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Microperoxidase-11 (MP11) is an undecapeptide derived from horse heart cytochrome c offering the possibility
to study the reactivity of the heme group relatively unshielded by the protein. Here, the peroxynitrite isomeriza-
tion to NO3

− catalyzed by ferric MP11 (MP11–Fe(III)) is reported. Data were obtained between pH 3.6 and 8.1, at
20.0 °C. The value of the second-order rate constant (kon) for peroxynitrite isomerization toNO3

− byMP11–Fe(III)
decreases from (1.1± 0.1) × 105M−1 s−1, at pH 3.6, to (6.1± 0.6) × 103M−1 s−1, at pH 8.1. The pH dependence
of kon (pKa = 6.9) suggests that peroxynitrous acid reacts preferentially with MP11–Fe(III). The MP11–Fe(III)-
catalyzed isomerization of peroxynitrite to NO3

− has been ascribed to the reactive penta-coordinated heme–Fe
atom of MP11–Fe(III). In fact, cyanide binding to the sixth coordination position of the heme–Fe atom inhibits
the MP11–Fe(III)-catalyzed isomerization of peroxynitrite to NO3

−. The values of the first-order rate constant
(k0) for isomerization of peroxynitrite to NO3

− in the presence of theMP11–Fe(III)–CN complex are superimpos-
able to those obtained in the absence of MP–Fe(III). Values of kon for peroxynitrite isomerization to NO3

− by
MP11–Fe(III) overlap those obtained for penta-coordinated cardiolipin–cytochrome c complex and for
carboxymethylated cytochrome c in absence and presence of cardiolipin. Present results highlight the role of
the heme–Fe(III) co-ordination state in the modulation of cytochrome c reactivity.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Cytochrome c (cyt c) fulfills electron transfer roles in several vital
processes of living organisms, including respiration, photosynthesis,
and fermentation. The prosthetic group of cyt c is formed from the
condensation of heme bwith two protein Cys residues. The fifth coordi-
nation ligand of the heme–Fe atomof cyt c (i.e., the proximal endogenous
ligand) is invariantly His, whereas the sixth endogenous coordination
ligand exhibits high variability, being Met in horse heart cyt c [1–5].

Theheme–Fe atomof hexa-coordinatednative horse heart cyt c is es-
sentially unreactive whereas the heme–Fe atom of penta-coordinated
carboxymethylated cyt c (CM-cyt c), cardiolipin-bound CM-cyt (CL-
CM-cyt c), and cardiolipin-bound cyt c (CL-cyt c) is able to bind exoge-
nous ligands. The reactivity of penta-coordinated ferrous and/or ferric
CM-cyt c, CL-CM-cyt c, and CL-cyt c has been deeply investigated,
highlighting themodulating role of the distal Met80\Fe bond. In partic-
ular, the redox properties, as well as the kinetic and/or thermodynamic
atory for Electron Microscopy,
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parameters for heme-Fe-based reactions, including carbonylation,
nitrosylation, reductive nitrosylation, peroxynitrite isomerization to
NO3

−, nitrite reduction to NO, and peroxidation, have been reported
[6–20].

Microperoxidase-11 (MP11) is an excellent model compound, use-
ful to dissect themodulatory role of theproteinmatrix from the intrinsic
catalytic properties of penta-coordinated heme c. In fact, MP11 is a
heme–peptide complex formed by eleven amino acid residues and a
heme c covalently-linked to the proximal site by the Cys-Xxx-Xxx-
Cys-His sequence, which is highly conserved within most cyt c (Fig. 1)
[1–5,21]. Unlike most members of the cyt c family, which are hexa-
coordinated in both ferrous and ferric states [1–5], MP11 is penta-
coordinated, the sixth heme–Fe coordination ligand being the O atom
of a water molecule in the ferric form (Fig. 1) [21]. Moreover, MP11 is
a model compound of choice to study the effects of axial ligation on
the spectroscopic and functional properties of cyt c [21].

Here, kinetics of MP11–Fe(III)-catalyzed isomerization of peroxy-
nitrite to NO3

− is reported. Peroxynitrite isomerization is catalyzed by
penta-coordinated MP11–Fe(III) while hexa-coordinated MP11–Fe(III)–
CN is non-reactive, this clearly demonstrates that the efficiency of cataly-
sis reflects the heme–Fe(III) accessibility. Moreover, the HOONO species
preferentially reacts with MP11–Fe(III). Values of kon for peroxynitrite
isomerization by penta-coordinatedMP11–Fe(III) overlap those obtained
for penta-coordinated CL-cyt c, CM-cyt c, and CL-CM-cyt c.
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Fig. 1. TheMP11–Fe(III) structure. The numbering of the amino acid residues corresponds
to that of horse heart cyt c.

Scheme 1. Reaction mechanism for spontaneous peroxynitrite isomerization.
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2. Materials

MP11–Fe(III) was obtained from Sigma-Aldrich (St. Louis,MO, USA).
TheMP11–Fe(III) concentrationwas determined spectrophotometrical-
ly at 395 nm (ε=1.23 × 105M−1 cm−1 at pH 7.2 and 20.0 °C) [22]. The
MP11–Fe(III) solution was prepared by dissolving the undecapeptide–
heme–Fe(III) adduct in the 1.0 × 10−1 M sodium phosphate buffer,
pH values ranged between pH 3.6 and 8.1. The final MP11–Fe(III) con-
centration ranged between 1.0 × 10−6 M and 5.0 × 10−5 M.

Peroxynitrite was purchased from Caiman Chemical Company (Ann
Arbor, MI, USA). Nitrate and nitrite contaminations were less than 10%.
The term peroxynitrite refers generically to both ONOO− and its con-
jugate acid HOONO [23–25]. Peroxynitrite was diluted immediately
before use with degassed 1.0 × 10−2 M NaOH to reach the desired
concentration. The final peroxynitrite concentration ranged between
2.5 × 10−5 M and 1.0 × 10−3 M [25–29]. The concentration of
peroxynitrite was determined spectrophotometrically prior to each
experiment by measuring the absorbance at 302 nm (ε302 nm =
1.705 × 103 M−1 cm−1) [30,31].

Experiments in the presence of cyanide at pH 7.2 (1.0 × 10−1 M
sodium phosphate buffer) were carried out by adding 5.0 × 10−4 M cy-
anide to theMP11–Fe(III) and peroxynitrite solutions. This cyanide con-
centration allowed to obtain more than 90% of MP11–Fe(III)-cyanide
complex (MP11–Fe(III)–CN) [22].
Scheme 2. Reaction mechanism for peroxy
All the other chemicals were obtained from Merck AG (Darmstadt,
Germany). All products were of analytical or reagent grade and were
used without further purification.

3. Methods

3.1. Kinetics of peroxynitrite isomerization by MP11–Fe(III)

Kinetics of peroxynitrite isomerization by MP11–Fe(III), MP11–
Fe(III)–CN (final concentration, 1.0 × 10−6 M to 1.2 × 10−5 M), and
phosphate buffer (1.0 × 10−1 M) solutions was monitored at 302 nm,
the characteristic absorbance maximum of peroxynitrite [30,31]. The
peroxynitrite concentration ranged between 2.5 × 10−5 M and
1.0 × 10−3 M.

Kinetic data were obtained by rapid mixing the MP11–Fe(III),
MP11–Fe(III)–CN, and phosphate buffer solutions with peroxynitrite
solution using the SMF-400 rapid-mixing stopped-flow apparatus
(Bio-Logic SAS, Claix, France). The light path of the observation cuvette
was 10 mm and the dead-time was 1.4 ms.

Kinetics was obtained at 20.0 °C and between pH 3.6 and 8.1
(1.0 × 10−1 M phosphate buffer); the pH was always measured at the
end of the reaction. No gaseous phase was present.

BetweenpH3.6 and8.1 andunder conditionswhere theMP11–Fe(III)
and MP11–Fe(III)–CN concentration ranged between 1.0 × 10−6 M and
1.2 × 10−5 M and the peroxynitrite concentration was 1.0 × 10−4 M,
kinetics of peroxynitrite isomerization in the absence and presence of
MP11–Fe(III) and MP11–Fe(III)–CN were analyzed in the framework
of the minimum reaction Schemes 1 and 2, respectively [24,25]:

Values of the first-order rate constant for peroxynitrite isomeriza-
tion in the presence of MP11–Fe(III)–CN, and 1.0 × 10−1 M phosphate
buffer (i.e., k0), and of the pseudo-first-order rate constant for MP11–
Fe(III)-mediated peroxynitrite isomerization (i.e., kobs) have been
determined between pH 3.6 and 8.1, at 20.0 °C, from the analysis of
the time-dependent absorbance decrease at 302 nm, according to
Eq. (1) [23–25,29,32,33]:

peroxynitrite½ �t ¼ peroxynitrite½ �i � e−k�t ð1Þ

where k is k0 or kobs.
Values of the second-order rate constant for MP11–Fe(III)-mediated

peroxynitrite isomerization (i.e., kon) and of k0 have been determined
between pH 3.6 and 8.1 at 20.0 °C, from the linear dependence of kobs
on the MP11–Fe(III) concentration according to Eq. (2) [24,25,32]:

kobs ¼ kon � MP11‐Fe IIIð Þ½ � þ k0 ð2Þ

At pH 3.6 and under conditions where the MP11–Fe(III) concentra-
tion was 5.0 × 10−6 M and the peroxynitrite concentration ranged
from 2.5 × 10−5 M to 1.0 × 10−3 M, kinetics of peroxynitrite isomeriza-
tion in the presence of MP11–Fe(III) were analyzed in the framework of
the minimum reaction Schemes 1 and 3 [24,25]:

Values of the apparent dissociation equilibrium constant for
peroxynitrite binding to MP11–Fe(III) (i.e., Km), of the apparent maxi-
mum velocity (i.e., Vmax), and of k0 have been determined from the
dependence of kobs on the peroxynitrite concentration according to
Eq. (3):

kobs ¼ Vmax � peroxynitrite½ �ð Þ= Km þ peroxynitrite½ �ð Þð Þ þ k0 ð3Þ
nitrite isomerization by MP11−Fe(III).



Scheme 3. Enzymatic mechanism for peroxynitrite isomerization by MP11−Fe(III).
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The value of the apparent second-order rate constant for the forma-
tion of the MP11–Fe(III)–OONO complex (i.e., kon (= Vmax / Km)) has
been also determined from the dependence of kobs on the peroxynitrite
concentration according to Eq. (4):

kobs ¼ kon � peroxynitrite½ � þ k0 ð4Þ

under conditions where [peroxynitrite] ≪ Km. Of note, Eq. (3) reduces
to Eq. (4) under conditions where [peroxynitrite]≪ Km.

The pH-dependence of k0 and kon for peroxynitrite isomerization
in the absence and presence of MP11–Fe(III) allowed to obtain, at
20.0 °C, values of pKa and klim(top) according to Eq. (5) [23–25]:

k ¼ k lim topð Þ � 10−pH
� �

= 10−pH þ 10−pKa
� �� �

ð5Þ

where k is k0 or kon, and klim(top) represents the top asymptotic value of
k under conditions where pH b b pKa.

3.2. NO2
− and NO3

− determination

NO2
− and NO3

− analysis was carried out spectrophotometrically at
543 nm by using the Griess reagent and VCl3 to catalyze the conversion
of NO3

− to NO2
−, as described previously [24,34,35]. Calibration curves

were obtained by measuring 4-8 standard sodium nitrite and sodium
nitrate solutions in 1.0 × 10−1 M phosphate buffer, pH 7.2 and
20.0 °C. The samples were prepared by mixing 500 μL of a MP11–
Fe(III) solution (final concentration, 5.0 × 10−5M in 1.0 × 10−1Mphos-
phate buffer, pH 7.2) with 500 μL of a peroxynitrite solution (final con-
centration, 2.0 × 10−4 M in 1.0 × 10−2 M NaOH), at 20.0 °C, in the
absence and presence of cyanide (=5.0 × 10−4 M). The reaction mix-
ture was analyzed within ca. 10 min.

3.3. Data analysis

Kinetic and thermodynamic data were analyzed using the MatLab
program (The Math Works Inc., Natick, MA, USA). The results are
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Fig. 2. Normalized averaged time courses of peroxynitrite isomerization in the absence
(trace a) and presence of MP11–Fe(III) (trace b) and MP11–Fe(III)–CN (trace c), at
pH 7.2. The analysis of data according to Eq. (1) allowed to determine the following values
of k0 = 0.28 s−1 (trace a), kobs = 0.77 s−1 (trace b), and kobs = 0.29 s−1 (trace c). For
clarity, trace c has been offset by +0.3 units relative to traces a and b. The MP11–Fe(III)
and MP11–Fe(III)–CN concentration was 1.2 × 10−5 M. The peroxynitrite concentration
was 1.0 × 10−4 M. The cyanide concentration was 5.0 × 10−4 M. All data were obtained
at 20.0 °C. For details, see text.
given as mean values of at least four experiments plus or minus the
corresponding standard deviation.

4. Results and discussion

Kinetics of peroxynitrite isomerization, in the absence and presence
of MP11–Fe(III) and MP11–Fe(III)–CN, was recorded by a single-
wavelength stopped-flow apparatus. Under all the experimental condi-
tions, a decrease of the absorbance at 302 nm was observed, as previ-
ously reported [36]. Kinetics of peroxynitrite isomerization was fitted
to a single-exponential decay for more than 91 ± 7% of its course
according to Eq. (1) (Fig. 2). According to literature [24,25], this indi-
cates that no intermediate species (e.g., MP11–Fe(III)–OONO; see
Scheme 2) accumulate(s) in the course of peroxynitrite isomerization.
In particular, the formation of the transient MP11–Fe(III)–OONO spe-
cies represents the rate limiting step in catalysis, the conversion of
MP11–Fe(III)–OONO to MP11–Fe(III) and NO3

−/ΝΟ2
− being faster by at
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Fig. 3. Dependence of the pseudo-first-order rate constant for peroxynitrite isomerization
(i.e., kobs) on the MP11–Fe(III) concentration (A), at pH 3.6 (filled diamonds), 6.2 (filled
triangles), 7.2 (filled circles), and 8.1 (filled squares). The open symbols on the ordinate
indicate values of k0 obtained in the absence of MP11–Fe(III), at 3.6 (open diamonds), at
pH 6.2 (open triangle), 7.2 (open circle), and 8.1 (open square). The continuous lines
were calculated according to Eq. (2) with values of k0 and kon given in Table S1. Depen-
dence of kobs on the MP11–Fe(III)–CN concentration (B), at pH 7.2. The average kobs
value is 0.27 s−1. The open circle on the ordinate indicates the k0 value (0.28 s−1) obtained
in the absence of MP11–Fe(III) and MP11–Fe(III)–CN. The cyanide concentration was
5.0 × 10−4 M. The peroxynitrite concentration was 1.0 × 10−4 M. All data were obtained
at 20.0 °C. Where not shown, standard deviation is smaller than the symbol. For details,
see text.
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least one order of magnitude than the MP11–Fe(III)–OONO complex
formation.

Over the whole pH range explored (from 3.6 to 8.1), the observed
rate constant for MP11–Fe(III)-catalyzed isomerization of peroxynitrite
(i.e., kobs) increases linearly with theMP11–Fe(III) concentration (Fig. 3,
panel A). The analysis of data reported in Fig. 3 (panel A), according to
Eq. (2), allowed the determination of values of the second-order rate
constant for peroxynitrite isomerization by MP11–Fe(III) (kon; corre-
sponding to the slope of the linear plots) and of the first-order rate
constant for peroxynitrite isomerization in the absence of MP11–Fe(III)
(k0; corresponding to the y intercept of the linear plots). Values of kon
and k0 obtained between pH 3.6 and 8.1 are reported in Table S1. Values
of k0 for peroxynitrite isomerization in the absence of MP11–Fe(III)
(Table S1) are in good agreement with those obtained in the absence
and presence of MP11–Fe(III)–CN (Fig. 3, panel B) and those reported
in the literature [23–25,33]. This indicates that the acceleration of the
peroxynitrite isomerization rate by MP11–Fe(III) (i.e., kobs versus k0) is
due to the reaction of peroxynitrite with the heme–Fe(III) atom, which
is inhibited by cyanide. This result agrees with previous observations
concerning the isomerization kinetics of peroxynitrite by cyanide-
bound ferric horse heart myoglobin (Mb), human hemoglobin (Hb),
and human serum heme–albumin (SA–heme–Fe) [24,37].

To confirm the catalytic effect of MP11–Fe(III) on peroxynitrite
isomerization, the dependence of k0 and kobs on the peroxynitrite con-
centration was determined in the absence and presence of MP11–
Fe(III) and MP11–Fe(III)–CN concentration, at pH 3.6 and 7.2 (Figs. 4
and 5).

Under all the experimental conditions, the amplitude of kinetics for
peroxynitrite isomerization increases as a function of the peroxynitrite
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Fig. 4. Effect of peroxynitrite concentration on values of the first-order rate constant for
peroxynitrite isomerization in the presence of MP11–Fe(III)–CN (i.e., k0; open squares)
and 1.0 × 10−1 M phosphate buffer (i.e., k0; open circles), at pH 7.2 (A) and 3.6 (B) and
20.0 °C. The cyanide concentrationwas 5.0 × 10−4M. TheMP11–Fe(III)–CN concentration
was 5.0 × 10−6 M. For details, see text.
concentration (data not shown). At pH 7.2, values of k0 and kobs slightly
decrease on increasing the peroxynitrite concentration (Figs. 4, panel A,
and 5, panel A). This behavior has been postulated to reflect the occur-
rence of the ONOO−/HOONO dimeric adduct at high peroxynitrite con-
centration (N5.0 × 10−5 M), around neutrality [24]. Accordingly, the
decrease of k0 and kobs values on increasing the peroxynitrite concentra-
tion may reflect either the slow MP11–Fe(III)-mediated decomposition
of the ONOO−/HOONO dimeric adduct or the slow dissociation of the
ONOO−/ONOOH dimeric adduct preceding MP11–Fe(III)-catalyzed
isomerization of peroxynitrite [24]. In contrast, values of k0 are indepen-
dent of the peroxynitrite concentration (Fig. 4, panel B), and values of
kobs increase with the peroxynitrite concentration (Fig. 5, panel B), at
pH 3.6. This may reflect the occurrence of the very low level of
ONOO− at pH 3.6 (~0.1%; the pKa value of ONOO−/ONOOH being ~6.8
[33,37,38]), which impairs the formation of the ONOO−/HOONO dimer-
ic adduct. At pH 3.6, the analysis of the dependence of kobs on the
peroxynitrite concentration according to Eq. (3) allowed to estimate
the apparent dissociation equilibrium constant for peroxynitrite bind-
ing toMP11–Fe(III) (Km= (6.7 ± 0.7) × 10−4 M) and of the maximum
velocity for peroxynitrite isomerization (Vmax = 74.4 ± 0.7 s−1).
Moreover, as expected for a simple reaction, the value of kon obtained
at pH 3.6 under conditions where the MP11–Fe(III) concentration
ranges from 1.0 × 10−6 M to 1.2 × 10−5 M and the peroxynitrite
concentration is 1.0 × 10−4 M (according to Eq. (2)) corresponds to
that determined under conditions where the MP11–Fe(III) concentra-
tion is 5.0 × 10−6 M and the peroxynitrite concentration ranges from
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Fig. 5. Effect of peroxynitrite concentration on values of the pseudo-first-order rate con-
stant for peroxynitrite isomerization in the presence of MP11–Fe(III) (i.e., kobs), at pH 7.2
(A) and 3.6 (B) and 20.0 °C. the MP11–Fe(III) concentration was 5.0 × 10−6 M. In panel
B, the open circle on the ordinate indicates the value of k0 obtained in the absence of
MP11–Fe(III). The continuous line in panel B was calculated according to Eq. (3), with
Km = (6.7 ± 0.7) × 10−4 M, Vmax = 74.4 ± 0.7 s−1, and k0 = 0.83 ± 0.08 s−1; the
value of kon (= Vmax / Km) is 1.1 × 105M−1 s−1. The dashed line in panel B was calculated
according to Eq. (4), with values of k0 and kon given in Table S1. TheMP11–Fe(III) concen-
tration was 5.0 × 10−6 M. For details, see text.
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Table 2
Peroxynitrite scavenging by ferric heme–proteins and heme-model compounds.

Heme protein or heme-model compound kon (M−1 s−1)

Methanosarcina acetivorans Pgb Cys101(E20)Ser mutant a 3.8 × 104

Mycobacterium tuberculosis truncated-Hb N b 6.2 × 104

Pseudoalteromonas haloplanktis TAC125 truncated-Hb O c 2.9 × 104

Horse heart Mb d 2.9 × 104

Sperm whale Mb e 1.6 × 104

Sperm whale Mb His64(E7)Ala mutant e 5.8 × 106

Sperm whale Mb His64(E7)Asp mutant e 4.8 × 106

Sperm whale Mb His64(E7)Leu mutant e 5.7 × 104

Sperm whale Mb Phe43(CD1)Trp/His64(E7)Leu mutant e 5.2 × 104

Sperm whale Mb His64(E7)Tyr/His97(F8)Gly mutant e 9.0 × 103

Human Hb f 1.2 × 104

Human SA–heme g 4.1 × 105

Ibuprofen–human SA–heme h 3.5 × 104

Truncated human SA–heme i 4.3 × 105

Ibuprofen–truncated human SA–heme j 5.8 × 104

CL-cyt c k 3.2 × 105

CM-cyt c l 6.8 × 104

CL-CM-cyt c l 5.3 × 105

Fusarium oxysporum cytochrome P450 NO reductase m ~5 × 105

FeTMPS n 6.0 × 104

MP11 o 4.1 × 104

a pH= 7.4 and 20.0 °C. From [44].
b pH 7.0 and 20.0 °C. From [42].
c pH 7.0 and 20.0 °C. From [43].
d pH 7.0 and 20.0 °C. From [24].
e pH 7.5 and 20.0 °C. From [25].
f pH 7.5 and 20.0 °C. From [24].
g pH 7.2 and 22.0 °C. From [37].
h pH 7.2 and 22.0 °C. Ibuprofen was 1.0 × 10−2 M. From [37].
i pH 7.0 and 20.0 °C. From [41].
j pH 7.0 and 20.0 °C. Ibuprofen was 1.0 × 10−2 M. From [41].
k pH 7.0 and 20.0 °C. CL was 1.6 × 10−4 M. From [12].
l pH 7.0 and 20.0 °C. CL was 1.6 × 10−4 M. From [13].
m pH 8.0 and 12.0 °C. From [39].
n pH= 7.6 and 25.0 °C. From [40].
o pH= 7.2 and 20.0 °C. Present study.
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2.5 × 10−5 M to 1.0 × 10−3 M (according to Eq. (4)) (Figs. 3, panel A, 5,
panel B, and Table S1).

The pH dependence of k0 and kon for peroxynitrite isomerization, in
the absence and presence of MP11–Fe(III), was examined to identify
tentatively the species that preferentially react(s) with MP11–Fe(III).
Values of k0 and kon for peroxynitrite isomerization in the absence and
presence of MP11–Fe(III), respectively, decrease on increasing pH
from 3.6 to 8.1 (Fig. 6). The analysis of data reported in Fig. 6, according
to Eq. (5), indicates that values of pKa for the pH dependence of
k0 (pKa = 6.9 ± 0.2) (Fig. 6, panel A) and of kon (pKa = 6.9 ± 0.2)
(Fig. 6, panel B) are essentially the same within the error limit. The
pKa values for the pH dependence of k0 and kon here determined are
in excellent agreement with pKa values reported in the literature [24,
25,33,37,38]. Accordingly, the close similarity of the pH dependence of
k0 (Fig. 6, panel A) and of kon (Fig. 6, panel B) suggests that under all
Table 1
NO3

− and NO2
− distribution of peroxynitrite isomerization in the absence and presence of

MP11–Fe(III), and MP11–Fe(III)–CN, at pH 7.2 and 20.0 °C. a.

MP11–Fe(III)
(M)

MP11–Fe(III)–CN b

(M)
[NO3

−]
(%)

[NO2
−]

(%)
[NO3

−] + [NO2
−]

(%)

– – 81 ± 6 17 ± 4 98 ± 10
1.0 × 10−5 – 91 ± 6 8 ± 3 99 ± 9
– 1.0 × 10−5 79 ± 5 22 ± 3 101 ± 8

a The MP11–Fe(III) concentration was 5.0 × 10−5 M, and the peroxynitrite concentra-
tion was 2.0 × 10−4 M.

b The cyanide concentration was 5.0 × 10−4 M.
experimental conditions HOONO is the species that preferentially
undergoes isomerization.

As shown in Table 1, the spontaneous isomerization of peroxynitrite
yielded 80 ± 6% NO3

− and 20 ± 4% NO2
−, and (the NO3

− and NO2
− yields

increased (91 ± 5%) and decreased (8 ± 3%), respectively, in the pres-
ence of MP11–Fe(III). These results agree with those previously obtain-
ed for the spontaneous isomerization of peroxynitrite and for the ferric
horse heart Mb-, human Hb-, and human SA–heme-catalyzed isomeri-
zation of peroxynitrite [24,37].

Peroxynitrite isomerization is catalyzed bypenta-coordinatedMP11–
Fe(III), while hexa-coordinatedMP11–Fe(III)–CN is non-reactive (Figs. 3
and 4). This demonstrates that the efficiency of the catalytic process
reflects the access to and the coordination of the heme–Fe(III) atom.
The values of kon for peroxynitrite isomerization by ferric heme–proteins
and heme-model compounds range between 9.0 × 103 M−1 s−1 and
5.8 × 106 M−1 s−1 (Table 2) (see [12,13,24,25,37,39–44] and present
study), reflecting the coordination of the heme–Fe(III) atom. In fact,
cardiolipin (CL) binding facilitates peroxynitrite isomerization by wild-
type and carboxymethylated ferric horse heart cyt c inducing the cleav-
age or the severe weakening of the sixth coordination bond of the
heme–Fe(III) atom [12,13,45]. In contrast, ibuprofen binding to the FA2
site of ferric wild-type and truncated human SA-heme induces the
hexa-coordination of the heme–Fe(III) atom, with the consequent inhi-
bition of the heme-based reactivity [37,41,46]. Also, hexa-coordinated
ferric horse heart cyt c and human neuroglobin [47,48] do not catalyze
the peroxynitrite conversion to NO3

− [12,49]. Moreover, the analysis of
kon values for peroxynitrite isomerization by wild-type and mutants of
sperm whale Mb(III) (see Table 2) suggests that the heme–Fe(III) reac-
tivity is regulated not only by steric factors modulating the ligand access
to the metal center, but also by the Lewis acidity of the heme–Fe(III)
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atom [25]. In fact, the His64(E7)Ala and His64(E7)Asp mutations facili-
tate the ligand access to the heme–Fe(III) center and the peroxynitrite
isomerization to NO3

− [25]. In contrast, the low reactivity of His64(E7)
Leu and Phe43(CD1)Trp/His64(E7)Leu mutants has been attributed
to the steric hindrance of the Leu64(E7) residue, which limits the
peroxynitrite access to the heme–Fe(III) center [25]. Furthermore, the
low kon value of the His64(E7)Tyr/His97(F8)Gly mutant has been
ascribed to either a limited accessibility of peroxynitrite to the catalytic
center or the reduced Lewis acidity of the heme–Fe(III) atom, as a conse-
quence of the Tyr64(E7) residue binding [25].

In conclusion, it is interesting to point out that, in spite of the steri-
cally open access for the exogenous ligand, the reactivity of MP11–
Fe(III) with peroxynitrite falls in a slower range of values for kon (even
two orders of magnitude lower, see Table 2) with respect to the
sperm whale Mb mutants having a penta-coordinated heme–Fe(III)
atom (thus, not a high-spin hexa-coordinated H2O-bound heme–Fe(III)
atom, as in MP11–Fe(III) and in wild type sperm whale Mb). This
strengthens the hypothesis that, in addition to the steric hindrance
of the protein moiety, peroxynitrite reactivity is critically modulated by
the heme–Fe(III) atom coordination and Lewis acidity.

5. Conclusion

Heme-model compounds may play a primary role for dissecting the
distinct contributions leading to the physico-chemical properties
shown by a heme–protein. In particular, the roles played by the protein
moiety and the metal active site may be better differentiated through
this kind of approach. Moreover, heme-model compounds may provide
an important contribution for the construction of chimeric proteins
with novel active sites, potentiating and/or diversifying the enzymatic
activity of a protein [21,50,51]. In this respect, complexes of human SA
with hemes, phthalocyanines, and microperoxidases display metal-
based catalysis and have been postulated to play a relevant role(s) in
biotechnological applications [52].

Abbreviations

CL cardiolipin
CL-cyt c CL-bound cyt c
CM-cyt c carboxymethylated-cyt c
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chloride
Hb hemoglobin
Mb myoglobin
MP11 microperoxidase containing 11 amino acid residues
MP11–Fe(III) ferric MP11
Pgb protoglobin
SA serum albumin
SA-heme serum heme–albumin
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