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Abstract

Significance: Failure to maintain myoglobin (Mb) in the reduced state causes the formation of metMb, ferryl Mb
species, and cross-linked Mb. Dissociation of ferriprotoporphyrin IX from the globin and release of iron atoms
can also occur as oxidized Mb accumulates. These modifications may contribute to various oxidative pathologies
in muscle and muscle foods. Recent Advances: The mechanism of ferryl Mb-mediated oxidative damage to
nearby structures has been partially elucidated. Dissociation of ferriprotoporphyrin IX from metMb occurs more
readily at acidic pH values. The dissociated ferriprotoporphyrin IX (also called hemin) readily decomposes
preformed lipid hydroperoxides to reactive oxygen species. Heme oxygenase as well as lipophilic free radicals
can degrade the protoporphyrin IX moiety, which results in the formation of free iron. Critical Issues: The
multiple pathways by which Mb can incur toxicity create difficulties in determining the major cause of oxidative
damage in a particular system. Peroxides and low pH activate each of the oxidative Mb forms, ferriprotopor-
phyrin IX, and released iron. Determining the relative concentration of these species is technically difficult, but
essential to a complete understanding of oxidative pathology in muscle tissue. Future Directions: Improved
methods to assess the different pathways of Mb toxicity are needed. Although significant advances have been
made in the understanding of Mb interactions with other biomolecules, further investigation is needed to

understand the physical and chemical nature of these interactions. Antioxid. Redox Signal. 18, 2342-2351.

Introduction

NDERSTANDING THE REDOX CHEMISTRY of myoglobin

(Mb) is challenging due to the multiple forms that can
simultaneously be present under oxidative conditions. These
include O,(II)Mb, deoxy(I[)Mb, met(II[)Mb, cross-linked Mb,
hemochrome, and hemichrome (see List of Definitions). Ferryl
forms of Mb may also be present [Mb(IV)=0 and Mb°®"*
(IV)=0]. In addition, hemin (also termed ferriprotoporphyrin
IX) can dissociate from the globin at low pH values found in
muscle foods and at sites of inflammation and ischemia (68).
Ferriprotoporphyrin IX is indicative of the protoporphyrin
that contains a ferric iron (Fe**) atom. Ferriprotoporphyrin IX
dissocation from sperm whale metMb at 37°C is 140-fold faster
at pH 5.0 compared to pH 7.0 (26). Ferriprotoporphyrin IX
dissociation from Asian carp metMb at 4°C occurred readily at
pH 5.5, while little dissociation occurred at pH 6.0 (74). Iron
atoms can be released upon destruction of the protoporphyrin
IX ring by hydrogen peroxide (H,O,) and lipophilic free rad-
icals (LFR) (45). A minireview related to the role of released
iron atoms from Mb in renal dysfunction is available (29).

It is also important to differentiate redox reactions of Mb
from those of hemoglobin (Hb). The hemin affinity of metHb
(and its subunits) is 27-fold to ~3000-fold lower compared to
metMb (27). Thus, Hb appears particularly suited to promote
oxidative damage through release of its ferriprotoporphyrin

IX moiety, whereas the situation with Mb is less clear. Mb can
form a protein-bound heme adduct with oxidase activity
(based on oxygen consumption) that greatly exceeds that of
Hb (49). Nitrite facilitates the formation of a ferryl protein
radical in the case of oxyMb, but not oxyHb (37).

Mb is reactive with various biomolecules, including pre-
formed lipid hydroperoxides (LOOH), polyunsaturated fatty
acids (PUFA), ascorbate, phenols, nitric oxide (NO), and
copper. This review will focus on the wide range of redox
reactions that involve Mb at various valence states as well
as reactions involving dissociated hemin and liberated iron
atoms.

Practical Considerations

Metal chelators can be used to probe the effect of iron re-
leased from Mb (20, 72, 75). However, electron donation from
desferrioxamine, a metal chelator, can inhibit oxidative action
of Mb by scavenging free radicals (36). Free radical scaveng-
ing by desferrioxamine can thus inhibit lipid oxidation by a
mechanism independent from chelating iron that is released
from protoporphyrin IX (61). This observation indicates that
caution is necessary when interpreting effects of certain in-
hibitors that are errantly considered to be specific.

Ethanol can be used as a solvent for amphiphilic molecules
(e.g., unsaturated aldehydes) that affect the redox properties
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of Mb. The ability of ethanol to reduce Mb(IV)=0 to de-
oxy(I)Mb, producing acetaldehyde, has been reported (25).
Thus, the effects of solvents should be considered when as-
sessing oxidation-reduction reactions of Mb.

Mb rarely is obtained fully reduced due to some Mb oxi-
dation during purification and handling. Reduction of metMb
can be accomplished with sodium dithionite. However, dur-
ing desalting, a mixture of dithionite, O,, and deoxy(I[)Mb can
facilitate rapid H,O, formation that oxidizes Mb. Maintaining
an anaerobic atmosphere during reduction followed by rapid
gel filtration can minimize oxidation (15). A chromatographic
procedure of resolving ferrous and ferric Mb is available (32).

Formation of superoxide radicals and H,O, during Mb
oxidation can hamper quantification of the rate of autoxida-
tion, k., a measure of met(Il[)Mb formation. H,O, can react
with deoxy(II)Mb to form mixtures of Mb(IV) =O and Mb(III).
The optical absorbance spectra in the UV and visible regions
of Mb(IV)=0 and met(Ill)Mb is similar, which makes it
challenging to quantify the concentration of met(III)Mb in the
presence of Mb(IV) = 0. Superoxide dismutase and catalase (3
mmol/mol of heme) can be added to Mb solutions to scav-
enge superoxide radicals and H,O,, respectively, so that
conversion of deoxy(I)Mb to met(II)Mb can be quantified
precisely without interference from Mb(IV)=0O (15). Equa-
tions have been described to calculate the relative concentra-
tion of O,(I[)Mb, met(II[)Mb, and Mb(IV) =0 utilizing optical
absorbance values at 490, 560, and 580 nm in the event that no
additional Mb forms are present (33). Adjustments of extinc-
tion coefficients for different Mb forms may be necessary
when pH is varied (11). Hemichromes must also be accounted
for when present (14). The presence of hemichrome can be
assessed by adding excess dithionite to Mb buffered at pH 8,
which will result in hemochrome spectra with a large peak at
560 nm (Table 1) if the nonreduced sample was a hemichrome.
Electron paramagnetic resonance is useful in the detection of
ferryl radical forms of Mb and hemichromes (53).

Cross-linked forms of Mb can be detected utilizing high-
performance liquid chromatography (HPLC) (59). H64Y/
V68F apoMb can be used to measure dissociation of ferri-
protoporphyin IX from metMb (26). The Tyr64 substitution
causes there to be strong optical density at 600nm upon
binding of ferriprotoporphyrin IX. The Phe68 substitution
increases protein stability. Measurement of iron that is re-
leased from degraded protoporphyrin IX can be assessed with
bathophenanthroline disulfonic acid, assuming that a chelator
with a higher affinity for iron is not present (65).

Structural Aspects of Mb and Nomenclature
Considerations

Mammalian Mb is comprised of 153 amino acids and
contains the protoporphyrin IX moiety. The central part of
protoporphyrin IX contains iron that has six coordination
sites. Four of the sites are occupied by nitrogen atoms of the
protoporphyrin IX ring and one is attached to the proximal
imidazole group of a histidine that is part of the globin (Fig. 1).
The sixth site forms a complex with ligands, such as O,. The
terms “heme” and “hemin” can be used to describe the pro-
toporphyrin ring containing a ferrous (Fe®*) and ferric (Fe**)
iron atom, respectively. O,(I)Mb and deoxy(I[)Mb contain
heme and met(III)Mb contains hemin. The preferred nomen-
clature is ferroprotoporphyrin IX for heme and ferriproto-
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TaBLE 1. UV AND VISIBLE OPTICAL ABSORBANCE SPECTRA
OF DIFFERENT MYOGLOBIN FORMS, FERRIPROTOPORPHYRIN
IX (HEmIN), AND A HEMIN DEGRADATION PRODUCT

Visible Visible

Soret range range

peak  peak(s) peak(s)
Form (nm) (nm) (nm) References
O(IHMb 418 543 581 )
deoxy(I[)Mb 435 560 ®)
met(Il)Mb 408 502 630 )
Mb(IV)=0 420 549 582 (shoulder) (33, 55)
Crosslinked 405408 589 (50, 59)

Mb (pH 7.0)
Crosslinked 398 482, 546 580, 720 59)
Mb (pH 1.9)

Hemichrome 415 535 565 (shoulder) (17)
Hemochrome? 529 558 (53)
CO(II)Mb 424 540 579 ()
NO®II)Mb 421 543 575 5)
CN(IIMb 423 540 560 (shoulder) (5)
Sulf(IMb 420 617 (46)
Sulf(I)Mb 404 595 715 (46)
Hemin’ 384 508, 538 639 (12)
Biliverdin® 350 674 (82)

“Reported for hemoglobin (Hb) f chain.

PWhen present in 90% acetone, 8% water, and 2% HCI (12 N).

“Biliverdin results from enzymatic reaction of heme oxygenase
with hemin.

Mb, myoglobin.

porphyrin IX for hemin (see List of Definitions). The term
“heme degradation” implies that only ferroprotoporphyrin IX
can be degraded which is not the case, and thus this nomen-
clature should be avoided. The term “hemin affinity” is often
used when specifically referring to affinity of ferriprotopor-
phyrin IX for the globin of metMb.

The polypeptide chain is organized as eight helices denoted
A through H (Fig. 1). The proximal histidine that anchors the
globin to the iron atom of protoporphyrin IX is at position F8,
the eighth residue along the F helix. In sperm whale Mb, this is
residue 93 in the polypeptide chain. The distal histidine which
hydrogen bonds with ligands, such as O, is at site E7, the
seventh residue along the E helix. Nomenclature also exists for
residues organized as coils between helices. For example, site
CD3 represents the third residue between the C and D-helix.
Arginine at CD3 in sperm whale Mb forms electrostatic con-
tacts with the heme-6-propionate (H6P) group and His(FG3)
forms electrostatic contacts with the heme-7-propionate (Fig.
1). The equilibrium association constants (M~ 1 of Mb for O,
CO, and NO are 1, 27, and 2.2x10°, respectively (48). Butyl
isocyanide was shown to bond to the iron atom of ferriproto-
porphyrin IX in Mb (70). This demonstrated that relatively
large molecules can fit in the distal pocket of undenatured Mb.

Autooxidation of Mb

“Autooxidation” is the preferred terminology to describe
spontaneous conversion of O,(IlMb or deoxy(I[)Mb to me-
t(II)Mb. Shikama (66) describes inner sphere and outer
sphere electron transfer mechanisms of Mb autooxidation.
Early work describes the iron atom in oxyhemoglobin to be
ferric, which may suggest that the O, bound exists as the
superoxide anion radical (80). Formation of met(II[)Mb from
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FIG. 1. Ribbon representation of O,(INMb including the
ferroprotoporphyrin IX moiety. Structural aspects of sperm
whale O,(II)Mb are shown. The distal histidine, proximal his-
tidine, and ferroprotoporphyrin IX (heme) moiety are shown
in stick representation. Each helix is labeled. The iron atom in
the center of the heme ring and ligand O, are shown as spheres.
The heme-6-propionate (H6P) group is to the left of the heme-
7-propionate. The PDB structure 1IMBO (51) was used to pre-
pare the image shown using PyYMOL software. Mb, myoglo-
bin; PDB, Protein Data Bank. To see this illustration in color,
the reader is referred to the web version of this article at
www liebertpub.com/ars

O,(I)Mb is proton-mediated (15). Protons enter the heme
pocket and protonate liganded O,. The positive charge on O,,
from the protonation, causes a one-electron removal from the
iron atom of ferroprotoporphyrin IX to be energetically fa-
vorable. The neutral superoxide radical then dissociates re-
sulting in met(II[)Mb formation (Reaction 1):

Ox(IDMb +H ™ — * HOO—Mb(II) » met(Ill)Mb + HOS
(Reaction 1)

The neutral form of the distal histidine (E7) forms a hy-
drogen bond with liganded O,, which hinders protonation of
bound O, (Fig. 2). However, protonation of E7 due to lower
pH will weaken this hydrogen bond by causing the cationic
distal histidine to rotate out into solvent, which facilitates
met(Ill)Mb formation. Thus, decreasing pH from 6 to 4
opened the distal histidine gate of CO(II)Mb (81). Protonation
of the proximal histidine (F8) disrupts the heme-globin link-
age, which can increase access of protons and water to the
heme cleft. Protonation of the H6P will also weaken the heme-
globin linkage by decreasing the electrostatic interaction of
H6P with site CD3, which is a lysine or arginine residue in
most Mbs. It should be noted that the distance between H6P
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FIG. 2. Amino acid substitution of Leu29 with phenylal-
anine increases O, affinity. Phenylalanine at site B10
stabilizes O, that is liganded to the iron atom of ferroproto-
porphyrin IX in Mb. L29F is used to describe this Mb mutant
because site B10 is the 29th residue in sperm whale Mb. Leucine
at B10 in native Mb does not stabilize O, to the iron atom of
ferroprotoporphyrin IX, which results in lower O, affinity.
Image is adapted from ref. (63).

and CD3 is 3.8 A at pH 8.0 and increases to 9.0 A at pH 5.7 in
perch Hb, which shows extremely high rates of autooxidation
under acidic conditions (6).

Deoxy(I)Mb reacts with O, to produce met(Ill)Mb and
superoxide radical by a bimolecular outersphere mechanism
(15). Low oxygen partial pressures will facilitate formation of
met(II[)Mb from deoxy(I[)Mb (Reaction 2):

deoxy(II)Mb + O, = met(II)Mb +°*~ O, (Reaction 2)

Conversely, increasing oxygen affinity decreases met(II[)Mb
formation as can be demonstrated by site-directed mutagenesis
at site B10, which is residue 29 and the 10th residue along the B
helix (Fig. 1). Substitution of leucine at site B10 with phenyl-
alanine (L29F) decreased the equilibrium O, dissociation
constant of Mb 16-fold and decreased met(II[)Mb formation
10-fold (15). The partial positive edge of the benzyl side chain of
phenylalanine at B10 stabilizes the bond between O, and the
iron atom of the heme (Fig. 2). Phe(B10) may also prevent
protonation of liganded O, by steric hindrance. These effects
greatly reduce met(II[)Mb formation.

As O(IMb and deoxy(I)Mb oxidation proceeds, super-
oxide anion radicals (*~ O) and neutral superoxide radicals
(HO3) are released, reacting with each other (and protons) to
form HyO, (Reactions 3-5). The pKa for the acid /base pair of
superoxide radical is ~5, and thus pH will dictate whether
HOj or *~ O, is the dominant by-product of Mb autooxida-
tion. Note the rapid rate of HO, formation from HOj com-
pared to °~ O, shown in Reactions 3-5 (24). Enzymatic
conversion from superoxide radical to H,O, by superoxide
dismutase also occurs. Activated leukocytes can generate
H,0, concentrations up to 200 uM in vitro (1).

"0, +°* "0, +2HT - H,0, 4+ 0, (k < 03 M~ 1s71)
(Reaction 3)

"0, +HO +HT 5 H0, + 0, (k=9.7x10°M " 's 1)
(Reaction 4)

HO; +HOS > H,0, + 0, (k=8.3x10°M s 1) (Reaction 5)

NADH cytochrome bs reductase converts met(III)Mb to
deoxy(I)Mb (23). An active b5 reductase can cause Mb to be a
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continuous source of H,O,. This is because the reduction of
met(II)Mb to deoxy(II)Mb will result in subsequent Mb au-
tooxidation that provides additional superoxide radicals as
each equivalent of met(II[)Mb formation occurs. One function
of NADPH cytochrome P450 reductase is to convert O, to
superoxide anion radical (34). NADH oxidase of activated
granulocytes converts O, to superoxide radical (78). Xanthine
oxidase utilizes O,, water, and xanthine (or hypoxanthine) to
generate H,O, (12).

Reaction of Mb with H,0,

Reviews regarding reactions of Mb and Hb with H,O, are
available (56, 58). A mechanism involving three steps was
described when 2.5-fold excess of H,O, was added to
O,(IHMb at pH 7.0 (1). Step 1 is oxidation of deoxy(II)Mb to
Mb(IV)=0, followed by autoreduction to met(Il[)Mb. Me-
t(I[)Mb then reacts with an additional H,O, molecule to re-
generate Mb(IV)=0, creating a pseudoperoxidase catalytic
cycle (Fig. 3). There can be complexity to the ferryl species
formed as described below.

The reaction of met(IIl)Mb with H,O, results in formation
of a ferryl Mb radical that can initially be cationic (Reaction 6)
(34). Reduction of H,O, to water requires two electrons. One
electron is from the ferric iron atom of met(II[)Mb and the
second electron comes from oxidizing the globin. Oxidation of
the globin causes formation of a free radical on the proto-
porphyrin IX ring or an amino acid of Mb.

met(IIH)Mb + H,O, > Mb** (IV)=0 +H,O  (Reaction 6)

A peroxyl protein radical (denoted as ROO® and not to be
confused with a lipid peroxyl radical) can result from a reaction
of the neutral ferryl Mb radical with O,. Trp14 in Mb is oriented
coplanar with the porphyrin ring and readily forms ROO® (58).
Tyrosine residues generally form nonperoxyl Mb radicals.

The reaction of met(II[)Mb with H,O, induce Mb(IV)=0
formation, coupled with the formation of Mb**(IV)=0, in

deoxy(I[)Mb
H,0,
k

H,0

Mb(IV)=0*
H,0
ks
k3
H,0,

met(IT)Mb

FIG. 3. Pseudoperoxidase cycle involving Mb and H,O,.
Deoxy(I)Mb reacts with hydrogen peroxide (H,O,) resulting in
a Mb(IV) =0 and water. Mb(IV) =0 undergoes auto-reduction
to met(Ill)Mb. Met(Il[)Mb reacts with an additional H,O,
molecule resulting in regeneration of Mb(IV) = O. *Formation of
Mb(IV) =0 after reaction of met(Ill)Mb with H,O, is often de-
scribed as coupled with the formation of a porphyrin or protein
ferryl Mb radical. Reaction scheme is adapted from ref. (1).
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which protonation of Mb(IV)=0 generate an Mb(III) radical
that oxidizes exogenous substrates or internal amino acid side
chains, regenerating met(II[)Mb (60). A pK of ~4.7 was de-
termined for the protonation of Mb(IV) =0 (67). The ability of
H,0, to promote formation of cross-linked Mb was described
as pH decreased from 7 to 4 (59). One pathway involves
protonation of **Mb(IV) =O. *Mb(IV)-OH then rearranges to
form a diradical Mb(III) species that becomes cross linked
upon protonation. Cross-linked Mb is a green pigment, which
may be due to disruption of the conjugation of one of the
pyrrole rings. The distal histidine (His64) has been implicated
as a key residue that facilitates formation of cross-linked Mb
rather than Tyr103 (57).

Cross-linked Mb was shown to facilitate lipid oxidation in
low-density lipoproteins (LDL) and pure phospholipids more
readily compared to native Mb at pH 7.4 (76). Conversely,
cross-linked Mb resulting from reaction of Mb(III) with H,O,
did not promote lipid oxidation in linoleic acid micelles in the
pH range of 5.5-6.5 (9). At pH 7.4, addition of met(II[)Mb to
linoleate containing H,O, resulted in competitive formation
of Mb*(IV)=0 and a Mb hemichrome that was unable to
promote lipid oxidation (10). The maximal yield of cross-
linked Mb from O,(I)Mb and met(II[)Mb was around 29%
and 37%, respectively, at a five-fold excess of H,O, (59). An
extinction coefficient of 76mM ™' cm™! was reported for
cross-linked Mb at 408 nm (76). Thus, a decrease in the Soret
peak may be due to conversion of O,(I)Mb (¢ mM ™" cm ™"
~157) and met(IIHMb (emM~! cm™' ~188) to cross-linked
Mb. However, the potential for ferriprotoporphyrin IX dis-
sociation from the globin and protoporphyrin IX degradation
should also be assessed, both of which will decrease the Soret
peak.

Reaction of Mb with LOOH

Heterolytic and hemolytic cleavage of LOOH by me-
t(III)Mb is expressed as follows:

met(IlN)Mb + LOOH —Mb* * (IV)=0 + LOH (heterolytic)
(Reaction 7)

met(IIH)Mb + LOOH— Mb(IV)=0 + LO® + H " (homolytic)
(Reaction 8)

Sperm whale met(IIl)Mb catalyzed twice as much hetero-
lytic as homolytic scission of a tert-butyl type LOOH at pH 7.4
(2). In the heterolytic mechanism, transfer of electrons from
ferriprotoporphyrin IX to the oxygen is facilitated by electron
release from the proximal histidine-iron bond and by proton
transfer to the departing oxygen from the protonated distal
histidine (52). Formation of a peroxyl radical (LOO?®) is also
possible by the ferryl species that is formed by the heterolytic
scission (2). The alkoxyl radical (LO®) readily undergoes in-
tramolecular cyclization to expoxyallylic radical that couples
with O, to form the epoxyperoxyl radical; the steady state
concentration of LO® was described to be low relative to the
epoxy radical forms (42).

Dissociation of Ferriprotoporphyrin IX (hemin)
from met(lll)Mb

Acidic conditions and oxidation of Mb dramatically de-
crease the ability of Mb to retain the protoporphyrin IX
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moiety. Dissociation of ferriprotoporphyrin IX from me-
t(III)Mb at 37°C was 140-fold faster at pH 5.0 compared to pH
7.0 (26). Protonation of the proximal histidine (F8) disrupts
coordination with the iron atom of ferriprotoporphyrin IX,
whereas the stronger covalent bond in deoxy(Il)Mb and
O,(II)Mb prevents protonation until the pH drops below 3.0.
Dissociation of ferroprotoporphyrin IX from deoxy(II)Mb is
mediated by global unfolding and solvation of ferroproto-
porphyrin IX, which disrupts the ferrous iron-proximal his-
tidine bond (73).

Decreasing hemin affinity of met(II[)Mb by site-directed
mutagenesis [His(FG3)*’ Ala] increased lipid oxidation in
washed muscle fibers at pH 5.7, whereas increasing hemin
affinity [Val(E11)®®Thr] decreased lipid oxidation (22). The
relatively small and apolar alanine substitution at FG3 ne-
gates the electrostatic or hydrogen bonding interaction of
His97 with the heme-7-propionate (Fig. 4), decreasing hemin
affinity 39-fold (28). The threonine substitution at E11 sta-
bilizes coordinated water in met(IIl)Mb increasing hemin
affinity 25-fold compared to wild-type Mb that contains
valine at E11, which cannot hydrogen bond with the water
(Fig. 4). The ability of dissociated ferriprotoporphyrin IX to
react with LOOH and facilitate formation of LO® and LOO® is
as follows:

protoporphyrin(Ill) + LOOH— LO® +
protoporphyrin(IV) — OH

protoporphyrin(IV) — OH + LOOH—LOO® +
protoporphyrin (IIl ) + H,O

(Reaction 9)

(Reaction 10)

This cycling of ferric and ferryl protoporphyrin IX suggests
that the protoporphyrin moiety can act pseudo-catalytically
as long as LOOH is available. However, LO® and LOO® (Re-
actions 9 and 10) degrade the porphyrin moiety, which would
negate pseudo-catalytic activity (45). Protoporphyrin IX is an
amphiphilic molecule, which favors incorporation into the
phospholipid bilayer, where preformed LOOH are located.
Acidic pH may be necessary for ferriprotoporphyrin IX that
dissociates from metMb to intercalate into phospholipids
because apoMb effectively removed hemin from liposomes at

-

Wild type

RICHARDS

pH 8.0 (40, 41). At the same time, met(II[)Mb was reported to
transfer some ferriprotoporphyrin IX into LDL at pH 7.4 in the
presence of H,O,, leading to apoB and LDL oxidation (21).
Thus, dissociated ferriprotoporphyrin IX from metMb is a
relevant oxidant in various biological systems; however, other
reactive forms of Mb and iron derived from the degraded
porphyrin of Mb should also be considered. The much lower
hemin affinity of Hb compared to Mb (27-fold to ~3000-fold
lower) also merits consideration (27). Thus, Hb represents a
larger pool of protoporphyrin IX and iron than Mb.

The ability of ferriprotoporphyrin IX intercalated in endo-
thelial cells to promote lipid oxidation was facilitated by the
addition of H,O, or activated leukocytes (8). A multitude of
interactions involving ferriprotoporphyrin IX, ferroproto-
porphyrin IX, and H,O; that can facilitate lipid oxidation have
been postulated, including the ability of dissociated ferryl
protoporphyrin IX to be an initiator of lipid oxidation (64).

Release of Iron Atoms from Mb

Degradation of protoporphyrin IX will release iron atoms
that potentially can participate in redox reactions. In biolog-
ical systems, iron atoms are complexed to a chelator, which
can enhance or decrease reactivity of the metal. Amino acids,
peptides, proteins, negatively charged phospholipids, and
nucleotides are common iron chelators. A review describing
the roles of different buffers and chelators on iron autoxida-
tion, iron valency state, and free radical generation is available
(79). The ability of iron released from Mb to facilitate oxidative
reactions compared to other oxidative forms of Mb (e.g., ferryl
Mb) and dissociated ferriprotoporphyrin IX should be further
investigated. Interestingly, a Mb mutant more susceptible to
protoporphyrin IX degradation and iron release (H64Q/
L29F) promoted lipid oxidation in washed muscle less effec-
tively compared to wild-type Mb at pH 5.7 (22). The excep-
tional ability of H64Q/L29F to remove H,O, produced by
autoxidation should also inhibit lipid oxidation (1). Light
emitted from Hg-Ag Oriel pen lights was used to degrade
ferriprotoporphryin IX of metMb and release iron, which
negated the ability of metMb to promote lipid oxidation in
linoleic acid micelles (43). It is interesting to note that soluble

FIG. 4. Amino acid substitutions of Val68 and His97 alters hemin affinity in met(II)Mb. Hemin affinity of met(II[)Mb is
decreased 39-fold by substitution of the native His”’(FG3) with alanine. Substitution with Ala97 negates the electrostatic or
hydrogen bonding interaction of His97 with the heme-7-propionate, which decreases hemin affinity. Hemin affinity is
increased 25-fold by substitution of the native Val®*(E11) with threonine. Thr68 hydrogen bonds with liganded water in
met(II[)Mb, which increases hemin affinity since the native Val68 cannot hydrogen bond with the water. The O atom of the
threonine side chain hydrogen bonds to the H atom of the water molecule. The PDB structures, IMYG (47) and 1IMNK (69),
were used to prepare the images shown using PyMOL software.
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and bound iron in sarcoplasmic reticulum were equally ef-
fective at promoting lipid oxidation (31).

In biological systems, the apo form of heme oxygenase will
convert ferriprotoporphyyrin IX to carbon monoxide, iron,
and biliverdin (Table 1). Biliverdin reductase will convert
biliverdin to bilirubin, which has free radical scavenging
properties. Transferrin can chelate the released iron atoms,
rendering the metal weakly reactive. Characterizing the redox
reaction of the many possible low molecular weight iron
complexes is beyond the scope of this review. Some relevant
reactions of ferrous(IT) and ferric(II) iron are as follows (24):

Fe(Il) + Oy — *~ O, + Fe(III)

H,O, + Fe(Il) » *OH 4 ~ OH + Fe(III)
Fe(II) + LOOH —LO® + OH — + Fe(III)
Fe(III) + LOOH—LOO"® + H* + Fe(Il)

(Reaction 11)
(Reaction 12)
(Reaction 13)
(Reaction 14)

A major challenge is to separate effects from the many re-
actions that involve LOOH decomposition. Decomposition of
LOOH by Fe(Il) was described to occur faster compared to
Fe(III) (24). Reaction of Fe(Il) with LOOH was 20-fold faster
compared to H,O, (24). It remains unknown if iron atoms de-
rived from Mb facilitate any meaningful degree of oxidation in
biological systems compared to other reactants, such as dis-
sociated ferriprotoporphyrin IX or cross-linked Mb. A related
challenge that remains is to separate effects from met(III)Mb,
ferryl Mb species, cross-linked Mb, dissociated ferriprotopor-
phyrin IX, and iron derived from destruction of protoporphy-
rin IX. The fact that ferriprotoporphyrin IX-mediated
decomposition of LOOH results in lipid radicals that (i) oxidize
lipids, and (ii) degrade the protoporphyrin ring, which liber-
ates iron atoms, makes it difficult to discern between ferripro-
toporphyrin IX and iron-mediated lipid oxidation. Decreases in
the optical density of the Soret peak can be indicative of cross-

FIG. 5. Reaction pathways
for O,(INMb, deoxy (IDMb,
met (IIHMb, ferryl Mb spe-
cies, and protoporphyrin IX.
Various pathways lead to
hypervalent states of Mb with
the concomitant generation of
hydrophilic and hydrophobic
oxidants. Oxidant challenge
results in formation of
met(Il[)Mb, cross-linked Mb,
dissociation of ferriprotopor-
phyrin IX, and degradation

deoxy(ll)Mb

of the protoporphyrin ring, Fe3*

which releases iron atoms. ' \ g

Phagocytes can facilitate ’ H*  [crosslinked
bursts of H,0, that degrade Jecraded proloparpiamin globin Cmbayon™) —= | aipmb

the protoporphyrin. LH rep-
resents a polyunsaturated
fatty acid. LOOH represents a

oy

LH
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linked Mb formation, ferriprotoporphyrin IX dissociation from
the globin, and degradation of the protoporphyrin ring. A
schematic representation of various redox reactions involving
Mb and Mb degradation products is shown in Figure 5.

Reactions of Mb with Other Biomolecules

Mb* " (IV)=0 and Mb*(IV)=0 can abstract a hydrogen
atom from polyunsaturated fatty acids (LH), which is an ini-
tiating step of lipid oxidation (35):

Mb** (IV)=0 + LH->Mb(IV)=O0+L* +H"
Mb*(IV)=0 + LH—Mb(IV)=0 +L*

(Reaction 15)
(Reaction 16)

The protonated form of Mb(IV)=O can be denoted as
Mb(IV)-OH™ and is considered much more reactive with LH
than the unprotonated form (58).

Mb(IV)-OH ™ +LH—met(IIl)Mb-H,O +L* (Reaction 17)

Lipid radicals (LO® and LOO?®) that result from met(III)Mb
and hemin-mediated decomposition of LOOH (Fig. 5) also are
capable of hydrogen abstraction from LH (16). The electrostatic
charge of the lipid phase (or domains in the lipid phase) may be
an important factor that affects the ability of Mb to promote
lipid oxidation. Cytochrome c-promoted lipid oxidation occurs
more effectively in negatively charged liposomes than in neu-
tral and positively charged liposomes at pH 7.4 (54). Mbs have
a net positive charge at acidic to neutral pH values.

NO reacts very rapidly with O,(II)Mb to generate me-
t(II)Mb and nitrate (19). NO(I[)Mb reacts very slowly with O,
causing formation of met(Ill)Mb and nitrate. This auto-
oxidation of NO(II)Mb is the result of slow dissociation, O,
binding, and subsequent dioxygenation of the released NO,
producing a low-spin ferric Mb dihistidyl hemichrome (7).

LOH

LOOH degraded
protoporphyrin

heterolytic

/:zoz \
B (o)

humoly!

Lo LOOH

lipid hydroperoxide. Cross
linking of Mb, dissociation of
ferriprotoporphyrin IX, and

)(L \_protoporphyrin(ill) LOOH

ferryl Mb-mediated lipid oxi- L
dation occur more readily at

reduced pH values. Image is

adapted from ref. (62).

LOOH

\_protoporphyrin{IV)}-OH k

Lo LOH

LH L
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NO was shown to reduce activated Mb(IV)=0O to met(II[)Mb
with dependence on NO and H,O, concentration (18).

Ascorbate can reduce Mb(IV)=0 to met(Ill)Mb with for-
mation of the dehydroascorbyl radical (39). Met(II[)Mb can be
reduced by ascorbate in the presence of O, to O,(I)Mb and
dehydroscorbate (4):

Mb(IV)=0 +HA~ + H" > met(IlHMb + A*~ +H,O
(Reaction 18)

2met(II)Mb + HA ™ + 20, — 20, (II)Mb + dehydroascrobate
(Reaction 19)

In the curing reaction of meat, added sodium nitrite
(NaNO,) goes through a series of reactions that result in the
formation of NO and met(II[)Mb. Added sodium ascorbate as
well as endogenous reductants in the muscle reduce me-
t{IHMb to deoxy(I)Mb. The simultaneously generated NO
from nitrite binds to deoxy(I)Mb or can reductively ni-
trosylate met(II)Mb under anaerobic conditions, resulting in
the formation of NO(II)Mb. NO(II)Mb is denatured during
thermal processing, which produces a stable denatured he-
mochrome that along with Mb(I)CO and Mb(II)NO contrib-
utes to the characteristic pink color of cured meats. Residual
Hb in the meat provides additional pigments for the curing
reactions. Addition of ascorbate to Mb(III) containing LOOH
decreased the proportion of homolytic scission products
presumably by converting the alkoxyl radical intermediate
(Fig. 5) to an alkoxyl anion (2).

The ability of phenols to convert O,(I)Mb to met(III)Mb is
plausible considering that Hb oxidation by phenols was
demonstrated previously at elevated pH with direct depen-
dence on the concentration of O,(II)Hb (77). Apparently, the
phenol can donate an electron to bound O, within Hb (Re-
action 20). This unstable intermediate is then converted to
metHb and H,O, (Reaction 21).

O,(IHDb + phenol—O~ — O,(I)Hb + Phenol®  (Reaction 20)
O,(I)Hb + 2H,O0 — Hb (IIT) - OH + H,O, + ~ OH
(Reaction 21)

The ability of thymoquinone in the presence of GSH, NADH,
and NADPH to reduce Mb(IV)=0O and met(Il)Mb to de-
oxy(I)Mb with subsequent oxygenation to O,(I[)Mb has been
described (38). Epigallocatechin gallate reduced Mb(IV)=0 to
met(IHMb by an outer-sphere electron transfer mechanism
based on enthalpy and entropy determinations (30).

Acid-catalyzed met(IIl)Mb formation due to NaCl was as-
cribed to the nature of the anion rather than the cation (3).
Mammalian O,(II)Mb can be oxidized by copper ions with a
dependence on binding of the metal to histidine residues in a
species (pig, sperm whale, and horse)-specific manner (44).
The lipid oxidation product, 4-hydroxy-2-nonenal (HNE),
binds to His 24, 36, and 119 in pig Mb and His 24, 36, 81, 88, 93,
119, and 152 in bovine Mb (71). HNE binding to Mb has been
shown to accelerate Mb oxidation.

Summary

The multiple pathways by which Mb can incur toxicity (Fig.
5) create a major challenge in determining which mechanism
incurs the majority of oxidative damage in a particular sys-
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tem. The most oxidative form of Mb can be hiding in the
weeds among all the other quantifiable species that include
met(II[)Mb, hemichromes, ferryl Mb forms, cross-linked Mb,
dissociated ferriprotoporphyrin IX, and released iron. The fact
that peroxides and acidic pH values activate nearly all of these
species hampers differentiation. Rhabdomyolysis-induced
renal failure is attenuated with acetaminophen, apparently by
reducing ferryl Mb to metMb, yet other mechanisms may be
involved (13). Iron atoms are often released due to the ability
of dissociated ferriprotoporphyrin IX to decompose LOOH to
LFR that degrade the protoporphyrin ring and initiate lipid
oxidation. This degradation can cause an errant conclusion
that iron atoms facilitated the oxidative damage observed.
The ability of met(II)Mb to decompose preformed LOOH to
free radicals that cause oxidative damage has received rela-
tively little attention. This may be due to challenges of as-
sessing this met(II[)Mb pathway. Solubility issues can arise
when working with LOOH as a reactant.

Future research should include developing improved
methodology to assess specific mechanisms of Mb toxicity.
Iron chelators can also function as free radical scavengers, and
thus are not specific inhibitors. Apohemopexin can be used as
a specific inhibitor of oxidative damage due to removal of free
ferriprotoporphyrin IX (at appropriate pH and in the presence
of sodium and chloride ions). HPLC can be used to measure
cross-linked Mb, but this methodology is fairly tedious. Ferryl
Mb species are transitory especially in the presence of re-
ductants, which creates difficulties in quantitative measure-
ments. The ability of Hb toxicity to compete with Mb toxicity
must also be considered in studies when both heme proteins
are present. Fish Hbs have very low hemin affinity at pH ~6
compared to mammalian Hbs (6). The ability of dissociated
protoporphyrin IX to incur toxicity can be examined using
fish Hbs in model systems. Additional research is also needed
to differentiate toxicity due to LOOH compared to H,O».
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List of Definitions

(II): The +2 valence state of the ferrous iron atom in the
protoporphyrin of Mb.

(III): The +3 valence state of the ferric iron atom in the
protoporphyrin of Mb.

(IV): The +4 valence state of the ferryl iron atom in the
protoporphyrin of Mb.

O,(IDMb: When O, is liganded to the ferrous iron atom of the
protoporphyrin in Mb. Another term is oxyMb.

Biliverdin: Green pigment produced from the reaction of
apoheme oxygenase with ferriprotoporphyrin IX.
Choleglobin: Degradation product of Mb and Hb with green
color that can result from gamma radiation. Ascorbic acid and
H,0; can facilitate choleglobin formation from Hb.
Cross-linked Mb: Protonation of the ferryl Mb cation radical
results in formation of a ferryl radical anion that rearranges to
form crosslinked Mb in which a carbon atom of the
ferriprotoporphoryin IX is covalently bound to an amino
acid side chain of the polypeptide.

Deoxy(I)Mb: When there is no ligand to the ferrous iron
atom of the protoporphyrin in Mb; often a water molecule is
coordinated in the distal heme pocket of deoxy(II)Mb.
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Ferroprotoporphyrin IX: The ring structure in Mb containing
ferrous (2+) iron atom. This can also be called heme.
Ferroprotoporphyrin IX oxidizes nearly instantaneously
upon dissociation from the globin to ferriprotoporphyrin IX.
Ferriprotoporphyrin IX: The ring structure in metMb contain-
ing a ferric (3+) iron atom. This can also be called hemin.
Heme: Term that is analogous to ferroprotoporphyrin IX.
Hemin: Term that is analogous to ferriprotoporphyrin IX. The
term ‘hemin’ is specifically used when referring to the affinity
of the globin for ferriprotoporphyrin IX (e.g., hemin affinity).
Hemichrome: when a nitrogen base forms a covalent bond
with the ferric iron (Fe®*) atom of the hemin moiety within the
globin.

Hemochrome: when a nitrogen base (often the distal histi-
dine) forms a covalent bond with the ferrous iron (Fe**) atom
of the heme moiety with the globin.

Mb(IV)=0: Designation for ferryl Mb in which the iron atom
of the protoporphyrin is in the ferryl (+4) oxidation state.
Ferryl Mb can also exist as a cationic radical, a neutral radical,
and as an anionic radical.

Met(III)Mb: The form of Mb in which ferric iron is present in
the protoporphyrin; water is liganded at acidic and neutral
pH values (aquomet), while hydroxide (hydroxymet) will be
liganded to the ferric iron atom of met(IIl)Mb at elevated pH.
Sulf(I)Mb: Green—purple colored compound produced by
incubation of ferrous Mb with hydrogen sulfide.
Sulf(III)Mb: Red colored compound produced by reaction of
met(III)Mb with hydrogen sulfide.

Abbreviations Used

Hb = hemoglobin
HNE = 4-hydroxy-2-nonenal
H,0; = hydrogen peroxide
H6P = heme-6-propionate
HPLC = high-performance liquid chromatography
LDL =low-density lipoproteins
LER = lipophilic free radicals
LH = polyunsaturated fatty acid
LOOH =lipid hydroperoxide
Mb =myoglobin
NO =nitric oxide
PDB = Protein Data Bank
PUFA = polyunsaturated fatty acid




