
Oxygen transporters, hemoglobin (Hb) and muscle

myoglobin (Mb), are well-studied proteins with known

three-dimensional structures. In contrast to tetrameric

Hb, Mb is responsible for intracellular oxygen storage in

muscles and its transport from the plasma membrane to

mitochondria. The Hb molecule is composed of four

polypeptide subunits – two α- and two β-chains. Each of

the subunits has a highly helical tertiary structure similar
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Abstract—In addition to reversible O2 binding, respiratory proteins of the globin family, hemoglobin (Hb) and myoglobin (Mb),

participate in redox reactions with various metal complexes, including biologically significant ones, such as those of copper and

iron. HbO2 and MbO2 are present in cells in large amounts and, as redox agents, can contribute to maintaining cell redox state

and resisting oxidative stress. Divalent copper complexes with high redox potentials (E0, 200-600 mV) and high stability con-

stants, such as [Cu(phen)2]
2+, [Cu(dmphen)2]

2+, and CuDTA oxidize ferrous heme proteins by the simple outer-sphere elec-

tron transfer mechanism through overlapping π-orbitals of the heme and the copper complex. Weaker oxidants, such as Cu2+,

CuEDTA, CuNTA, CuCit, CuATP, and CuHis (E0 � 100-150 mV) react with HbO2 and MbO2 through preliminary binding to

the protein with substitution of the metal ligands with protein groups and subsequent intramolecular electron transfer in the

complex (the site-specific outer-sphere electron transfer mechanism). Oxidation of HbO2 and MbO2 by potassium ferricyanide

and Fe(3) complexes with NTA, EDTA, CDTA, ATP, 2,3-DPG, citrate, and pyrophosphate PPi proceeds mainly through the

simple outer-sphere electron transfer mechanism via the exposed heme edge. According to Marcus theory, the rate of this reac-

tion correlates with the difference in redox potentials of the reagents and their self-exchange rates. For charged reagents, the

reaction may be preceded by their nonspecific binding to the protein due to electrostatic interactions. The reactions of LbO2

with carboxylate Fe complexes, unlike its reactions with ferricyanide, occur via the site-specific outer-sphere electron transfer

mechanism, even though the same reagents oxidize structurally similar MbO2 and cytochrome b5 via the simple outer-sphere

electron transfer mechanism. Of particular biological interest is HbO2 and MbO2 transformation into met-forms in the pres-

ence of small amounts of metal ions or complexes (catalysis), which, until recently, had been demonstrated only for copper

compounds with intermediate redox potentials. The main contribution to the reaction rate comes from copper binding to the

“inner” histidines, His97 (0.66 nm from the heme) that forms a hydrogen bond with the heme propionate COO– group, and

the distal His64. The affinity of both histidines for copper is much lower than that of the surface histidines residues, and they

are inaccessible for modification with chemical reagents. However, it was found recently that the high-potential Fe(3) complex,

potassium ferricyanide (400 mV), at a 5 to 20% of molar protein concentration can be an efficient catalyst of MbO2 oxidation

into metMb. The catalytic process includes binding of ferrocyanide anion in the region of the His119 residue due to the pres-

ence there of a large positive local electrostatic potential and existence of a “pocket” formed by Lys16, Ala19, Asp20, and

Arg118 that is sufficient to accommodate [Fe(CN)6]
4–. Fast, proton-assisted reoxidation of the bound ferrocyanide by oxygen

(which is required for completion of the catalytic cycle), unlike slow [Fe(CN)6]
4– oxidation in solution, is provided by the opti-

mal location of neighboring protonated His113 and His116, as it occurs in the enzyme active site.
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to the structure of myoglobin (Fig. 1a). Myoglobin has

higher affinity for oxygen than hemoglobin, so it can bind

oxygen near the capillary walls (i.e. at a lower oxygen par-

tial pressure, PO2
) and then transport it to the mitochon-

dria. The heme groups in both proteins are located in

hydrophobic pockets in a way that both propionate

residues are directed toward the solvent. Out of two axial

Fe heme ligands, only the fifth ligand, proximal

His93(F8), belongs to the protein, while the sixth coordi-

nation site is either free (deoxy-form), or is occupied by

an O2 molecule or some other external ligand. The redox

potential of the Hb α-chain is +110 mV; the redox poten-

tials of the Hb β-chain and myoglobin is +55 mV.

Another member of the globin family is leghemoglo-

bin (Lb), a monomeric protein from root nodules of legu-

minous plants. Lb displays the highest affinity for oxygen

among all globins. Its main function is maintaining low

concentration of free O2 during the process of nitrogen

fixation, because the nitrogenase complex of symbiotic

bacteria is rapidly inactivated by O2. The 3D-structure of

Lb is homologous to those of Mb and Hb α- and β-

chains, however, the redox potential of Lb is much high-

er (+270 mV), and it contains only two histidines, proxi-

mal and distal, in the heme pocket [1, 2].

The reduced state of the heme complex in oxyglobins

is essential for their function, since oxidized met-forms of

these proteins (with a H2O molecule as the sixth ligand of

the Fe heme) do not bind oxygen. At the same time, oxy-

globins can undergo spontaneous oxidation (autooxida-

tion) under aerobic conditions, especially at acidic pH

[3-5]. Globins also easily enter redox reactions with salts

and complexes of metals. Of these compounds, iron and

copper salts and complexes are of interest in biology,

because they participate in numerous metabolic process-

es in organisms [6-9].

Pollution of the environment with heavy metals leads

to an increase in the metal concentrations in all living

organisms. Disturbances in ionic homeostasis can result

in the development of serious diseases and even death and

have become a real threat for the existence of living beings

[10-13]. Under aerobic conditions in vitro, transition

metal compounds can undergo cyclic redox transitions in

the presence of low molecular weight reductants and serve

as sites for the productions of reactive oxygen species,

such as O2
–, HO2, and hydrogen peroxide as a final prod-

uct of their disproportionation. Since HbO2 and MbO2

are abundant in cells and are good reductants of transition

metal compounds, they can be directly involved in these

processes, which has been demonstrated in several model

systems [7, 14, 15]. It is important to note that in contrast

to redox reactions in the presence of low molecular

weight reductants, reactions of metal complexes with

HbO2 and MbO2 do not produce ROS, due probably to

the fact that the formed oxidized met-forms of these pro-

teins display high peroxidase activity [3, 4, 16, 17].

The role of Hb and Mb as reducing agents in biolog-

ical systems has attracted close attention, since it might

be important for understanding the involvement of cell

proteins in the maintenance of the cell redox potential

and its protection from oxidative stress [15, 17, 19].

Oxidized metHb and metMb can be reduced to physio-

logically active HbO2 and MbO2 by low-specificity low

molecular weight cell diaphorases and specialized NAD-

dependent enzymes – erythrocyte NADH-dependent

metHb reductase (NADH-cytochrome b5 reductase) and

muscle metMb reductase. Components of the metMb

a b

Fig. 1. a) Spatial structure of sperm whale Mb. b) Spatial structure of sperm whale Mb in the XY projection and location of histidine residues.

“Inner” His24(B5), His36(C1), His64(E7), His82(EF5), His93(F8), and His97(FG3) residues are shown in black. The other histidine

residues, titratable His12(A10), His48(CD6), His81(EF4), His113(G14), His116(G17), and His119(GH1), are accessible to the solvent.
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reductase system include Cyt b5 of the sarcoplasmic retic-

ulum membrane and the closely related Cyt b of the outer

mitochondrial membrane [20]. Root nodules of legumi-

nous plants contain the Lg-reducing enzyme – metLb

reductase [21, 22].

The mechanism by which a metal compound reacts

with a heme protein depends on the redox potential (E0)

and the type of metal complex. Complexes with high

redox potentials (E0, 200-600 mV) oxidize heme proteins

by the simple outer-sphere electron transfer mechanism

via overlapping π-orbitals of the heme and the metal

complex [23, 24]:

P(Fe2+) + MzLn → P(Fe3+) + Mz–1Ln (1)

According to the theory of Marcus [25], the reaction

rate in this case would be proportional mostly to the dif-

ference in the potentials and the rate of electron self-

exchange of the protein and the reagent and, as a rule,

does not depend on solution pH or ionic strength. The

simple outer-sphere mechanism is favored by high stabil-

ity constant of the metal complex and the presence in it of

aromatic ligands with extended π-orbitals that can over-

lap with the porphyrin π-system and form a pathway for

the electron transfer. When the reagent is charged, the

contribution of electrostatic interactions to the reaction

rate is calculated from the Wherland–Gray equation

within the framework of Debye–Hückel theory.

Oxidation of heme proteins by the metal complexes

with lower redox potentials (E0, ∼100-150 mV) occurs via

a different mechanism. Such complexes, especially those

without extended π-orbitals, react mostly through pre-

liminary binding to the protein with substitution of the

metal ligands for protein groups (site-specific electron

transfer) [26, 27]. Substitution of one or several ligands

(water molecules in the case of a metal ion) for protein

groups after specific binding to the protein changes the

reagent redox potential and strengthens its electron-

accepting properties. In this case, the rate of electron

transfer depends on pH and ionic strength of the solution,

both of which affect the reagent–protein complex forma-

tion, and should decrease with increase in the metal com-

plex stability, because strong ligands prevent their

exchange upon binding to the protein.

Of the most interest in biology is transformation of

oxyglobins into nonfunctional met-forms in the presence

of small amounts of metallic compounds (catalysis).

Until recently, the only known case of such transforma-

tion was catalytic oxidation of HbO2, MbO2, and LbO2 by

copper (II) compounds with redox potentials of 100-

150 mV [28-30] by the following scheme:

MbO2 + Cu(2)Ln MbO2⋅Cu(2)Ln–m + mL  (2)

MbO2⋅Cu(2)Ln–m Mb(2)⋅Cu(2)Ln–m + O2 (3)

Mb(2)⋅Cu(2)Ln–m Mb(3)⋅Cu(1)Ln–m (4)

Mb(3)⋅Cu(1)Ln–m + O2 + H+ Mb(3)H2O +

+ Cu(2)Ln + HO2 (5)

Mb(3)⋅Cu(2)Ln–m + mL Mb(3)H2O + Cu(2)Ln (6)

Oxidation occurs by the site-specific mechanism of

electron transfer through the formation of a specific com-

plex between the copper reagent and histidine residues of

the protein. When bound, reduced copper is reoxidized

by oxygen much faster than in solution, which is essential

for the completion of the catalytic cycle (no catalysis is

observed under anaerobic conditions).

The catalytic activity of copper complexes can be

predicted from their standard redox potentials and stabil-

ity constants [6]. According to Fig. 2, copper complexes

with low E0 and saturated ligands containing N or O

donor atoms (such as EDTA, glycine, and ATP) are poor

catalysts, because at high Cu+ reoxidation rate, the elec-

tron transfer will be too slow. Strong oxidants that readily

react with proteins by the outer-sphere mechanism

([Cu(dmphen)2]
2+, CuDTA, Cu(phen2)

2+, and copper

complexes with saturated ligands containing donor S

atoms) cannot be efficient catalysts, because their

reduced forms are poorly oxidized by oxygen according to

the laws of thermodynamics. Strong catalytic activity is

usually characteristic of compounds with intermediate

k1→→

k–1

k–2→→

k2

k–5→→

k5

k3→

k4→

Fig. 2. Scheme predicting the mechanisms of electron transfer

between heme protein and metal complex: a – the simple outer-

sphere electron transfer through the heme edge that includes

nonspecific electrostatic binding to the protein (mechanisms 1

and 2). Distinguishing between mechanisms 1 and 2 requires data

on the reaction rate dependence on ionic strength or direct NMR

data on the reagent binding to the protein; b – the site-specific

outer-sphere mechanism (mechanism 3). In the intermediate sit-

uation, the protein can react with the metal complex via both

mechanisms simultaneously.

only a a or b

neither a nor b only b

K
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redox potentials, e.g. Cu2+ complexes with unsaturated

ligands containing O and N atoms (tyrosine, imidazole,

and other nitrogen-containing heterocycles).

Although more than 20 ions and complexes of vari-

ous metals (Ag, Mg, Mn, Co, Zn, Fe, Cr, etc.) have been

examined for catalytic activity, none of them noticeably

affected the rates of HbO2 and MbO2 oxidation [28].

However, we found that addition of small amounts of

potassium ferricyanide (1 to 20% of protein concentra-

tion) to MbO2 solution resulted in complete oxidation of

MbO2 [32, 33]. Hence, we demonstrated for the first time

that the reaction of oxyglobin oxidation could be effi-

ciently catalyzed by a high-potential iron complex; we

have studied the mechanism of this reaction in detail.

REDOX REACTIONS OF HEMOGLOBIN,

MYOGLOBIN, AND LEGHEMOGLOBIN

WITH COPPER SALTS AND COMPLEXES

Copper complexes with high redox potentials (200-

600 mV). Strong oxidizing compounds, [Cu(dmphen)2]
2+

and CuDTA (Table 1), oxidize HbO2 at high rates. Both

α- and β-chains are oxidized completely, since their

redox potentials are +110 and +55 mV, respectively [6, 9].

The reaction rate is proportional to the reagent concen-

tration up to a 10-fold reagent excess (relatively to the

protein) (pH 6.15, 0.1 M MES buffer, 25°C) and does not

reach saturation. The oxidation of HbO2 by copper

phenanthroline complex [Cu(phen)2]
2+ occurs in a simi-

lar way. The redox potential of [Cu(phen)2]
2+ is lower

than that of Cu(dmphen)2; however, both complexes are

highly stable and have extended π-orbitals typical of

chelating agents.

[Cu(dmphen)2]
2+, CuDTA, and [Cu(phen)2]

2+ inter-

act with MbO2 by the same mechanism. Both proteins are

oxidized in a second order reaction. The rate constants

for Mb(2) oxidation with [Cu(dmphen)2]
2+, CuDTA, and

[Cu(phen)2]
2+ are 2.8·106, 1.8·105, and 4.3·104 M–1·s–1,

respectively, which correlates well with the reduction

potentials of these complexes (Table 1). Decreasing O2

concentration in a solution increases the reaction rate,

thereby indicating that the reaction occurs via the non-

ligand form of the ferrous protein:

Mb(2) + [Cu(phen)2]
2+ Mb(3) + [Cu(phen)2]

+ (7)

As it was demonstrated for [Cu(phen)2]
2+, the rate

constants for the oxidation of Hb and Mb oxy-derivatives

are 100-300 times lower than for their deoxy-counter-

parts.

The differences in the rates of deoxyHb and

deoxyMb oxidation by [Cu(phen)2]
2+, [Cu(dmphen)2]

2+,

and CuDTA could be well described within the frame-

work of Marcus theory, considering the contribution of

electrostatic interactions from the Wherland–Gray equa-

tion. According to some authors [6], electron transfer in

the reactions of these complexes with hemoglobin and

myoglobin occurs via the simple outer-sphere mechanism

and does not require reagent binding to the protein, as

well as specific properties of the protein required for the

charge transfer [6].

Oxidation of globins by copper compounds with inter-

mediate redox potentials (100-150 mV). Hemoglobin.

Oxidation of horse HbO2 by Cu2+ was discovered by

Rifkind et al. [28, 39, 40]. Stoichiometric concentrations

of copper (one Cu2+ per heme) oxidize 50% of HbO2 (β-

chains only) very rapidly (semi-conversion time, ∼3 min).

At Cu2+/heme ratio less than 0.5, the reaction kinetics are

biphasic and include a fast initial phase, during which all

added Cu2+ is reduced, and slower (by an order of magni-

tude) stage that lasts until all β-chains are oxidized. The

slow stage is limited by the rate of Cu+ reoxidation (catal-

ysis).

The rate of the fast phase decreases and the rate of

the slow phase increases with increasing O2 concentra-

tion. In the absence of O2, only the fast phase takes place.

The oxidation rate for various Hb derivatives decreases in

the order Hb(2) > HbO2 >> HbCO, which implies that

the reaction occurs via formation of a non-liganded form

of the ferrous protein.

The processes involved in this reaction have been

investigated by comparing the kinetics of oxidation of

human and horse hemoglobins [31]. It was found that at

the same copper concentration (0.5 Cu2+ per heme), 50%

of horse HbO2 was rapidly (within 3 min) oxidized, while

human HbO2 was oxidized by only 8%. In contrast to

horse Hb containing only one Cu2+-binding site (as

determined by equilibrium dialysis), human Hb has two

ligand-binding sites. Since the additional site has a high-

k5→

Complex

[Cu(dmphen)2]
2+

CuDTA

CuNTA

[Cu(phen)2]
2+

Cu(aq)2+

CuEDTA

Cu(bipy)2
2+

CuHis+

Cu(His)2

Cu(Gly)2

CuATP (1 : 2)

Cu(citrate)2
2−

Source

[34, 35]

[6]

[35, 36]

[35, 37]

[34]

[35, 38]

[36]

[36]

[35, 36]

[36]

[35]

[35]

Table 1. Reduction potentials and stability constants for

divalent copper complexes

E0.5, mV

590

480

−

170

170

130

120

−

−

−

−

−

Log Keff

11.0

8.8-12.9

15.8

−

18.7

−

6.2

10.0-18.1

7.7

6.1

5.9
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er affinity for copper, it probably does not participate in

electron transfer, but it successfully competes for Cu2+,

thereby decreasing the portion of human Hb undergoing

oxidation during the fast reaction stage.

It was shown that the site responsible for the fast

reaction stage in human and horse hemoglobins is proba-

bly located close to the Cys93 residue at the proximal side

of the heme, because chemical modification of the Cys93

SH-group by iodoacetamide or N-ethylmaleimide com-

pletely inhibits HbO2 oxidation, but it suppresses copper

binding by only 20%. Apparently, Cys93 does not play an

important role in Cu2+ binding to the native protein, but

rather participates in electron transfer from the heme Fe

to the closely bound copper.

It has been demonstrated by various methods that

Cu2+ binding by the native protein is mediated mostly by

surface histidine residues [28-31]. An additional binding

site in human and rabbit hemoglobins with higher affini-

ty for copper may involve the β-chain His2 or His116

residues (in horse Hb, these residues are substituted by

Glu and Arg, respectively). Studies of mutant human

HbA2 with the His116→Arg substitution in the β-chain

suggested that the copper-binding residue is His β-2,

because HbA2 oxidation rates at different copper concen-

trations and its copper-binding properties were identical

to those of the intact human (and rabbit) Hb.

According to Rifkind et al., the rate of oxidation of

horse HbO2 by copper ions slows in the presence of Zn2+,

which competes with Cu2+ for histidine binding. Also, the

presence of Zn2+ decreases 4-5-fold the amount of

human HbO2 oxidized during the fast phase [31].

However, later studies demonstrated that Zn2+ does not

affect the rate of HbO2 oxidation in the presence of Cu2+

[41]. According to data of equilibrium dialysis and EPR

analysis, copper and zinc ions have similar affinity for

Hb, but they bind to different sites on the surface of the

protein [31, 40].

The rates of metHb formation in the presence of var-

ious ligands change in the order aquo = Cit = ATP >

Phen > His = NTA >> EDTA. Copper complexes with

weak biological chelators (citrate and ATP) (Table 1) are

characterized by the same rates as Cu(aq)2+; more stable

complexes react more slowly, which corresponds to the

site-specific mechanism. The fact that Hb oxidation by

CuNTA is completely inhibited by modification of the β-

chain Cys93 SH-group with N-ethylmaleimide (NEM)

also suggests the site-specific mechanism of the oxidation

reaction.

Myoglobin. The kinetics of oxidation of sperm whale

oxymyoglobin by copper ions has been studied at pH 4.8-

7.5 within the temperature range 10-40°C at different

protein/reagent ratios [29]. Sperm whale Mb has 12 his-

tidine residues (Fig. 1b). Five of these residues are locat-

ed within the protein globule and are inaccessible to the

solvent; the other seven histidines are located on the pro-

tein surface at different distances from the heme. These

residues can be protonated and bind copper with different

affinities (Table 2).

The dependence of the initial rate of oxidation of

sperm whale MbO2 (V0) on copper concentration is rather

complex. When 1/V0 is plotted against 1/[Cu2+], the

resulting graph is a broken line composed of two linear

fragments within low (from 0.1 to 1) and high (from 1 to

12) [Cu2+]/[MbO2] ratios, corresponding to low and high

V0 values, respectively [29]. The parameters of activation

also suggest that two parallel processes take place during

MbO2 oxidation with copper that are related to structural

rearrangements in the protein molecule.

In all cases, the pH dependence of the initial rate of

metMb formation has sigmoidal shape with pKeff 5.6-6.0,

which, according to the authors, reflects ionization of the

His119 residue not involved in copper binding (Table 2).

Analysis of the experimental and published data led to the

conclusion that sperm whale Mb has only one site near

His12 residue (26.8 Å from the heme Fe and 8.9 Å from

His119) that binds Cu2+ with high affinity (Kd,

3.4·105 M–1). The Mb molecule also contains 5 to 7 low-

affinity (Kd, ∼2.1·103 M–1) copper-binding sites that do

not participate in the redox process [29]. This conclusion

is mostly based on X-ray data that demonstrated that

sperm whale Mb has only one high-affinity copper-bind-

ing site close to His12(A10) and one high-affinity zinc-

Mb
source

Sperm 
whale

Horse

Pig

Table 2. Ionization pK values and distances to heme Fe atom for protonated histidine residues in myoglobins

r, Å

22.5

23.3

22.6

pK

5.6

−

(5.8)

pK*

5.4-5.8

−

−

pK

6.1

−

(5.54)

r**, Å

26.8

−

−

pK

5.5

5.5

(6.8)

r, Å

23.4

23.0

23.6

pK

6.5

6.6-6.7

−

r, Å

24.0

24.1

−

His119(GH1)His116(G17)His12(A10)

r, Å

16.5

18.0

17.1

pK

6.7

6.6-6.7

(6.2-6.4)

r, Å

6.6

6.7

6.2

pK

5.6

5.4-5.5

−

r, Å

19.4

19.9

−

His113(G14)His97(FG3)His81(EF4)His48(CD6)

* pK values are from [48] and [49]. pK values in parentheses are from [50].

** Distances from heme Fe atom to histidine ND1 nitrogen atom were calculated with the MOLMOL 2.5.1 program using Mb coordinates from 

the NCBI database.
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binding site close to His119(GH1) [42]. However, it con-

tradicts the data of equilibrium dialysis and NMR spec-

troscopy on the presence of several high-affinity copper-

binding sites in the molecule [8, 43]. Moreover, a hypoth-

esis on predominant contribution of Cu2+ that binds close

to His12 does not correlate with the fact demonstrated by

the authors themselves that CM-MbO2 carboxymethylat-

ed at all surface histidine residues is oxidized with the

same efficiency as the intact protein. Apparently, MbO2

oxidation by copper salts might occur via different mech-

anisms depending on which histidines bind the reagent

and on the stability of the formed complex.

The kinetics of oxidation of sperm whale MbO2 in the

presence of up to 300-fold excess of Cu(aq)2+, Cu(Gly)2,

Cu(His)2, CuNTA, or CuEDTA is of a first order reaction

(by protein) [8]. The rate of metMb formation reaches sat-

uration at approximately 50-fold excess of the reagent and

decreases with increasing copper complex stability. For

Cu(Gly)2, Cu(His)2, CuNTA, and CuEDTA, logkobs (s)

depends linearly on logK (M–1), which correlates well with

the site-specific mechanism of electron transfer.

Substituents with high affinity for metal prevent the

exchange with protein ligands upon binding with the pro-

tein and, therefore, decrease the reaction rate.

Oxidation of sperm whale MbO2 by CuNTA slows in

the presence of ZnNTA and NiNTA, which proves the

existence of specific sites for the interaction of the reagent

with myoglobin. To prevent ligand exchange and forma-

tion of mixed complexes to avoid the overcomplication of

data analysis, the same complex ligand forms were used.

The rate of MbO2 oxidation by Cu(Gly)2 increases

with increasing ionic strength and decreasing medium

pH. Since Cu(Gly)2 bears no charge, this indicates that

the reactive copper forms in solution are either Cu(Gly)+

or Cu2+, but not electrically neutral Cu(Gly)2. This can

explain the observed saturation of the concentration

dependence curve, because the reaction could be com-

pletely inhibited by excess glycine and redox-inactive

Ni(Gly)2 and Zn(Gly)2.

Leghemoglobin. Studies of LgO2 oxidation in the

presence of copper ions at equimolar [LbO2]/[Cu2+] ratio

in the pH interval 4.8-7.5 [44] showed that the depend-

ence of the initial rate of LgO2 oxidation (V0) on pH is not

sigmoid (as in the case of MbO2) but resembles the curve

for the LbO2 autooxidation, with a sharp increase at pH <

6. It is possible that Cu2+ binds to the distal His61 residue,

which in contrast to distal His64 in myoglobin does not

form a H-bond with the sixth ligand O2 of the heme Fe,

but is oriented toward the solvent [2].

In the presence of an equimolar amount of Cu2+, the

rate of metLb formation is only ∼2.5 times higher than the

rate of LbO2 autooxidation (for comparison, under the

same conditions, Cu2+ increases the rate of MbO2 oxida-

tion 45-fold). A 16-fold increase in the copper concen-

tration does not affect the reaction rate (at pH 5.0).

Although the authors suggest that the site-specific mech-

anism of electron transfer is active, we cannot exclude

that copper binding to the distal His residues simply acti-

vates LbO2 autooxidation due to changes in the confor-

mation of the heme pocket, especially at acidic pH val-

ues, because the rate of LbO2 autooxidation is much

higher than that of animal globins.

As determined in studies of LbO2 oxidation by differ-

ently charged copper compounds (Cu2+, CuHis+,

Cu(His)2, Cu(Gly)2, and CuNTA) in the presence of a

70-fold excess of the reagent [44], the rate constant for

the pseudo first order reaction of LbO2 oxidation by Cu2+

is 11.37·10–3 s–1; the rate constants for CuHis (1 : 1),

CuGly (1 : 2), CuNTA (1 : 1), and CuHis (1 : 2) are

8.67·10–3, 3.98·10–3, 0.36·10–3, and 0.02·10–3 s–1, respec-

tively (LbO2 concentration, 20 µM; Cu2+ concentration,

1.4 mM; pH 5.6; ionic strength, 0.1). Reaction rate

depends on the number of ligands bound and E0 value of

the complexes. Thus, CuHis+ oxidizes LbO2 ∼400 times

faster than Cu(His)2. The effective stability constants of

the complexes increase in the order CuHis+ < Cu(Gly)2 <

CuNTA < Cu(His)2. The observed inverse correlation

between the reaction rates and the effective stability con-

stants of the copper complexes suggests preliminary bind-

ing of the reagents to the protein and, according to the

authors, proves the site-specific mechanism of electron

transfer.

The rate of LbO2 oxidation by Cu(Gly)2 increases

80-fold with pH decrease from 7.6 to 5.6. The character

of the pH-dependence could possibly be explained by the

fact that the ratio between different glycine–copper com-

plexes with different redox potentials strongly depends on

pH. Thus, the ligand-free Cu2+ form dominates at pH <

4; while completely saturated with ligands neutral

Cu(Gly)2 dominates at pH > 7. At pH 4-7, there is also

Cu(Gly)+, which reaches, respectively, its maximum con-

tent at pH 5. The concentrations of Cu2+ and Cu(Gly)+

and of Cu(Gly)+ and Cu(Gly)2 are the same at pH 4 and

6 (isosbestic points). At pH 7.6-5.6, ionic strength does

not noticeably affect the reaction rate, thereby indicating

that either the redox-active form of the complex is not

charged or that charged forms do not bind to the protein.

The kinetic curves are typical for Michaelis–Menten

kinetics of an enzyme–substrate complex with saturation.

Based on Lineweaver–Burk plots, Km = 0.1 mM and

Vmax = 4.3 µM⋅min−1. Redox-inactive Zn(Gly)2 and

Ni(Gly)2 compete with copper for LbO2 binding (as well

as glycine added at the same concentration) and com-

pletely inhibit LbO2 oxidation. Therefore, both inhibition

and saturation of the concentration curve could be

explained by the formation of more stable low-potential

Cu(Gly)3 and Cu(Gly)4 complexes. Since LbCO reacts

with Cu(Gly)2 350-fold more slowly than LbO2, the reac-

tion apparently occurs via deoxyLb formation.

Binding of copper and zinc compounds with myoglobin

and leghemoglobin. According to data of equilibrium dial-

ysis [43], sperm whale metMb can bind up to six bivalent
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copper ions. Three binding sites have high affinity for

copper and can be saturated at [Cu2+]/[Mb] ratio of 1 to

4 (Kd, 105-106 M–1). The high affinity for copper is relat-

ed to the formation of a chelate complex in which the

metal ligands can be also other than His residues, Lys,

Asp, Glu, Gln, located close enough and possess appro-

priate spatial orientation [42]. At [Cu2+]/[Mb] ratio of 10,

all six binding sites are saturated. The affinity of copper

ions for Mb depends on pH, because protons can com-

pete with Cu2+ for binding to the protein.

Redox-inactive Zn2+ forms complexes with metMb

at the same sites as Cu2+ but with lower affinity. Thus, in

the presence of a 20-fold excess of Zn2+, when all six sites

are occupied, zinc is easily substituted at three sites upon

addition of 1 to 4 copper equivalents [43]. Only one Zn2+

remains bound to metMb, i.e. competes with copper for

the binding site, even in the presence of a 10-fold excess

of Cu2+. Different affinities of Cu2+ and Zn2+ for the same

binding sites in Mb could be explained by different struc-

tures of the formed complexes [45]. At [Zn2+]/[Mb] ratio

up to 5 : 1 (pH 6), only one site near His119 is saturated

(Kd, 4.4·105 M–1) [46].

Sperm whale metMb crystals were analyzed by dif-

ferential Fourier synthesis. The crystals were incubated in

the presence of 80-fold excess of CuCl2 or 3-4-fold molar

excess of Zn(CH3COO)2 at pH 6 [42]. The authors found

only one copper-binding site close to His12(A10) and one

zinc-binding site close to His119(GH1). Supposedly, in

both cases the metal ions form coordination bonds with

functional groups of the same closely located Lys16(A14)

and Asp122(GH4) residues, which explains the high

affinity of this site for Cu2+ and Zn2+ and the competition

between the ions for its binding. This correlates well with

the equilibrium dialysis data for zinc, but contracts data

suggesting that sperm whale Mb has three sites with high

affinity for copper. Binding of Cu2+ (10- to 40-fold

excess) to metMb causes loss of protein tertiary structure

and changes the spectral properties of the protein within

2-6 h due to heme dissociation [11].

Complex formation between CuNTA and sperm

whale metMb (pH 5.4) or MbCO (pH 4.7) was studied by

high-resolution NMR, and the sites of CuNTA binding to

the protein were identified [8]. The C2H and C4H reso-

nance signals widened more for His113, His116, and

His48 than for His12 and His119 residues. The authors

concluded that the first three residues bind copper more

tightly. All the identified residues, except His48, are

located far from the heme (Table 2).

Localization of Cu(Gly)2 in complexes with sperm

whale and horse metmyoglobins was studied by high-res-

olution NMR spectroscopy [30, 47]. Based on the assign-

ments by Cocco et al. [48], it was concluded that reso-

nance signals of four histidine residues, His113, His116,

His48, and His81, are widened in the spectra of both pro-

teins. The resonance signals of His119 and “inner”

His24, that forms a hydrogen bond with His119, widened

only slightly. Since the distance between His113 and

H116, that are present in both horse and sperm whale

myoglobins, is only 0.62 nm, it could not be excluded that

the widening of their signals reflects copper binding to

one of the residues. When Cu(Gly)2 was added to chemi-

cally modified sperm whale CM-metMb, in which all

surface histidines were carboxymethylated with bromoac-

etate, no signal widening in the NMR spectra was

observed, thereby suggesting that the reagent did not bind

to the modified histidines [30, 47, 50].

In the presence of low CuSO4 concentrations or

higher CuNTA concentrations (10 and 50% of protein

concentration, respectively), the signal of distal His61 in

the high-resolution NMR spectra of soybean LbCO

widens considerably, which confirms that copper binds to

this residue [44].

During the last few years, the ability of histidine

residues in Mb to bind ions and complexes of copper and

other metals has been used for Mb site-specific proteolyt-

ic cleavage under mild conditions [51] and for investigat-

ing the properties of Mb adsorption on phospholipid

monolayers [52].

Contribution of copper complexes with different loca-

tion in the protein molecule to redox activity of oxymyo-

globin. To estimate the effect of the location of copper-

binding sites on electron transfer and to reveal the corre-

lation between complex stability and contribution of the

binding site to total reaction rate, Cu(Gly)2-catalyzed

oxidation was studied for the native sperm whale MbO2

and its mutants in which His113, His116, and His48

residues with the highest affinity for copper according to

NMR data were replaced with Ala, Asp, and Ala, respec-

tively [53]. Within the [Cu(Gly)2]/[MbO2] ratio interval

of 1 to 20, the biggest effect (31% decrease in reaction

rate) was observed for the His48→Ala mutant, whereas

His116 substitution by Asp slowed the reaction by only

7%. Additional substitution in this mutant, His113 by

Ala, did not affect the reaction rate. Therefore, His113 is

not involved in the redox activity of the protein, even if

its affinity for Cu(Gly)2 is the highest among the studied

residues [8]. Similarly, human Hb β-2 histidine is capa-

ble of the formation of high-affinity complexes with cop-

per, but it does not participate in redox reactions [31,

40].

Oxidation of sperm whale, horse, and pig MbO2 has

also been studied. These proteins have similar spatial

structures and redox potentials but differ in the number of

surface histidine residues [54-56]. Amino acid residues

that interact with the heme are conserved in all three pro-

teins. However, horse Mb lacks His12 that is present in

sperm whale Mb, while in pig Mb, His12, His113, and

His116 are replaced by Gln residues. Analysis of primary

and tertiary structures of these myoglobins revealed that

residues near histidine residues are very similar, i.e. com-

plexes with the same structure and affinity for copper

should form on copper-binding in all three proteins.
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It was found that the oxidation patterns of sperm

whale and horse MbO2 proteins differ from that of pig

MbO2. In the presence of one or less than one Cu2+

equivalents, the sperm whale and horse proteins are com-

pletely converted into metMb in a slow catalytic reaction.

Under the same conditions, only a small portion (10-

15%) of pig MbO2 undergoes oxidation within 1 min

(rapid phase), while the rest of the protein remains unox-

idized.

Since the kinetic properties of sperm whale and

horse MbO2 are similar, and His12 in the horse Mb is

replaced by Gln, we conclude that the contribution of

His12 to the redox reaction is insignificant. It is obvious

that catalysis is explained by Cu2+ binding to His116 and

His113 residues (that are absent in pig Mb). Such binding

would create conditions for rapid reoxidation of the

bound reduced copper (Cu+), which would promote full

oxidation of MbO2. This process should also dominate at

low Cu2+ concentrations, when these sites are saturated.

The concentration dependences of the reaction rates

at [Cu2+]/[MbO2] ratios from 0.2 to 10 are similar for

horse and sperm whale MbO2 and have a complex shape

[29], because there is no additivity in the reaction rate

increase with increasing copper ion concentration

(Fig. 3, curve 1). The reaction rate slowly increases with

increasing [Cu2+]/[MbO2] ratio up to 3 : 1, reaches a

plateau at ratio 5 : 1, and then increases drastically. The

pronounced sigmoid shape of the pH dependence of

MbO2 oxidation rate in the presence of one Cu2+ equiva-

lent indicates that the rate is affected by ionization of a

group with pKeff 6.3-6.4 for sperm whale MbO2 and pKeff

6.7-6.8 for horse MbO2, i.e. by ionization of His116

(Table 2). In the presence of five-fold molar excess of

Cu2+, the pH dependence shifts toward acidic pH, which

suggests the involvement of more than one histidine

residues. Note that at 10-fold Cu2+ excess, when all sur-

face histidines are saturated, the concentration depend-

ence still does not reach saturation (Fig. 3, curve 1).

Addition of zinc ions to the reaction mixture at

[Zn2+]/[MbO2] ratios up to 5 : 1 did not produce any pro-

nounced effect on the reaction rate. Since only one MbO2

site near His119 is saturated at such [Zn2+] concentra-

tions (binding constant, 4.4·105 M–1 at pH 6 [46]), nei-

ther His119 nor His12 are involved in the catalysis.

Rapid oxidation of 10-15% of pig MbO2 (rapid

phase) is not accompanied by the catalysis, since, obvi-

ously, no reoxidation of reduced copper takes place.

Apparently, Cu+ easily dissociates into the solution,

where it undergoes slow proton-assisted oxidation at

acidic pH values [57]. Indeed, further slight oxidation of

pig MbO2 is observed after the rapid phase only at pH 5.

Out of four histidine residues, His48(CD6), His81(EF4),

His97(FG3), and His119(GH1), that are conserved in all

the studied myoglobins, probably only His48 and His97

bind copper and are responsible for the rapid phase of the

reaction. These residues are most closely located to the

heme (Table 2). His97, that is only 6.2 Å from the heme,

should contribute most to the reaction. The rapid phase

of human and horse HbO2 oxidation by Cu2+ correlates

well with copper binding to the β-chain His97(FG4)

residue, which is analogous to His97(FG3) located close

to Cys93 at the proximal side of the heme in myoglobin.

Oxidation in the presence of Cu2+, Cu(Gly)+, and

Cu(Gly)2 has been studied for native sperm whale MbO2

and its derivatives that were fully  alkylated at all accessi-

ble histidine residues with sodium bromoacetate (CM-

MbO2) and iodoacetamide (CA-MbO2) [30, 47]. The

effects of reagent concentration, pH, ionic strength, and

Zn2+ (that competes with copper for the binding to histi-

dine residues) were studied. In contrast to the oxidation

of native MbO2, the reaction rates of CM-MbO2 and CA-

MbO2 oxidation at [Cu2+]/[protein] ratios from 0.2 to 10

were similar (the difference was within the experimental

error) and increased proportionally to increase in reagent

concentration (Fig. 3, curves 2 and 3). The concentration

dependences of CM-MbO2 and CA-MbO2 reactions with

Cu(Gly)+ and Cu(Gly)2 copper–glycine complexes at

[reagent]/[protein] ratios from 0.2 to 10 remain linear,

although the reaction rates decrease (Fig. 3, curve 4). The

oxidation rates of all three proteins in the presence of

Cu(Gly)+ decrease two-fold on average compared to the

reaction rates with CuCl2. In the presence of Cu(Gly)2,

the reaction rates decreased 3-4-fold.

Note that within this range of copper ion concentra-

tions, the oxidation rates of modified MbO2 are equal or

even exceed 2-3-fold the oxidation rate of native MbO2.

Together with the absence of saturation, this indicates that

Fig. 3. Dependence of oxidation rates of native sperm whale

MbO2 (1), CM-MbO2 (2), and CA-MbO2 (3) on copper ion con-

centration at [Cu2+]/[protein] ratios from 0.2 to 10 and depend-

ence of the oxidation rate of native MbO2 on Cu(Gly)+ concen-

tration at the same Cu/protein ratios (4). Protein concentration,

2.25·10–5 M; 0.01 M Tris-maleate buffer, pH 7.5, 20°C. Error bars

are shown for curve 3 only to avoid overcomplication of the figure

[47].
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the major contribution to the reaction was made not by the

surface, but by “inner” histidines, primarily, His97, and

probably, distal His64, that were not alkylated by the mod-

ifying reagents. In favor of this – the pH dependences of

CM-MbO2 and CA-MbO2 oxidation, as well as pH

dependence of native MbO2 oxidation in the presence of

10-fold excess of Cu2+. These curves have similar shapes

and represent an average between monotonous and sig-

moidal curves with pKeff < 6. At high (10-50-fold) excess of

Cu(Gly)2, the concentration curves for MbO2 and CM-

MbO2 reach saturation, which suggests reagent binding to

the protein. The reaction rate for CM-MbO2 in this case is

2-3-fold lower than for the native protein.

Therefore, MbO2 oxidation by copper reagents can

occur via different mechanisms and depends on which

histidine residues bind the reagent, as well as on the sta-

bility of the formed complex. At low (up to equimolar)

concentrations, a slow catalytic process dominates that is

mediated by preferential copper binding in the region of

His113 and His116, i.e. residues that possess the highest

affinity for copper and compete with His97 for copper

binding. The affinity of His97 for Cu2+ should be consid-

erably lower than that of His113 and Hs116, because

His97 forms an H-bond with the heme COO– group and

is only partially exposed to the solvent [49, 50].

Nevertheless, the data on the CM-MbO2 and CA-MbO2

oxidation show that complex formation between the

reagent and His97 markedly contributes to the reaction

rate under these conditions, but its contribution becomes

major in the presence of larger than five-fold excess of

copper. The β-chains of Hb also contain His116(G18)

residues that are analogous to His116(G17) in Mb. Both

His97 and His116 are absent in the α-chains, which are

resistant to the oxidation by copper.

Oxymyoglobin conversion into its oxidized met-

form occurs via the site-specific mechanism of electron

transfer through preliminary binding of the reagent to the

protein histidines. However, complex formation between

copper and His48, His113, and His116 residues that have

the highest affinity for copper and are located on the pro-

tein surface 1.8-2.7 nm from the heme add very little

(below 35%) to the total rate of the process, especially in

the presence of excess (8-10-fold) amounts of the

reagent. The contribution of these histidines (and proba-

bly His81 and His119, but not His12) becomes noticeable

only at low (below five-fold molar excess) concentrations

of the reagent, which is confirmed by the sigmoid shape

of the pH dependence with transition at pK 6.5-6.7. The

major contribution to the rate of the studied redox reac-

tion should come from the formation of copper complex-

es with the “inner” histidines – His97, which is located

0.66 nm from the heme and forms a H-bond with the

heme propionate COO– group, and distal His64. Both

residues are inaccessible to modification by chemical

reagents, and their affinity for copper is much lower than

that of the surface histidines.

REDOX REACTIONS OF GLOBINS

WITH IRON COMPLEXES

Oxidation of globins by potassium ferricyanide.

Hemoglobin and myoglobin. Potassium ferricyanide,

K3[Fe(CN)6], is widely used for rapid oxidation of ferrous

derivatives of various heme proteins into the correspon-

ding ferric forms. The mechanism of oxidation of deoxy-

and oxy-derivatives of human Hb and Mb was firstly stud-

ied by Antonini et al. by the stopped-flow method [58].

They showed that one [Fe(CN)6]
3– equivalent oxidizes

one protein equivalent (per subunit). In the presence of

excess reagent, the rate of HbO2 oxidation is typical of a

first order reaction. The rate is higher at acidic pH values

and increases linearly with decrease in O2 concentration

in the solution. The kinetics of deoxyhemoglobin, Hb(2),

oxidation differs from that of a simple bimolecular reac-

tion. The rate constant strongly depends on pH

(7·104 M–1·s–1 at pH 6 vs. 0.8·104 M–1·s–1 at pH 9.2).

Analysis of kinetic data for the tetrameric Hb is compli-

cated because of the difference in the redox potentials of

α- and β-chains (E0, +110 and +55 mV, respectively) and

conformational transitions in the tetramer that are

induced by ligands and medium pH [58, 59].

Unlike Hb(2), oxidation of deoxymyoglobin, Mb(2),

by ferricyanide is a simple bimolecular reaction [58]. The

second order rate constant only slightly depends on pH,

being 2·106 M–1·s–1 at pH 6.0 and 1.4·106 M–1·s–1 at

pH 9.2. Under the same conditions, the rate constant for

Mb(2) is ∼100 times higher than that for Hb(2), which

correlates well with the differences in the redox potentials

of these proteins. Oxidation of MbO2 by excess

[Fe(CN)6]
3– is a first order reaction (in myoglobin), and

its rate depends on the O2 concentration. When extrapo-

lated to the zero O2 concentration, the rate constant cor-

responds to the constant of O2 binding to the protein.

Based on data on the interaction of Mb(2) and Hb(2)

with various ligands and O2 replacement with CO, it was

suggested that electron transfer in the reaction of these

proteins with ferricyanide occurs by the inner-sphere

mechanism.

However, it was demonstrated later [8] that the data

of Antonini et al. [58] showed in fact that HbO2 and

MbO2 oxidation by ferricyanide occurs via non-liganded

forms of the proteins:

MbO2 Mb(2) + O2 (8)

Mb(2) + [Fe(CN)6]
3– Mb(3)H2O + [Fe(CN)6]

4– (9)

Reaction (9) is very fast (k2 = 2.76·106 M–1·s–1 at

pH 5.7), while dissociation of bound O2 (reaction (8)) is

the rate-limiting stage. Despite low concentration of

Mb(2) in a solution (because of its high affinity for oxy-

gen (k1 = 107 M–1·s–1, k–1 = 10 s–1)), it should react ∼1000

times faster than MbO2 due to the large difference in

k–1→→

k1

k2→
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redox potentials for the Mb(2)/metMb and MbO2/

metMb pairs (+55 and above +400 mV, respectively) as

high deoxyMb affinity for O2 stabilizes the oxy-form of

the protein.

The rate of reaction (9) depends only slightly on pH

at pH 5.7-9.0, with an increase at pH < 7.0 (pKeff < 6.2)

[23, 60]. The effect of pH on k2 might be related the pro-

tonation of one or both heme propionates (with pK � 5.3)

that are oriented toward the solvent. Neutralization of

heme propionates at pH < 7.0 should promote Mb inter-

action with [Fe(CN)6]
3–. Besides, the same effect of pH

might be related to the protonation of the His97 residue

(pK 5.6) close to the heme. It was suggested that in this

case, electron transfer occurs via the simple outer-sphere

mechanism through the heme edge exposed to the sol-

vent, similarly to ferrocytochrome c oxidation by ferri-

cyanide [23].

It should be noted that the reaction of ferricyanide

with MbO2 and HbO2, as well as with Cyt c, can be affect-

ed by electrostatic interactions, although the dependence

of the oxidation rates of these proteins on ionic strength

has not yet been investigated. Studies on the oxidation of

dimeric HbO2 from the mollusk Scapharca innaequivalvis

by ferricyanide [61] showed that the ferrocyanide anion

[Fe(CN)6]
4– formed in the reaction remains bound to the

protein. The binding site is close to Cys92(F2) residue in

each subunit and, most probably, is formed by a cluster of

positively charged Lys96, Arg53, Lys65, and Arg67

residues located near the proximal His101(F11).

Leghemoglobin. Oxidation of soybean LbO2 by potas-

sium ferricyanide (second order rate constant at pH 6.6,

∼42 M–1·s–1) was studied [44]. The dependence of the ini-

tial reaction rate on [Fe(CN)6]
3– concentration is linear.

No saturation is achieved up to a 10-fold excess of the

reagent. The rate of LbO2 oxidation by ferricyanide

increases with decreasing pH within the pH range of 5 to

8 and does not depend on the ionic strength. The reaction

is not inhibited by Ni or Zn salts and complexes. Taken

together, these data suggest that the reaction proceeds via

the simple outer-sphere electron transfer through the

heme edge without preliminary binding of [Fe(CN)6]
3–

anion to the protein.

Redox reaction of globins with carboxylate and phos-

phate iron complexes. Hemoglobin. The role of HbO2 as an

aerobic biological reductant of trivalent iron was pro-

posed based on the observation that HbO2 can mediate

iron transfer from transferrin to the Fe2+ chelator 2,2-

bipyridine [62]. The hypothesis was then confirmed in

rabbit erythrocytes and reticulocytes. In these cells, the

intracellular levels of reduced iron were maintained only

in the presence of HbO2, and transmembrane Fe2+ trans-

port correlated with Fe3+ reduction by oxyhemoglobin

[62]. HbO2 and MbO2 were found to reduce ATP–Fe3+

complexes in several model systems, which suggested that

O2-transporting proteins can also act as strong reducing

agents and also suggested a new function (Fe chelation)

for ATP, that had previously been considered only as an

energy intermediate [7, 63, 64].

The ability of human HbO2 to reduce complexes of

trivalent iron with NTA, EDTA, ATP, 2,3-DPG, citrate,

and pyrophosphate (PPi) has been studied at different

[Fe]/[chelator] ratios both in the presence and absence of

the second chelator bipyridine (bipy) [7, 63, 64]. The

reaction rate was registered from the spectra of the pro-

tein met-form and the bipy-reduced Fe complex (pH 7.0,

0.14 M HEPES, 37°C). The reaction is not inhibited by

superoxide dismutase, which indicates that no formation

of O2
– radical takes place, since O2

– can act as a reductant

[7]. Under the same conditions, the rate of HbO2 reaction

with FeNTA is considerably lower than with potassium

ferricyanide (half-oxidation times, 240 and 15 s, respec-

tively). The reaction rate decreases in the order FeNTA >

FeATP > FeEDTA > FeCitrate. For FeNTA and

FeEDTA, the reaction rates in the presence and the

absence of bipy are the same; in all other cases, bipy

increases the reaction rate ∼3-fold. In the absence of O2,

the rate of Hb(2) oxidation by FeNTA (2.2·103 M–1·s–1) is

three orders of magnitude higher than of HbO2, i.e. the

limiting stage of the reaction is seemingly the dissociation

of bound O2. The activation energies of HbO2 oxidation

with FeEDTA, FeNTA, FeCitrate, and FeATP at 37°C

(as determined from the reaction temperature-depend-

ence curves) were 28.1 ± 0.4, 24.0 ± 2.8, 22.0 ± 1.0, and

33.4 ± 0.2 kcal/mol, respectively, i.e. varied within 22.1 to

33.4 kcal/mol and to higher values for the iron complex-

es with EDTA and ATP.

The concentration curves for the reaction of HbO2

with FeNTA reach saturation. According to Michaelis–

Menten kinetics, Km = 2.4 mM and Vmax ∼ 10–6 M–1·s–1

[63]. The bimolecular reaction rate constant stays the

same up to 2.5-fold excess of the reagent and then

decreases slightly. The reaction rate drops abruptly with

pH increase from 6 to 8, a phenomenon that the authors

explain by increase in Hb affinity for oxygen. At the same

time, it is believed [8] that an increase in the rate of MbO2

oxidation by neutral FeNTA with pH decrease from 8 to

5 is due to the changes in the ratio between the main

forms of the reagent. At pH 5-8, the major reagent form

is the charged dimer (FeNTAOH)2–; the other form that

is present in insignificant amounts is negatively charged

FeNTA(OH)–. At pH > 8, FeNTA(OH)2
2– prevails in the

solution. All three forms are redox-inactive, in contrast to

the redox active uncharged FeNTA, whose concentration

considerably increases only at acidic pH (pH < 5).

An increase in ionic strength from 0 to 0.5 (pH 7.0)

results in a noticeable decrease in the rate of the reaction

of FeNTA with HbO2, thereby suggesting the presence of

a positively charged site in the protein essential for the

binding of negatively charged reagents [7, 63]. However,

other studies showed [64] that changes in the ionic

strength (NaCl concentration, from 0 to 0.25 mM) only

slightly affected the rate constants of the reactions of
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HbO2 with FeNTA and FeEDTA. The rate constants

increased less than two-fold with NaCl concentration

increase to 140 mM and then decreased slightly. These

effects exclude the contribution of electrostatic interac-

tions and are related most probably to the effect of salt on

the protein conformation, affinity for the ligand, and/or

redox potential. Note that the redox potential of the

Fe(3)NTA/Fe(2)NTA pair increases at acidic pH, there-

by increasing the driving force of the reaction [8].

Of all biological complexes of iron, only FeATP dis-

plays the same efficiency as FeNTA in the redox reaction

with HbO2, all other complexes are less efficient [64]. The

nature of Fe complexes with ATP and citrate in a solution

depends on the ratio between the components. At 1 : 1

ratio, these complexes have multinuclear structures that

depolymerize only at [Fe]/[ATP] ratios of 1 : 20 or 1 : 40.

At [Fe]/[ATP] ratio of 1 : 20, the rate of HbO2 oxidation

(8.2·10–3 min–1) is 1.5 times higher than at equimolar

ratio between the complex components (5.1·10–3 min–1)

(pH 7.2, 140 mM NaCl). Under the same conditions, the

rate of reaction of FeCitrate with HbO2 decreases two

times – from 5.4·10–3 to 2.8·10–3 min–1.

Some authors believe that electron transfer in the

reactions of HbO2 with FeNTA, FeEDTA, FeATP, and

FeCitrate occurs via the site-specific mechanism [7, 63],

while others suggest the simple outer-sphere electron

transfer through the heme edge as in structurally similar

MbO2 and Cyt b5 and do not exclude the possibility of

weak nonspecific binding of the charged reagent to the

protein [64]. The binding of iron complexes to HbO2 and

the site-specific mechanism of electron transfer have

been confirmed by the observed correlation between the

reaction rate, reagent redox potential, and the stability

constant of the complex (Table 3), as well as by the fact

that addition of a 10-fold excess of redox-inactive NiNTA

inhibits HbO2 oxidation by FeNTA by 75% [63].

However, this disagrees with the observation that ZnNTA

and MnNTA have virtually no effect on the reaction rate,

although the strength of Hb binding of the metals

decreases in the order Zn > Cd > Ni > Co > Mn, with the

binding constant for Ni being considerably lower than the

binding constant for Zn [39].

Myoglobin. The kinetics of metMb formation from

sperm whale ferromyoglobin in the presence of FeNTA

excess at pH 7.0 was studied [8]. Even though the reac-

tion ability of Mb forms decreases in the order Mb(2) >

MbO2 > MbCO, kinetic analysis showed that in all the

reactions, the reacting protein form was ligand-free

Mb(2). The rate of MbO2 oxidation with FeNTA consid-

erably increases at pH < 7.0, which, as in the case of Cyt

b5, could be explained by an increase in the concentra-

tion of the redox-active uncharged form of the reagent

and by the increase in the reaction driving force, because

the redox potential of the Fe(3)NTA/Fe(2)NTA pair

increases at acidic pH. The activation energy of the reac-

tion is 32 kcal/mol as determined from the temperature

dependence. Since Mb(2) and Hb(2) have considerably

lower energy of activation in this type of reactions (from

5 to 15 kcal/mol) [65, 66], the high value of this param-

eter corroborates the conclusion that ligand dissociation

from MbO2 is a rate-limiting step of the process, and

the value of 32 kcal/mol is a sum of the energies of acti-

vation of two stages – O2 dissociation and the heme oxi-

dation.

The rate of oxidation of MbO2 by FeNTA does not

depend on the ionic strength [8]. Redox-inactive

inhibitors (NiNTA and ZnNTA) do not affect the oxida-

tion rate, which indicates that no reagent binding to the

protein takes place. NMR titration of MbCO by FeNTA

revealed no widening of the protein resonance signals up

to very high FeNTA concentrations, i.e. no specific

reagent-binding sites on the protein surface was identi-

fied. All these facts suggest the simple outer-sphere elec-

tron transfer through the heme edge as the most probable

mechanism of the reaction of MbO2 with FeNTA.

The kinetics of reduction of horse metMb with

FeEDTA2– was studied at different pH, temperature, and

ionic strength values in the presence of reagent excess to

provide the pseudo first reaction order in the protein [67].

The bimolecular reaction rate constants vary from

28 M–1·s–1 at pH 6.0 to 9 M–1·s–1 at pH 8.5 (0.5 M phos-

phate buffer, 25°C). The shape of the pH dependence

within the pH interval from 5.5 to 8.5 with pKeff ∼ 5.8 is

similar to the pH dependence of oxidation of horse MbO2

by ferricyanide. An increase in the ionic strength (pH 7.0)

inhibits the reaction of metMb with FeEDTA2–, the effect

is most pronounced at I < 0.1. Since the horse Mb mole-

cule is not charged at pH 7.0, this can indicate contribu-

tion of local electrostatic interactions to the mechanism

of electron transfer [60, 67].

Using different reagent and O2 concentrations, the

authors [65] studied the kinetics of reversible oxidation of

horse metMb with FeCDTA2– and of oxidation of horse

MbO2 with FeCDTA–1, which are similar in their struc-

ture and redox potential to the FeEDTA1–/2– pair [65].

The reaction scheme is the following:

metMb + FeCDTA2– + O2 → MbO2 + FeCDTA– (10)

Complex

[Fe(CN)6]
3−

FeNTA (1 : 1)

FeCDTA (1 : 1)

FeCitrate (1 : 1)

FeEDTA (1 : 1)

FeATP (1 : 1)

Source

[44]

[27, 44]

[65]

[35]

[35]

[76]

Table 3. Reduction potentials and stability constants of

Fe3+ complexes

E0.5, mV

410

330

160

350

120

Log Keff, M
−1

43.6

15.9

11.5

25.0

6.6
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MbO2 ↔ Mb(2) + O2 (11)

Mb(2) + FeCDTA– → met-Mb + FeCDTA2– (12)

It was shown that reactions (10) and (12) follow sec-

ond order kinetics up to very high reagent concentrations

(over 1000-fold excess relative to the protein). There is no

saturation, and the reaction rate is proportional to the

difference in the potentials of the reagents. The bimolec-

ular rate constant of the oxidation reaction (kox) is

1.48·102 M–1·s–1 (0.1 M phosphate buffer, pH 6.8, 25°C).

It does not depend on pH, and it corresponds to the equi-

librium constant of 0.21. The rate of metMb reduction

(kred) with FeCDTA2– (reaction (10)) is 28 M–1·s–1 (0.1 M

phosphate buffer, pH 6.8, 25°C). It decreases consider-

ably at pH > 8.0, when metMb undergoes the

met–hydroxy transition (pKa 8.86) due to ionization of

the ligand-bound water molecule. HydroxyMb,

Mb(3)OH– (E0, 30 mV), is reduced much more slowly

than Mb(3)H2O (E0, +55 mV), which correlates with the

kred values of 31 and 4 M–1·s–1 at pH 7.0 and 9.5, respec-

tively.

KCN produces a strong inhibitory effect on both the

equilibrium and the rate of reduction of metMb with

FeCDTA2–. The ligands CN– and OH– bind more tightly

to metMb than H2O. At the same time, they bind more

weakly or do not bind at all to Mb(2). For this reason,

they should stabilize metMb relative to Mb(2) and

decrease the rate of reduction. Although the proposed

reaction scheme assumes involvement of both ligand-free

and liganded Mb in the electron transfer, the data

obtained at different CN– and FeCDTA2– concentrations

suggest that in this case, as well as in redox reactions of

ferromyoglobins, preliminary dissociation of the ligand

occurs. The reduction of metMb with FeCDTA2– and

with smaller by size FeEDTA2– occurs at the same rate

and with the same activation parameters, which suggests

that in both cases electrons are transferred by the simple

outer-sphere mechanism through the partially exposed

heme edge [65, 67].

Leghemoglobin. Studies of oxidation of soybean LbO2

by FeNTA [44] showed that this reaction is much slower

than its reaction with ferricyanide (second order reaction

constants at pH 6.6 of 1 and 42 M–1·s–1, respectively, in

50 mM HEPES/50 mM MES buffer at 20°C). The initial

reaction rate reaches saturation with increase in FeNTA

concentration, thereby indicating that during electron

transfer the reagent binds to a specific site on the protein

surface. The reaction parameters were determined by the

classical Michaelis–Menten kinetics from the concentra-

tion dependence of the reaction rate: Km = 1.7 mM,

Vmax = 21.7 µM⋅min−1. Addition of five-fold excess of

ZnCl2 (relative to FeNTA) inhibits the reaction by 65%,

which suggests that zinc and iron ions compete for the

binding with the protein. However, Ni salts and complex-

es do not affect the reaction rate.

The rate of LbO2 oxidation with FeNTA noticeably

decreases with increasing pH, which is most probably due

to increase in the reaction driving force (as in the case of

MbO2 oxidation with the same reagent) [8]. However, in

contrast to MbO2 oxidation with FeNTA and ferri-

cyanide, the rate of reaction of LbO2 with FeNTA

decreases by ∼50% with increase in ionic strength from

0.01 to 0.1 at pH 7.6, but remains the same at lower pH

values. This could not be explained by electrostatic inter-

actions between the protein and the reagent, especially in

view of the earlier mentioned fact that uncharged FeNTA

is redox-active, while negatively charged FeNTA(OH)–

and FeNTA(OH)2
2– forms are redox-inactive.

NMR studies showed that the presence of equimolar

concentration of FeNTA (pH 7.0) results in widening of

proton resonance signals of distal His61 and of two signals

assigned to Lys residues. This indicates that charged iron

complexes bind to one or two sites of the Lb molecule,

most probably to a cluster of Lys57, Lys64, and Lys95

residues close to the heme. It is possible that distal His61,

which is oriented toward the solvent, is also involved in

the binding. The authors concluded that in contrast to

LbO2 redox reaction with [Fe(CN)6]
3–, FeNTA oxidizes

LbO2 via the site-specific mechanism.

Therefore, oxidation of oxygen-transporting pro-

teins, such as HbO2 and MbO2, by various iron complex-

es occurs mostly by the simple outer-sphere mechanism

of electron transfer through partially exposed heme edge

irrespectively of the redox potential of the complex. If the

reagent is charged, it can bind nonspecifically to the pro-

tein due to electrostatic interactions (as in the case of

HbO2) [8, 64]. The differences in rate constants for HbO2

and MbO2 could be explained by differences in their

redox potentials (+170 and +55 mV, respectively) and by

shorter distance between the chelator metal and heme Fe

in Mb. However, redox reactions of LbO2 with FeNTA

most probably occur by the site-specific mechanism of

electron transfer [44]. But the data do not exclude the

simple outer-sphere mechanism of electron transfer even

in this case, since the same reagents oxidize structurally

similar MbO2 and Cyt b5 by the simple outer-sphere

mechanism (the reaction rates correlate with the differ-

ence in the potentials of the reagents and with the rates of

their self-exchange according to the theory of Marcus).

Besides, the binding of charged iron complexes to one or

two sites in Lb most probably happens with the involve-

ment of a cluster of three lysine residues (Lys57, Lys64,

and Lys95) located close to the heme.

Note that direct interaction of the studied iron com-

plexes with the heme Fe atom in globins (inner-sphere

electron transfer) could be completely excluded, since the

size and structure of these complexes prevent their enter-

ing into the heme pocket of the protein. The inner-sphere

mechanism of electron transfer with bridge formation,

i.e. when the reagent binds to the heme Fe via EDTA4–

bridge or heme ligand, is contradicted by the data on the
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reduction of Mb(3)CN– and Mb(3)OH– by this reagent.

Mb(3)CN– and Mb(3)OH– should react faster than

metMb, because the CN– and OH– anions are better

bridge groups than water molecules [65].

Oxidation of native and modified oxymyoglobins cat-

alyzed by ferrocyanide ions. We were the first to demon-

strate that addition of small amounts of potassium ferri-

cyanide to MbO2 solution results in complete oxidation of

MbO2, i.e. that a high-potential iron complex can act as

an efficient catalyst in the oxyglobin oxidation reaction

[32, 33, 68-70]. The reaction involves two simultaneous

processes: fast oxidation by ferricyanide of some amount

of MbO2 via interaction with the heme by the simple

outer-sphere mechanism, and slower conversion of the

rest of MbO2 into metMb by the catalytic mechanism.

The catalytic process is a first order reaction with kexp =

0.18 ± 0.01 min–1. Only two Mb forms are present in the

solution at all the times, MbO2 and metMb, which is

proved by the existence of two isosbestic points – at 523

and 592 nm.

We found that the catalyst in the MbO2 oxidation

reaction is ferrocyanide anion [Fe(CN)6]
4– that is formed

in the first process (reaction (13)). The catalytic process

includes [Fe(CN)6]
4– binding to the protein (reaction

(13)), proton-assisted oxidation of the bound

[Fe(CN)6]
4– by dissolved O2 (reaction (14)), and forma-

tion of the final reaction products (reaction (15)):

MbO2 + [Fe(CN)6]
4– MbO2⋅[Fe(CN)6]

4– (13)

MbO2⋅[Fe(CN)6]
4– + O2 + H+

MbO2⋅[Fe(CN)6]
3– + HO2 (14)

MbO2⋅[Fe(CN)6]
3– Mb(3)H2O +

[Fe(CN)6]
4– + O2 (15)

Reaction (15) goes through several stages, so k5 is an

effective constant that includes several individual con-

stants, both kinetic and equilibrium ones. All these re-

actions are fast and do no limit the rate of the process

[33].

Solving the system of equations (13)-(15) within the

framework of formal kinetics of homogenous catalysis

under conditions of stationary reactions allowed to calcu-

late the equilibrium and kinetic constants, Kd = k–3/k3

and k4, from the experimental data at two pH values – 6.4

and 7.3 (Table 4). When [[Fe(CN)6]
4–] << [MbO2], both

constants could be calculated independently from Eq.

(16), that describes well the observed linear dependence

of the initial reaction rate on the ferrocyanide and proton

concentrations:

V0 = k4 [MbO2]0 [[Fe(CN)6]
4–]0 [O2][H+]/Kd (16)

k3→→

k–3

k5→

k4→

Experimental
conditions

[[Fe(CN)6]
4−] >> [MbO2]

[[Fe(CN)6]
4−] << [MbO2]

Table 4. Equilibrium and kinetic parameters for oxymyoglobin oxidation catalyzed by ferrocyanide ions [68, 69]

k4[O2] × 10−6, 

M−1·min−1

1.03

1.4

0.95

0.1

0.27

0.533

−

−

1.05*

−

−

−

−

Kd × 104, M

4.6

12.5

3.2

4.2

12.0

7.8

1.5-1.8**

2.58**

5.70**

2.14**

1.5-6.1**

5.4**

3.3**

pH

6.4

7.3

6.4

6.4

6.4

6.4

5.2

5.5

6.4

5.2

5.2

5.2

5.2

Myoglobin

sperm whale

--"--

horse

pig

CM-MbO2

MbO2(His119→Asp)

sperm whale

--"--

--"--

horse

pig

CM-MbO2

MbO2(His119→Asp)

* Calculated using Kd at pH 6.4 in the presence of ferrocyanide excess.

** Calculated using k4[O2] = 1.03·106 M–1·min–1 in the presence of ferrocyanide excess.

[H+], M

4·10−7

5·10−8

4·10−7

4·10−7

4·10−7

4·10−7

7.95·10−6

5·10−6

4·10−7

7.95·10−6

7.95·10−6

7.95·10−6

7.95·10−6

kcat (Vmax/co), min−1

0.4

0.07

0.37

0.041

0.107

0.21

−

−

−

−

−

−

−
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where Kd = k–3/k3, and [O2] is constant and equals to

0.32 mM.

When [[Fe(CN)6]
4–] >> [MbO2], the dependence of

V0 on [[Fe(CN)6]
4–] is like that typical for enzymatic

kinetics:

V0 = k4 [MbO2]0 [[Fe(CN)6]
4–]0 [O2][H+]/Kd +

+ [[Fe(CN)6]
4–]0 (17)

Oxidation of sperm whale, horse and pig native

MbO2 in the presence of [Fe(CN)6]
4– was compared.

These proteins have similar spatial structures and redox

potentials, but differ in the number of surface histidine

residues and in the total molecule charge. The oxidation

of MbO2(His119→Asp) mutant and chemically modified

sperm whale CM-MbO2, in which all accessible his-

tidines were alkylated with sodium bromoacetate, was

also studied [68-70]. The dependence of the reaction rate

on the catalyst concentration, pH, ionic strength of the

medium was investigated as well as and complex forma-

tion between MbO2 and redox-inactive Zn2+. Distribu-

tions of the electrostatic potential around the studied

myoglobins at pH 5-8 and steric properties of Mb surface

were analyzed to identify pockets large enough to accom-

modate [Fe(CN)6]
4– anion.

When the amount of the catalyst was much lower

than that of the protein (1 to 20% of protein concentra-

tion), the dependence of the oxidation rate on the catalyst

concentration was linear for all the proteins. Sperm whale

and horse MbO2 proteins were oxidized in almost identi-

cal manner (Fig. 4, curves 1 and 2). Pig MbO2 and CM-

MbO2 (Fig. 4, curves 3 and 4) were oxidized at slower

rates, while the rate of oxidation of mutant

MbO2(His119→Asp) was somewhat intermediate (Fig. 4,

curve 5). At [Fe(CN)6]
4– concentrations ranging from

equimolar to 50-fold excess relative to the protein, the

oxidation rates of sperm whale and horse native MbO2

were almost the same and reached saturation at

[[Fe(CN)6]
4–]/[MbO2] ratios exceeding 30 : 1 (Fig. 5,

curves 1 and 2). The oxidation rates for pig MbO2 and

sperm whale CM-MbO2 were almost identical; however,

they were five-fold lower and did not reach saturation

within the studied range of [Fe(CN)6]
4– concentrations

(Fig. 5, curves 3 and 4). The rate of oxidation of

MbO2(His119→Asp) was 2-3-fold lower than that of the

native sperm whale MbO2 (Fig. 5, curve 5).

Within the pH interval from 5 to 8, the oxidation

rates of horse and sperm whale MbO2 in the presence of

5% ferrocyanide increased significantly at pH < 7.0

(Fig. 6, curves 1 and 2). This effect was less pronounced

for MbO2(His119→Asp) (Fig. 6, curve 5). The oxidation

rates of pig MbO2 and CM-MbO2 were extremely low

over the entire studied pH range and did not depend on

pH (Fig. 6, curves 3 and 4). Increase in ionic strength

from 0 to 0.55 strongly inhibited oxidation of sperm whale

and horse MbO2, especially at I = 0-0.1 (Fig. 7, curves 1

and 2), which indicates an important role of electrostatic

interactions in the reaction mechanism. Note that at I >

0.1, the reaction rate was low at all studied pH values

(from 5 to 8). The dependence of MbO2(His119→Asp)

oxidation rate on the ionic strength at I < 0.1 was consid-

erably less pronounced (Fig. 7, curve 5). The rates of pig

MbO2 and sperm whale CM-MbO2 in the presence of

potassium ferrocyanide were virtually independent of

the ionic strength (Fig. 7, curves 3 and 4), remain-

Fig. 4. Dependence of oxidation rates of sperm whale native

MbO2 (1), horse MbO2 (2), pig MbO2 (3), sperm whale CM-

MbO2 (4), and sperm whale MbO2(His119→Asp) mutant (5) on

[Fe(CN)6]
4– concentration when the catalyst concentration is

lower than the protein concentration; 0.01 M Tris-maleate buffer

(pH 5.2) at 20°C. Protein concentration, 2.25·10–5 M [68, 69].

Fig. 5. Dependence of the oxidation rates of sperm whale native

MbO2 (1), horse MbO2 (2), pig MbO2 (3), sperm whale CM-

MbO2 (4), and sperm whale MbO2(His119→Asp) mutant (5) on

[Fe(CN)6]
4– concentration in the presence of excess catalyst

amounts. 0.01 M Tris-maleate buffer (pH 6.4) at 20°C. Protein

concentration, 2.25·10–5 M [68, 69].
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ing low within the whole range of ionic strength values.

An slight increase in the CM-MbO2 oxidation rate at high

I values was probably related to the fact that screening of

charges of the negatively charged protein and reagent

facilitates their interaction.

Complex formation between one of the surface histi-

dine residues, His119(GH1), in the sperm whale, horse

and pig MbO2 and zinc ion at [Zn2+]/[MbO2] ratio 2 : 1

[42, 71] completely suppresses [Fe(CN)6]
4–-catalyzed

oxidation of all myoglobins even at 50-fold excess of the

catalyst (Table 5). Therefore, efficient catalysis requires

specific binding of [Fe(CN)6]
4– anion in the region of

His119 residue. Zinc does not prevent fast MbO2 oxida-

tion by ferricyanide that occurs through the heme, but no

catalytic reaction with the formation of metMb takes

place afterwards. The absence of inhibitory effect of Zn2+

on oxidation of MbO2(His119→Asp) and CM-MbO2

(Table 5) is due to the replacement of the Zn2+-interact-

ing His119 residue with negatively charged Asp in the

mutant myoglobin or its modification with anionic bro-

moacetate in CM-MbO2.

The selectivity of [Fe(CN)6]
4– binding in the region

of His119 is due to high positive local electrostatic poten-

tial at this region of the Mb molecule at pH < 7.0 and to

the existence of a “pocket” of sufficient volume formed

by Lys16, Ala19, Asp20, His24, and Arg118 for insertion

of ferrocyanide anion that can take place, when His119 is

in an “open” conformation [68-70]. The affinity of

[Fe(CN)6]
4– for myoglobin (Kd) increases almost 10-fold

at acidic pH due to the EP increase at the site of anion

Fig. 6. pH dependence of the oxidation rates of sperm whale

native MbO2 (1), horse MbO2 (2), pig MbO2 (3), sperm whale

CM-MbO2 (4), and sperm whale MbO2(His119→Asp) mutant (5)

in the presence potassium ferrocyanide (5% of the protein con-

centration, 1.1·10–6 M) in 0.01 M Tris-maleate buffer at 20°C.

Protein concentration, 2.25·10–5 M [68, 69].

Fig. 7. Effect of ionic strength on the oxidation rates of sperm

whale native MbO2 (1), horse MbO2 (2), pig MbO2 (3), sperm

whale CM-MbO2 (4), and sperm whale MbO2(His119→Asp) (5)

in the presence of potassium ferrocyanide (5% of protein con-

centration, 1.1·10–6 M) in 0.01 M Tris-maleate, KCl (pH 5.1) at

20°C. Protein concentration, 2.25·10–5 M [68, 69].
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⋅1

0
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Myoglobin

Sperm whale
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Pig

CM-Mb

Mb(His119→Asp)

Table 5. Effect of Zn2+ on oxidation rates (V0 × 107, M·min–1) of sperm whale, horse, and pig MbO2, carboxymethy-

lated CM-MbO2, and MbO2(His119→Asp) at various [[Fe(CN)6]
4–]/[MbO2] ratios in 0.01 M Tris-maleate buffer,

pH 6.4, 20°C [68, 69]

−

15.0

34.8

1.5-2.0

2.03

7.20

inhibition

25-fold

25-fold

8-fold

−

2 : 1

2.5

3.3-3.9

1.0

2.3

4.6

2:1

2.8

3.3-3.9

1.0

3.23-3.3

6.2

−

58.2

64.0

12.1

−

−

2 : 1

2.3

2.6

1.5

−

−

[[Fe(CN)6]
4−]/[MbO2] = 50 : 1

[Zn2+]/[MbO2]

inhibition

6-fold

10-fold

1.5-2-fold

no

1.55-fold

−

27.5

34.8

1.5-2.0

2.55-3.36

10.7

inhibition

10-fold

10-fold

1.5-2-fold

no

1.5-fold

[[Fe(CN)6]
4−]/[MbO2] = 10 : 1

[Zn2+]/[MbO2]

[[Fe(CN)6]
4−]/[MbO2] = 5 : 1

[Zn2+]/[MbO2]
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binding. At the same time, the existence of negative EP at

the same site in the case of CM-MbO2 correlates well

with a significant decrease in the [Fe(CN)6]
4– affinity for

myoglobin and explains low reaction rate even in the

presence of excess catalyst (Table 4). At pH 5.2, the

potential at the site of [Fe(CN)6]
4– binding in the MbO2

(His119→Asp) mutant becomes negative and retains its

initial value only in the region of His113 and His116.

The fact that inhibition of catalysis by Zn2+ binding

near His119 takes place, though positive EP at this site

does not change (or even increases), indicates an impor-

tant role of steric interactions and of optimal dynamics of

the protein groups in the [Fe(CN)6]
4– binding and in the

“active complex” formation. The affinity of zinc to

His119 is ∼100 times higher than that of ferrocyanide,

since Zn2+ forms a chelate complex that involves, in addi-

tion to His119, functional groups of Lys16(A14) and

Asp122(GH4) [35, 36]. Zinc binding results in the inabil-

ity of His119 to acquire an “open” conformation and

makes the “pocket” inaccessible for ferrocyanide [68-70].

Protonation of His113 and His116 residues located

close to His119 also plays and important role in the

mechanism of the ferrocyanide catalysis. On one hand, it

promotes electrostatic binding of [Fe(CN)6]
4– anion; on

the other, it speeds up reoxidation of the anion by dis-

solved O2 (reaction (14)) due to optimal colocation of

both reagents and a proton, as it is realized in the enzyme

active site. In pig Mb, His113 and His116 are replaced by

Gln, and no catalysis takes place, even though the posi-

tive potential at the [Fe(CN)6]
4–-binding site remains the

same and the configuration of the anion-binding pocket

is preserved, so that Kd for ferrocyanide is similar to that

for ferrocyanide binding to the sperm whale and horse

myoglobins (Table 4).

Potassium ferrocyanide and other salts of divalent

iron are known to be poorly oxidized by oxygen in solu-

tions, even at acidic pH [37, 38, 72, 73]. However, when

bound to sperm whale and horse native MbO2, ferro-

cyanide is rapidly oxidized under mild conditions (k4, Eq.

(14)) (Table 4). The specific [Fe(CN)6]
4–-binding to Mb

at a site close to His119 is believed to underlie the cat-

alytic effect of ferricyanide in Mb reaction with luminol,

which increases 3.5-4.0-fold the sensitivity of chemilumi-

nescence analysis of different ligand forms of myoglobin

[74, 75].

CONCLUSION

Respiratory proteins, hemoglobin and myoglobin,

can reduce biological complexes of copper and iron and

can play an important role in maintaining cell redox

potential and protecting cells against oxidative stress.

Complexes of Cu2+ with high redox potentials (E0,

200-600 mV) and high stability constants, such as

[Cu(phen)2]
2+, [Cu(dmphen)2]

2+, and CuDTA oxidize

ferrous derivatives of globins by the simple outer-sphere

electron transfer mechanism though overlapping π-

orbitals of the heme and metal complex. According to

Marcus theory, the redox reaction rate correlates mostly

with the difference in the potentials of the reagents and

the rates of their self-exchange.

Weaker oxidants with E0 = 100-150 mV, such as

Cu2+, CuEDTA, CuNTA, CuCitrate, CuATP, and CuHis

react via preliminary binding to protein histidine residues

with exchange of metal ligands for protein groups (the

site-specific electron transfer). In this case, the redox

reaction rate depends on pH and ionic strength of the

solution, which affect the protein–reagent complex for-

mation and should decrease with increase in stability of

the metal complex.

The major contribution to the rate of MbO2 oxida-

tion by copper compounds comes from copper complex

formation with the “inner” histidine residues, His97

(0.66 nm from the heme) that forms a H-bond with the

heme propionate COO– group, and distal His64.

Complex formation between copper compounds and sur-

face His48, His113, and His116 residues (1.8-2.7 nm

from the heme) that have the highest affinity for copper

contributes only slightly (less than 35%) to the total reac-

tion rate. Copper-oxidized hemoglobin β-chains also

contain His97 and His116(G18), analogous to the

His116(G17) of myoglobin, but both His116 and His97

are absent in the α-chains, which are resistant to copper-

catalyzed oxidation.

In contrast to redox reactions with copper reagents,

oxidation of MbO2 and β-chains of HbO2 by potassium

ferricyanide and trivalent iron complexes with NTA,

EDTA, CDTA, ATP, 2.3-DPG, citrate, and PPi occurs

mostly via the simple outer-sphere electron transfer

mechanism through the exposed heme edge.

Conversion of functionally active oxyhemoglobins

into nonreactive oxidized met-forms in the presence of

small amounts of metallic compounds (catalysis) is of

particular interest in biology. Earlier, this process had

been known only for copper ions and complexes with

intermediate redox potentials. A slow catalytic process

dominates at low copper concentrations and is mediated

by complex formation between copper and His113 and

His116 residues. Both these residues are absent in pig

MbO2, for which no catalysis has been observed.

It was demonstrated for the first time that high-

potential complex of iron, potassium ferricyanide (E0,

400 mV), at a concentration of 5-20% of MbO2 concen-

tration, catalyzes complete oxidation of MbO2 to metMb.

The mechanism of catalysis includes (i) the complex for-

mation between ferrocyanide anion and MbO2 in the

region of His119 due to the presence of a high positive

local potential, a cavity formed by Lys16, Ala19, Asp20,

His24, and Arg118, that is the big enough to accommo-

date [Fe(CN)6]
4–, and (ii) the rapid proton-assisted reox-

idation of the bound ferrocyanide by dissolved oxygen
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due to the optimal localization of adjacent protonated

His113 and His116 residues (similar to the processes

occurring at the enzyme active site).

It should be noted that even though the reaction

mechanism for MbO2 oxidation in the presence of Cu2+

and [Fe(CN)6]
4– follows the common site-specific outer-

sphere electron transfer mechanism, the exact molecular

processes for these two ions differ in the type of formed

catalytic complexes and their location in the protein

structure. The efficiency of ferrocyanide catalysis at

acidic pH (5.0) is usually 3-5 times higher than that of the

copper one. At neutral pH (pH 6.0), these efficiencies are

very similar (1.5-2.0-fold difference). At alkaline pH

(pH > 7.0), copper catalysis is 10 times more efficient

than catalysis by [Fe(CN)6]4–, because [Fe(CN)6]4–

almost does not bind to the protein under alkaline condi-

tions.
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