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The role of myoglobin (Mb) is not yet completely understood
and recent evidence indicates it is involved in a variety of
pseudo-enzymatic functions. Mb is also extensively used as a
tool to redesign novel active-site features and introduce new
activities into a protein. This review summarizes our ap-
proach to enhance the peroxidase-like activity of Mb toward
phenolic compounds by combining two different strategies of
protein modification, i.e. active-site engineering and cofactor
replacement. The main objective of active-site engineering
is to increase the rate of hydrogen peroxide activation upon
reaction at the iron(ur) center, while cofactor replacement fa-
cilitates substrate interaction at the protein active site,
thereby increasing the efficiency of the catalytic process and
stereoselective recognition of the substrate. The thermodyn-
amic stability of the modified Mb derivatives has been evalu-
ated through guanidinium chloride induced and thermal un-
folding experiments. As expected, both protein mutation and

cofactor replacement decrease the stability of the protein, the
latter effect being somewhat more pronounced for the Mb
derivatives studied here. For evaluating the catalytic effici-
ency of the protein in non-natural reactions, the chemical
stability of the protein during catalysis is also important and
therefore a new protocol was developed to evaluate the com-
petitive degradation undergone by the protein upon sub-
strate oxidation. It was found that autodegradation can occur
through two different pathways involving oxidation of pro-
tein residues by the Mb active species or by a substrate-de-
rived phenoxy radical. The peroxidase-like nitrating activity
and the sulfoxidation reactions promoted by Mb, both invol-
ving the nitrite ion as a cosubstrate, have also been briefly
described.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Myoglobin (Mb), “the hydrogen atom of biology”,"is a
monomeric protein which gives muscles their red color. It
has a globular structure consisting of eight o helices wrap-
ping around a central hydrophobic pocket containing iron
protoporphyrin IX as the prosthetic group. Since the early
19th century, Mb was believed to function in the storage of
dioxygen and in facilitating its transport from the periphery
of the cell to the mitochondria,l?! although, the situation
has now changed and it appears that Mb may play ad-
ditional roles. Four conserved cavities surrounding the
heme group, termed xenon cavities because they can host
Xe atoms, are lined with highly conserved hydrophobic resi-
dues and appear to be actively involved in the binding of
small molecules like O,, CO and NO.B! This suggests that
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MbD is built like a miniature chemical reactor with the iron
atom as active centers and the cavities as chambers in which
reactants are concentrated and oriented. Since different
molecules react at different sites of the protein, Mb could
be considered as an allosteric enzyme.['-*] In the case of NO,
for example, binding of the ligand to the oxygenated form
of Mb (oxyMb) is followed by rapid conversion into the
nitrate.*~¢ Since NO is an inhibitor of cytochrome ¢ oxi-
dase, it has been suggested that the scavenging effect of Mb
protects the cell from inhibition of cellular respiration.”]
Other recent observations support a multiple role for Mb.
Studies using a gene disruption strategy to produce mice
that lack Mb show that the protein acts as an important
modulator of cardiac function.®! In addition, in vitro Mb
is active in oxidative phosphorylation, shows some peroxi-
dase and P450-like catalytic activities,” and protects cells
against oxidative damage.l'®!!l In vivo Mb may be present
up to a concentration of 0.2 mMm within the cytosol of myo-
cardial cells and exists prevalently as oxyMb. However, high
concentrations of oxidants, such as those present under in-
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flammatory conditions, or acidic pH may induce autoxid-
ation of the protein with formation of metMb. This is the
state in which Mb can exhibit a peroxidase-like behavior.
The similarity that the Mb heme environment shares with
other heme proteins, like cytochromes or peroxidases,
makes Mb so widely employed for engineering novel metal-
loproteins by redesign of the existing metal-binding site.[!”]
Redesign of heme proteins gives insight into the factors go-
verning structure and function within members of a closely
related family and is invaluable for the developing area of
de novo protein design. In this respect, Mb has several ad-
vantages because of its relatively small size, compact struc-
ture, and the extensively accumulated biochemical and bi-
ophysical characterization, including a large number of X-
ray crystal structures available for both the native proteins
from various sources and several mutants.'3! The current
strategies for the modification of heme proteins follow four
different approaches: i) rational design of heme enzymes; ii)
directed evolution of heme enzymes; iii) exon shuffling of
hemoglobin; and iv) replacement of the native heme pros-
thetic group (reconstitution).['¥l For instance, the engineer-
ing of heme proteins is used as a strategy to develop new
blood substitutes.[!>!%1 The availability of the expression
system for recombinant Mb in E. coli and the relatively easy
methods of site-directed mutagenesis make the engineering
approach of extreme importance for investigating the role
of critical residues and for introducing non-natural activi-
ties into the protein.l!”-!81 On the other hand, reconstitution
of Mb with a modified prosthetic group (Figure 1) allows
the introduction into the protein of a specific binding site
for exogenous substrates or protein—protein interac-
tions.['%2% In this review, we summarize the results obtained
in our group on the peroxidase-like activity of Mb upon
modification of the protein by site-directed mutagenesis and
by altering the prosthetic group. Combining the two ap-
proaches allowed us to develop a powerful method to en-
hance the reactivity and selectivity of Mb derivatives. Per-

oxidative processes mediated by Mb appear to be important
in the oxidative degradation of lipid compounds in biologi-
cal systems and foods.?'! Moreover, the transient protein
radical, produced by the reaction between Mb and hydro-
gen peroxide, appears to be a key determinant of oxidative
damage in ischemic heart.['"]

HCL(pH 3), BUTANONE r'

Figure 1. Two steps of the Mb reconstitution process: (i) extraction
of the native heme with an organic solvent at acidic pH, and (ii)
introduction of the chemically modified heme cofactor into apoMb

Characteristic Features of Peroxidases

Peroxidases are a class of ubiquitous heme enzymes that
catalyze the oxidation of a wide range of substrates by hy-
drogen peroxide.?>23 The stoichiometry of the reaction is
normally as follows:

2SH + H,0,—2S + 2 H,0 (1)
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which emphasizes that the typical activity of these en-
zymes involves the one-electron oxidation of two substrate
molecules by hydrogen peroxide or other peroxides. In their
catalytic cycle, the resting state Fe'! center of peroxidases
is oxidized by H,O, to generate an intermediate containing
an Fe'V=0 group with a porphyrin or protein cation rad-
ical, which is known as Compound I. In the presence of a
suitable substrate Compound I is reduced to a second ferryl
intermediate, known as Compound II, and subsequently to
the resting state by two sequential one-electron oxidations
of substrate molecules.?>?* The reaction with H,O, is fa-
cilitated by a “push—pull” mechanism, to which suitably
positioned residues located in both the heme proximal and
distal sites contribute.[?>2% The distal arginine and histidine
residues favor O—O bond polarization of the Fe-bound
hydroperoxide and proton transfer from the Fe-bound oxy-
gen atom to the other to form, after cleavage of the O—O
bond, the Fe'Y=0 species and a water molecule (Figure 2).
The proximal aspartate participates in the weakening of the
peroxide O—O bond by increasing the electron-donating
character of the proximal histidine through a hydrogen
bond to the imidazole NH group, which enhances back-
donation from Fe into the peroxide m* orbitals?” (Fig-
ure 2).

Typical low molecular weight substrates processed by
peroxidases according to reaction 1 are electron-rich or-
ganic compounds such as phenols or aromatic amines.[%
These bind to the enzyme near the heme edge but cannot
enter into the heme distal pocket, the access to which is
controlled by several aromatic residues.?*=3!1 The dispo-
sition of the substrate at the heme edge allows an efficient
transfer of electrons to the enzyme active species through
the extended porphyrin nt system.’?! In the past decades we
have extensively studied the kinetics and mechanisms of
these reactions using a variety of phenolic compounds and
enzymes from various sources.>*3% In particular, by using
paramagnetic NMR spectroscopic and relaxation rate
measurements we could gain an understanding of the selec-
tivity and stereoselectivity effects observed in the enzymatic

T A T

reactions in terms of the interaction between the enzymes
and the substrates.

In addition to the classical peroxidase reaction, phenolic
substrates can be efficiently nitrated on the aromatic ring
by peroxidases in the presence of nitrite and hydrogen per-
oxide.l37-381 This reaction is important in vivo because ni-
tration of tyrosine, to give 3-nitrotyrosine, has been associ-
ated with a wide range of human and animal diseases.3%-4"]
In fact, nitrite is a major product of nitrogen monoxide
metabolism™*!! and accumulates upon activation of NO
synthases under inflammatory and other disease conditions.
Interestingly, we have recently found that both peroxi-
dases*>#1 and myoglobin*# perform nitration of tyrosine
derivatives through two distinct pathways which involve ni-
trogen dioxide or peroxynitrite, respectively, as nitrating ag-
ents depending on the conditions.

Reconstitution of Myoglobin with Chemically
Modified Hemins and Site-Directed Mutagenesis

Mb, with peroxidases, shares the same heme cofactor and
the same heme distal and proximal His residues (His64 and
His93, respectively, in Mb). However, its globular shape, the
different functional oxidation state of the iron atom, and
the differences in heme environment and overall polarity of
the active site, make the catalytic activity of Mb in peroxi-
dase-type reactions markedly lower than that of the en-
zymes. In particular, Mb lacks the amino acid residues that
are essential for the activation of hydrogen peroxide, i.e. a
distal arginine and a proximal aspartate (Figure 2), and a
specific cleft for substrate binding near the heme. The scope
of our modifications of Mb basically aimed at introducing
these characteristic features into the protein. In our initial
attempts an Arg—Ala residue was covalently linked to one
of the propionate side chains of protohemin and the re-
sulting complex, HM—RA (Scheme 1), was inserted into
horse heart apoMb.*?! Insertion of a modified hemin into
Mb affects the pre-existing network of hydrogen bonds be-
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Figure 2. Mechanism of compound I formation in peroxidases promoted by general acid—base catalysis of polar residues in the active site
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tween the propionate groups of the cofactor and side chain
residues of the protein. In the case of HM—RA, the poly-
peptide fragment Phe43—Lys47 of Mb acquired sufficient
mobility to allow collapse of the distal helix and binding of
distal His to the sixth coordination position of the iron.[ 3
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 histi-
dine residue, HM—H (Scheme 1), the reconstituted Mb
contained a significant portion of high spin form, which
reacted normally with hydrogen peroxide. Since the His imi-
dazole group of the HM—H prosthetic group is partially
protonated at physiological pH, it could play a role similar
to that of distal arginine in peroxidases.

= =
COOH CONH-Arg-Ala COOH CONH-His-OMe
HM-RA HM-H
Scheme 1

Reconstitution of Mb with monosubstituted protohemins
like HM—RA and HM —H unavoidably leads to a mixture
of protein isomers. The hemin derivatives are in fact ob-
tained as 1:1 mixtures of isomers containing the covalent
modification at positions 6 or 7 of the porphyrin ring.
Therefore, upon reconstitution of apoMb four protein iso-
mers are obtained, depending on the type of substitution
on the porphyrin and the mode of incorporation (“up’ or
“down”) of the prosthetic group into the protein
(Scheme 2).*31 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
HM —H derivatives, assessed by NMR spectroscopy.

The problem of Mb reconstitution isomers is reduced in
the approach followed by Hayashi and Hisaeda, where Mb
was reconstituted with synthetic protohemins bearing ident-
ical substituents at both the porphyrin propionates;!!%-2% al-
though, it is expected that the resulting protein derivatives
will bear additional loss of stability because the interactions
between the prosthetic group and the protein are further
weakened.

In further developments we produced site-directed mu-
tants of sperm whale Mb containing those amino acid resi-
dues critical for peroxide activation in peroxidases. In par-
ticular, we replaced the distal Thr67 with either Arg (T67R
MDb)€ or the more flexible Lys residue (T67 K Mb)[47] and
obtained a double mutant where, in addition to the
Thr67Arg mutation, the proximal Ser92 was substituted

2206 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2

with an Asp residue (T67R/S92D Mb) (Figure 3).[481 The
mutants T67 K Mb and T67R/S92D Mb were also reconsti-
tuted with HM —H, while with T67R Mb we could not ob-
tain a stable derivative. The reconstituted sperm whale Mb
derivatives will be indicated as WT Mb—H, T67 K Mb—H
and T67R/S92D Mb—H.

Figure 3. Engineering of the Mb active site: site-directed mutated
residues are underlined

In general, point mutations do not appreciably affect the
overall protein structure and only marginally perturb the
heme environment.[**] The most significant change has been
shown by the X-ray structure of T67R/S92D Mb to consist
of an increase in the conformational mobility of the por-
phyrin propionate-7, which allows this group to span the
heme proximal and distal sides through hydrogen-bonding
interactions with water molecules.*®! The conformational
mobility of propionate-7 is confirmed by marked shift of
its signal in the '"H NMR spectra of all Mb mutants with
respect to the position of the signal in the spectrum of wild
type Mb.[*8] Reconstitution of Mb with synthetic hemins
results in more substantial changes in the NMR spectra,
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but the problem of the existence of several protein isomers
makes a detailed analysis of the NMR spectra impossible.

Ligand Binding Data, Peroxide Activation and
Catalytic Activity

Two representative ligands of different charge and size,
azide and imidazole, were used as probes to investigate the
effect of Mb modification on the affinity and accessibility
of the iron site to external donor molecules. The affinity
for azide is systematically increased upon introduction of a
positively charged Arg, Lys or His residue into Mb by
either engineering or reconstitution of the protein with
HM—H, whereas with the bulky imidazole ligand a signifi-
cant increase in the binding affinity is generally obtained
only with the reconstituted proteins, due to the higher pro-
tein mobility at the entrance of the distal pocket (Table 1).
The enhanced azide binding affinity exhibited by the modi-
fied Mb derivatives is expected to similarly stabilize the
binding of H,O, to the iron as a hydroperoxide ligand. As
with peroxidases, this binding step is rapidly followed by
cleavage of the O—O bond in the Fe'-O—OH complex to
produce a ferryl Mb species and a protein radical
(MbFe'V=0). The positively charged residue introduced
into the modified Mbs is expected to favor the heterolytic
cleavage of the bound hydroperoxide, even though it cannot
be suitably positioned to produce such a strong polarization
effect of the O—O bond as that promoted by distal Arg in
peroxidases. The rate constants for the formation of the
Fe!V=0 Mb radical species (k;) indeed show an appreciable
increase for the modified Mbs, from a value of 760 = 10
M~ s7! for WT Mb to 2100 = 40 m~! s~! for the T67R/
S92D Mb mutant.[*6~48 Regarding the location of the pro-
tein radical, several studies indicate that it is distributed
among several residues, including tyrosine, tryptophan and
histidine residues,*~>3 with tyrosine being largely pre-
ferred, leading to the formation of Tyr—Tyr cross-links and
Mb dimerization.[>¥

To investigate the peroxidase activity of the Mb deriva-
tives we followed a similar approach as in our previous
studies with peroxidases.?37331 We therefore selected a
group of phenolic substrates which are related to tyrosine
and contain substituents on the aromatic ring that can be
useful for investigating selectivity effects in the enzymatic
reaction. During activity, the phenolic substrates undergo

one-electron oxidation to phenoxy radicals by the Mb ac-
tive species, according to a reaction scheme analogous to
that of peroxidases, which can be summarized as follows.

kl
MbFe** + H,0, ——— ‘MbFel"=0 + H,0 @
kZ
‘MbFeV=0 + PhOH —— s MbFelV=0 + PhO- + H* 3)

ks
MbFeV=0O + PhOH + H* —————» MbFe!' + PhO' + H,0O “4)

2 PhQ+ ——  Dimers (fast) %)

The phenoxy radicals evolve independently of the protein
catalyst in solution, giving a fast coupling reaction to di-
meric products,*® which subsequently yield complex mix-
tures of oligomers, as in the peroxidase-catalyzed reac-
tions.’®>31 As discussed above, the rate constant k, can be
determined by the reaction between Mb and hydrogen per-
oxide. The rate of reduction of the first protein intermediate
(MbFe!V=0) by the substrate (k,) is difficult to determine
because this intermediate has optical features similar to the
second intermediate (MbFeY=0), but the process is prob-
ably fast. Considering that ‘MbFe!V=0 does not accumu-
late in solution, the catalytic scheme can be reduced to a
bimolecular ping-pong mechanism.*3 A further simplifi-
cation in the in vitro kinetic scheme can be obtained by
operating under saturating H,O, conditions because in this
case the rate equation reduces to conventional
Michaelis—Menten kinetics, rate = k., [substrate]/(Ky +
[substrate]).[*] Under these conditions, the third step, re-
duction of MbFelV=0 by substrate, is rate limiting, and
we can assume that the rate constant k5 coincides with the
turnover rate constant (kg,).

The kinetic parameters for the catalytic oxidation of (p-
hydroxyphenyl)propionic acid obtained with the various
Mb derivatives exemplify how the catalytic performance of
Mb is enhanced in an additive fashion by engineering and
cofactor reconstitution (Table2). The k., parameter, in
particular, measures the electron transfer rate from the sub-
strate to the MbFe'V=0 center. For a given substrate, this
parameter depends on (i) the redox potential of the ferryl
species, which is likely to increase by introduction of posi-
tively charged residues into Mb, and (ii) the mode of sub-
strate interaction with the protein, which allows a closer
approach to the heme, especially in the case of the reconsti-
tuted proteins. This interpretation is confirmed by the selec-
tivity effects observed in the catalytic reactions, which could

Table 1. Ligand binding constants (Kp) for azide and imidazole by the Mb derivatives, in 0.2 M phosphate buffer pH 6.0 at 25 °C

Protein Azide, Ky (M~ 1) Imidazole, K (M~ 1) References
WT Mb (5.0 = 0.1) x 10* 25+ 1 [46]
WT Mb—H (5.6 = 0.1) x 10* 38 = 1 (471
T67 K Mb (9.8 = 0.5) x 10* 32 =1 (471
T67 K Mb—H (27.0 = 0.1) x 10* 60 = 1 (471
T67R Mb (6.0 = 0.5) x 10* 12 =1 [46]
T67R/S92D Mb (9.0 = 0.1) x 10* 47 £ 1 [48]
T67R/S92D Mb—H (15.0 = 0.1) x 10* 89 £ 2 (48]
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Table 2. Kinetic parameters for the catalytic oxidation of (p-hydroxyphenyl)propionic acid by hydrogen peroxide in the presence of the

Mb derivatives, measured in phosphate buffer pH 6.0 at 25 °C

Protein Keat 571 Ky (mM) kead Kng (M~ 1571 References
WT Mb 1.0 = 0.1 72 =5 14 =04 [46]
WT Mb—H& - - - 1471
T67 K Mb 23+02 2+5 83 +9 (47
T67 K Mb—H 6.7+ 0.4 26 + 3 255 = 18 [47]
T67R Mb 23+ 0.1 12 +2 190 = 25 [46]
T67R/S92D Mb 1.5 0.6 20 =2 80 £ 6 (48]
T67R/S92D Mb—H 6.6 = 0.3 20 =2 330 = 20 (48]

[al Biphasic kinetics.

be rationalized according to a structural model for the pro-
tein-substrate interaction deduced from paramagnetic 'H
NMR spectroscopic relaxation measurements. According to
this technique it is possible to obtain an estimate of the
distances between the protons of the bound substrate and
the paramagnetic Fe center through the enhancement of the
relaxation rate of the nuclei caused by the proximity of the
paramagnetic, high-spin Fe center of the protein (Fig-
ure 4).[46:47]

Figure 4. Distances (in A), deduced by NMR spectroscopic relax-
ation measurements, between the paramagnetic Mb iron(ir) center
and the protons of protein-bound aromatic substrates: p-cresol
(left) and (p-hydroxyphenyl)propionic acid (right)

(p-Hydroxyphenyl)propionic acid carries a side chain
with a charge complementary to that of the residues intro-
duced in the Mb heme environment and is therefore favored
from the point of view of the protein-substrate interaction.
Among the Mb derivatives, the highest catalytic activity
(both in terms of k., and k,/Kyp) is exhibited by T67 K
Mb—H and T67R/S92D Mb—H (Table 2), because with
these reconstituted proteins (p-hydroxyphenyl)propionic
acid can reach closest to the Fe center and thus offer the
most favorable arrangement for the electron transfer pro-
cess.[*7-481 The opposite trend holds for tyramine, which car-
ries a positive charge in the side chain, while tyrosine is a
very poor substrate for all Mb derivatives because it binds
strongly to the protein but at a distance from the
heme. #6481

The best performance by the Mb derivatives, in terms
of ke./Kwm, 1s obtained with p-cresol. The behavior of this
substrate is unusual since its size is comparable with that of
imidazole, and it can enter into the distal cavity of Mb, as
shown by the short distance to the heme (Figure 4).1¢! The
reaction between p-cresol and the Mb active species is

2208 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

therefore unusually fast (almost similar to that of peroxi-
dases),*®l and becomes limited by the reaction between the
Fe3* species and H,O,, making the comparison between
the various Mb derivatives difficult.

Thermodynamic Stability and Stability of the
Proteins during Catalysis

Many globular proteins can be reversibly unfolded in
solution by addition of a denaturant, like urea or guanidin-
ium chloride (Gdn—HCI), to the solution.’®3"] The sta-
bility of the protein, in terms of the unfolding free energy,
can be determined by the analysis of a denaturant-induced
unfolding curve as a function of the denaturant concen-
tration. Unfolding of Mb has been studied intensively, and
in the urea or Gdn—HCI denaturation experiments the be-
havior of the protein has been satisfactorily described by a
two-state model (native/unfolded), without any defined in-
termediate state.’® %21 We obtained thermodynamic data
on the stability of the various Mb derivatives through ther-
mal and Gdn—HCI denaturation experiments, which were
analyzed according to the two-state model.®?l The
Gdn—HCI induced denaturation process was found to be
completely reversible, indicating that the heme remains
bound to the polypeptide chain even at high concentration
of denaturant. On the contrary, the behavior of the proteins
with temperature is different since they tend to precipitate
at higher temperatures and the denaturation process be-
comes irreversible, possibly because, in this case, the heme
is released by the protein. Nevertheless, the trend of thermal
stabilities follows the same order as that found in the
Gdn—HCI denaturation experiments.*”) As shown by the
data reported in Table 3, both protein mutation and protein
reconstitution decrease the stability of Mb, but in the latter
case the effect is more pronounced. The observed trend can
be accounted for in terms of the interactions involved in the
binding of the heme to the protein, since heme binding
gives the most prominent contribution to the stability of the
holo protein. This contribution has been factored into that
of the covalent bond between the iron atom and proximal
His93 (25%), those of hydrophobic interactions between the
heme and apolar residues in the pocket (50%), and those
of specific interactions, which include hydrogen bonds and
charge effects, between the protein and the propionate
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Table 3. Thermodynamic parameters for unfolding induced by Gdn—HCI (AGN_y and —m) and Gdn—HCI concentration causing 50%
denaturation of the Mb derivatives ((Gdn—HCl],), obtained in 0.2 M phosphate buffer pH 6.0 at 25 °C

Protein AG_y (kcal mol™!) —m (kcal mol~! M~ 1) [Gdn—HCl], (M) References
WT Mb 495 £ 0.13 345 = 0.09 1.46 = 0.01 (471

WT Mb—H 3.99 + 0.08 3.64 = 0.07 1.09 = 0.01 (471

T67 K Mb 4.71 = 0.12 3.50 = 0.09 1.36 = 0.01 [47]

T67 K Mb—H 3.35 = 0.07 3.97 = 0.08 0.83 = 0.01 (471

T67R Mb 4.08 = 0.11 344 = 0.09 1.20 = 0.01 this work
T67R/S92D Mb 4.48 + 0.09 3.79 = 0.08 1.16 = 0.01 this work
T67R/S92D Mb—H 1.10 = 0.06 1.35 = 0.05 0.88 = 0.03 this work

groups (25%).193) The specific hydrogen-bonding and elec-
trostatic interactions involving the propionates in sperm
whale Mb are with Leu89, Ser92, His93 and His97 for pro-
pionate-7, and with His64 and Argd5 for propionate-
6.164165]1 The decrease in stability of Mb upon mutation of
the Thr67 residue can be attributed mainly to a change in
conformation of the propionate-7 group, which is shown by
the NMR spectra of the Mb mutants=*% and is con-
firmed by the X-ray structure of T67R/S92D Mb.[*8] The
loss of the hydrogen-bonding structure can be partially
compensated by new interactions established by the mu-
tated residue. This is suggested by the observation that the
most stable Mb mutant, T67 K Mb, is the one that contains
the engineered residue with most flexible side chain that can
more easily establish interactions with other groups in the
protein. The parameter —m that is related to the
protein—water interaction and the surface roughness of the
protein is reported in Table 3. Surprisingly, this parameter
is much smaller for T67R/S92D Mb—H than the other Mb
derivatives. This may indicate a significant difference in the
solvent-exposed surface area of the reconstituted Mb
double mutant or, more likely, the existence of some inter-
mediate state in the unfolding process. The decrease in sta-
bility observed for the reconstituted Mb derivatives is larg-
ely due to the loss of one of the hydrogen-bonding networks
maintained by the two heme propionates in the native pro-
tein. This increases the protein mobility around the heme,
facilitating the interaction with the denaturant. The lowest
free energy of unfolding is observed for the engineered and
reconstituted Mb—H derivatives; here, an additional repul-
sive interaction occurs between the positively charged Lys
or Arg residues and the His residue present in the HM—H
cofactor. Although the reconstitution isomers of each
Mb—H derivative may have different stabilities, the fact
that, in every case, the various protein isomers are formed
in similar amounts indicates that such differences in sta-
bility are limited.

Of particular interest is the problem of protein stability
during catalysis since this is an important aspect for the
assessment of biological catalysts. The Mb active species
formed during turnover are not only able to oxidize exogen-
ous substrates but can competitively react with amino acid
residues, which ultimately leads to loss of catalytic activity.
When the Mb derivative reacts with hydrogen peroxide in
the absence of a substrate, a fast inactivation process occurs,
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which is characterized by an autodegradation rate constant
kp. The inactivation depends on the formation of radical
species, produced at various protein residues, as discussed
above.[**34 In the presence of substrate the catalytic reac-
tion competes with protein degradation and the possible
pathways are summarized in Scheme 3. In this scheme, I
is the Mb active species, S the substrate, IS the complex
substrate—Mb active species, and Mbj,,ciivarea the degra-
dation product (e.g. the protein derivative resulting from
autoxidation of amino acid residues or the porphyrin)
which can be formed directly or through a process mediated
by the bound substrate. The latter process is characterized
by rate constant k'p.
K

D
I Mbinactivated

K, {Hz},
Mb S

T~ IS Mb

k. cat inactivated

‘ Kg ~ Ky

Scheme 3

The competition between the catalytic reaction and pro-
tein degradation depends on substrate concentration but, at
least with the phenolic substrates, inactivation can never be
completely neglected. In fact, the substrate-bound by Mb
can also promote protein inactivation, and the relative im-
portance of this process with respect to substrate oxidation
is governed by the ratio between the rate constants k' p/kcy.
Different situations can be envisaged according to whether
kp = k'p, k'n > kp, or k'y < kp (Table 4 and Figure 5).
Protein autodegradation may not be affected by the pres-
ence of the substrate (k'p < kp), as in the case of T67R
Mb and T67R/S92D Mb, or only marginally affected by the
presence of the substrate (kp = k'p), as in the case of WT
Mb, WT Mb—H and T67 K Mb. This situation occurs
when the active site is relatively closed and the phenoxy
radicals produced by the Mb active species rapidly diffuse
in the solution, thus preventing the substrate-induced
degradation of the protein. The protecting effect exerted by
the protein accounts for the longer lifetime of these biocata-
lysts with respect to simple hemins or microperoxidases
where the active site is quite open and allows for a close
approach of the substrate to the heme, which strongly facili-
tates the substrate induced degradation process.[00 681 A
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Table 4. Protein autodegradation rate constants (kp) and protein degradation rate constants in the presence of the substrate (p-hydroxy-

phenyl)propionic acid (k'p) during catalysis for the Mb derivatives

Protein kp (s71) kK'p(s™h References
WT Mb 193 X 1073 £ 4 X 107> 1.9 x 1073 1471

WT Mb—H 831 X 1073 +1x10° 8.3 x 1073 1471

T67 K Mb 094 X 1073 =8 X 1073 0.9 X 1073 1471

T67 K Mb—H 240 X 1073 +4 x 107* 6.1 X 1073 1471

T67R Mb 220 X 10723 X 107* ~ 0 this work
T67R/S92D Mb 816 X 1073 +1x107* 1.9 x 1073 this work
T67R/S92D Mb—H 1.18 X 1072 =2 x 1074 1.2 X 1072 this work

similar situation is observed with T67 K Mb—H only, for
which the inactivation process in the presence of substrate
is faster than in the absence of substrate (k'p > kp). This
is consistent with the already mentioned increased accessi-
bility of the heme site of T67 K Mb—H to the substrate. In
this case, the phenoxy radical produced by the Mb active
species can attack the porphyrin before diffusing into the
solution, thus causing protein inactivation. However, it is
worth emphasizing that the closer binding of the substrate
to the heme has the advantage of increasing the catalytic
turnover, and we can see from the data in Table 2 and
Table 4 that the increase in k., exhibited by T67 K Mb—H
with respect to WT Mb is significantly larger than the in-
crease in k'p. An increase in the ratio k.,/k'p always im-
proves the performance of the biological catalyst. In gen-
eral, at least with phenolic substrates, the numerical values
of the protein degradation rate constants kp and k' are
about two orders of magnitude smaller than the turnover
rate constants (k¢,), indicating that all Mb derivatives per-
form a large number of catalytic turnovers before under-
going significant degradation.

25 1
20 - T67R (kp>k’p)
"z 15 -
8
=]
g 104 WT Mb-H (kp ~ k’p)
5 -
T67K Mb-H
(kp<Kk’p)
0 T T T 1
0.00 0.01 0.02 0.03 0.04

[p-hydroxyphenyl propionic acid] (M)

Figure 5. Types of behavior of Mb derivatives in the degradation
processes undergone during catalysis; the dependence of parameter
B [defined as B = (kpKy + k'p[S]/(Kym + [SD]#7 on (p-hydroxy-
phenyl)propionic acid concentration is shown under the various
conditions that can affect the degradation process: kp = k'p, k'p
< kp or k'p > kp, depending on the way the substrate interacts
with the protein; protein autodegradation may be only marginally
affected (kp = k'p), unaffected (k'p < kp), or strongly affected
(k'p > kp) by the presence of substrate

2210 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

New Peroxidase-Like Reactions of Myoglobin
Promoted by Nitrite Activation

Nitrite is a major product of nitrogen monoxide metab-
olism.[®7%1  Although nitrite is considered a harmless
metabolite, its accumulation is reported in some pathologi-
cal conditions.”!l Actually, NO,~ dramatically enhances hy-
drogen peroxide toxicity in the presence of heme proteins
because these systems can generate powerful oxidizing and
nitrating species.?%4721 We have recently demonstrated
that enzymatic nitration of tyrosine derivatives*3! promoted
by peroxidase/H,O,/NO,~ proceeds through two distinct
pathways which involve nitrogen dioxide or peroxynitrite,
depending on the conditions, as nitrating agents. A similar
behavior is exhibited by the metMb/NO, /H,0, system.[*4
At low nitrite concentration Mb reacts through the classical
peroxidase-like cycle, with two active intermediates which
can either react with the phenolic substrate, according to
reactions (2)—(4), or with nitrite to generate nitrogen diox-
ide in the competing reactions:

"‘MbFe!V=0 + NO,~ — MbFe!V=0 + NO’ (6)

MbFe!V=0 + NO,~ — MbFe3* + NO,’ )

The enzymatically produced phenoxy radical and NO,
can give then a fast recombination reaction producing the
nitrophenol:

NO, + Ph—O" — O,N-Ph-OH ®8)

NO, + Ph—OH — Ph—0O" + NO,~ ©)

The phenoxy radical can also be produced by reaction of
NO, with phenol. At high nitrite levels this acts as a ligand
for the iron center, and hydrogen peroxide reacts with the
iron-bound nitrite producing an active species that we
formulate as a protein-bound peroxynitrite,
MbFe3* —N(O)OO . This is capable of nitrating the phenol
in a two-electron process:
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MbFe** + NO,~ = MbFe** —NO,~ (10)
MbFe}*—NO,~ + H,0, — MbFe}* —N(0)0O~ + H,O (11)
MbFe3* —N(0)OO~ + PhOH — MbFe** + O,N-PhOH (12)

In the absence of an exogenous substrate Mb catalyzes
its own nitration. Mb contains several amino acid residues
that can be nitrated. Upon treatment of Mb with peroxyn-
itrite Bourassa et al.l”*) found that nitration occurs at the
exposed Tyr103, while Herold et al.l’¥ found that nitration
occurs at Tyr146. By reacting Mb with nitrite and hydrogen
peroxide, we found that the first and most important ni-
tration site is the heme (30% to 50% yield depending on the
conditions), while a secondary protein nitration site has
been identified as Tyr146 (about 5% yield).# This is a sur-
prising result considering that Tyr146 is an inner residue
lined to the Xel cavity of Mb and it is farther from the
heme iron center than Tyr103 (the closest C atom of the
phenol ring is 9.7 A from the iron atom for Tyrl46 and 3.3
A for Tyr103).3175] Therefore, the nitrating agent respon-
sible for the self nitration of Mb does not come from the
outside of the protein but diffuses from the heme to the
Xel cavity and reacts through an intramolecular reaction.

Heme peroxidases catalyze the oxidation of organic sulf-
ides to sulfoxides with a certain degree of stereoselectiv-
ity.[?876 This type of reaction is catalyzed much more ef-
ficiently by chloroperoxidase.l’””~7°1 Through the engineer-
ing of Mb, the group of Watanabe obtained mutants that
exhibit catalytic turnovers and interesting stereoselectivity
effects in the sulfoxidation of thioanisole.0~821 We have
studied the effect of nitrite in the oxidation of aromatic sulf-
ides catalyzed by various Mb derivatives. As shown before,
in the presence of hydrogen peroxide nitrite produces nitro-
gen dioxide or peroxynitrite, which are both powerful ni-
trating and oxidizing species. The idea was that these spec-
ies could participate in the sulfoxidation catalytic cycle of
Mb and increase the efficiency and/or selectivity of the reac-
tion. Indeed, nitrite caused a general improvement in the
enantioselectivity in the produced sulfoxide (with ee up to
about 50% for sulfoxidation of thioanisole).[®3 By analogy
with peroxidases, ! the catalytic scheme we propose for the
sulfoxidation by Mb is the following:

MbFe** + H,0,— ‘MbFe!V=0 + H,0 (12)
"MbFe!V=0 + S — MbFe** + SO (13)
"MbFe!V=0 + S — MbFelV=0 + §* (14)
MbFe!V=0 + S — MbFe** + S (slow) (15)
S*+8*+H,0->S+8S0+2H* (16)
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where S indicates the sulfide and SO the sulfoxide. The first
protein intermediate, ‘MbFe'V=0, can convert sulfide to
sulfoxide by a direct O-transfer reaction [formally a two-
electron process, reaction (13)], or to a sulfur cation radical
by a one-clectron oxidation according to reaction (14). The
second protein intermediate, MbFe'Y=0, can only produce
a sulfur cation radical. The former reaction gives the sulfox-
ide with a certain degree of enantioselectivity, while dismu-
tation of sulfur cation radicals by reaction (16) gives ra-
cemic sulfoxide.[79-84=86 Therefore, the observed enantiose-
lectivity depends on the fraction of Mb that reacts by reac-
tion (13). Nitrite efficiently reduces intermediate MbFe!Y=
O to the native state# according to:

MbFe!V=0 + NO,” — MbFe*" + NOy’ (17

and this process is faster than reaction (15). Therefore, the
effect of nitrite is to reduce the contribution of the pathway
that produces the sulfoxide through the stereochemically
unproductive coupling of sulfur cation radicals.

Concluding Remarks

In this review we summarized our contribution to the
search for new catalytic activities of Mb by combining site-
directed mutagenesis with prosthetic-group modification.
We focused on peroxidase-type reactions promoted by the
activation of hydrogen peroxide because this reagent trans-
forms the iron center into an active species that can, in prin-
ciple, perform controlled reactions on exogenous substrates.
Due to similarities between the active sites of Mb and per-
oxidases, the changes that are introduced in the protein are
insignificant relative to those that are necessary for the
simulation of the activities of other enzymes using Mb. In
general, the results obtained so far clearly indicate that the
strategies of active-site engineering and cofactor modifi-
cation are cumulative in enhancing the pseudo-peroxidase
activity of Mb, and can be further elaborated to introduce
more sophisticated substrate recognition sites into the pro-
tein. We have also introduced a new experimental method
to evaluate the relative stability of the Mb catalysts under
operational conditions and identified the pathways by
which the protein undergoes competitive degradation. Al-
though the investigated reactivities are not natural for Mb,
both peroxide and nitrite activation by this protein may
bear particular importance under pathological conditions
where bursts of nitric oxide and hydrogen peroxide are pro-
duced by the immune defense system.[®”] Manipulating pro-
tein activities by chemical or genetic methods is an intellec-
tual challenge that will strongly affect the way chemists de-
vise new approaches to synthetic methods and applications.

Acknowledgments

This work was supported by funds from PRIN (Progetto di Ricerca
di Interesse Nazionale) of the Italian MIUR. The University of
Pavia and the European COST D21 program are also gratefully

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2211



MICROREVIEW

R. Roncone, E. Monzani, S. Nicolis, L. Casella

acknowledged for support. R. Roncone is a recipient of a research
fellowship from C.I.R.C.M.S.B.

1 H. Frauenfelder, B. H. McMahon, P. W. Fenimore, Proc. Natl.
Acad. Sci. USA 2003, 100, 8615—8617.
21" J. B. Wittenberg, Biol. Bull. 1959, 117, 402—403.
31 M. Brunori, Q. H. Gibson, EMBO reports 2001, 2, 674—679.
1'S. Herold, M. Exner, T. Nauser, Biochemistry 2001, 40,
3385—3395.

I P. K. Witting, D. J. Douglas, A. G. Mauk, J. Biol. Chem. 2001,
276, 3991 —3998.

1 A. Godecke, A. Molojavyi, J. Heger, U. Fldgel, Z. Ding, C.
Jacoby, J. Schrader, J. Biol. Chem. 2003, 278, 21761 —21766.

71 M. Brunori, Trends. Biochem. Sci. 2001, 26, 21—23.

81 D. J. Garry, S. B. Kanatous, P. P. A. Mammen, Trends. Cardiov-
asc. Med. 2003, 13, 111—116.

%1 J. B. Wittenberg, B. Wittenberg, Annu. Rev. Biophys. Biophys.
Chem. 1990, 19, 217—241.

191 D, Galaris, E. Cadenas, P. Hochstein, Arch. Biochem. Biophys.
1989, 273, 497—504.

11 M. Nakamura, S. Nakamura, Biophys. Biochim. Acta 1996,
1289, 329—335.

U2y, Lu, S. M. Berry, T. D. Pfister, Chem. Rev. 2001, 101,
3047—-3080.

131 H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat,
H. Weissig, I. N. Shindyalov, P. E. Bourne, Nucl. Acids. Res.
2000, 28, 235—242.

141y, Watanabe, Curr. Opin. Chem. Biol. 2002, 6, 1—9.

US1'S. K. Ritter, Science 1998, 37—44.

61T, J. Redi, Transfusion 2003, 43, 280—287.

U71'S. Ozaki, M. P. Roach, T. Matsui, Y. Watanabe, Acc. Chem.
Res. 2001, 34, 818—825.

U8y, Watanabe, T. Ueno, Bull Chem. Soc. Jpn. 2003, 76,
1309—1322.

191 T Hayashi, Y. Hitomi, T. Ando, T. Mizutani, Y. Hisaeda, T.
Kitagawa, H. Ogoshi, J Am. Chem. Soc. 1999, 121,
7747—7750.

1201 T Hayashi, Y. Hisaeda, Acc. Chem. Res. 2002, 35, 35—43.

211 C. P. Baron, H. J. Andersen, J. Agric. Food Chem. 2002, 50,
3887—3897.

221 J. Everse, K. E. Everse, M. B. Grisham, Peroxidase in Chemis-
try and Biology, CRC Press, Boca Raton, FL, 1991, vols. 1
and II.

231 H. B. Dunford, Heme peroxidases,Wiley, New York, 1999, ch.
1-3.

241 H. Anni, T. Yonetani, Met. Ions Biol. Syst. 1992, 28, 219—241.

231 1. S. Isaac, J. H. Dawson, Essays Biochem. 1999, 34, 51—69.

1261 P Anzenbacher, J. H. Dawson, T. Kitagawa, J Mol Struct.
1989, 2714, 149—158.

R7T. L. Poulos, J. Kraut, J Biol. Chem. 1980, 255, 8199—8205.

281'W. Adam, M. Lazarus, C. R. Saha-Moller, U. Weichold, D.
Haring, P. Schreirer, Advances in Biochemical EngineeringlBio-
technology (Ed.: Th. Sceper), Springer-Verlag, Berlin, 1999,
pp. 74—108.

291P. R. Ortiz de Montellano, Annu. Rev. Pharmacol. Toxicol.
1992, 32, 89—107.

301 M. Gajhede, D. J. Schuller, A. Henriksen, A. T. Smith, T. L.
Poulos, Nature Struct. Biol. 1997, 4, 1032—1038.

B L. Banci, J Biotechnol. 1997, 53, 253—263.

B2l L. K. Folkes, L. P. Candeias, FEBS Lett. 1997, 412, 305—308.

331 L. Casella, S. Poli, M. Gullotti, C. Selvaggini, T. Beringhelli,
A. Marchesini, Biochemistry 1994, 33, 6377—6386.

B4 L. Casella, E. Monzani, M. Gullotti, E. Santelli, S. Poli, T.
Beringhelli, Gazz. Chim. Ital. 1996, 126, 121—125.

B3I E. Monzani, A. L. Gatti, A. Profumo, L. Casella, M. Gullotti,
Biochemistry 1997, 36, 1918—1926.

B¢ A. De Riso, M. Gullotti, L. Casella, E. Monzani, A. Profumo,

L. Gianelli, L. De Gioia, N. Gariji, S. Colonna, J Mol. Catal.

A 2003, 204/205, 390—400.

o TS S

2212 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

371 A. van der Vliet, J. P. Eiserich, B. Halliwell, C. E. Cross, J.
Biol. Chem. 1997, 272, 7617—7625.

381 J. P. Eiserich, M. Hristova, C. E. Cross, A. D. Jones, B. A.
Freeman, B. Halliwell, A. van der Vliet, Narure 1998, 391,
393-397.

1 H. Ischiropoulos, Arch. Biochem. Biophys. 1998, 356, 1—11.

4011, V. Turko, F. Murad, Pharmacol. Rev. 2002, 54, 619—634.

I R. G. Knowles, S. Moncada, Biochem. J. 1994, 298, 249—258.

421 L. Casella, E. Monzani, R. Roncone, S. Nicolis, A. Sala, A.
De Riso, Environ. Health Persp. 2002, 110, 709—711.

431 E. Monzani, R. Roncone, M. Galliano, W. H. Koppenol, L.
Casella, Eur. J Biochem. 2004, 271, 1—12.

[441'S. Nicolis, E. Monzani, R. Roncone, L. Gianelli, L. Casella,
Chem. Eur. J. 2004, in press.

451 E. Monzani, G. Alzuet, L. Casella, C. Redaelli, C. Bassani, A.
M. Sanangelantoni, M. Gullotti, L. De Gioia, L. Santagostini,
F. Chillemi, Biochemistry 2000, 39, 9571—-9582.

[46] C. Redaelli, E. Monzani, L. Santagostini, L. Casella, A. M.
Sanangelantoni, R. Pierattelli, L. Banci, ChemBioChem 2002,
3, 226—233.

[471 R. Roncone, E. Monzani, S. Labo, A. M. Sanangelantoni, L.
Casella, 2004, submitted for publication.

(481 R. Roncone, E. Monzani, M. Murtas, G. Battaini, A. M. San-
angelantoni, S. Zuccotti, M. Bolognesi, L. Casella, Biochem. J.
2004, 77, 7117—724.

491 C. W. Fenwick, A. M. English, J Am. Chem. Soc. 1996, 118,
12236—12237.

(301 J. A. Degray, M. R. Gunther, R. Tschirret-Guth, P. R. Ortiz de
Montellano, J. Biol. Chem. 1997, 272, 2359—2362.

[511 K. Sugiyama, R. J. Highet, A. Woods, R. J. Cotter, Y. Osawa,
Proc. Natl. Acad. Sci. USA 1997, 94, 796—801.

(521 M. R. Gunther, R. A. Tschirret-Guth, H. E. Witowska, Y. C.
Fann, D. P. Barr, P. R. Ortiz de Montellano, R. P. Mason,
Biochem. J. 1998, 330, 1293—1299.

(331 K. Tsukuhara, K. Kiguchi, M. Matsui, N. Kubota, R. Arak-
awa, T. Sakurai, J. Biol. Inorg. Chem. 2000, 5, 765—773.

(541 O. M. Lardinois, P. R. Ortiz de Montellano, J Biol. Chem.
2003, 278, 36214—36226.

[5IR. A. Gross, A. Kumar, B. Klara, Chem. Rev. 2001, 101,
2097—-2124.

361 ] K. Myers, C. N. Pace, J. M. Scholtz, Science 1995, 4,
2138—2148.

571 G. 1. Makhatadze, P. L. Privalov, Adv. Protein. Chem. 1996,
47,307—-425.

1381 D. Barrick, R. L. Baldwin, Biochemistry 1993, 32, 3790—3796.

(91 D. Barrick, F. M. Hughson, R. L. Baldwin, J. Mol. Biol. 1994,
237, 588—601.

(601 M. S. Kay, R. L. Baldwin, Biochemistry 1998, 37, 7859—7868.

(611 J. Choi, M. Terazima, J. Phys. Chem. B 2002, 106, 6587—6593.

€2 M. M. Santoro, D. W. Bolen, Biochemistry 1988, 27,
8063 —8068.

031 M. S. Hargrove, J. S. Olson, Biochemistry 1996, 35,
11310—11318.

(641 M. S. Hargrove, D. Barrick, J. S. Olson, Biochemistry 1996,
35, 11293—11299.

(651 C. L. Hunter, E. Lloyd, L. D. Eltis, S. P. Rafferty, H. Lee, M.
Smith, A. G. Mauk, Biochemistry 1997, 36, 1010—1017.

(6] [. D. Cunningham, J. L. Bachelor, J. M. Pratt, J Chem. Soc.,
Perkin Trans. 2 1991, 1839—1843.

71T, G. Traylor, W. A. Lee, D. V. Stynes, Tetrahedron 1984, 40,
553—568.

(681 L. Casella, L. De Gioia, G. Frontoso Silvestri, E. Monzani, C.
Redaelli, R. Roncone, L. Santagostini, J. Inorg. Biochem. 2000,
79, 31-39.

(91 L. J. Ignarro, J. M. Fukuto, J. M. Griscavage, N. E. Rogers, R.
E. Byrns, Proc. Natl. Acad. Sci. USA 1993, 90, 8103—8107.

[701 S, Pfeiffer, B. Mayer, B. Hemmens, Angew. Chem. Int. Ed. 1999,
38, 1714—1731.

"1 D. Torre, G. Ferrario, F. Speranza, A. Orani, G. P. Fiori, C.
Zeroli, J. Clin. Pathol. (Lond.) 1996, 49, 574—576.

[
[
[
[

www.eurjic.org Eur. J. Inorg. Chem. 2004, 2203—2213



Engineering and Prosthetic-Group Modification of Myoglobin

MICROREVIEW

[721 M.-L. Brennan, W. Wu, X. Fu, Z. Shen, W. Song, H. Frost, C.
Vadseth, L. Narine, E. Lenkiewicz, M. T. Borchers, A. J. Lusis,
J. J. Lee, N. A. Lee, H. M. Abu-Soud, H. Ischiropulos, S. L.
Hazen, J Biol. Chem. 2002, 277, 17415—17427.

[731 J. L. Bourassa, E. P. Ives, A. L. Marqueling, R. Shimanovich,
J. T. Groves, J Am. Chem. Soc. 2001, 123, 5142—5143.

[74 S, Herold, K. Shivashankar, M. Melh, Biochemistry 2002, 41,
13460—13472.

(731 H. Fraunfelder, B. H. McMahon, R. H. Austin, K. Chu, J. T.
Groves, Proc. Natl. Acad. Sci. USA 2001, 98, 2370—2374.

[701 F. van de Velde, F. van Rantwijk, R. A. Sheldon, Trends in
Biotechnology 2001, 19, 73—80.

[771S. Colonna, N. Gaggero, A. Manfredi, L. Casella, M. Gullotti,
G. Carrea, P. Pasta, Biochemistry 1990, 29, 10465—10468.

[781 S. Colonna, N. Gaggero, L. Casella, G. Carrea, P. Pasta, Tetra-
hedron: Asymmetry 1992, 3, 95—106.

[71 L. Casella, M. Gullotti, R. Ghezzi, S. Poli, T. Beringhelli, S.
Colonna, G. Carrea, Biochemistry 1992, 31, 9451—9459.

Eur. J. Inorg. Chem. 2004, 2203—2213 www.eurjic.org

801 S Ozaki, H. Yang, T. Matsui, Y. Goto, Y. Watanabe, Tetra-
hedron: Asymmetry 1999, 10, 183—192.

811§, Kato, H. Yang, T. Ueno, S. Ozaki, G. N. Philips, S. Fuku-
zumi, Y. Watanabe, J. Am. Chem. Soc. 2002, 124, 8506—8507.

821 H. Yang, T. Matsui, S. Ozaki, S. Kato, T. Ueno, G. N. Phillips
Jr., S. Fukuzumi, Y. Watanabe, Biochemistry 2003, 42,
10174—10181.

831 S, Nicolis, E. Monzani, V. Pironti, S. Colonna, L. Casella,
2004, to be submitted for publication.

[841 U. Perez, H. B. Dunford, Biochim. Biophys. Acta 1990, 1038,
98—104.

1851 U. Perez, H. B. Dunford, Biochemistry 1990, 29, 2757—2763.

1861 E. Baciocchi, O. Lanzalunga, S. Malandrucco, J Am. Chem.
Soc. 1996, 118, 8973—8974.

871 J. K. Hurst, S. V. Lymar, Acc. Chem. Res. 1999, 32, 520—528.

Received February 16, 2004

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2213



