Pis’ma v ZhETF, vol. 103, iss. 10, pp. 742 – 746 © 2016 May 25

Spin state transition in active center of hemoglobin molecule: DFT + DMFT study

D. Novoselov^{+∗1)}, Dm. M. Korotin^+, V. I. Anisimov^{+∗}

+Institute of Metal Physics, 620990 Yekaterinburg, Russia

∗Ural Federal University, 620002 Yekaterinburg, Russia

Submitted 9 March 2016

An ab initio study of electronic and spin configurations of the iron ion in the active center of the human hemoglobin molecule is presented. With a combination of the Density Functional Theory (DFT) method and the Dynamical Mean Field Theory (DMFT) approach the spin state transition description in the iron ion during the oxidation process is significantly improved in comparison with previous attempts. It was found that the origin of the iron ion local moment behavior both for the high-spin and for the low-spin states in the hemoglobin molecule is caused by the presence of a mixture of several atomic states with comparable statistical probability.

DOI: 10.7868/S0370274X16100106

Metal-porphyrin complexes play an important role in many biological processes such as photosynthesis process with a chlorophyll assistance in plant cells or the transport of oxygen by hemoglobin in living beings through reversible binding of a hemoglobin molecule with an oxygen molecule as well as they widely used for therapeutic purposes [1]. It is not surprising that the interest to this kind of system isn’t being quenched until now [2–4]. Undoubtedly, one of the most interesting features of the hemoglobin molecule is an ability to reversibly attach itself to oxygen molecules. This process is accompanied by the spin state transition of the iron ion. A number of papers [5–9] indicate that the transition occurs between closely energy located lowand high-spin states. In addition it is noted that there are energy close-lying excited states with unknown spin multiplicity [5]. At the same time, in the works [4, 9, 10] the assumption of the mixed nature of the spin state is discussed, pointing to the possibility of existence a contributions of several atomic states with different values of valence and spin moment. This indicates that the detailed and complete interpretation of the spin transition scenario in this metal-porphyrin complex is currently insufficient.

In the works [6–8, 10] it was shown that the electronic correlations play an important role in the ironporphyrin complexes. Therefore, we have selected a modern ab initio approach that combines the density functional theory and the dynamical mean field theory (DFT+DMFT) to describe the state of the iron ion.

1)e-mail: novoselov@imp.uran.ru

This method allows one to take into account manybody effects in paramagnetic systems as well as thermal fluctuation effects. Through applying the continuous time quantum Monte-Carlo algorithm (CT-QMC) as an impurity solver it is possible to perform a statistical analysis of the atomic states of the impurity site. The investigation of iron-porphyrin complex was performed with the similar method recently in paper [10]. However authors didn’t reproduce a clear spin state transition picture from high- to low-spin state for the structures without and with the oxygen molecule bonded to the iron ion. Instead of significant spin moment change between the high- and the low-spin states the difference of Δs ≈ 0.25 μ_B was obtained [10]. In the present work we not only improve the description of magnetic state transition in the iron-porphyrin complex but in addition perform the statistical analysis of obtained multiplets and describe the origin of the iron ion local moment behavior.

The human hemoglobin molecule consist of several thousand atoms. In this work the model is investigated (see Fig. 1) including only the active center of the molecule that directly involved in the formation of the chemical bond with the oxygen molecule. This structural model is based on the existing experimental data [11–13]. It includes the ferroprotoporphyrin and two ligands – proximal and distal, playing a leading role in the functional activity of the hemoglobin molecule. The active center is formed by almost flat porphyrin ring consisting of nitrogen and carbon atoms. At the center of the ring the iron ion is placed. The nearest neighbours of the transition metal ion are four nitrogen atoms of

742 Письма в ЖЭТФ том 103 вып. 9 – 10 2016

Fig. 1. (Color online) The schematic image of structure model of active center of the human hemoglobin molecule. The blue sphere corresponds to the iron atom, the red spheres – the oxygen atoms, the dark grey – the hydrogen atoms, the light grey – the carbon atoms, green – the nitrogen atoms

the porphyrin ring. Fifth nearest neighbour of the iron ion is the nitrogen from the imidazole (Im) molecule that is located almost perpendicular to the plane of the porphyrin-metal complex (see Fig. 1). Therefore the transition metal ion is surrounded by the pyramid of the nitrogen atoms.

In this paper the structural model containing 46 atoms for the deoxy-molecule and 48 atoms for the oxymolecule was considered. We started from the hemo group of the d-chain of real HHB molecule [12]. Then the hemo group was enforced to be flat and located in a xy-plane, the iron ion was placed in the center of the hemo ring and the missing chemical bonds were saturated by the hydrogen atoms. Then an atomic relaxation for the obtained FeP crystal structure was performed.

The calculations were done with Quantum- ESPRESSO package [14] within the ultrasoft pseudopotential formalism in plane waves basis. We used GGA (PBE) exchange correlation functional, plane waves energy cutoff was set to 75 Ry. The modeled molecule was placed in the center of the cubic cell with the edge length of 40 Bohr radius. This cell size is enough to prevent any influence of the nearest cell molecules.

To obtain the FeP(Im) structure, we placed the imidazol molecule at 2.13 Å [12] distance from the iron ion of the FeP group and the imidazole molecule atoms positions were relaxed keeping Fe–N(Im) distance constant.

To get the last structure – FeP(Im)(O_2), the dioxygen molecule was placed on the opposite to the Im molecule side of the FeP plane at 1.76 Å [13] distance and then relaxed keeping the Fe–O distance fixed. The second oxygen ion position was allowed to relax, therefore the obtained Fe–O–O angle close to 180 degrees arises from the symmetry of the porphyrin ring, not from arbitrariness.

As a result of this procedure we have obtained two relaxed molecular structures that are simple and symmetric enough to analyze the splitting of the energy levels of the Fe ion placed in the center. On the other hand, local surroundings of the Fe ion remains close to the experimental data. The distances Fe–Im and Fe–O_2 are kept fixed to 2.13 and 1.76 Å, respectively [12, 13]. The obtained distance between the Fe and N atoms of the porphyrin ring equals 2.07 Å, that is close to the experimental value 2.05 Å [12].

To take into account electronic correlations in the dshell of the iron ion the DMFT approach was used. As an input this approach requires an uncorrelated Hamiltonian matrix, typically obtained from the DFT calculation, and the values of Coulomb interaction parameter and Hund exchange parameter. To obtain the Hamiltonian matrix we used the projection procedure to the basis of Wannier functions [15]. All energy bands and all atomic states for all atoms of the system were used for projection. Therefore, the Wannier functions coincide with atomic orbital by the construction. The five Wannier functions with symmetry of the five Fe-d atomic orbitals were considered as correlated wavefunctions. When we refer to a some d-state occupation below, for example the x^2 −y^2 state, we mean the occupation number of the Wannier function centered on the Fe ion with the corresponding spacial symmetry.

It is stated in the work [10] that the results of the DMFT calculation for deoxy-molecule show the weak dependence on the temperature used in the calculation. We carried out the DMFT calculations with the inverse temperature parameter β = 25 corresponding to the electronic subsystem temperature T ≈ 464 K. For the construction of the interaction matrix the parameter of Coulomb repulsion (U = 4 eV) and Hund exchange parameter (J = 0.9 eV) were chosen to be the same as in earlier works [3, 7, 10]. Typically the Hubbard interaction parameter is used for a transition metal d-shell electrons interaction calculation, since the d-electrons are localized and the d-shell is partially filled. However it was shown in paper [16], that it is possible to improve description of electronic and magnetic properties of transition metal oxides if one takes into account Coulomb interaction of oxygen p-electrons. In the present work we include this correction [17, 18].

Subsequently the obtained Hamiltonian was solved within the DMFT approach using the AMULET pack-

Письма в ЖЭТФ том 103 вып. 9 – 10 2016 age [19]. DMFT is applicable to a wide class of physical systems with the presence of strong correlation effects. This method reduces a many body lattice problem to the impurity one [20, 21] and it considers the single atom placed in the external environment with allowed the electrons swap between the impurity and the environment. To solve the auxiliary impurity problem we used continuous time quantum Monte-Carlo algorithm (CT-QMC) [22–24]. The hybridization expansion CT- QMC solver provides the site-reduced statistical operator (density matrix) [25]. This quantity describes the probability of finding an atom in a particular manybody state and an expectation value of any local operator can be easily obtained from it. Therefore, this instrument is well suited to analyze a statistical probability of the various atomic configurations of the Fe ion in the active center of the molecule.

The statistical probability of the different atomic configurations of the iron ion obtained by the DMFT calculations for FeP(Im) and FeP(Im)(O_2) structures is presented in Fig. 2. This result explicitly indicates the

Fig. 2. (Color online) The statistical distribution of the different valence states probabilities for the iron ion for FeP(Im) and FeP(Im)(O2) structures

presence of the strong valence fluctuations. As it can be seen from Fig. 2 the centers of mass of the histograms presented for FeP(Im) and FeP(Im)(O_2) are different. This is related to the fact that the occupancy of the Fe-d orbitals is increased due to the oxidation following the occurrence of the strong p−d hybridization effect.

In the FeP(Im) the dominant contribution to the valence state is provided by d^5 configuration (57 %), whereas d^7 prevails (44 %) for FeP(Im)(O_2). It should be noted that for FeP(Im) the contributions of d^6 (35 %) configuration is very significant, as well as for FeP(Im)(O_2) d^6 (18 %) and d^8 (30 %). This observation allows one to conclude that the state of the system under consideration has an entangled superposition type and the contribution of the dominant state configuration doesn’t exceed 57 %. Due to the fact that the iron ion d-states in this complex porphyrin and ligand surrounding isn’t a pure d^6-states, then the observed entangled superposition could be explained as the result of the strong hybridisation [7] of the iron states with the states of the neighbouring atoms, as well as by the fact that the possible spin states are energetically very close to each other [8]. Besides, from the presented figure it can be seen that during the oxidation of the hemoglobin molecule, the iron ion transits to the state with the higher oxidation degree.

For every electronic configuration, i.e. for the number of valence electrons in the d-shell, several spin configurations are possible. We calculated the probability of every spin state for the iron ion in FeP(Im) and FeP(Im)(O_2) systems. Resulting histograms are shown in Fig. 3.

Fig. 3. (Color online)The statistical distribution of the probability for the different spin configurations for the FeP(Im) and the FeP(Im)(O2) systems

The oxidized and deoxidized molecules have different spin configuration of the Fe ion as it clear from Fig. 3. The maximum weight has the doublet (39 %) state in FeP(Im)(O_2) and the fully polarized (48 %) state in the FeP(Im). At the same time, for both molecules the maximum weight doesn’t exceed 48 %.

This clearly indicates, that there is the transition between two entangled quantum states during the oxidation process. The spin state of the Fe ion in both, FeP(Im) and FeP(Im)(O_2) systems, is a mixture of at least four spin configurations with different total moment. The effective spin moment of the Fe ion decreases when oxygen molecule is attached. The difference of the

Письма в ЖЭТФ том 103 вып. 9 – 10 2016 effective spin moment between the FeP(Im) (s ≈ 2.1) and the FeP(Im)(O_2) (s ≈ 0.7) has the value about 1.4.

Thereby, an additional Coulomb interaction correction for oxygen p-states results in the significant improvement of magnetic spin state transition description which in good agreement with the data of corresponding experiments [9, 26]. In contrast to [10] we obtain the evident difference in the effective spin moment of Fe ion for structures with and without oxygen molecule^{2)}.

To emphasize the entangled state of the Fe ion, the contributions from the dominant valence and spin configurations to the final state of the ion are shown in Fig. 4. Here we can see that the d^5, and in a less degree

Fig. 4. (Color online) The statistical distribution of the probability of the dominant atomic configurations of the iron ion for the FeP(Im) (a) and the FeP(Im)(O2) (b) systems

the d^6, valence configurations contribute to the highspin state for FeP(Im) full polarized and the quintet cases respectively. Two most probable configurations for FeP(Im)(O_2) are the doublet formed by the d^7 and in

2)At the same time, with absence of Coulomb correction for oxygen states, the calculated effective moments are in agreement with [10].

a less degree d^9 states and the triplet formed by the d^6 and the d^8 states.

As we can see from Fig. 4 the number of the major states with more than 5 % probability in FeP(Im) equals three but for FeP(Im)(O_2) it is twice as much that indicates the growth of the quantum entanglement. This behavior can be caused by the occurrence of the hybridization between the oxygen p- and iron d-states during the molecule oxidation.

In conclusion, in this paper within the non-empirical DFT + DMFT approach it was successfully reproduced the spin-state transition from the ground high- spin to the low-spin state appearing in the process of the hemoglobin molecule oxidation observed experimentally. The values obtained for the spin magnetic moment in the high- and low-spin states are 2.1 and 0.7 μ_B respectively. It is found that the local magnetic moment of the Fe ion originates from the mixture of the wave functions of the valence electrons with several possible valences and spin configurations with comparable probability of realization.

The present work was supported by the grant of the Russian Science Foundation (project # 14-22-00004).

1. R. Chandra, R. M. Tiwari, P. Kaur, M. Sharma, R. Jain, and Dass, Indian Journal of Clinical Biochemistry 15, 183 (2000).

2. A. M. P. Sena, V. Brzdov, and D. R. Bowler, Phys. Rev.

B 79, 245404 (2009).

3. D. D. O’Regan, N. D. M. Hine, M. C. Payne, and A. A. Mostofi, Phys. Rev. B 82, 081102 (2010).

4. M. Radon and K. Pierloot, J. Phys. Chem. A 112, 11824 (2008).

5. H. Chuanjiang, A. Roth, M. K. Ellison, J. An, C. M. Ellis, C. E. Schulz, and W. R. Scheidt, J. American Chem. Society 127, 5675 (2005).

6. P. M. Panchmatia, B. Sanyal, and P. M. Oppeneer, Chem. Phys. 343, 47 (2008).

7. D. A. Scherlis, M. Cococcioni, P. Sit, and N. Marzari, J. Phys. Chem. B 111, 7384 (2007).

8. P. M. Panchmatia, M. E. Ali, B. Sanyal, and P. M. Oppeneer, J. Phys. Chem. A 114, 13381 (2010).

9. W. R. Scheidt and C. A. Reed, Chem. Rev. 81(6), 543 (1981).

10. C. Weber, D. D. O’Regan, N. D. M. Hine, P. B. Littlewood, G. Kotliar, and M. C. Payne, Phys. Rev. Lett. 110, 106402 (2013).

11. S. Y. Park, T. Yokoyama, N. Shibayama, Y. Shiro, and J. R. Tame, J. Molecular Biology 360, 690 (2006).

12. G. Fermi, M. F. Perutz, B. Shaanan, and R. Fourme, J. Molecular Biology 175, 159 (1984).

13. B. Shaanan, J. Molecular Biology 171, 31 (1983).

8 Письма в ЖЭТФ том 103 вып. 9 – 10 2016

746 D. Novoselov, Dm. M. Korotin, V. I. Anisimov

14. P. Giannozzi, S. Baroni, N. Bonini et al. (Collaboration), J. Phys.: Cond. Matt. 21, 395502 (2009).

15. D. Korotin, A. V. Kozhevnikov, S. L. Skornyakov, I. Leonov, N. Binggeli, V. I. Anisimov, and G. Trimarchi, The Eur. Phys. J. B 65, 91 (2008).

16. M. Korotin, T. Fujiwara, and V. Anisimov, Phys. Rev.

B 62, 5696 (2000).

17. A. K. McMahan, R. M. Martin, and S. Satpathy, Phys.

Rev. B 38, 6650 (1988).

18. M. S. Hybertsen, M. Schlüter, and N. E. Christensen, Phys. Rev. B 39, 9028 (1989).

19. http://amulet code.org.

20. W. Metzner and D. Vollhardt, Phys. Rev. Lett. 62, 324 (1989).

21. V. I. Anisimov, A. I. Poteryaev, M. A. Korotin, A. O. Anokhin, and G. Kotliar, J. Phys.: Cond. Matt. 9, 7359 (1997).

22. E. Gull, A. J. Millis, A. I. Lichtenstein, A. N. Rubtsov, M. Troyer, and P. Werner, Rev. Mod. Phys. 83, 349 (2011).

23. P. Werner, A. Comanac, L. de’ Medici, M. Troyer, and A. J. Millis, Phys. Rev. Lett. 97, 076405 (2006).

24. P. Werner and A. J. Millis, Phys. Rev. B 74, 1 (2006). 25. P. Werner and A. J. Millis, Phys. Rev. Lett. 99, 126405 (2007).

26. L. Pauling and C. D. Coryell, Proceedings of the National Academy of Sciences of the United States of America 22(4), 210 (1936).

Письма в ЖЭТФ том 103 вып. 9 – 10 2016