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Abstract
The nature of the chemical bond of iron(II) porphyrin and cobalt(II) porphyrin with ligands is studied by the
quantum–chemical Hartree–Fock method using the 6–31G basis set. The addition of oxygen molecule to the
MeP and Im–MeP complexes (Me = Fe, Co; Im = imidazole, P = porphyrin) is established to be more favorable
than water addition. It has been found that the imidazole bound to Me increases the Me–O2 and Me–H2O binding
energies for FeP, but decreases ones for CoP. The Co atom is bound with the porphyrin ring more strongly than
the Fe atom due to the larger total overlap of the atomic orbitals. The ab initio calculations of the complexes
have demonstrated the similar changes in the structures of the geometry of the deoxyform (FeP–H2O) of iron(II)
porphyrin and the oxyform (CoP–O2) of cobalt(II) porphyrin. This is an argument in favor of the hypothesis of
hemoprotein sensor of partial oxygen tension in tissues.
Keywords. Metal porphyrins; hemoprotein sensor; ligands; cobalt ion; electronic structure.
Abbreviations and notations
Im, imidazole
His, histidine
L, ligand

P, porphyrin
Me, metal atom
HHC, hypothesis of hemoprotein sensor

1 INTRODUCTION
Cobalt, nickel and manganese ions can replace the iron ion in the porphyrinic ring [1–3] (Figure
1). The generated cobaltoheme bounds the oxygen much weaker [1] and nickel(II) porphyrin can
not bound the oxygen molecule at all [2]. Gadolinium ion decreases selectively an activity of P450
#
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in hepatocites [4–6] and reversibly decreases the oxygen consumption by mitochondrial cytohromes
c and c1 [7].
The physico–chemical properties of cobalt(II) porphyrin and its derivatives play the most
important role in regulation of functional activity of hemoproteins [1,8–14].
An injection of cobalt ions to rats leads to increasing of oxidative degradation of lever
microsomal enzymes [15]. The cobalt chloride [16] leads to an increasing of concentration of
glutamine in the lever and decreasing of P450–derived oxidative metabolism of acetaminophen.

Figure 1. Molecular structures of (a) Me–protoporphyrin IX and (b) porphyrinic ring.

Cobalt ions play an exceptional role in the mechanisms of regulation of hemopoiesis under
hypoxia. Introduction of cobalt into an organism in greater quantities than is necessary to its
physiological needs, leads to an expression of the gene of erythropoietin, the hemoprotein factor of
growth of erythroid cells [17–19].
The hypothesis of hemoprotein sensor (HHS) has been proposed in the work [20]. According to
the HHS a substitution of heme iron ion by cobalt one leads to sufficient changes of heme
geometry. It is well known that addition of oxygen molecule to heme structures leads to a shift of
iron ion (0.4 – 0.8 Å) towards to the heme plane. These effects are followed by corresponding shift
of proximal and distal histidine residues and, in more extend, affect the whole D–spiral of the
protein. Thus, oxygenation of hemoglobin subunit produces a sequence of the structural changes
propagated from heme to periphery [21].
The structure of the resulting deoxy– and oxy–forms of cobaltoheme is very close to the deoxy–
form of hemoproteins. These changes, probably, is the main factor of inducing of expression of
gene of erythropoetine. So, the main aim of the work was a verification of the HHS by using of
310
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quantum–chemical calculations of atomic and electronic structure of MeP complexes (Me = Co(II),
Fe(II), P = porphyrin) with some ligands.
Heme–containing proteins perform various functions in living organisms. In particular, they
provide electron transport, reversible oxygen binding, enzymatic catalysis, etc. In hemoglobin and
myoglobin molecules, the imidazole rings of two histidine residues (His) are localized on both sides
of the heme plane. The nitrogen atom of proximal His forms a covalent bond with the iron atom of
heme in the coordination position 5. Distal His is arranged at some distance from the heme iron
atom to form a “pocket” in which ligands (O2, NO, CO, etc.) can be incorporated.
It has been shown [22] that for electronic structure calculations of hemoglobine and mioglobine
active sites it is possible to consider only heme structure. It considerably simplifies the problem and
allows one to use more exact methods.
The similar approach is widely used [23–25] to study some structural subunits of biological
macromolecules using semiempirical, ab initio and DFT methods. The electronic structure, binding
energies, effective atomic charges etc. look reasonable in comparison with experimental data.
At present, it is impossible to obtain experimentally an adequate quantitative estimate of the ratio
of concentrations of all substances involved in this hypothetical mechanism. However, the nature of
chemical bond in iron(II) and cobalt(II) porphyrins with ligands can be studied theoretically, which
allows one to compare the conformations of active sites of these molecular systems based on the
HHS.

2 MATERIALS AND METHODS
To calculate the electronic structure of heme complexes with O2 and H2O as the first ligand in 5–
th position (proximal one) with presence and absence of imidazole (Im) as the second one in distal
(position No 6) one, the general atomic and molecular electronic structure system (GAMESS) [26]
code has been used. Geometry optimizations searches as well as the single point electronic structure
calculations for all complexes have been performed using the Hartree–Fock (HF)/6–31G level of
theory.

3 RESULTS AND DISCUSSION
3.1 Comparative analysis of the energy and character of the chemical bond
The Me–O2 and Me–H2O binding energies (Eb) can be calculated as follows:
Eb

E MeP-O2  E MeP  E O2 ,

(1)
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where EMeP–O2 is the energy of the MeP–O2 complex, EMeP is the energy of the MeP complex, and
EO2 is the energy of oxygen. All calculations of the binding energy (Table 1) were carried out only
for the ground states of the molecules. It has been demonstrated that the MeP and MeP–O2
complexes have singlet ground state (the O2 molecule has the triplet one).
A comparison of the binding energies suggests that the addition of oxygen is more favorable than
water addition to the MeP and Im–MeP complexes for both the iron and cobalt atoms. The presence
of Im in the 5th coordination position as the proximal ligand increases the Me–O2 and Me–H2O
binding energies for iron by 2.5 and 1.8 times and decreases them for cobalt by factors 1.6 and 1.4.
Table 1. Metal–ligand binding energies (kcal/mol) of MeP–L complexes
The binding energies (kcal/mol)
Metal
Me–H2O
Im–Me–O2
Im–Me–H2O
Me–O2
Fe
–33.07
–32.00
–83.96
–59.61
Co
–83.54
–50.95
–53.40
–35.38
Note: Me–O2 (H2O) is a binding energy of Fe/Co ions and a ligand in the 6th coordination position, Im–Me–O2 (H2O) is
a Fe/Co–L binding energy in the 6th coordination position with a presence of Im in the 5th one.

The difference in the binding energies ('E) in the CoP and FeP complexes were qualitatively
estimated by the formula:
'E

E FeP  ECoP  E Fe  E Co .

(2)

The resulting 'E value was –37.34 kcal/mol. That indicates a stronger bond of the Co atom with the
porphyrinic ring.
This result can be explained by the specific features of the metal–porphyrin chemical bond. In
the FeP and CoP complexes, the formation of the bond between the metal and porphyrin is caused
by overlapping of the s–, p–, and d–atomic orbitals of the metal and the s– and p–orbitals of the
nitrogen atoms to form both V– and S–bonds. The first ones result from an overlapping of s–orbitals
of the metal and nitrogen atoms and Me dx2–y2–orbitals with N p ones. The bonds of the second type
are formed by overlapping of the Me dxz– and Me dyz–orbitals with the N pz–orbitals.

Figure 2. Overlap of the atomic orbitals: (a) s–orbital of the nitrogen atom of P and px–orbital of the Me atom; (b) pz–
orbital of the nitrogen atom of P and pz–orbital of the Me atom.
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The stronger metal–porphyrin bond in the CoP complex, unlike that in FeP, is due to the greater
total overlapping of the atomic orbitals (5.377 and 5.276, respectively). The highest contribution is
made by the overlaps of the s–, px–, and py–orbitals of the metal with the s–orbitals of the nitrogen
atoms and by the overlaps of the pz–orbitals of the metal and N atoms (Figure 2). The overlaps
involving the d–orbitals of the metal atom are much smaller. The Me–N bonding orders for FeP and
CoP are 0.387 and 0.575, respectively.

3.2 Comparison of the geometries of complexes
The results of our analysis of the character and degree of metal displacement for different ligands
added are presented in Table 2.
Table 2. Shift (Å) of the metal atom relative to the porphyrinic ring a
Shift of metal atom relative to the
Distance of the metal atom’s displacement after adding
Complexes
porphyrinic ring
the distal ligand
Im–CoP
0.176
–
Im–CoP–O2
–0.053
0.229
0.040
0.136
Im–CoP–H2O
Im–FeP
0.296
–
Im–FeP–O2
0.182
0.114
0.102
0.194
Im–FeP–H2O
a
the negative amplitude of displacement denotes the metal atom displacement to the distal region relative to the
porphyrin plane. In this case, the cobalt atom is displaced to the oxygen molecule arranged distally toward porphyrin
instead of the displacement to imidazole as in all other cases.

When the ligand is in the distal position, the metal atom is shifted closer to the plane of the
nitrogen atoms of the porphyrinic ring, which is more pronounced for cobalt than for iron. At the
same time the results in Table 2 show that depending on the displacement of the metal atom, the
cobalt complex with the water molecule imitates the iron complex with oxygen and vice versa.
Hence, the (CoP–O2) oxy form of the cobaltoheme can correspond to the geometry of the (FeP–
H2O) deoxyform of the hemoglobin heme.

4 CONCLUSIONS
The addition of the oxygen molecule to the MeP and Im–MeP complexes is more favorable than
water addition for both cobalt and iron. The presence of imidazole in proximal site of the Im–MeP–
O2 and Im–MeP–H2O complexes increases the Me–O2 and Me–H2O binding energies for iron and
decreases them for cobalt. The cobalt atom is linked with the porphyrinic ring more strongly than
iron. The geometry and electronic structure of the (FeP–H2O) complex deoxyform are similar with
to the (CoP–O2) oxy form ones, thus supporting the hypothesis of hemoprotein sensor of partial
oxygen pressure in tissues [20].
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