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Abstract The conversion of ferrous verdoheme to ferric
biliverdin in the presence of O, was investigated using the
B3LYP method. Both 6-31G and 6-31G (d) basis sets were
employed for geometry optimization calculation as well as
energy stabilization estimation. Three possible pathways for
the conversion of iron verdoheme to iron biliverdin were
considered. In the first route oxygen and reducing electron
were employed. In this path formation of ferrous
verdoheme-O, complex was followed by the addition of
one electron to the ferrous-oxycomplex to produce ferric
peroxide intermediate. The ferric peroxide intermediate
experienced an intramolecular nucleophilic attack to the
most positive position at 5-oxo carbons on the ring to form
a closed ring biliverdin. Subsequently the ring opening
process took place and the iron (IIT) biliverdin complex was
formed. Closed ring iron biliverdin intermediate and open
ring iron biliverdin formed as a product of verdoheme
cleavage were respectively 13.20 and 32.70 kcal mol ™’
more stable than ferric peroxide intermediate. Barrier
energy for conversion of ferric peroxide to closed ring Fe
(II) biliverdin and from the latter to Fe (IIT) biliverdin were
respectively 8.67 and 3.35 kcal mol'. In this path spin
ground states are doublet except for iron (III) biliverdin in
which spin state is quartet. In the second path a ferrous-O,
complex was formed and, without going to a one electron
reduction process, nucleophilic attack of iron superoxide
complex took place followed by the formation of iron (III)
biliverdin. This path is thermodynamically and kinetically
less favorable than the first one. In addition, iron hydro
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peroxy complex or direct attack of O, to macrocycle to
form an isoporphyrin type intermediate have shown energy
surfaces less favorable than aforementioned routes.
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Introduction

Heme catabolism is an important physiological process that
converts heme to the biliverdin in the presence of heme
oxygenase [1-3]. Not only does this process have an
essential role for destroying unwanted heme, but also the
intermediates in this process, such as biliverdin, are found to
have antioxidant roles for oxidative stress [4, 5], Scheme 1.

In the heme oxygenates degradation of heme, the mecha-
nism that converts verdoheme into biliverdin is the least
known step and is the subject of challenges. Different
pathways have been proposed for the conversion of iron
verdoheme to iron biliverdin. In one path, the ferrous
verdoheme reacts with O, in a manner similar to the
Cythochrome P-450 enzymes to produce ferric superoxide
and further to peroxide intermediates which then decays to
iron biliverdin via a rebound mechanism. There is another
path assumed in which direct nucleophilic attack of O, takes
place at the carbon position adjacent to the meso-oxygen on
the ferrous verdoheme or on the reduced form of the iron
verdoheme, [6—11] Scheme 2. The third conversion path (for
the conversion of iron verdoheme into iron biliverdin)
involves hydrolysis of iron verdoheme (the former) which
has been proposed based on model studies and theoretical
investigations [5, 12].

In this investigation ab initio DFT method has been
employed to investigate the conversion of iron verdoheme to
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Scheme 1 Conversion of heme
to ferric-bilivverdin IXoc
complex

hemin

iron biliverdin, while all the side chains are eliminated and
replaced by hydrogen to speed up the calculation process. In
this study 6-31G and 6-31G (d) basis sets have been utilized.
The details of ligation and spin states of iron have been
thoroughly discussed and so has the possibility of direct attack
of the dioxygen on the metal or macrocycle. Based on the
results obtained in this study a mechanistic pathway for the
conversion of verdoheme into biliverdin has been proposed.
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Methods
Computational methods

All calculations were performed with a legally licensed
version of the Gaussian 98 program [13] using facilities at
the institute of postgraduate studies, University of Malaya,
Kuala Lumpur, Malaysia. The energies and geometries of

Scheme 2 Pathways for the conversion of iron verdoheme to iron biliverdin
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different complexes were calculated and optimized with the
Lee Yang, and Parr (LYP) [14] functional, denoted B3LYP
[15] of which the most successful one is based on the
hybrid functional method [16]. We have used B3LYP [17]
method and 6-31G, 6-31G (d) [18, 19] basis functions in
this investigation, B3LYP/6-31G method is used for
optimization of all structures and B3LYP/6-31G (d) method
is employed for energy calculation of these optimized
structures. The spin unrestricted version of B3LYP
(UB3LYP) method was applied even to singlet states when
the reaction species are reasonably considered to have an
open-shell-singlet electronic configuration [20-24].

Compounds 3 and 5 in the doublet states have
significant spin contamination which leads to the possi-
bility of contribution to an admixture of high spin states.
To account for spin contamination, a correction based on
the expectation value of S* calculated over de kohn-sham
determinants is used even though these determinants are
not eigenvalues of the S? operator. Subtraction of the
energy contribution of the higher spin states, Es+1, from
the spin contaminated energy, EC, and renormalization
yields an estimate of the energy of the desired pure spin
state, Es [25, 26],

<S2>C —s(s+1)

TS n

Ec —aEs
Eg = 14 (2)

Assuming that in the spin-crossover complex the B3LYP
method may not accurately predict spin states energies,
particularly when energy difference is less than
10 kJ mol ', Thus B3LYP* as well as B3LYP is benefited
for compounds 3, 4, and 5 which have close spin energy
states. A modification of B3LYP to B3LYP* [27-29],
where the Hartree-Fock exchange was reduced by 5%
(from 20% to 15%) is also used. the spin state energies and
geometries of compounds 3, 4, and 5 were calculated with
this new functional.

Full optimizations of the studied compounds in different
spin states, without any symmetry constraint, have been
performed with FOPT keyword. The optimized structures
for all species are presented in supplementary materials.
Harmonic vibrational frequencies were systematically com-
puted to confirm whether an optimized geometry correctly
corresponds to a local minimum that has only real
frequencies or to a transition state which has just one
imaginary frequency. Atomic charge and spin density
studies were based on Mulliken calculation. The natural
bond orbital (NBO) analysis has been used to explain o« and
(3 spin distribution in d orbitals of iron and the macrocycle
ring as well as to assign the atomic charges.

Model used and choice of initial geometries

The model of the verdoheme site used in all DFT
calculations is an iron verdoheme complex taken from the
crystal structure of iron complexes of octaethyloxopor-
phyrin [30] after substituting the ethyl group with hydrogen
and replacing the axial ligands with an imidazole. The
structure is optimized by DFT methods. The O, is closed
from opposite sites of imidazole in different orientations. In
all cases the coordinated O, is optimized in the orientations
shown in traces of a—d in Fig. 1. The a—d orientations have
similar energy within 1 kcal mol™'. The configuration a, in
Fig. 1 is chosen as the initial configuration for species
shown in energy surface in Fig. 3. With this initial
configuration, barrier energy toward the final product is
minimized and this system was subjected to energy
optimization. Thus the optimized structure of compound 3
was then used to construct the initial model of the
intermediate 4.

Results

Conversion of iron (IT) verdoheme, 1 to iron (IIT) biliverdin,
5 in the presence of O, and an electron

Atom numbering presented in Fig. 2 and compound
numbering, in Scheme 3 have been preserved in this study.
Energies and geometries of compound 1, 2, and 2a were
computed and optimized in singlet; triplet and quintet spin
state. Calculated Mulliken charges show that positive
charges on the carbons adjacent to the 5-oxo and iron
center are 0.57 and 1.68 respectively. There is a possibility
for the nucleophile, to attack the iron atom first (ferrous
verdoheme-O,, 2). Iron can then transfer the oxygen atom
to the most positive part of the macrocycle, which are C8 or
C9 attached to the 5-oxo position. The other possibility is
the direct attack of O, on the C8 or C9 of the macrocycle
(compound 2a). Then the carbon can transfer the oxygen
atom to the iron center. In compound 2 the triplet state is
20 kcal mol™' more stable than the compound 2a. Table 1,
shows calculated relative stabilization energies for com-
pounds 1, 2 and 2a. All the reported energies are relative to
the zero energy of compound 2 in the triplet spin state and
compound 3 in the doublet spin state.

Addition of one electron to the ferrous-oxy complex, 2,
forms a ferric peroxide intermediate, 3. In compound 3 the
doublet state is 4.45 kcal mol ' more stable than the quartet
state. Nucleophilic attack of O, to the most electrophilic
carbon, 5-oxo-carbons, on the macrocycle does not change
spin states of the iron in the closed ring of 4 and still the
doublet state is 10.5 kcal mol ' more stable than the
quartet. However, when the ring is opened and an obtained
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Fig. 1 Optimized structures for
different orientations of O,
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open chain structure is fully optimized, the iron biliverdin,
5, is more stable in the quartet state compared to that of the
doublet state by about 3.34 kcal mol ' (Scheme 3). Table 2,
shows calculated relative energy stabilization for com-
pounds 3-5 and involved transition states.

Fig. 2 Atom numbering for imidazole verdoheme and O, nucleophile
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The details of bond distances for compounds 1-7 are
given in Table 3 and the optimized structures are presented
in the supplementary material.

Conversion of iron (II) verdoheme, 2, to iron (III)
biliverdin, 7, in the presence of O,

The reaction pathway for the conversion of iron
verdoheme to iron biliverdin with O, was followed once
again while oxygenated ferrous verdoheme, the [(Im) Fe
(OP) (0,)] , 2, functions as a reactant before any
reduction process (Scheme 3). In this case the nucleophilic
attack can occur to the iron and 5-oxo carbon on the
macrocycle. The details of stabilization energies in triplet
states of iron have been presented for compounds 2, 6, and
7 as well as for transition states in Table 4. This table
indicates that other possible spin states have higher energy
than triplet state.

In complex 2, intramolecular nucleophilic reaction of axial
O, to oxo carbon, in the absence of any reducing agent,
produces closed ring iron biliverdin, 6, followed by the
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Scheme 3 Conversion of iron (II) verdoheme 1, to iron (III) biliverdin 5, in the presence of O, and an electron

formation of iron (III) biliverdin, 7. Optimized structures are
presented in supplementary material.

Protonation of ferric peroxide intermediate, 3

Conversion process of iron verdoheme to iron biliverdin was
theoretically investigated in the presence of H'. Two oxygen
atoms in intermediate 3 have a tendency to react with H'" and
their reaction is exothermic. However the protonation of
terminal oxygen in 8 bears 28 kcal mol ' more stabilization
energy than coordinated oxygen. On the other hand
protonation of terminal oxygen results in biliverdin forma-
tion, but protonation of coordinated oxygen makes the
hydroxyl iron verdoheme complex. Therefore protonation
on the terminal oxygen was further studied. The details of
bond distances and the optimized structures for compounds
8-10 are presented in the supplementary material.

Discussion

A number of scientists have illustrated that density functional
theoretical methods are strong tools in characterizing enzy-

matic cycles in living organisms, even when these pathways
involve putative transient intermediates that have not been
observed experimentally [31-39]. Considerable amount of
works have been performed to clarify Cytochrom P-450
catalytic cycle [23, 40, 41]. In regard to the heme cleavage
system and in spite of a large body of experimental research
in recent years little attention has been paid to the theoretical
study of this important biological process [42—44].

Due to the resemblance of heme-HO complex to myoglo-
bin some authors have assumed that the ferric heme iron in the
heme-HO complex at neutral pH is six-coordinate, whereas
some others based on the X-ray and spectroscopic data
concluded that heme-HO complex is coordinated by a
proximal histidin residue and by a distal H,O or OH " ligand
[45-50]. However, the similarity of myoglobin with heme-
HO complex is in accord with iron (II) oxidation state. Based
on the presented data, in the following, three pathways for

Table 2 Calculated relative energies for conversion 3 to 5 pathway
using B3LYP/6-31G* and B3LYP*/6-31G* (in parenthesis) methods

Table 1 Calculated relative energies for compound 1, 2 and 2a using

B3LYP/6-31G* method

Compounds Energy stabilization (kcal.mol ")

Singlet Triplet Quintet
1 4583 ° 32.63° 3593 °
2 14.55 0.00 16.70
2a 28.20 20.06 17.50
7 -3.00 —21.18 -7.20

# relative energy of 1 plus an O,

Compounds Energy stabilization (kcal.mol ")
Doublet Quartet

3 0.00 4.45
(0.00) 9.41)

TS1 8.67 19.70
-13.24 -1.50
(—8.50) (7.20)

TS2 —9.85 3.26

5 —29.36 —=32.70
(—34.26) (—35.89)
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Table 3 Calculated selected bond distances for species produced using B3LYP/6-31G method

Structure Compound 2. Compound 3. TSI Compound 4. TS2 Compound 5. TS3 Compound 6. TS4 Compound 7.
Triplet Doublet Doublet Doublet Doublet Quartet Triplet Triplet Triplet Triplet
01-02 140 1.39 1.40 1.59 1.86 2.96 1.41 1.55 2.11 297
Fe-O1 1.85 1.80 1.80 1.76 1.65 1.64 1.85 1.77 1.63 1.64
Fe-N10  2.00 2.01 1.98 2.01 2.09 2.13 1.97 2.00 2.10 2.10
02-C8 3.74 3.77 1.93 1.43 1.36 1.22 1.90 1.43 1.28 1.22
C8-05 135 1.36 1.39 1.48 1.52 2.81 1.38 1.48 1.75 2.84
Fe-N3 1.96 1.97 1.97 1.95 1.95 1.97 1.96 1.93 1.95 1.95
Fe-N4 1.97 1.98 1.91 1.87 1.86 1.90 1.90 1.81 1.87 1.90
Fe-N6 1.97 1.98 1.97 1.96 1.96 1.93 1.96 1.94 1.95 1.92
Fe-N7 1.98 1.97 1.95 1.96 1.96 1.97 1.96 1.95 1.95 1.95

computational studies on the conversion of verdoheme to
biliverdin have been employed. Computed stabilization
energies and optimized geometries for the reaction pathways
are summarized in Figs. 2 and 3.

Energy surfaces for conversion of 3 to 5

Let’s take a look at the energy surfaces along the reaction
pathway. Figure 3 demonstrates the computed energy
surfaces and optimized geometries of verdoheme in the
presence of dioxygen and an electron. The doublet and
quartet potential energy surfaces are close in the entire
reaction pathway: For example, the structures were opti-
mized for O, attached to the iron in compound, 3, and
energy calculations employing B3LYP. Results show that for
these species doublet state (ground state) is 4.45 kcal mol '
more stable than the quartet state. Optimization of compound
3 while applying B3LYP* method reveals that doublet state
is 941 kecal mol ' more stable than quartet (Table 2).
Transition states were found for the conversion of 3 to 4 in
the doublet and quartet states for the O1-O, bond dissoci-
ation. As the energy surfaces in Fig. 3 shows, O, can transfer
by a concerted rebound mechanism from the iron to carbons
attached to the 5-oxo position of the macrocycle. The
activation barrier for formation of intermediate 4 in this
reaction is around 8.67 and 15.25 kcal mol ™" for the doublet
and quartet state respectively. Details of energy calculations
show that, the conversion process of compound 3 (doublet
state) results in an intermediate 4, which is 13.24 kcal mol !
more stable than compound 3 (8.50 kcal mol™' by B3LYP*).
Thus, the ground states of compounds 3 and 4 are doublet.
However, the open chain biliverdin in 5 was more stable in
the quartet state by 3.34 kcal mol '. Using B3LYP* the
energy difference is 1.63. To interest the trend of the spin
states energies are similar in B3LYP and B3LYP*, although
the relative energies changes are around 1.63-
4.96 kcal mol ', The energy surfaces in Fig. 3 also suggest
that spin inversion most likely took place during the course of

@ Springer

reaction after TS2. However the difference between stabili-
zation energies of doublet and quartet states for 5 is just
3.34 keal mol ! in the gas phase. In the protein environment
or in the solution there is a possibility for either the
stabilization of doublet or the presence of both spin states.

The barrier of TS2 relative to the intermediate 4 is
3.35 kcal mol™' on the doublet energy surface and
4.76 kcal mol™' on the quartet energy surface. The ring
opening process from compound 4 (doublet state) to 5
(quartet state) is exothermic with A E=10 kcal mol ' which
results in an instantaneous ring opening. The optimized
structures for TS1 and TS2 in the doublet potential curve
have imaginary frequency modes at 415 and 209 cm ',
respectively.

This energy surfaces shows that verdoheme is very
vulnerable to the presence of O,. Therefore Fig. 3 indicates
that from a thermodynamic and kinetic point of view, iron
verdoheme, 3, is converted to 5 rapidly under aerobic
condition. However in this reaction profile, rate determining
step is the homolysis cleavage of oxygen-oxygen bond and
transfer of the terminal oxygen from ferric peroxide complex
to the macrocycle ring. In the first step of the heme
degradation formation of oxy-meso porphyrin by concerted
mechanism has a high kinetic barrier and hydrogen bonding
from water network or stepwise addition of oxygen is
proposed [23].

Table 4 Calculated relative energies for conversion 2 to 7 pathway
using B3LYP/6-31G* method

Compounds Energy stabilization (kcal.mol ")
2 0.00

TS3 7.20

6 -2.00

TS4 3.20

7 -21.18
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Fig. 3 Computed energy
diagram with optimized
structures for the reaction
species of conversion 3 to 5.
Energy in unit of kcal mol™'
and bond distances in unit of

Quartet

Doublet

Energy surfaces for conversion of 2 to 7

Computational data for electronic and spin state of the
species in this pathway are presented in Table 5 and
electronic structure of iron (II) verdoheme 1 and 2 are
shown in Scheme 3 [12].

[(Im) Fe (OP)] ¥, 1, in the triplet state is 3.3 kcal mol '
more stable than quintet and the unpaired electrons are
localized on the iron atom (spin density 1.97). The ground
state of [(Im) Fe (OP) (O,)] ', 2, are also triplet. However,
as it is shown in Scheme 3, one of the unpaired electrons is
shifted to the O, in compound 2 (spin density on the iron
1.03 and on the oxygen 0.74). In the Fig. 4 the triplet state
was the ground state for the entire pathway, Table 1, and we
did not include other spin states on the figure.

As the energy surfaces in Fig. 4 shows O, can transfer
by a rebound mechanism from the iron to carbons attached
to the 5-oxo position of the macrocycle, intermediate 6. The
activation barrier for this reaction is about 7.2 kcal mol .
Detail of energy calculations indicate that, the intermediate
6 is only 2 kcal mol ™' more stable than compound, 2. Low
barrier energy for converting 2 to 6 and the almost similar
energy difference between them demonstrates a reversible
equilibrium process for conversion of 2 to 6.

As Fig. 3 suggests, TS1 has low barrier (8.67 kcal mol ).
Such low barrier can be explained by alpha spin densities on
the ring (0.92) and beta spin density on the terminal oxygen

(0,=-0.71), therefore spin pairing has occurred in relatively
low energy. However, low barrier for TS3 is seen in Fig. 4,
whereas there are no considerable spin densities on the
oxygen and the ring. The latter low barrier of TS3 may be
accounted for by charge densities of TS3 in Fig. 3 as
compared to that of TS1 in Fig. 3. The charge separation in
TSI is larger than TS3 which makes it less stable (ring
charge of —1.30 relative to that of —0.50).

Formation of iron biliverdin, 7, from 2 is —21 kcal mol '
exothermic, while energy stabilization for converting 3 to 5
is —32.7 kcal mol ", Therefore we assume that conversion of
verdoheme to biliverdin in the presence of O, follows the
route presented in Fig. 4. However it is not possible to
exclude the route presented in Fig. 4 since its energy surfaces
predicts possibility of it route. The barrier of TS4 relative to
the intermediate 6 is 5.2 kcal mol . The optimized structures
for TS3 and TS4 in the triplet state show imaginary
frequency modes at 654 and 257 cm™, respectively.

Details of electronic structure and spin distribution

Charge densities and spin distributions for compound 1 to 7
and TSs are presented in Table 5. Iron verdoheme with
imidazole axial ligand, 1, is in the triplet ground state with
two unpaired electrons on the d orbitals of iron (II). A
ferrous verdoheme- O, complex, 2, is formed by pairing
one electron of 7t* orbital of O, to one of the 7txy or 7txz of

@ Springer



1408

J Mol Model (2010) 16:1401-1413

Table 5 Calculated Mulliken charges and spin densities for the Fe,
O1 and O2 atoms, the Imidazole (Im), and the ring macrocycle
(values in parentheses are charge densities), the values in bold are
NBO charge densities

Compounds Fe 01 02 Ring Im
1? 1.97 E— o 0.03 0.00
(1.20) (-0.34) (0.14)
1.25 -0.34 0.09
2 1.03 0.27 0.74 0.04 0.00
(1.52) (-0.28) (-0.095) (-0.32) (0.18)
1.48 -0.29 0.06 -0.30 0.18
3P 1.08 -0.29 -0.71 0.92 0.00
(1.50) (-0.28) (-0.17) (-1.24) (0.14)
1.55 -0.34 -0.19 -1.16 0.15
TS1° 1.05 —0.44 —-0.40 0.79 0.00
(1.55) (-0.22) (=0.20) (-1.30) (0.17)
1.51 -0.35 -0.30 -1.01 0.15
4" 0.99 0.09 —-0.02 —0.06 0.00
(1.59) (-0.32) (=0.27) (-1.14) (0.14)
1.50 —0.41 -0.35 —0.85 0.11
TS2 P 1.28 -0.32 0.12 —0.08 0.00
(1.59) (-0.32) (-0.33) (—1.08) (0.14)
1.54 —0.40 —0.42 —0.86 0.14
5¢ 1.33 0.87 — 0.80 0.00
(1.50) (-0.38) (-0.46) (-0.80) (0.13)
1.54 —0.48 —-0.53 —0.64 0.11
TS3 1.20 0.42 0.41 —-0.03 0.00
(1.63) (-0.22) (-0.10) (=0.50) (0.19)
1.59 -0.29 -0.20 -0.30 0.20
6 1.56 0.11 0.014 0.32 0.00
(1.74) (-0.28) (-0.22) (-0.43) (0.19)
1.49 -0.39 -0.30 0.00 0.22
TS4 * 1.56 —-0.35 —-0.10 0.80 0.00
(1.64) (-0.34) (-0.31) 0.17) (0.18)
1.54 -0.36 -0.39 0.03 0.15
7 1.40 0.91 — -0.31 0.00
(1.56) (-0.36) (-0.43) (0.05) (0.18)
1.52 —0.45 -0.49 0.13 0.29

Triplet state, ® Doublet state, © Quartet state

the iron. Therefore due to the electronegativity of the
oxygen relative to the iron, this electron transfers mainly on
the oxygen and the charge on the iron increases from 1.20
in 1 to 1.50 in 2. Compound 2 is better viewed as iron (III)
with an unpaired electron on the iron and the other unpaired
electron on the terminal oxygen, Table 5. The terminal
oxygen (O,) has—0.3 charge density while the other oxygen
(O1) is almost neutral. So, iron superoxide is a reasonable
description of 2. Compound 3 is formed by the addition of
one electron to compound 2. Table 5 shows that in
compound 3 one unpaired electron is placed on the iron

@ Springer

and the other unpaired electron is on the macrocycle with
parallel spin to the iron ready for bond formation with spin
pairing of oxygen and macrocycle (spin density on the iron
1.08 and spin density on the macrocycle 0.92). The terminal
oxygen has one unpaired electron (spin density—0.71) with anti
parallel spin to the other unpaired electron leaving the system
three radical with doublet spin state. To further confirm the
electronic structures, we performed NBO analysis for
compound 3. Table 6 shows the results of the NBO analysis.
This data reveals that the occupancy number of alpha and
beta spin orbital for iron is respectively 2.91 and 1.92;
resulting in the net alpha spin of 0.98 on the iron. In addition,
alpha spin orbital for O, is 1.96 and beta spin orbital for O,
is 2.90; resulting in the net beta spin of 0.99 on the O,.
However one unpaired electron with alpha orientation is also
present on the ring to make the whole system a doublet.

Spin contamination was assessed and (S%) value of 1.79
was obtained for compound 3. This value shows considerable
spin contamination and is confirmatory of two unpaired
electrons in the o0-FeO, and 7t*-FeO, orbitals that are
considered as the dz’ and dyz iron orbitals, respectively
(Fig. 5), or a contribution to an admixture of high-spin states.
Compound 3 in doublet state, after spin corrected energies
(pure doublet), has been stabilized by about 2 kcal mol ',
which showed the increasing of the doublet-quartet splitting
(Fig. 3). Figure 5 shows kohn-sham orbitals for the last 6
HOMOs of compound 3. Based on this figure unpaired
electrons are placed on the dz* and dyz and a2u like orbital of
the macrocycle. Therefore the ring in compound 3 has anion
radical nature, since the charge density on the ring is —1.24
and spin distribution is 0.92. Radical nature of macrocycle in
3 makes it vulnerable to a nucleophilic attack by terminal
oxygen relative to the intermediate 2.

Homolysis of oxygen-oxygen bond

In cytochrom p-450 and peroxidase oxygen-oxygen bond is
cleaved heterolytically leaving O" on the iron and leaving
H,O. Interestingly TS2 in Fig. 6 shows that the charge
distribution in two oxygens in transition states are similar
(=0.32). This indicates that O-O cleavage is homolytic here
and this may be a key feature in verdoheme cleavage in
comparison with oxygenase enzyme where a highly reactive
intermediate known as compound 1 is formed. Homolytic
cleavage in heme catabolism avoids the formation of high
reactive species that can initiate oxidative processes. Another
argument for homolysis of O-O in intermediate 4 is drawn
from details of spin contamination in 4 and 5. The
intermediate 4 in the doublet state has (S?)=0.78 which is
in accord with one unpaired electron (spin density on the
iron is 0.99) and therefore its spin contamination is
negligible. Large value of spin contamination resulted in
compound 5 implies the tri-radical nature of this compound
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Fig. 4 Computed energy
diagram with optimized
structures for the reaction
species of conversion 2 to 7
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and is yet another indication of hemolytic cleavage of O-O in
intermediate 4 [25]. Another important finding in this study
arises from detailed electronic analysis of compound 5.
Regarding the literature proposed mechanism for conversion
of 2 or 3 to iron biliverdin, the authors believe that iron in
high oxidation state similar to compound 1 in oxygenated
enzymes is formed [9, 51]. Thus consecutive reduction is
proposed to produce iron (II) biliverdin. There is no
evidence here for the formation of this highly reactive high
oxidation species in biliverdin. Electronic and charge
densities in compound 5 shows that the oxidation state of
iron is not changed by oxidative ring opening. Charge

Table 6 NBO analysis of electron distribution a) in iron and b) in O,
atoms in compound 3

Alpha spin orbital Beta spin orbital

T
L ]
- &

(2)

density on the iron going from 2 to 5 remains fixed around
1.5 consistent with the formation of iron (III) oxidation state.
It seems that after homolysis takes place, the electron flow
from the ring compensates electron deficiency on the iron.
The biliverdin is known as an oxidative distress agent
possibly by the same mechanism.

Calculated charges show that in compound 5, charges on
the macrocycle and iron are—0.80 and 1.50 respectively,
while for those in compound 7, charges on the macrocycle
and iron are 0.05 and 1.56 respectively. It shows that the
added electron in compound 5 is more localized on the ring
and does not affect the charge on the iron and thus
oxidation state of iron remains 3 in 5 and 7 compounds.

Data of Fig. 7 suggest that compound 5 is a tri-radical
species with three unpaired electrons. Table 5 shows that in
compound 5 one unpaired electron is placed on the iron, and
the other unpaired electron is on the oxygen with parallel
spin (spin densities on the iron and on the oxygen are 1.33

Occupancy Orbital Occupancy Orbital and 0.87, respectively). The Fe=O moiety of this species is a
a) triplet state, much like the ground state of dioxygen
0.98020 LP ( 1)Fe ~0.97635 LP ( 1)Fe molecule. The macrocycle has one unpaired electron (spin
0.96952 LP ( 2)Fe ~0.94835 LP ( 2)Fe density 0.80) with parallel spin to the other unpaired electron
0.96267 LP ( 3)Fe 3 B} in the quartet state (former electron is of anti parallel spin to
Sum of alpha spin electron Sum of beta spin electron the other unpaired electron in the doublet state case). Latos-
29124 ~1.9247 Grazynnski et al. and Ghosh et al. have shown the radical
b) character of iron biliverdin [52, 53]. The three electrons are,
0.99802 LP ( 1)0, ~0.99851 LP (10, in turn, coupled into two closely low lying spin states: Based
096411 LP ( 2)0, -0.98218 LP (20, ONn DFT calculations using the B3LYP functional and a
) } ~0.98020 LP ( 3)0, variety of basis sets, the ground state of compound 5 is a

Sum of alpha spin electron Sum of beta spin electron
1.9621 —2.9609

LP lone pair

quartet spin state which is labeled in Fig. 7 and which
possesses three unpaired electrons in the 7t* and LUMO of
ring that are coupled ferro magnetically “¥ or anti-ferro
magnetically to generate a doublet spin.
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Fig. 5 Kohn-Sham orbitals :p s 9
for the last 6 HOMOs of > ’ 229,
compound 3 3 ?
0.* 9 @2
xy 2 * -0.035
C J
<

azu -0.141

032 33; l?ﬂ 0182
L
= ]

-0.012

y
J— — .0.051

Homolytic cleavage

Fig. 6 Optimized structure of TS2 with charge distribution in two
oxygen and iron atoms

@ Springer
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Figure 8 shows SOMOs (singly occupied molecular
orbitals) for compound 5. As it is evident two unpaired
electrons are placed in dxy and dxz iron orbitals. The third
unpaired electron is on the LUMO of the biliverdin ligand.
This a2u like orbital is stabilized relative to that of a2u
orbital of porphyrins due to higher electronegativity of
oxygens relative to the carbon.

Spin contamination of the doublet state is assessed
and (S?) value of 1.85 has been obtained. This value
shows considerable spin contamination and is confirma-

Fig. 7 Two cartoons representing different electronic aspects of the
compounds 5
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SOMO-1
{macrocycle LUMO)

4
9 2
J‘ ‘
& y

SOMO-2

SOMO-3

Fig. 8 Kohn-Sham orbitals for the last 3 SOMOs of compound 5

tory of two unpaired electrons in the 7t*-FeO orbitals that
are considered as the dxy and dxz iron orbitals (Fig. 8), or
a contribution to an admixture of quartet states. The
compound 5 in doublet state after spin corrected energies
(pure doublet), has been destabilized by 1.63 kcal mol ',
which showed the increasing of the doublet-quartet
splitting.

Fig. 9 Computed energy
diagram with optimized
structures for the reaction
species of conversion process
of iron verdoheme to iron
biliverdin in the presence of H'

(8)

Protonation of ferric peroxide intermediate and its effect
on the energy surfaces

In this path conversion of ferric hydro peroxide, 8, to
closed ring iron biliverdin, 9, has a barrier energy of
21 kecal mol™" which is 12.3 kcal mol ' higher than the
ferric peroxide path, see Fig. 9. In addition the barrier
energy from 9 to 10 (keto-enol) is 9.5 kcal mol ' which is
6 kcal mol ' higher than that for 4 to 5. The ring opening
process from compound 9 to 10 is endothermic with A E=
3.77 keal mol ™"

In conclusion, protonation of oxygen causes a high
energy barrier in rate determining step and results in a very
slow conversion of ferric hydro peroxide intermediate to
biliverdin. Thus protonation could not be involved in the
verdoheme breakage to biliverdin.

Non-specific solvent effect

Non-specific solvent effects using the self-consistent
reaction field method (SCRF) [54] on the gas phase
optimized structures has been considered. Dielectric con-
stant of 80 (¢, for water is 78.5) has been chosen to account
for the highest non-specific solvent effect.

Considering the effect shown in Fig. 3, the overall
change lies in the range of 0.5 to 2 kcal mol '. The most
notable change in this case is observed for TS1 in the
quartet state which has been destabilized by about
5 kcal mol ! and compound 5 in the doublet state which
has been stabilized by about 7 kcal mol . However, the
product in doublet state has been found to become

‘ <
IS5 vippppid.
L]
J‘ ‘J

-Z-Q’w.#: “.‘J*‘
JJ.‘J 20
J. ‘) ’
(10)
(9)
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stabilized by about 3 kcal mol '. Although, such stabiliza-
tion and destabilization have been caused by an exagger-
ated solvent effect relative to the natural protein case, the
net effect is consistent with the result obtained in the gas
phase. Thus, it turns out that the non-specific solvent effect
in its extreme case does not alter the gas phase results, in
particular if we consider the milder natural condition of
protein as the actual solvent. Therefore, for these situations
the effect of hydration is negligible. After all, although the
solvent effect can be of considerable amount for small
charged species, its apparent effect for uncharged macro-
molecules is small. However the real effect of the
physiological condition remains as a scientific challenge.
The relative stabilization energies for compounds 3-5 and
involved transition states using non-specific solvent effect
are presented in the supplementary material.

Conclusions

The ring opening process of ferrous verdoheme to ferric
biliverdin was studied in the presence of oxygen, electrons
and protons. Energy surfaces have shown that direct attack
of O, to ferrous verdoheme followed by reduction by one
electron to form ferric peroxide verdoheme, 3, is a most
favorable path. In this path oxidation products followed by
one electron reduction is exothermic by 32.7 kcal mol ™’
energy while elimination of reduction by one electron
produces 21.8 kcal mol ' energy. In both paths concerted
homolytic O-O cleavage and O transfer to the 5-oxo
position has low barrier energy in contrast with hydroxyl-
ation at the meso position of heme by O, in the early state
of heme catabolism. Protonation of ferric peroxide to form
ferric hydroperoxid reduces the rate of oxygenation
considerably and cannot be considered as a physiological
path. Details of the electronic nature of the intermediates in
this process is discussed and some light has been shed on
the mechanism of conversion of verdoheme to biliverdin,
the least known process in the heme degradation process.
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