart apoMb was reconstituted with
hemin modified by attachment of an Arg-Ala residue
to one of the two propionate side chains (Mb-RA)
(Fig. 6) [9]. As we have seen before, insertion of a mod-
ified hemin into Mb affects the pre-existing network
of hydrogen bonds between the propionate groups of
the cofactor and side chain residues of the protein. In
the case of Mb-RA this had a deleterious effect, as the
key peptide segment of Mb Phe-43-Lys-47 acquired
sufficient mobility to allow collapse of the distal helix
and binding of distal His to the sixth coordination posi-
tion of the iron [9]. The presence of distal His as the
sixth ligand hindered the binding of hydrogen peroxide
to the iron and reduced the activity of the reconstituted
protein. On the contrary, when the heme cofactor was
modified by attachment of a histidine residue (heme-
His), the reconstituted Mb (Mb-H) contained a signifi-
cant portion of high spin form that reacted normally
with hydrogen peroxide (Fig. 6). Since the His imidaz-
ole group of the modified prosthetic group is partially
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protonated at physiological pH, it could play a role sim-
ilar to that of distal arginine in peroxidases. Moreover,
mobilization of the peptide chain around the heme in
the reconstituted Mbs increases the accessibility of the
substrates to the active site facilitating the electron
transfer in the peroxidase-type oxidations.

It should be noted that upon reconstitution of Mb
with monosubstituted protohemins, four reconstituted
protein isomers are obtained, depending on the position
(6 or 7 of the porphyrin ring) of the covalent modifica-
tion and the mode of incorporation (‘up’ or ‘down’) of
the prosthetic group into the protein. The ratio of these
protein isomers is dictated by their relative stability and
generally produces one major and one minor isomer for
both 6- and 7-substituted derivatives, as it can be as-
sessed by NMR [9].

In further developments, we produced site-directed
mutants of sperm whale Mb containing those amino
acid residues critical for peroxide activation in peroxi-
dases. In particular, we replaced the distal Thr-67
with either Arg (T67R Mb) [56] or the more flexible
Lys residue (T67K Mb) [29], and obtained a double mu-
tant where, in addition to the Thr-67-Arg mutation, the
proximal Ser-92 was substituted with an Asp residue
(T67R/S92D Mb) [27]. The reactivity toward H2O2 is
measured by the k1 rate constant for the formation of
the intermediate compound I-like species. Such a pa-
rameter shows an appreciable increase for the modified
Mbs (from the value of 760� 10 M�1 s�1 for wild type
Mb up to 2100� 40 M�1 s�1 for the T67R/S92D Mb
mutant) [27,29,56], indicating that the positively
charged residue introduced into the modified Mbs favor
the heterolytic cleavage of the bound hydroperoxide by
a polarization effect analogous to that promoted by dis-
tal Arg in peroxidases. A greater increase in reactivity
toward H2O2 was indeed obtained by Watanabe reposi-
tioning the distal His of Mb as it is in peroxidases [57],
though further greater enhancement was observed for
a quadruple variant of Mb generated through random
mutagenesis (with a 24.7-fold increase in the k1 rate
constant) [58]. In the latter case, the mutations were
all peripheral and far from the heme pocket, showing
that protein reactivity is also controlled by still incom-
pletely understood factors associated with the folding
and local flexibility of the polypeptide backbone.

We also reconstituted the mutants T67K Mb and
T67R/S92D Mb with heme-His (obtaining the T67K
Mb-H and T67R/S92D Mb-H protein derivatives, re-
spectively), while with T67R Mb we could not obtain
a stable reconstituted derivative. The kinetic studies
on the catalytic oxidation of a representative phenolic
substrate such as HPA by the various Mb derivatives
demonstrated that the catalytic performance of Mb is
enhanced in an additive fashion by engineering and co-
factor reconstitution (Table 3) [28]. The electron trans-
fer rate from the substrate to the protein intermediate
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compound II, for a given substrate, depends on (i) the
redox potential of the ferryl species, which is likely in-
creased by introduction into Mb of positively charged
residues, and (ii) the mode of substrate interaction to
the protein, which allows a closer approach to the
heme especially in the case of the reconstituted pro-
teins. The anionic substrate HPA carries a side chain
with a charge complementary to that of the residues
introduced in the heme environment of Mb and is
therefore favored from the point of view of proteine
substrate interaction. Among the Mb derivatives, the
highest catalytic activity is exhibited by T67K Mb-H
and T67R/S92D Mb-H (with the latter protein being
the most efficient so far reported for any Mb derivative)
because with these reconstituted proteins the substrate
can reach the closest distance to the iron center and
the most favorable arrangement for the electron transfer
process [27,29].

The fact that active site engineering and cofactor
modification are additive in enhancing the reactivity
of heme proteins like Mb is promising in a broader
perspective, particularly because the reconstitution
approach can be extensively elaborated to introduce
more sophisticated substrate recognition sites into the
proteins.
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