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Abstract

Density Functional Computational studies were performed for the systems containing an iron (III) complex with
(cyclam), 1,4-pentadiene and oxygen, where cyclam represents 1,4,8,11-tetraazacyclotetradecane. The
calculations have indicated that bond formation between oxygen and carbon atom of the 1,4-pentadiene anion
where methylene-proton is removed, occurs in the presence of the Fe''-(cyclam) complex, giving the
hydroperoxy derivative of the 1,4-pentadiene. Based on these results it seems quite reasonable to assume that
deprotonation of the methylene proton should be a trigger for the peroxidation of the 1,4-pentadiene moiety and
the electron transfer reaction between iron(III) atom and the substrate is unnecessary in the lipoxygenases.
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1. Introduction

Lipoxygenases are a class of nonheme iron oxygenases that catalyze the conversion of arachidonic acid and
other polyunsaturated fatty acids to their hydroperoxy derivatives (see Scheme I) (Brash,1999; Goffa & Brash,
2004; Oldham, Brash, & Newcomer, 2005). The products are involved in a series of biological events such as
inflammation, cell development, and differentiation.
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Scheme I

Lipoxygenases are expressed in some plant and animal tissues in high levels. The proteins have a single
polypeptide chain with a molecular mass of ~75-80 kDa in animals and ~94-104 kDa in plants and have a
N-terminal B-barrel domain and a large catalytic domain containing a single atom of non-heme iron. The metal is
liganded to conserved histidines and to the carboxyl group of a conserved isoleucine at the C-terminal of the
protein. As the iron is non-heme of +2 oxidation state when isolated (inactive form), lipoxygenases appear
virtually colorless to the eye, but oxidation to the ferric enzyme is required for catalysis (Brash, 1999).

There are several available crystal structures, of which three are of the arachidonate 15-lipoxygneases, soybean
L-1, and rabbit reticulocyte 15-LOX, and the fourth, soybean L-3, is a catalyst of nonspecific peroxidation
(Brash, 1999; Goffa & Brash, 2004; Oldham et al., 2005). Many authors have believed that after the initial
hydrogen abstraction by a ferric ion (formation of a radical species, L- and ferrous ion in Scheme II), antarafacial
oxygenation at one end or the other of the activated pair of double bonds (pentadienes) gives product (Brash,
1999). Very recently, importance of proton-coupled electron transfer in soybean lipoxygenase was proposed, and
many papers to support the above mechanism have appeared (Schenk, Neidig, Zhou, Holman, & Solomon, 2003;
Hatcher, Soudackov, & H-Schiffer, 2007). But, there is no consensus on how substrate gains access to the metal
center or any definite information on substrate bonding, especially how the oxidation of ferrous to ferric occurs,
and on the reason why the oxidation of ferrous to ferric is necessary.
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In our previous papers, we have reported that the monomeric trans-[Fe"(cyclam)Cl,]" complex can catalyze the

peroxidation of linolenic acid under an aerobic condition without the change of oxidation state of iron(III) ion,
where (cyclam) demonstrates 1,4,8,11-tetraazacyclotetradecane (Nishida & Tanaka, 1994). Based on the fact that
linolenic acid and oxygen interact under an aerobic condition to form a charge-transfer complex (Mulliken &
Pearson, 1969), which was verified by the absorption spectral study (Halliwell & Gutteridge, 1985), we proposed
a new mechanism for oxygen activation in the presence of iron(IIl) ion, i.e., at first the interaction between an
iron(Il) ion and the charge-transfer complex consisted of linolenic acid and triplet oxygen occurs through the
interaction between the unpaired electrons of triplet oxygen and an iron(IIl) ion of high spin-type. This should
lead to formation of ternary complex among iron(IlI) compound, triplet oxygen and linolenic acid as illustrated
in Scheme III, giving the product (Nishida & Tanaka, 1994). It should be noted here that triplet oxygen
interacting with unpaired electron of transition metal ions acts as a singlet oxygen (lAg) towards several organic
compounds (Nishida & Tanaka, 1994; Nishida, Tanaka, & Okazaki, 1994; Nishida et al., 1995; Nishida, 2004),
and that the change of the oxidation state of Fe’" to the ferrous state (+2) is not necessary for the formation of
hydroperoxy-derivarives, because both the high- and low-spin type iron(Il) ion have unpaired d-electrons. In
this study we have performed density functional computational study to validate our mechanism on oxygen
activation in the Fe(IIT)-(cyclam) system and several lipoxygenase models.
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Scheme 111

2. Calculations

All the calculations were performed with the Gaussian03suite (Frisch et al., 2004). For the present study, we
used density functional theory(DFT), in particular, Becke’s three-parameter hybrid exchange functional(B3)
combined with Lee-Yang-Parr’s (LYP) correlation functional, known as B3LYP (Khavrutskii, Musaev, &
Morokuma, 2003). Throughout this work, we used double-{ LANL2DZ (D95V) basis set with associated
Hay-Wadt nonrelativistic core potential. All geometries have been fully optimized without any symmetry
constrains at the unrestricted B3LYP/LANL2DZ level.

A model for the lipoxygenase was constructed with a Fe(Ill) ion, three imidazole molecules, acetate anion,
acetoamide, and water molecule, which is based on the structure of Soybean LOX-1 (see Figure 1) (Boyington,
Gaffney, & Amzel, 1993), and optimized by DFT calculation. In the DFT calculations, the charge transfer
complex consisted of oxygen and 1,4-pentadine was brought to close to the iron(IIl) ion with the removal of
water molecule from the iron(IlI) coordination sphere. The removal of the water molecule may be induced by the
energy stabilization due to spin-pairing between unpaired electrons of iron atom and oxygen molecule, which
should be promoted through the orbital interaction including the orbitals of substrate (Nishida, 2001; Nishida,

2



www.ccsenet.org/ijc International Journal of Chemistry Vol. 4, No. 4;2012

2004).
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Figure 1. Coordination site around iron atom in the lipoxygenase model compound used in this study

3. Results
At first, we have confirmed that DFT calculations used in this study can realize the reactions specific for singlet

oxygen (lAg) as illustrated in Scheme IV.
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Scheme IV

Next, we have done the DFT calculations on the trans-[Fe"(cyclam)Cl(charge-transfer complex)] system in

Scheme-III, in order to clarify the conditions necessary for the bonding between oxygen and 1,4-pentadine (see
right side of Scheme-III), where a charge-transfer complex is consisted of linolenic acid and triplet oxygen
molecule. Our DFT calculations do not support the bond formation between oxygen and linolenic acid in the
ternary complex, trans-[Fe"(cyclam)Cl(charge-transfer complex)]” system. However, it has become apparent
that the binding between the oxygen molecule and the carbon atom of 1,4-pentadiene moiety occurs when one
proton of the methylene part of the 1,4-pentadiene moietyis removed (see Scheme V). The resulted Fe(III)
complex containing a hydroperoxyl-derivative (right side in the Scheme-V) may be a low-spin type(structureof
the optimized finalspecies is illustrated in Figure 2), which was verified in the ESR spectral study on this system
(Nishida & Tanaka,1994). In our system in Scheme V, a proton-acceptor should be carboxylate-group of the
linolenic acid present in the solution, and it seems quite reasonable to assume that deprotonation of the
methylene proton may be a trigger for the preoxidation of the 1,4-pentadiene moiety.
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Figure 2. Optimized structure of Fe(cyclam)CI(5-peroxy-1,3-pentaenediene): dark green, iron; green, chloride;
red, oxygen; blue, nitrogen; pale green, carbon; yellow, hydrogen atom

DFT calculations also have revealed that the similar bond formation between the oxygen molecule and the
carbon atom of 1,4-pentadiene moiety proceeds in the models of lipoxygenase(Figure 1) for both the Fe(II)
(low-spin) and Fe(IIl) (high-spin) states when the 1,4-pentadiene moiety is deprotonated, and the optimized
structure of the resulted ferric state-model containing hydroperoxy-derivative of 1,4-pentadiene is illustrated in
Figure 3 ; this should correspond to a purple Fe"'-OOL intermediate observed in SLO (Brash, 1999). As the
hydroperoxy-derivative of unsaturated fatty acid has been used to obtain a ferric state lipoxygenase from a
ferrous state in vitro (Goffa et al., 2005), it seems quite likely that the oxidation of the ferrous state to a ferric
state proceeds through the reaction between the hydroperoxy-derivative formed at the first stage and Fe(II) ion in
the native lipoxygenase, and the ferric state lipoxygenase thus formed should play an important role to produce
the hydroperoxy-derivatives of fatty acid after the formation of iron(III) lipoxygenase.

.

Figure 3. Optimized structure of (5-peroxy-1,3-pentaenediene)-Fe(IlI) compound of the lipoxygenase model
compound (high-spin): dark green, iron; red, oxygen; blue, nitrogen; pale green, carbon; yellow, hydrogen atom

4. Conclusion

DFT calculations have indicated that bond formation between oxygen and carbon atom of the 1,4-pentadiene
anion where methylene-proton is removed, occurs in the presence of the Fe''-(cyclam) complex, giving the
hydroperoxy derivative of the 1,4-pentadiene. Based on these results it seems quite reasonable to assume that
deprotonation of the methylene proton should be a trigger for the peroxidation of the 1,4-pentadiene moiety and
the electron transfer reaction between iron(III) atom and the substrate is unnecessary in the lipoxygenases.

Present results suggest that in the reactions of native lipoxygenase the presence of a proton acceptor, possibly the
oxygen atoms of the protein residuals, should be necessary, and the position of the proton-acceptor may control
the chirality of the products. The interaction between Fe(IIl) ion and oxygen molecule in the charge-transfer
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complex may be stronger than that in the corresponding Fe(Il) case, and the deprotonation of the methylene
hydrogen atom (in Scheme V) may be more facile in the system containing Fe(III) ion and charge-transfer
complex of oxygen and unsaturated fatty acid. These may give reasonable reason why the oxidation of Fe(Il) to a
ferric state is necessary in the native lipoxygenase reaction.

The results obtained in this study strongly support the hypothesis that the electronic structure of the substrate
determines the reactivity of the oxygen molecule in the oxygenasereactions, as pointed out in our previous works
(Nishida, 2001, 2004; Nishida, Tanaka, & Okazaki, 1994; Nishida, Ito, Okuno, & Ohba, 1997).

Supplementary data: The positional data of the atoms in the optimized structures and the calculated results
obtained in this study were deposited as Supplementary data (PDF file). These will be sent to all the chemists
from the author on request.
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