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The electronic structure (charge distribution, bond indices) and the geometry (bond dis-

tances and angles) of the deoxyheme and the oxyheme with coordinated proximal

histidine in their reduced and oxidized form were determined by the INDO method. The

effect of the distal histidine (in the case of the oxyheme) and a water molecule (in the case

of the metheme) on the geometry, charge distribution and stability of the systems was in-
vestigated. The method was adopted to model the oxidation of myoglobin in biological

systems. The results revealed that both deoxy- and oxymyoglobin could spontaneously

undergo one-electron oxidation. The mechanistic considerations based on the charge dis-

tribution and energetic effects led to the conclusion, that in oxymyoglobin’s case the elec-

tron transfer are followed by dissociation of a dioxygen molecule and addition of a water

molecule, where both processes proceed in parallel.

Key words: oxyheme, deoxyheme, electronic structure, oxidation process,

ZINDO method

Although biological reactions involving heme-proteins have been extensively

examined by many research groups [1–4], there is still a lot of questions, which need

to be answered. One of the recently studied phenomena concerns the role of oxygen

carrying hemoproteins, such as hemoglobin (Hb) and myoglobin (Mb) in the intracel-

lular redox processes. It has been found, that both these proteins can reduce metal ions

in aerobic conditions of the cell [5,6]. In vitro studies on model systems, consisting of

Hb or Mb and Cu(II) or Fe(III) complexes, have been performed by spectroscopic, ki-

netic and other experimental methods [5–16]. The reduction potential, the stability

constant, and the nature of the electron transfer orbitals of the metal-chelate are found

to influence the rate and the mechanism of metal chelates reduction. Generally, two

mechanisms of reduction of Fe(III) and Cu(II) chelates by hemoglobin or myoglobin

are suggested. The first is a simple outer-sphere mechanism, in which an electron

transfer occurs over the heme edge, and the second one is a site- specific mechanism,

requiring the formation of a metal-chelate-protein ternary complex prior to the elec-
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tron transfer. It is assumed, that in both mechanisms the only redox active species are

the deoxy globins [5,6].

On the basis of the results obtained by conventional kinetic methods for the re-

duction of the hexacyanoferrate(III) by the myoglobin both an inner-sphere electron

transfer [10] and an outer-sphere [11] electron transfer with deoxyMb (Mb), as the

only redox reactive species, according to Scheme 1, are postulated.

MbO2 Mb + O2 Mb + Fe(CN)6
3� met-Mb + Fe(CN)6

4� (1)

Our conventional and high-pressure kinetic studies, as well as structural and elec-

trostatic modelling, performed for the reduction of pentacyanoferrates(III)

([Fe(CN)5L]
n–

, where L = CN
–
, NO 2

�, H2O) by myoglobin indicate, that the outer-

sphere mechanism is operating and both oxy- and deoxymyoglobin are redox active

species (Scheme 2) [12,16].

K1

Mb + O2 MbO2

+ Fe(CN)5L
n–

+ Fe(CN)5L
n–

met-Mb + Fe(CN)5L
(n+1)–

met-Mb + Fe(CN)5L
(n+1)–

+ O2

(2)

As the starting point to discuss, the reactivity of any hemeprotein, its geometry as

well as the electronic structure of the heme moiety has to be considered. The X-ray

structures of myoglobin are determined for its three forms: deoxymyoglobin (Mb)

[17], oxymyoglobin (MbO2) [18], and metmyoglobin (met-Mb) [19]. Myoglobin is a

monomer with a polypeptide chain of 153 amino acids. This globin is attached to the

oxygen-binding prosthetic group (iron(II) with protoporphyrin IX) by coordination

to the iron through the imidiazole ring of a proximal histidine residue. Deoxymyoglo-

bin (Mb) has a pentacoordinated iron(II) centre, in which the metal atom lies 0.42 Å
out of the plane, formed by the four pyrrole-rings and binds to the donor nitrogen

atoms. It is displaced towards the bound imidazole group, i.e. the proximal side of the

heme. Upon binding of dioxygen, (O2), which yields oxymyoglobin (MbO2), the iron

atom moves toward the FeN4 plane. The dioxygen molecule is bound end-on to the

iron centre, forming a bent structure with a Fe–O–O bond angle equal to 115�. Al-

though the properties of oxygen binding to the natural proteins as hemoglobin and

myoglobin are extensively studied, the nature of the iron–oxygen bond in these mole-

cules is still a controversial issue. Generally to describe the Fe-O2 bonding two mo-

dels are used: Pauling’s model (Fe2+-O2) [20] and Weiss’ model (Fe3+-O 2
�) [21].

1908 E. Ilkowska et al.



The whole spectrum of experimental techniques, like Moessbauer spectroscopy,

electronic spectroscopy, magnetic circular dichroism, infrared spectroscopy, Raman

spectroscopy, and magnetic susceptibility are used to elucidate the bonding of oxy-

gen to iron porphyrins and hemoproteins [1,4]. In parallel, many theoretical calcula-

tions [22–30] are performed to resolve uncertainties and to account for the observed

properties of oxyhemoglobin and oxymyoglobin. A qualitative ab initio Hartree-

Fock study of the structure of the metalloproteins requires excellent computational

facilities, as model systems involve many atoms. In addition, the results of the ab ini-

tio studies, performed for various oxyheme models do not give one definite descrip-

tion of the Fe-O2 bonding. The type of the model, as well as the quality of the used

basis set have a strong influence on the electronic structure of the heme-moiety and,

as a consequence, the obtained wavefunctions consisted mostly of various percenta-

ges of the two suggested configurations: the Fe
2+

-O2, with the closed-shell state
1
A�

[23,25,26], and the Fe
3+

-O 2
� with the open-shell state

3
A� [27].

Previous semiempirical [28] and DFT [29] approaches, used to study the oxyhe-

me models, have focused mainly on the charge distribution within the porphyrin com-

plex induced by the geometry changes. It was found, that a decrease in the iron-oxygen

distance slightly favours the charge transfer from the iron to O2 molecule. On the

other hand, the increasing O–O distance enhances the negative charge on the dioxy-

gen. Moreover, the bent end-on structure of the Fe-O2 bond caused an excess of a ne-

gative charge, which may be easily accommodated on the terminal oxygen atom. The

hydrogen bond between O2 molecule and the protein polypeptide chain also favours

the bent end-on Fe-O2 conformation.

In this paper, we model the one-electron oxidation of myoglobin in oxy- and de-

oxy form by the semiempirical ZINDO method. The goal is to understand the mecha-

nism of the biological intracellular oxidation of myoglobin or hemoglobin under

aerobic conditions by combining the results obtained both from the present theoreti-

cal approach and the previous kinetic experiments. As the first step the geometric, as

well as electronic structures of all redox forms of the model compounds are optimi-

zed. Then, on the basis of the geometrical, electronic and energetic results the possi-

ble reaction pathways are discussed.

MODELS AND METHODS

The electronic and geometric structures are obtained by the ZINDO method [31–36], which has been

proved to be suitable to interpret the behaviour of biological systems [37–43]. The details of the method,

which gives, as any other semiempirical treatment, only the qualitative picture, are described elsewhere

(see, for example [37–43] and references therein). Here, we give only a quick overview of this method.

The ZINDO method is characterized by the inclusion of all one-centre exchange terms, necessary for rota-

tion invariance and accurate spectroscopic predictions. The method uses a basis set of Slater-type orbitals

(STO), which are then envisioned as being symmetrically orthogonalized to one another. A basis set of

single Slater-type orbitals (STO) is characterized by the choice of exponential constants. For hydrogen

the value of 1.2 is taken, whereas for elements of the second and third rows the exponents derived from

Slater’s rules are used [35]. One-centre core integrals are calculated from the ionization potentials.
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One-centre resonance integrals are set to zero, whereas the two-centre one-electron integrals are calcu-

lated. The nuclear attraction integrals are proportional to two-centre Coulomb integrals between the ap-

propriate atoms. The two-electron two-centred nonvanishing integrals are evaluated over STO’s,

similarly to the one-centre integrals.

The optimization of geometry is performed by Newton-Raphson and Hessian methods [36]. Vacuum

calculations are carried out and no influence of a reaction field is taken into account. The electronic struc-

tures are analysed using atomic Mulliken populations [44] and Mayer bond orders [45–46]. Atomic char-

ge distribution provides the information about the charging of atoms, forming the system and about the

ionic (electrostatic) contribution to the binding in the system. The bond order analysis may serve as a me-

asure of the bond strength and allows the estimation of the covalent contribution to the total bond.

A pentacoordinated iron with the porphyrine IX ring and the proximal histidine group as the fifth li-
gand modeles the myoglobin active centre. In the case of oxymyoglobin, the sixth ligand, i.e. a dioxygen

molecule is added (Figure 1). As a starting point for the geometry optimization, the experimental geome-

try [18] is assumed for both species.

Despite the fact, that pentacyanoferrate(III) complexes are used in our kinetic experiments as the ac-

ceptor of an electron in the oxidation of myoglobin, in theoretical model we do not include those com-

plexes. Here, the redox process is modelled by decreasing the number of electrons in the heme systems.

The geometry optimization is done for the all redox forms collected in Table 1. In the next step the model

with a distal histidine, added to the oxyheme system is investigated (Figure 2), to check the influence of

this residue on the geometric and electronic properties of the oxyheme.

1910 E. Ilkowska et al.

Figure 1. Geometrical structure of the oxyheme with coordinated proximal histidine residue obtained by

the ZINDO method.



Table 1. Studied systems.

Model Symbol
Number of the

valence electrons

Deoxyheme heme 272

Oxidized deoxyheme heme
+

271

Oxyheme hemeO2 284

Oxidized oxyheme hemeO2
+ 283

Aqua-metheme metheme–H2O 279
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Figure 2. Geometrical structure of the oxyheme with proximal and distal histidine residues obtained by

the ZINDO method.



During the geometry optimization procedure, the porphyrin ring is kept frozen, while the proximal

histidine residue, the iron atom and both oxygen atoms are allowed to rearrange. The reaction pathway for

the oxidation process is discussed.

RESULTS AND DISCUSSION

In large biological systems, like myoglobin or even heme alone, there is a spec-

trum of molecular orbitals, which have similar energies, and it is difficult to judge

univocally the electronic configuration of the ground state for these systems. There-

fore, in our calculations all possible multiplicities for the studied system are taken

into account and geometry optimizations are performed separately for each of them.

Deoxyheme system: Theoretically the deoxyheme can exist in three electronic

states, which differ in multiplicity (i.e. 1, 3 and 5, corresponding to 0, 2 and 4 unpaired

electrons localised on the Fe atom). Table 2 summarizes the total energies of the sys-

tem, as well as the electronic parameters, such as charges on Fe, N of proximal histidi-

ne (hisp), charges on the selected fragments of the molecule, as well as bond orders for

those states.

Table 2. Relative energies (0 value refers to the multiplicity with the lowest energy) and selected electronic

properties for the different electronic states of the deoxyheme (heme) system.

singlet triplet quintet

Energy [kJ/mol] 154.90 110.27 0

Charges on atom or molecular fragments

Fe 0.78

(s
0.356

p
0.645

d
6.224

)

0.76

(s
0.365

p
0.645

d
6.234

)

0.76

(s
0.411

p
0.703

d
6.131

)

N(his) –0.21 –0.21 –0.22

proximal histidine –0.31 –0.30 –0.26

porphyrin ring –2.47 –2.46 –2.50

Bond order Fe–N(his) 0.27 0.27 0.38

The total energy of the system depends on the state multiplicity and decreases

with increasing the number of unpaired electrons. The energy obtained for the quintet

state is significantly lower than the energy for the singlet and the triplet. The energy

difference between the singlet and the triplet states is equal to 44.63 [kJ/mol], where-

as between the triplet and the quintet states is twice as large and equals 110.27

[kJ/mol]. The theoretical results fully agree with experiment, claiming the high spin

state for the deoxymyoglobin molecule [1,19].
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The atomic charges (Fe, N(hisp)), which determine an ionic contribution to a che-

mical bond, do not depend on the multiplicity. Their values, different from the formal

charges of Fe2+ and N3–, suggest that the Fe–N(hisp) bond is a mixture of a covalent

and ionic character. The bond order between Fe and N(hisp) depends on the multipli-

city and is the largest one for the quintet state. This confirms the covalent contribution

to that bond. The partial charge on the proximal histidine depends on the multiplicity,

but not on the porphyrin ring.

The optimization procedure leads to a substantial movement of the Fe atom under

the porphyrine plane and strongly depends on the spin state of the system. In the quin-

tet state, the change of the iron position with reference to the porphyrin plane amounts

to 0.4 Å, whereas for the singlet and triplet states is by 0.15 Å smaller. This result

agrees with the experimental data, which indicates that the iron displacement is 0.42 Å
[4,18].

Oxidized deoxyheme system: A similar treatment is repeated for the oxidized de-

oxyheme (heme
+
), where the oxidation process is modelled by removing one electron

from the system. For heme
+

three possible multiplicities are taken into account, i.e. 2, 4

and 6 (corresponding to 1, 3 and 5 unpaired electrons on the iron atom). The total ener-

gies and electronic properties (similar as for the deoxyheme) are collected in Table 3.

Table 3. Relative energies (0 value refers to the multiplicity with the lowest energy) and selected electronic

properties for the different electronic states of the oxidized deoxyheme (heme
+
) system.

doublet quartet sextet

Energy [kJ/mol] 207.41 0 81.39

Charges on atom or molecular fragments

Fe 0.76

(s
0.350

p
0.666

d
6.275

)

0.76

(s
0.362

p
0.648

d
6.225

)

0.73

(s
0.413

p
0.716

d
6.141

)

N(his) –0.22 –0.22 –0.21

proximal histidine 0.10 –0.25 0.11

porphyrin ring –1.86 –1.51 –1.84

Bond order Fe–N(his) 0.35 0.32 0.23

Here, the energy of the system depends also on the multiplicity, but in contrast to

the deoxyheme, the stability of the system does not simply increase with increasing

the number of unpaired electrons. The quartet state is obtained as the ground state.

The total energy of the sextet is 81.39 [kJ/mol] higher than of the quartet state, where-

as the doublet seems to be the least stable state. In this case the energy difference is

207.41 [kJ/mol].

The analysis of the atomic charges on the Fe and N(hisp) shows, that they are simi-

lar for all states except for the sextet. In that case a small decrease of the positive char-

ge on the iron and of negative on the nitrogen is observed. The atomic charges on the
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Fe and N in all spin states point out a small ionic contribution and a clearly covalent

character of these bonds. The bond order depends on the multiplicity and decreases

with increasing the number of unpaired electrons. The state of the highest multiplicity

is characterized by the weakest bond between Fe and proximal histidine. A reverse

dependence is observed for the deoxyheme. Also partial charges on the proximal hi-

stidine and the porphyrin ring depend on the multiplicity of the system. While those

values are similar for the doublet and the sextet states, they remarkably differ for the

quartet state (by about 0.3 e). In this case, the negative charge is moved form the por-

phyrin ring into the proximal histidine.

As it was mentioned previously, the oxidized form of deoxyheme (heme+) is a hy-

pothetical system. Assuming the energy minimum criterion and taking into account

the electronic properties of the different states, one can say that the results of calcula-

tions point out the quartet state as the ground one for the deoxyheme system.

Oxyheme system: The electronic structure of oxymyoglobin is a subject of many

studies [22–28,47–51] and usually two structures are used for describing the bond be-

tween iron ion and dioxygen:

– Pauling’s structure [20], where Fe
2+

bounds to the neutral dioxygen molecule,

Fe
2+

-O2 and

– Weiss’ structure [21], in which Fe3+ is bound to the O 2
� ion as Fe3+-O 2

�.

The oxyheme (i.e. heme with the dioxygen ligand coordinated to the iron centre in

its sixth coordination site) isconsidered in order to model the active centre of oxymyo-

globin. The possible electronic state for this system may correspond to one of the four

different spin states (2S+1) = 1, 3, 5 and 7.

Table 4 contains the calculated total energies, as well as electronic properties for

all the studied states. Similarly as it was in the case of the deoxyheme, the total energy

depends on the multiplicity of the system and decreases with increasing the number of

unpaired electrons. The most favourable, from the energy point of view, is the state of

the highest multiplicity, while the singlet state, which corresponds approximately to

Pauling’s model, is the least stable one. Its energy is 215.55 kJ/mol higher than of the

other states. The energy difference between the triplet (corresponding approximately

to Weiss’ model) and the quintet states amounts to 22 kJ/mol, whereas between the

quintet and the heptet state to 46.73 kJ/mol. Singlet and triplet states can be realized in

many different ways, which means that they are more probable than the other two sta-

tes (quintet and heptet). Since in addition the experimental results suggest, that oxy-

myoglobin is a low spin species, the triplet state is assumed as the ground state for the

oxyheme.

The net charge, localized on the iron atom for the singlet and triplet states, is al-

most the same, for the quintet state is slightly smaller, whereas for the highest spin is

the largest one. The total charge on the O2 ligand does not depend on the multiplicity

and indicates its neutral character. In the singlet state the value of the O–O bond order

is close to that observed in the neutral dioxygen molecule, whereas in the other states

it is much lower. The decrease in the bond order is usually connected with the occupa-

tion of the antibonding orbitals and proceeds during the transformation of O2 in toO 2
� .
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Since in our case the charge on dioxygen is the same for all the states, such a transfor-

mation does not take place. The analysis of MO orbitals within the oxygen ligand in-

dicates the rearrangement of electrons from two strong � and one weaker � orbitals

into one strong � (for the single state) and two weaker � orbitals (for the triplet state),

which explains the observed decrease in the bond order. The charges localized on the

proximal histidine and on the porphyrin ring are similar for singlet, triplet and heptet

states. They differ for the quintet state. The bond order analysis suggests a weak cova-

lent bond between iron ion and dioxygen.

Table 4. Relative energies (0 value refers to the multiplicity with the lowest energy) and selected electronic

properties for the different electronic states of the oxyheme (hemeO2) system.

singlet triplet quintet heptet

Energy [kJ/mol] 215.55 69.31 46.73 0

Charges on atom or molecular fragments

Fe 0.87

(s0.262p0.543d6.320)

0.86

(s0.284p0.548d6.310)

0.80

(s0.321p0.572d6.309)

0.92

(s0.303p0.580d6.198)

O2 0.03 0.03 0.02 0.03

N(his) –0.23 –0.23 –0.21 –0.24

proximal histidine 0.08 0.07 0.04 0.07

porphyrin ring –2.95 –2.96 –2.84 –2.99

Bond orders

Fe–O 0.20 0.17 0.16 0.15

O–O 1.97 1.48 1.48 1.48

Fe–N(his) 0.37 0.33 0.27 0.33

Oxidized oxyheme system: The oxidation of oxymyoglobin is modelled by re-

moving one electron from the oxyheme system; the resulting hemeO 2
� species is tre-

ated as a hypothetical intermediate in this model process. Three electronic states,

namely doublet, quartet and sextet corresponding to 1, 3 and 5 unpaired electrons are

considered for the oxidized oxyheme. The highest possible state (2S+1) = 8 is not dis-

cussed. Table 5 collects total energies and selected electronic properties for the diffe-

rent multiplicity states of the hemeO 2
� . Here, the total energy of the hemeO 2

+ depends

on the multiplicity and, as it was in the case of the oxyheme, decreases with increasing

the number of unpaired electrons. The least stable seems to be the doublet state, who-

se energy is equal to 283.29 kJ/mol higher than the energy of the quartet. The energy

difference between the quartet and the sextet is about 60 kJ/mol.
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Table 5. Relative energies (0 value refers to the multiplicity with the lowest energy) and selected electronic
properties for the different electronic states of the oxidized oxyheme (hemeO2

+ ) system.

doublet quartet sextet

Energy [kJ/mol] 283.29 56.45 0

Charges on atom or molecular fragments

Fe 0.89

(s
0.285

p
0.530

d
6.298

)

0.85

(s
0.306

p
0.535

d
6.304

)

0.88

(s
0.319

p
0.602

d
6.198

)

O2 0.03 0.03 0.03

N(his) –0.19 –0.16 –0.15

proximal histidine 0.30 0.33 0.31

porphyrin ring –2.22 –2.22 –2.22

Bond orders

Fe–O 0.13 0.10 0.15

O–O 1.47 1.47 1.48

Fe–N(his) 0.36 0.26 0.26

There are at least two reasons to select the quartet as the ground state for the hemeO 2
� .

First, the oxidation process does not change the charge on the iron atom (0.86 and

0.85 for the hemeO2 and the hemeO 2
� , respectively), therefore the multiplicity of the

iron should not be altered. Second, since the oxygen molecule is bound very weakly to

the metheme, its spin state should be the same as in the isolated O2, i.e. the triplet. Al-

together, there should be three unpaired electrons in the system (two electrons on the

oxygen and one on the iron). The experimental data suggest, that the natural

aqua-metmyoglobin is a high-spin system [1,4]. There are no data for a hypothetical

intermediate product the hemeO 2
� . Similar charge on Fe in the oxyheme and the oxid-

ized oxyheme may suggest, that in the electron transfer process the heme iron does

not undergo the oxidation. It mediates in removing an electron mainly from the por-

phyrin ring (�el = 0.75) and the proximal histidine (�el = 0.25). Charge on the oxygen

ligand is independent of the system multiplicity and indicates its neutral, although,

“excited” state. Charges on the proximal histidine and the porphyrin ring are similar

for all states of different multiplicities.

The bond order analysis indicates a weak covalent bond between the heme iron

and the oxygen molecule. This bond is the weakest in the case of the quartet state. The

bond order for O–O (~1.5) is independent of the spin state. The Fe–N(hisp) bond is the

strongest for the doublet state. Here, both the covalent contribution (seen directly

from the bond order value) and the ionic one (indicated by the charge difference be-

tween Fe and N) are the biggest ones.

Aqua-metheme (metheme-H2O): It is known that in natural metmyoglobin a wa-

ter molecule occupies the sixth coordination site of the heme iron [19], whereas the
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five-coordination heme compound of the iron(III) does not exist. In order to model

the system realized in nature, the calculations for the six-coordinated heme complex,

i.e. the aqua-metheme (a water molecule as the sixth ligand) are carried out. Similarly

as for heme (Table 2), the quartet state is considered as the ground state. The geometry

of aqua-metheme is optimized.

Table 6 compares the total energies and the selected electronic as well as geome-

trical parameters for two systems, the heme
+

and the metheme-H2O, which can be as-

sumed as models for the oxidized form of myoglobin. It is worth to emphasise a

significant change in the charge distribution between the oxidized deoxyheme

(heme+) and the aqua-metheme (metheme-H2O). First, an increase of the positive

charge on the iron atom is observed (from 0.76 for the heme+ to 0.85 for the methe-

me-H2O). Moreover, the value of the charge on the heme iron atom in the aqua-methe-

me (0.85) is very similar to those obtained for the oxyheme (0.86) and the oxidized oxy-

heme (0.85), which suggests that iron is in the same oxidation state in all these cases.

Table 6. Selected geometrical as well as electronic properties for systems heme
+

and metheme-H2O
modelling the oxidized forms of myoglobin.

heme+ metheme–H2O

Charges on atom or molecular fragments

Fe 0.76 0.85

N(his) –0.22 –0.15

histidine –0.25 0.32

porphyrin ring –1.51 –2.27

Distances [Å]

Fe–O – 2.24

Fe–N (his) 2.304 2.28

Bond orders

Fe–O – 0.26

Fe–N(his) 0.32 0.25

On passing from the heme
+

to the metheme-H2O, one observes a decrease in the

net charge on the nitrogen atom of the proximal hisidine (coordinated to the iron

atom), (from –0.22 to –0.15) and a shift of 0.58e from the proximal histidine to the

porphyrin ring. Additionally, both ionic and covalent contributions to the Fe–N(hisp)

bond are smaller. The smaller ionic part derives from the smaller difference between

Fe and N(hisp) charges. The smaller covalent contribution can be seen directly from

Table 6 (0.25 against 0.32). Five- and six-coordinated porphyrin complexes differ si-

gnificantly in the charge of porphyrin ring, which suggests that the porphyrin ring
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participates directly in the oxidation process of heme. Addition of the water molecule

does not cause a substantial change in the Fe–N(hisp) distance (2.30 Å and 2.28 Å for
the heme+ and the aqua-metheme, respectively).

Addition of the water molecule to the oxidized deoxyheme, which is schematical-

ly shown in Scheme 3 leads to the significant stabilization of the system.

heme
+

+ H2O metheme-H2O (3)

Large stabilization energy, that is equal to 588.64 [kJ/mol], suggests that the inclu-

sion of the water molecule in the oxidized protein model (via its coordination to the

iron in the sixth position) gives a better account of the possible natural process.

Oxyheme with the distal histidine: There are two histidine residues adjacent to

the heme centre: a proximal one (coordinated to the heme iron) and a distal one (pla-

ced on the opposite side of the porphyrin plane and forming a hydrogen bond with the

oxygen which is bound to the iron).

To model the hemeO2–hisd the experimental geometry from the rentgenographic

studies is taken as the starting point [18]. Then the positions of the iron, oxygen and

hydrogen (forming the hydrogen bond) atoms are relaxed. The calculations are car-

ried out for the triplet state, which is selected as the ground state in the case of the iso-

lated oxyheme system.

Table 7 compares the charge distributions between the oxyheme and the oxyheme

with the distal histidine. The introduction of the distal histidine causes only a very

small change in the electronic structure of the oxyheme. The presence of the positive-

ly charged hydrogen atom of the distal histidine induces a slight shift of the electron

density towards the terminal oxygen atom O(2). Also a small decrease of the charges

on the iron and nitrogen (of the proximal histidine) atoms as well as on the porphyrin

ring is observed.

The experimental data confirm the presence of the hydrogen bond between oxy-

gen O(2) and the hydrogen from the distal histidine [52]. The results of calculations,

i.e. the O–H bond distance (1.26 Å) as well as the bond order (0.19), clearly indicate

the formation of a hydrogen bond rather than of a typical hydroxyl group.

The comparison of the O–O distances (1.11 Å and 1.12 Å) and bond orders (1.48

and 1.43) in the hemeO2 and the hemeO2–hisd reveals a slight increase of the distance

and a decrease of the bond order, which may suggest a weakening of this bond. The in-

crease of the Fe–O distance (from 2.28 Å to 2.36 Å) indicates a tendency to dissocia-

tion of the oxygen molecule from the protein model, however, the complete

dissociation of the O2 molecule from the hemeO2–hisd is not observed, due to the sta-

bilization of dioxygen via the hydrogen bond. Therefore, the [Fe--O2--H(hisd)] struc-

ture can be proposed for the hemeO2–hisd system.

The oxidation process: There are at least two reasons, why we have decided to

study the myoglobin oxidation process for the first time by quantum chemistry. First,

in the literature [20–30] one can find numerous contradictory statements on the de-

scription of the electronic structure of the protein active centre. Moreover, a new role
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of hemoglobin and myoglobin in the intracellular reduction of metal ions is discove-

red [5–6]. Table 8 summarizes the electronic characteristics of the ground states of all

the systems, which take part in the redox process. Among the presented compounds

there are real reagents (heme, hemeO2 and metheme-H2O), as well as the species tre-

ated as hypothetical intermediate products in a redox reaction (heme
+

and hemeO 2
+ ).

Table 7. Selected electronic and geometrical properties for the oxyheme (hemeO2) and the oxyheme with the
distal histidine (hemeO2–hisd).

hemeO2 hemeO2–hisd

Charges on atom or molecular fragments

Fe 0.86 0.80

O(1) 0.01 0.10

O(2) 0.02 –0.01

N(his) –0.23 –0.20

proximal histidine 0.07 0.14

porphyrin ring –2.96 –2.91

Distances [Å]

Fe–O 2.28 2.36

O–O 1.11 1.12

Bond orders

Fe–O 0.17 0.15

O–O 1.48 1.43

Table 8. Selected electronic and geometrical properties for the ground states of the studied heme species.

heme heme
+

metheme–H2O hemeO2 hemeO2
+

Charges on atom or molecular fragments

Fe 0.76 0.76 0.85 0.86 0.85

O(1) – – – 0.01 0.01

O(2) – – – 0.02 0.02

N(his) –0.22 –0.22 –0.15 –0.23 –0.16

histidine –0.26 –0.25 0.32 0.07 0.33

porphyrin ring –2.50 –1.51 –2.27 –2.96 –2.21
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Table 8 (continuation)

Distances [Å]

Fe–O – – 2.24 2.28 2.43

O–O – – – 1.11 1.12

Fe–N(his) 2.22 2.30 2.28 2.17 2.27

Fe–N(1) 2.08 2.03 1.94 1.94 1.94

Fe–N(2) 2.06 1.99 1.94 1.94 1.94

Fe–N(3) 2.17 2.09 1.96 1.95 1.95

Fe–N(4) 2.06 2.02 1.95 1.96 1.96

Bond orders

Fe–O – – 0.26 0.17 0.10

O–O – – – 1.48 1.47

Fe–N(his) 0.380 0.315 0.25 0.33 0.26

The oxidation process of the deoxyheme: Analysing the oxidation process of de-

oxymyoglobin (in our model heme) shown in Scheme 4, one has to remember that in

reality this process is accompanied by the coordination of a water molecule and for-

mation of a six-coordinated species. An isolated oxidation reaction, connected with

the removal of one electron from the system, is a spontaneous process and is connec-

ted with the energetic effect of 368.10 kJ/mol. It leads, however, to the formation of a

hypothetical five-coordinated heme complex of iron(III), that can be treated as an

unstable intermediate only.

�E = –368.10 kJ/mol

heme-e
–

heme
+

(4)

Scheme 5 analyses the same oxidation process, in which a water molecule is

involved. Now, the energetic effect of the reaction is almost three times larger. The

comparison of the electronic structure of the oxidized deoxyheme (heme+) and the

aqua-metheme (metheme-H2O) leads to the conclusion, that heme
+

can be considered

to be only an unstable intermediate product.

�E = –368.10 kJ/mol

heme-e
–

heme
+

+H2O �E � –588.64 kJ/mol (5)

metheme-H2O
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The oxidation process of the oxyheme: The oxidation process of the oxyheme,

realized by removing one electron from the system, leads to the species described by

formula hemeO 2
+ . Similarly, as it was in the case of the deoxyheme, the compound for-

med in this process can be treated only as an unstable product. It is highly possible,

that this complex will easily dissociate the oxygen molecule. The analysis of the

Fe–O bond length, as well as the bond order in the reduced and oxidized form of the

oxyheme, allows us to conclude the dissociation of dioxygen. The weakening of the

Fe–O bond results from an increase in the Fe–O bond distance (from 2.28 Å to 2.43 Å)

and a decrease in the bond order (from 0.17 to 0.10) for the oxyheme and the oxidized

oxyheme, respectively (see Tables 4 and 5). The obtained values do not indicate a to-

tal cleavage in the Fe–O bond. It is worth pointing out, that the oxidation reaction is an

exothermic one, even though the oxidized oxyheme, can be treated as an unstable in-

termediate only.

Studying the oxyheme oxidation, one should remember that the final product is

the aqua-metheme, as it is in the case of the deoxyheme. This process consists of few

steps and its energetic effect follows not only from the removal of one electron from

the system, but also from the dissociation of the dioxygen molecule and addition of

the water molecule. Therefore, two pathways should be examined for the oxidation

process of the oxyheme:

– the dissociation of the oxygen molecule and the addition of the water molecule be-

ing parallel processes, as shown in Scheme 6.

�E = –1095.10 kJ/mol

heme-O2-e
–

hemeO 2
+

+H2O �E � –37.28 kJ/mol (6)

metheme-H2O + O2

– the dissociation of O2 proceeding prior to the addition of the water molecule as

shown in Scheme 7.

�E = –1095.10 kJ/mol �E = +552.14 kJ/mol

heme-O2-e
–

hemeO 2
+ heme

+
+ O2

+ H2O �E � –588.64 kJ/mol

(7)

metheme-H2O + O2
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In both cases, the energetic effect is about 1100 kJ/mol. As one can see from the

comparison of the total energies of the intermediates, each of the elementary steps in

the first reaction pathway proceeds spontaneously. In the second route (Scheme 7) al-

ready the elementary step from the hemeO 2
+ into the heme

+
+ O2 costs 0.21 a.u. (~550

kJ/mol) and will not occur spontaneously. This allows us to suggest the first reaction

pathway as the preferable one.

One should stress, that the optimized electronic and geometric structures of the

deoxy- and the oxyheme with coordinated proximal histidine species, as well as of

their one-electron oxidized forms are obtained by use of semiempirical quantum che-

mistry treatment. Although various theoretical approaches and different models of

the active centre of oxygen carrying hemoproteins have been applied to describe the

nature of the Fe–O2 bonding, our work focused on the real oxyheme (IX protoporphy-

rin-Fe–O2) with coordinated histidine.

The analysis of the iron atomic charge for all the studied systems shows, that iron

has the lowest charge in the deoxyheme (Fe(II)). This charge increases during the oxi-

dation process. For the other moieties (hemeO2, hemeO 2
+ and metheme-H2O), the

charge on Fe atom is similar and bigger than in the deoxyheme. Therefore, one can

conclude that in the oxyheme species iron exists as Fe(III).

The introduction of the distal histidine causes only a slight weakening of the

Fe–O2 bond in the case of the oxyheme species. At the same time, it points out to the

shift of the negative charge towards the second atom of the O2 ligand and a possibility

of the formation of the hydrogen bond between the oxygen ligand and the hydrogen

atom from the distal histidine residue.

This work presents the first investigation of the electron transfer process for the

model of myoglobin active centre, by means of quantum chemical approach. The ana-

lysis of the energetics indicates, that both deoxy- and oxyheme species can undergo

spontaneous oxidation processes. In the case of the deoxyheme, addition of the water

molecule to the free coordination site of the Fe(III) in the heme
+
, not only stabilizes

the system, but also induces such changes in the electronic structure that it comes clo-

ser to that suggested in the Weiss’model. For the oxyheme system, we have investiga-

ted two reaction pathways for the overall oxidation process. The results of our

calculations indicate that the pathway, in which the step of substitution of dioxygen

by the water molecule proceeds according to the associative or inter-change associa-

tive mechanism, is more favourable than the one, which proceeds according to the

dissociative mechanism.

It is generally known, that semiempirical quantum chemical methods gain speed

in computation by neglecting many of the integrals, following from the first princi-

ples or by approximating them either to experimental data or to the ab initio results.

Therefore, in many cases semiempirical methods, that are well parameterized, give

results of the same accuracy as ab initio treatment in sense of the agreement with

experiment. The ZINDO method, that is used in the presented calculations, is parame-

terized for spectroscopic properties of molecules and complexes with transition me-

tals. The method is capable to generate reliable ground state geometries, transition
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state barriers, as well as to reproduce UV/Visible spectra of molecules. However, as

any of the semiempirical methods, it is not free of the typical errors connected with for

example lack of the diffuse functions (as a result it cannot well reproduce exited states

that are primarily Rydberg in nature). In addition, since it does not have any treatment

beyond the SCF level, the energy of high laying states is not in good accordance with

experimental values. We are aware of that the detailed description of the excited sta-

tes of transition metal complexes requires the CI or multiconfiguration SCF (MC

SCF) treatments, but also of the fact that all these approaches are time consuming,

especially for large systems like myoglobin active center.

The details of the iron–O2 bonding is another point, in which more profound treat-

ment could be helpful. The understanding of the binding of the molecular oxygen to

the metallic center, which seems to be essential in explaining the metal – ligand char-

ge transfers (an enrichment in electrons of �* O2 orbitals without net charge transfer

onto oxygen atoms) induced by the complex formation would required at least MC

SCF methods.

Keeping the restriction of ZINDO method in mind, we are still convinced that the

present studies are fruitful and may provide same insight into the redox processes,

that may occur in the myoglobin active center.
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