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ABSTRACT 

HO enzyme catalyzes the degradation of free heme to biliverdin, CO, and Fe in three consecutive steps. The up-

regulated activity of heme oxygenase is thought to be correlated with the antioxidant role of HO-1 in an oxidative 

stress environment. HO enzyme regiospecificity oxidizes heme at α meso position in a three oxygenation steps 

process. Although hydroperoxy-ferric heme, generated in the first step, has been indicated as an intermediate in 

most heme enzyme, heme degradation is only occurred in HO reaction. Therefore, a different mechanism from 

the other heme enzymes must be responsible for the heme hydroxylation in HO-catalyzed reaction in the first step. 

In the second step of the process, there are also uncertainties regarding electron requirement and a binding site for 

O2 molecule. In this article, we review researchers’ attempts to elucidate complicated heme catabolism 

mechanism, especially in the less known process steps which have been done to shed light on the determinants of 

specificity and better contribute to developing new medicines. Special focus is placed on the experimental and 

theoretical studies  on the structural characteristics  and electronic configurations of heme catabolism intermediates 

catalyzed by HO. The fascinating electronic communication between the metal and the ring in this process has 

been discussed, as well. An overview of the non- precedent route for the direct conversion of oxophlorin to 

biliverdin is also presented.  
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1-Introduction 

The heme catabolism catalyzed by Heme Oxygenase (HO) enzyme is one of the most 

important biological processes. Heme Oxygenase (HO) enzyme is a membrane-bound protein [1, 

2] found in three isoforms. Conversion of unwanted heme to biliverdin in birds, plants, and 

mammalian is known as the essential role of HO. In addition, different types of physiological 

functions, including cellular signaling [3-5], iron homeostasis [6, 7], and cytoprotective effects are 

catalyzed by HO.  In oxidative stress environment, heme degradation is known as a cellular defense 

system [8-12]. Heme catabolisn by HO enzyme results in generation of biliverdin, Iron, and CO 

in three oxygenation steps. For the products of heme degradation important biological functions 

have been reported, as well [13-19]. HO-1 excessive activation in disorders like jaundice [20-23], 

cancer[24], and brain disorders [25] are treated by inhibitors mostly metalloporphyrins which 

competitively inhibit degradation of Fe protoporphyrin by the HO enzyme [26-29] 

To elucidate the complicated heme catabolism mechanism biological  [30-44] and coupled 

oxidation  [45-60] studies have been conducted. Intermediates of the process, oxophlorin, 

verdoheme, and biliverdin, are very versatile compounds, and they readily take part in the 

oxidative/ reductive reaction. Therefore, the structure and electronic configuration of reactive 

intermediates have not been completely characterized by experimental works. Theoretical 

calculations [61-79] in combination with experimental approaches, shed light on details of the  

intermediates electronic structure, and provided a great deal of understanding into the mechanism 

of all three steps. As a result, considerable advances have been made in characterizing the 

intermediates, determining the role of HO enzyme architecture in the heme degradation process,  

and the unique heme degradation mechanism. In this Article, we review experimental and 

theoretical investigations that have been conducted to isolate the process intermediates and to 

characterize their structures. This Article also includes a recent understanding of heme catabolism 

intriguing mechanism in all three steps.  

2- Heme Oxygenase  

2-1-Heme Oxygenase Biological Function 

Heme Oxygenase (HO) is the rate-limiting enzyme in heme degradation. Three isoforms of 

HO denoted as HO-1, HO-2, and HO-3 have been identified in mammals. HO-3 is the least 
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investigated isoform of HO family, therefore significant functions of HO-3, are still elusive [80, 

81]. HO-1 mostly found in the liver and spleen and it is inducible by various stimuli while HO-2 

is a constitutive enzyme, and is mainly expressed in brain. HO-2 is probably the source of CO and 

involved in modulation of neuronal signaling pathways in brain [82].   

The process of removing old and damaged erythrocytes from the circulation leads to release 

of the free heme, highly cytotoxic agent. The toxicity of unbound heme is attributed to the iron 

atom. Degradation of free heme prevents the  harmful effects such as oxidation of protein, the 

formation of cytotoxic lipid peroxide and oxidation of DNA. In mammals, in addition to heme 

catabolism as the essential role of HO-1, this enzyme involves in a variety of physiological 

functions, including iron homeostasis, antioxidant defense, cellular signaling. CO as the product 

of ring cleavage process has been found in the highest concentration in testis, brain, and the 

vascular systems. The modulation of various physiological functions has been reported as CO 

biological role. In brain, CO is identified as a neural messenger molecule; in the vascular systems, 

the regulation of vascular tone is  attributed to CO, additionally, anti-apoptosis and anti-

inflammatory effects of CO have been reported [3-5, 83, 84].The iron requirement in mammals is 

partly acquired by dietary; the majority of iron is provided by HO-mediated iron recycling within 

the spleen and bone marrow through heme degradation mechanism [6, 7].  

Under oxidative stress condition  caused by various stimuli such as light exposure[11], 

hydrogen peroxide [85], free radicals [86], heavy metals [87], inflammation[88], and increased 

amounts of protoheme IX (heme), heme oxygenase (HSP32) is up-regulated [89] and subsequently 

plays its antioxidant roles[90, 91]. However, the heme oxygenase overexpression in some disease 

such as hypoxia, Alzheimer, Parkinson, ischemia, and transplant rejection has been documented 

[20-25]. A significant part of the cytoprotective effects of HO-1 is due to the functions of heme 

degradation products, CO, ferrous iron (FeII), biliverdin. In addition to anti-oxidant activity of 

biliverdin, cytoprotective roles of bilirubin against oxidative stress have also been identified, as 

well [13-18].  The important functions of HO have also been reported for plants and cyanobacteria 

[92, 93].  In these species, derived α-biliverdin is involved in the biosynthesis of phytochrome 

chromophore and phycobilin as light-harvesting pigments [94]. Furthermore, iron is an essential 

requirement for pathogenic bacteria to survive and infect, bacteria acquire it by the degradation of 

host heme [95]. 
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2-2-The Heme Oxygenase Structure 

Heme Oxygenase enzyme is not identified as a hemoprotein. However,  heme-enzyme 

complex generated by binding of one heme molecule to the active site of HO exhibits spectral 

properties similar to that of hemoproteins[96]. The heme in the active site of HO has both cofactor 

and substrate roles. HO-1 with   ̴ 33 kDa molecular mass and HO-2 with higher molecular mass, 

calculated to be  ̴ 36 kDa, are HO isoforms  with only 45% similarity between their amino acid 

sequences, but essentially reveal identical enzymatic activities[97]. The HO enzyme is a 

microsomal membrane-bound protein [98]. The bounded structure which limits access to the 

enzyme has made mechanistic studies complicated; construction the truncated form of HO in 

which membrane binding terminal is deleted, but enzyme catalytic activity is preserved, resolved 

the complexity  [45, 99]. The crystal structure of Bacterial HO  enzymes such as Neisseria 

meningitides HemO [100], Corynebacterium diphtheriae HmuO  [30, 31], and Pseudomonas 

aeruginosa PigA [101] - and rat HO-l [102], show similarity to  human HO-l structure[32, 103]. 

The active site of the heme oxygenase system consists of a heme molecule sandwiched 

between the proximal and distal helices (Figure 1).  The spectroscopic data, later confirmed by 

crystal structure, indicated that heme is ligated to His25, side chain of the proximal helix, and a 

water molecule as a distal ligand [32, 43, 104-107]     (Figure 1). His25 has a significant role in HO-

1 catalytic activity, although no important effect on the heme binding capability has been reported. 

The Fe − His stretching mode[60, 105, 106], 𝜈𝐹𝑒 −𝐻𝑖𝑠, which is comparable to the heme in 

myoglobin[108, 109],  and differs from that of imidazolate characteristic in peroxidase 

enzymes[42] implies that His25 has a neutral characteristic rather than the protonated form of 

imidazolate . This characteristic could be due to strength of the hydrogen bonding between His 

with Glu29 in the proximal helix which must be weaker than that of the peroxidase enzymes [32]. 

It is supposed that the O-O bond cleavage is under the control of hydrogen bonding strength on 

the proximal side so the formation of ferryl species by O−O bond heterolytic cleavage –push 

effect- must be ruled out as a mechanism in heme degradation. Analysis of the human and rat heme 

oxygenase crystal structure reveals that Gly-139 and Gly-143, as well as Asp-140 are polar side 

chains that are capable of hydrogen bonding to the water molecule, through which they contribute 

in the heme degradation catalytic mechanism. However, for far polar groups located on 5.9 Å, 

hydrogen bonding is not possible; their main role is to regulate the polarity of the active site, which 
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involves in the regiospecificity [32, 102]. Mutagenesis studies reveal the importance of distal 

Glycine residues in the HO activity. The Gly-139 mutants lost their HO activity and through the 

formation of the ferryl species exhibit peroxidase activity; the Gly-143 mutants do not show heme 

oxygenase or peroxidase activity. However, the regiospecificity of the reaction in the mutants was 

not perturbed [110]. The conserved sequence of Glycine residues (Gly-139 and Gly-143) in the 

distal pocket provide a kinked structure -about 50° right over the heme- which allows flexibility 

of HO [32] (Figure 2). The flexibility of the distal and proximal helices allows easy entry of the 

substrate in the increased form while the closed active site provides better conformation for the 

reaction.  

 

Figure 1: X-ray structure of the human heme oxygenase active site with heme (PDB 1N3U)[103]. 

The extensive distal hydrogen-bonding cluster has great importance in the catalytic activity 

of HO. This network involves some water molecules, catalytically important Asp140, and the other 

protein residues which serve as proton donors or acceptors. Water molecules in strong H-bonding 

network serve as a water channel which transfers protons to active site to activate the O–O bond 

by the formation of hydroperoxo species. Stabilization of the hydroperoxy intermediate is another 

role of water molecules [103, 111-113] (Figure 1). Additionally, strong hydrogen bonding between 

ligated oxygen and distal residues causes a decrease in oxygen dissociation rate[114]. 

 

3- The First Step of Heme Degradation: Conversion of heme to Oxophlorin 

3-1- Intermediates of the first step: Activated Oxygen Species 
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The first step of heme degradation (Scheme 1) initiated by the reduction of ferric-heme bound 

to HO to ferrous form by NADPH-cytochrome P450 reductase. Ferriheme species are completely 

unreactive, so reduction to ferrous form facilitates oxygenation. The absorption spectra of the 

oxygenated form of ferrous-heme, absorption maxima at 412, 540, and 575 nm[44]  resembles of 

oxymyoglobin spectrum. However, Raman spectra of FeIIO2 - HO differ from oxymyoglobin. 

Based on an abnormal oxygen isotope shift pattern, it was suggested that the Fe-O-O is bent and 

the distal oxygen atom is brought to a closer distance to the heme to facilitate heme hydroxylation 

[33]. Crystal structure of dioxygen-bound heme in HmuO revealed that the interaction between O2 

and hydrogen-bonding network, as well as distal helix residues is responsible for the bent Fe-O-O 

bond angle[30].  

 

Scheme 1: Three subsequent steps of heme catabolism catalyzed by Heme Oxygenase[66] . 

The reduction of oxygenated form of heme-HO complex, FeII=O2, is vital to proceed to 

hydroxylation of heme, FeII=O2 complex is stable at neutral pH and without reducing agents[44]. 

Although it was proposed that the nonprotonated peroxo form could be the reactive form of oxygen 

in the first step[115], in natural HO-1 system this species has not been detected even near 4 K[116].  

In a low temperature – 77 K – radiolytic cryoreduction of O2-bound complex, hydroperoxy-FeIII 

heme has been directly observed. The source of proton seems to be the water molecules in the 

distal pocket that stabilizes the O2 moiety of oxy-HO [116-119].  

The spectral similarity between heme-HO-1 and heme-HO-2 in reaction with H2O2 suggested 

a similar catalytic mechanism for two isoforms in heme degradation [120] . H2O2 is known as a 

suitable substitute for molecular oxygen and two electrons in heme hydroxylation [45]. In an 

anaerobic condition, the reaction of heme-HO-1 with H2O2 led to the first direct and effective 
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observation of hydroxyheme which could only be converted to verdoheme in the presence of O2 

[46]. However, except for ethyl hydroperoxide [121], most other alkyl and acyl hydroperoxides 

including tert-butylhydroperoxide, or cumene hydroperoxide [45]  generate ferryl hemes, an 

unreactive intermediate in hydroxylation.  

3-2- Regioselectivity 

The bilirubin of mammalian biles is exclusively identified as bilirubin Ixα with minor traces 

of the other isoforms [122, 123]. Several studies have been conducted to explain the specificity in 

heme degradation mechanism. Earlier works suggested that α bridge was intrinsically more 

reactive and the other produced isomers are catabolized by alternative routes [124]. The generation 

of a mixture of the four isomers, denoted as α, β, γ and δ, in chemical heme degradation in aqueous 

pyridine indicated that α –meso-regioselectivity of hydroxylation is not inherent in the heme group 

[125]. However, when degradation of a mixture of four oxyprotohaem IX isomers-reconstituted 

into rat HO-1 was studied, only the α-isomer of meso-oxyprotohaem IX was converted to 

biliverdin Ixα [48]. Moreover, investigation on heme cleavage in various kinds of hemeprotein 

indicated that biliverdin Ixα is not the only generated isomer; biliverdin IXα is exclusively 

generated in the presence of myoglobin, although about 60% of α isomer and 40% of β isomer 

obtained through heme cleavage process with haemoglobin[34, 36, 126, 127]. Heme Oxygenase 

of drosophila melanogaster  catalyzes the degradation of hemin to three isomers of biliverdin (IX 

α, β and δ) and Neisserial Heme Oxygenase [35] produces mixtures of β- and δ -isomers of 

biliverdin without production of α isomer. Based on the results of various model systems, it was 

proposed that regioselectivity in heme degradation is under steric control of apo-proteins. 

 

Figure 2: Structure of the distal pocket over the dioxygen bound [30]. 
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 The distal Gly residues restrict access of distal Fe-O-O oxygen atom to all the meso-positions 

except for the α-meso-carbon. Thus, bent Fe-O-O is directed, by an angle of 110°, toward the         

α-meso-carbon atom and allows van der Waals contact of the terminal oxygen with the α-meso-

carbon [30, 32, 37] (Figure 2). In addition, strong hydrogen bonding between Fe-O-O and distal 

pocket water molecules holds terminal oxygen in distance suitable for regiospecific oxygenation 

[31, 33, 38]. Mutagenesis studies have supported steric control by heme oxygenase structure.  In 

replacement of Arg-183 with Glu-183 in rat HO-1 biliverdin β and δ isomers are also generated, 

In HO mutants in which the interactions between the side chains of heme and distal residues are 

removed, β and δ positions are accessible by ligated O2 and therefore corresponding biliverdin is 

generated[39, 40].  

To further explore the regiospecificity in heme catabolism, meso-substitute models have been 

studied. Enhancement of reaction at the position of methyl-substituted carbon and generation of 

exclusively corresponding biliverdin isomers revealed that regiospecificity is under electronic 

rather than steric control. These finding could not be described by a steric mechanism [128] . The 

hypothesis of electronically controlled heme oxidation was supported by regiospecificity observed 

in meso-formyl mesoheme oxidation, as well. The α-meso-formyl mesoheme, an electron 

withdrawing substituent, is mostly oxidized at a non-formyl-substituted meso-carbon [129]. These 

results rule out the theory of regioselectivity due to the ruffling of heme structure, although 

Montellano suggested that meso substitution might decrease the steric control and allow the 

electronic properties to determine the oxidation regiochemistry[130, 131]. Furthermore, meso-

methyl and meso-formyl substitution studies confirmed the previously proposed mechanism as the 

electrophilic addition of oxygen ligand to the meso position of porphyrin ring [132] .  

3-3- Mechanism of the First Step 

Hydroperoxy-ferric heme is observed as an intermediate in most heme enzymes. However, 

heme degradation only occurs in HO-catalyzed reaction  which must be due to a completely 

different mechanism of the other heme enzymes. In P450 and catalase as well as peroxidase, a 

high-valent ferryl porphyrin π -cation radical, compound I (O =Fe IV(Por + · )) is formed as an 

active oxidant species that is not capable of heme degradation. Synthesized compound I, generated 

in the reaction of heme with bulky alkyl- and acyl hydroperoxides such as meta-chloroperbenzoic 
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acid, tert-butylhydroperoxide, and cumene hydroperoxide, is not capable of heme oxidation to 

either verdoheme or biliverdin. In this reaction, instead of biliverdin formation the ferryl species 

is converted to the ferric state through an oxo ferryl porphyrin, compound II [45] . These results 

confirmed the non-involvement of ferryl species as an intermediate in the reaction catalyzed by 

heme oxygenase. In contrast, regiospecifically α-meso-oxygenation with ethyl hydroperoxide 

which results in α-meso-ethoxyheme provides strong evidence for electrophilic oxidation 

mechanism, electrophilic addition of Fe (III)-OOH distal oxygen to porphyrin with concomitant 

cleavage of the dioxygen bond [121, 133] . This experiment ruled out nucleophilic addition of the 

unprotonated form of Fe (III)-OOH species proposed as a mechanism for the first step [45]. The 

results of cryoreduction/annealing experiments implied that hydroperoxoferri-HO species was 

converted to α-meso-hydroxyheme through a first-order reaction, without a detectable 

intermediate [118]. In addition, concerted mechanism for hydroxylation by Fe-OOH intermediate 

in the first step was suggested by kinetic experiments  (Scheme 2, 3A).  Kinetic isotope solvent 

effects, SKIE(215K)=2.3, indicated proton transfer is critical in the FeOOH activation. 

Furthermore secondary isotope effect, sec-KIE(215K)=0.7, upon deuteration of α-meso position 

revealed rehybridization of the sp2 heme α-mesocarbon to an sp3 hydroxylated intermediate[134].  

 

Scheme 2: Concerted mechanism proposed for α-meso-hydroxylation by HO [134]. 

However, theoretical studies proposed the stepwise mechanisms are in contradiction to the 

suggested concerted pathway. According to theoretical studies the concerted pathway has a much 

higher energy barrier than a proposed stepwise mechanism which involves prior O-O bond 

breaking. Shaik and co-workers proposed a stepwise mechanism initiated by O-O bond homolysis 

and generation of FeIV=O (compound II) plus a hydroxyl. Subsequent bonding of OH radical to α-

meso position generates α-meso hydroxyheme  [61-63] (Scheme 3B). A different stepwise 

mechanism through O-O bond heterolysis and formation of compound I plus hydroxide was 
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proposed by Yoshizawa group  [64, 65] (Scheme 3C). It was shown that synthesized Cmpd I could 

not generate verdoheme in HO system and therefore involvement of this compound as intermediate 

in the heme degradation must be ruled out [133, 135]. By contrast, some experiments including 

the solvent isotopic experiments which revealed the role of the water molecule as proton transfer 

are in agreement with heterolytic mechanism and Cmpd I generation. Moreover, the heterolytic 

pathway is supported by the specific method of generating Cmpd I which followed by meso -

position nucleophilic attack in verdoheme formation [134, 136]. These findings along with other 

experiments suggested that involvement of Cmpd I in heme degradation could be considered.    

 

Scheme 3: Proposed mechanisms for heme oxidation by HO. (A) Concerted mechanism, (B) stepwise 

mechanism, Homolytic cleavage, and (C) stepwise mechanism, Heterolytic cleavage [136].  

 

3-4- Chemistry of Oxophlorin (hydroxyheme) 

3-4-1- Chemical analogues of Oxophlorin  

In the earlier studies on heme degradation with different model systems, hydroxyheme as the 

first intermediate in heme degradation process was introduced. Conversion of meso-hydroxylated 

heme reconstituted with HO to biliverdin has also approved the involvement of this species in a 
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natural pathway [48, 49].  In the enzymatic conversion of the heme-hHO1 complex with H2O2, 

direct formation of α-meso- hydroxyheme was reported [46]. 

The studies on heme degradation process have been extensively carried out on different model 

systems via the coupled oxidation procedure. Coupled oxidation has been extensively used to 

mimic heme degradation process by oxidation of heme aerobically in the absence of NADPH and 

cytochrome P450 reductase and using other reducing agents such as ascorbic acid or hydrazine. In 

this procedure heme is oxidized in the active site of HO-1[41, 45, 46, 48-51], other hemoproteins 

like myoglobin, hemoglobin [47, 51, 127], and in a coordinating solution[47, 52-58]. 

The iron α-meso-hydroxyheme-HO1 complex in anaerobic environment shows a rhombic 

EPR signal at g=6.07 and 5.71 and another signal at g=2.008 which respectively are attributed to 

high spin FeIII phenolate, keto resonance structures, and π neutral radical species. Resonance 

Raman spectra of ferric α-hydroxyheme are not typical of hemoprotein structure. The absence of 

isotope effect on the resonance Raman lines suggested that the α-meso-hydroxy group must be 

deprotonated species [50]  . The resonance equilibrium of ferric phenolate (1), ferric keto anion (2), 

and ferrous keto π neutral radical (3) structures has been proposed as the electronic structures of 

deprotonated ferric α-meso-hydroxyheme, depicted in scheme 4 [50, 52]. In the atmosphere of CO, 

resonance equilibrium shifts toward the π neutral radical species- soret band 408 nm- as dominant 

species, while the signal at g=6.07 and 5.71 disappears[46, 50, 66, 137]. This observation provides 

strong evidence for the suggested resonance equilibrium. The EPR results of α-meso-

hydroxyheme-HO-1 complex imply that FeIII in the α-hydroxyheme-HO complex is five-

coordinated [45, 46, 50], the EPR spectrum is similar to that of meso-hydroxyheme-myoglobin 

[138, 139]. 
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Scheme 4: Resonance structures of five coordinated oxophlorin [137]. 

However, to elucidate the intermediate electronic structures and the heme degradation 

mechanism, the six-coordinated complex [(py)2 Fe(OEPO)], bis pyridine octaethyloxophlorin has 

been studied in coupled oxidation. The complex is a chemical model exclusively used as an 

analogous of hydroxylated heme intermediate in the biological system. Spectral observations of 

[(py)2 Fe(OEPO)] in aqueous or pure pyridine solution, supported the proposed oxophlorin 

structure and resonance equilibrium. The characteristic 1H-NMR spectrum of this intermediate 

shows unusually far up-field shifts for the meso proton, which is in contrast to the spectrum of any 

other iron porphyrin compounds with iron-centered paramagnetism. The unique 1HNMR pattern 

of [(py)2 Fe(OEPO)] have been interpreted as delocalization of electron spin on the porphyrin π 

system, the  findings were further confirmed by the UV-visible spectra as well [47, 52-54, 140].  

3-4-2- Electronic structure of Oxophlorin with different axial ligands  

In addition to [(py)2Fe(OEPO)], electronic structure of oxophlorin with other axial ligands 

such as Imidazoles [52, 54-56] , isocyanides[54, 55], cyano[57] and in oxidation by dibromine and  

dichlorine[58] has been studied by spectroscopic and  X-ray diffraction methods. These studies 

demonstrated that electron distribution on macrocycle and central metal was influenced by the 

nature of the axial ligand. Fe (III) α-meso-hydroxyheme reveals oxophlorin-like characteristic in 

different solvents with different pKa. The population of oxophlorin resonance structures is 

proportional to basicity of the axial ligands [52]. 
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To further elucidate the electron distribution between iron and the porphyrin macrocycle, 

electronic structure and reactivity of oxophlorin with different axial ligands has been evaluated by 

theoretical studies, DFT methods.  

 

 

Figure 3: Energy diagram for reorientation of RPy from perpendicular to parallel [67]. 

As shown in Figure 3, DFT study demonstrated that pyridine ligands in 2[(Py)2 FeIII(PO)] 0 

complex in the ground state are in perpendicular orientation and doublet state. On the energy 

diagram of the complex quartet and sextet species (with  𝑑𝑥𝑦
 2  𝑑𝑥𝑧

1 𝑑𝑦𝑧
1  𝜎∗

𝑧2
1   

 𝑑𝑥𝑦
 1  𝑑𝑥𝑧

1 𝑑𝑦𝑧
1  𝜎∗

𝑧2
1 𝜎∗

𝑥2−𝑦2
1    orbital occupations) lie 3.45 and 5.27 kcal mol-1, respectively, above 

the ground state. Except the ground state with 2[(Py)2FeII(PO)]xy : 𝜋𝑥𝑧
2  𝜋𝑦𝑧

2  𝑎2𝑢 
2 𝑑𝑥𝑦

1  orbital 

occupancy, another electron configuration, 2[(Py)2FeII(PO)]a2u : 𝜋𝑥𝑧
2  𝜋𝑦𝑧

2  𝑑𝑥𝑦
2 𝑎2𝑢 

1 which is 3.9 

kcal/mol more energetic than the ground state is in doublet state (see Figure 4). 2[(Py)2FeII(PO)]a2u 

complex is generated through one electron transfer from a2u orbital of the ring to singly occupied 

dxy of iron, radical nature of macrocycle a2u orbital, with π* character, makes this species a high 

reactive complex. 2[(Py)2FeII(PO)]a2u   could be involved in the process as an intermediate due to 
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its high reactivity [67]. Another result of this electron transfer is shortening of the C−O bond by 

about 0.03 Å which is in contradiction to the experimental results by Balch et al. [56], it is supposed 

that C-O bond disorder could be the origin of this contrast. 

 

Figure 4. Orbital occupations for a) 2[(Py)2 FeIII(PO)]xy   b) 2[(Py)2 FeII(PO)]a2u
  [67]. 

In experimental works by Balch et al. it is reported that spin state and orientation of axial 

ligands of [(Py)2 FeIII(OEPO)]  in solution and solid phase are   in contradiction. It exists in the high 

spin state with parallel pyridine ligands in the solid state, but in solution, the complex exists in a 

low-spin form [56]. DFT study in the gas phase reported that sextet and quartet in a parallel 

orientation, are more stable than doublet species (Figure 3) hence, to re-orient pyridines from 

perpendicular to parallel, a spin crossover from the doublet in perpendicular to the quartet and 

sextet spin surface in parallel orientation is required. In 2RPy, 
  𝜋𝑥𝑧

2  𝜋𝑦𝑧
2  𝑑𝑥𝑦

1 ,  with perpendicular 

pyridines, strong orbital overlaps of d orbitals of iron with π* orbitals of ligands led to a high 

rotation barrier, 6.95 kcal/mol, to rotate around Z-axis to generate high spin parallel conformation, 

 𝑑𝑥𝑧
1  𝑑𝑦𝑧

1  𝑑𝑥𝑦
1 𝑑𝑧2  

1 𝑑𝑥2−𝑦2
1 . However, what causes the reorientation of the pyridines from 

perpendicular to the parallel one has not been identified [67]. 

The energy diagrams, represented in Figure 5, for complexes of oxophlorin with Imidazole, 

Pyridine, and (tert -butylNC) ligands illustrate the influence of axial ligands on the electronic 

structure of oxophlorin. The axial ligand effect is attributed to π-accepting and σ -donating ability 

of ligand; for RIm: 2[(Im)2 FeIII(PO)]  complex strong σ -donating ability of imidazole resulted in 

 𝑑𝑥𝑦
2  𝜋𝑦𝑧

2  𝜋𝑥𝑧
1  electronic configuration while good π-acceptor ability of ( tert -butylNC) changed 

the electron configuration of Rt‑BuNC: [(tert -butylNC)2 FeII(PO•)] species to  𝜋𝑥𝑧
2  𝜋𝑦𝑧

2  𝑑𝑥𝑦
2 𝑎2𝑢 

1 . Thus, 
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π dianion radical nature of 2Rt‑BuNC due to electron shifting from a2u orbital to iron could describe 

its facile conversion to verdoheme, as documented by experimental reports [55]. In addition, the 

HOMO –LUMO gaps represented in energy diagrams provide a qualitative explanation for 

temperature-dependent behavior of magnetic moments of 2RIm complex observed in experimental 

study, and demonstrate why such behavior is not observed for 2R t-BuNC [55, 56].   

 

Figure 5. Energy diagram for molecular orbital of (a) RIm, (b) RPy, and (c) Rt‑ BuNC in the ground state 

[67].  

 

3-4-3- oxidation/reduction of oxophlorin 

The essential requirement to answer the uncertainties in the mechanism of the second step, 

conversion of the oxophlorin to verdoheme, is to characterize the reactive form of oxophlorin.  

The electrochemical study reveals that [(Py)2 FeIII(OEPO)] (species (1) , see Figure 6, and 

Scheme 5) could be converted to [(Py)2FeIII(OEPO•)]+ (species (2) , see Figure 6, and Scheme 5)  
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by a remarkably low potential [141]. In agreement with experimental results, DFT study calculated 

such a low potential for this conversion (with ionization potential= 3.95 kcal/mol), as well [68]. 

The configuration of the oxidized and reduced form of six-coordinated oxophlorin is depicted in 

Figure 6.  

 

Scheme 5: Reversible, one electron reduction and oxidation reaction of the complex 1. (1)2[(Py)2 

FeIII(PO)]0, (2)2[(Py)2 FeIII(PO•)]+, (3)1[(Py)2FeII(POH)] [68].  

In the oxidation process, 2[(Py)2 FeIII(PO)]0 complex converts to 2[(Py)2 FeIII(PO•)]+ species ( 

Figure 6, complex 2) by removing one electron from ring a2u orbital. In 2[(Py)2 FeIII(PO•)]+ species 

with a 𝑑𝑥𝑦
2𝑑𝑥𝑧

2𝑎2𝑢
1𝑑𝑦𝑧

1
electronic configuration, alignments of unpaired electrons spin results in 

two different spin states, singlet and triplet. The ground state of this oxidized form is in singlet 

state in which unpaired electron of dyz orbital of central atom is antiferromagnetically coupled to 

unpaired electron of a2u orbital. This structure with unpaired electron on the iron and the 

macrocycle can describe the high reactivity of this intermediate. Whenever unpaired electrons 

coupled ferromagnetically, triplet state of 2[(Py)2 FeIII(PO•)]+ is generated which is populated at 

ambient temperature and is only 0.82 kcal/mol more energetic than ground state (Figure 6). 

Therefore, spin admixture of singlet and triplet states due to small differences in their energies led 

to appear partial paramagnetic character in this compound [68]. The electronic configuration of 

[(Py)2FeIII(PO•)]+  resulted in the theoretical study could clarify 1HNMR spectrum at -20 oC  and 

EPR-silent spectra [141, 142]. As shown in Figure 6, although dxy and a2u orbitals are degenerates, 

removing one electron from dxy orbital of Fe which has high charge density (1.57) must be ruled 

out. Ionization potential to oxidize dxy orbital calculated to be 21.15 kcal/mol [68]. 
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Figure 6: Orbital occupation and redox reaction profile of 2[(Py)2FeIII(PO)]0 . (1)2[(Py)2 FeIII(PO)]0, 

(2)2[(Py)2 FeIII(PO•)]+, (3)1[(Py)2FeII(POH)] [68]. 

 

As shown in (Figure 6, 2) small gaps between HOMO and LUMO orbitals of  [(Py)2 Fe III 

(PO•)]+, calculated to be 1.42 eV, could describe spin crossover behavior with temperature in 

oxidized species [141]. 

In reduction process which at low potential occurs (reduction potential = -32.06 kcal mol-1 ),  

in accordance with electrochemical results by Balch et al [56, 141], by adding one electron to the  

Fe dxy orbital, [(Py)2FeII(PO)]- (complex 3, see Figure 6   and Scheme 5) is generated. In the 

subsequent step, rapid protonation of reduced species resulted in 1[(Py)2FeII(POH)]. In [(Py)2 

FeII(POH)] strong π –back-interaction led to a tight bonding between iron and ligand, and 

therefore, the access of O2 molecules to Fe is limited. Such structure for [(Py)2 FeII(POH)]  makes 

this species air stable, therefore reduced form could not be an active intermediate in heme 

degradation. Figure 6 could demonstrate diamagnetic and temperature invariant characteristic of 

this reduced form of oxophlorin [68].  

As presented, oxidation of iron oxophlorin by O2 through changing the electronic 

configuration and spin states of iron oxophlorin results in the generation of an oxidized species 
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which is more reactive than iron oxophlorin. Therefore, in coupled oxidation, conversion of 

oxophlorin to oxidized form in the process prior subsequent oxidation to verdoheme could be 

considered [68]. 

DFT study showed that all spin states in both orientations of pyridine, parallel and 

prependecular, in oxidized species [(Py)2FeIII(PO•)]+ are degenerate so reorientation of axial 

ligands in this complex is a barrierless reaction [68]. However, as outlined in Figure 3 in 

2[(Py)2FeIII(PO)]0 the rotation barrier in the gas phase is about 6.95 kcal mol-1 [66] . In addition the  

structural parameters of the oxidized species, calculated in DFT study, [68] are in good agreement 

with x-ray structure results [56]. Therefore, along with other ideas that proposed the strong crystal 

packing forces as the origin of pyridine ligands reorientation in the solid state, the generation of 

oxidized form [(Py)2FeIII(PO•)]+ during crystallization in the presence of oxygen molecules needs 

to be considered. 

Redox potential energies of oxophlorin complexes with Imidazole and (tert -butylNC) ligands 

were calculated as well. The [(tert -butylNC)2FeII(PO•)] complex due to the π-back-bonding ability 

of the (tert-butylNC) ligand undergoes difficult oxidation and reduction process while 

[(Im)2FeIII(PO)] is easily oxidized and reduced to corresponding monocation and anion 

respectively. These findings demonstrate the effect of the axial ligand on redox potential. In the 

solution phase, H2O and CH3CN, considerably lower oxidation potentials than those of the gas 

phase have been calculated, which are indicative of a more facile heme degradation [68].  

3-4-4-  Theoretical study on the electronic structure of oxophlorin in the 

hemeoxygenase system. 

The hydroxyheme –HO-1 complex is five coordinated, the fifth site of central atom (iron) is 

taken by His25, as discussed in previous section. The proposed resonance structures for five 

coordinated oxophlorin intermediate are depicted in scheme 6. DFT study on 5-coordinated 

oxophlorin [(Im)Fe(PO)] calculated the 6[(Im)-FeII(PO•)]a2u ,  (2) species as the ground state of the 

deprotonated  form of [(Im)-FeII(POH)], (1). As shown in Figure 7, removing one electron from a2u 

orbital (−1.60 eV) of ferrous hydroxy complex (1) results in 6[(Im)-FeII(PO•)]a2u (2) form. 

Whenever one electron is removed from dxy orbital (−2.04 eV) ferric keto anion 6[(Im) FeIII(PO)]xy 

(3) is generated (Figure 7 and Scheme 6). Ionization potential for generation of   
6[(Im) FeIII(PO)]xy 
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(3) is higher than 6[(Im)-FeII(PO•)]a2u (2) complex, (8.66 and 12.08 kcal/mol, respectively ) 

kcal/mol at low positive potentials (with ionization energies = 8.66 kcal/mol).   6[(Im) FeIII(PO)]xy   

(3) is a closely-lying excited state, which lies 3.42 kcal/mol above  6[(Im)-FeII(PO•)]a2u resonance 

form in energy diagram [66].  

 

Scheme 6: Proposed resonance structures for oxophlorin intermediate. (1)  [(Im)-FeII(POH)],  (2)  

6[(Im)FeII(PO•)]a2u, (3) 6[(Im) FeIII(PO)]xy. [66] .  

Calculations on 6[(Im)FeIII(PO)]xy,a2u  in the protein and polar environments, revealed the 

chameleonic nature of iron oxophlorin systems. In protein environment, simulated by electrical 

field the character  of the ground state is changed from an oxophlorin-based radical (2) to an 

oxophlorin-based trianion (3), whereby with a dielectric constant 5.7 for protein surrounding, 

6[(Im)FeIII(PO)]xy is the ground state and  6[(Im)FeII(PO•)]a2u is 1.47 kcal/mol less stable. This 

instability reaches to 2.58 kcal/mol for polar (ethanol) environment (ε= 24.55) [66].  Theoretical 

results on oxophlorin are in good agreement with experimental findings regarding high-spin 

iron(III) and radical signal [46, 50, 137]. 
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Figure 7: Energy potential plots for the oxidation of the ferrous hydroxyheme complex from a2u and 

dxy orbital. (1)[(Im)-FeII(POH)] , (2)6[(Im)-FeII(PO•)]a2u , (3)6[(Im) FeIII(PO)]xy [66]  

As reviewed, in the active site of heme oxygenase there is a H-bonded network involving of 

water molecules, and the distal ligand of heme is usually identified as a water molecule [32, 103, 

111-113]. To simulate and evaluate the flexibility of the HO moiety, electronic and structural 

changes in iron hydroxyheme through approaching of H2O molecule to the vacant coordination 

site of [(Im)(H2O)FeIII(PO)], (4),  (see scheme 6) in different orientations has been studied. The 

hydroxyheme shows a radical characteristic whenever water molecule is located on a distance of 

2.70 Å from iron atom. This could be a possible mechanism to change hydroxyheme to a more 

reactive intermediate toward O2 molecule through a spin-allowed path (Figure 8).  
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Figure 8: Electronic configuration diagram of [(Im)(H2O)FeII(PO•)]a2u  complex in the presence of 

distal H2O [66] .  

DFT results express that coordination of CO molecule to hydroxyheme results in generation 

of [(Im)(CO)FeII(PO•)]  complex (6)  with dxy
2 πxz

2
 πyz

2
 a2u

1 electronic configuration. The ground 

state of CO-bound complex calculated to be doublet; quartet and sextet lie 20.14 and 15.04 

kcal/mol, respectively, above than ground state[66]. Therefore, in the presence of CO, released in 

the second step of heme degradation, the resonance structure of oxophlorin shifts toward an active 

π-neutral radical form with further reactivity as supported by experimental studies [46, 50, 137]. 

 

4-The second step of heme degradation: Conversion of hydroxyheme to 

Verdoheme 

4-1-The Second Step Mechanism 

4-1-1- Experimental study on second step mechanism 

Based on the experimental studies, contradictory mechanisms for transformation of α-

hydroxyheme to verdoheme have been proposed [47, 50, 54, 143]. There has been question 
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centered on whether or not the additional reducing equivalents are required in the second step. 

Some experiments suggested that external electron is needed to reduce FeIII to FeII prior to O2 

binding, while the other works reported that electron is just required to reduce FeIII-verdoheme. It 

has been documented by some groups that in the reaction of oxygen with the ferric α -hydroxyheme 

complex, the exogenous electron is not required to generate FeIII-verdoheme [46, 47]. Noguchi et 

al. also showed that FeIII α-hydroxyheme-rHO could be converted to FeII-verdoheme without any 

requirement for exogenous electrons  [137]. However, Matera et al. and Migita et al. revealed that 

in addition to dioxygen, one reducing equivalent is necessary to generate verdoheme in the second 

step [50, 142] . 

Furthermore, the activation site of dioxygen is also matter of debate; whether the reaction is 

started by the attack of dioxygen on the iron atom or binding site for O2 is the porphyrin ring of 

the Fe (III) hydroxyheme. In spite of some mechanisms which proposed activation of O2 on ferrous 

iron, other studies suggested that ferrous iron is not involved in the oxygen activation in Fe-α-

meso-hydroxyheme and oxygen attacks on the ‘activated’ heme ring and the observed signal is 

believed to attribute to a ferrous heme peroxy radical intermediate [47, 50, 143]. Therefore, 

intermediate characteristics of the heme degradation second step have remained elusive. 

4-1-2- Theoretical study on the second step mechanism: QM approach 

To clarify uncertainties regarding electron requirement, the mechanism of the second step was 

investigated with DFT calculations, (outlined in Figure 9) [69].  

Iron (III) superoxo oxophlorin complex [(Im) (O2 
•) FeIII (PO•)] (21) (Figure 9), as the starting 

point of this mechanism is generated by reaction of O2 with a sextet (ground state) oxophlorin 

dianion radical [(Im)FeII (PO•)] [66]. The Fe(III) superoxo compound has two close-lying states, 

doublet and quartet, in which doublet, 2[(Im) (O2 
•) FeIII (PO•)],( 21 ) calculated to be the ground 

state, whereas the quartet lies 0.32 kcal mol-1 higher. The ground species has  

𝛿𝑥𝑦
2 𝜋𝑥𝑧

∗ 2𝜋𝑦𝑧
∗ 1𝜋𝑂𝑂

∗ 1 𝜑1 𝑟𝑖𝑛𝑔
1  (tri-radicaloid) electronic configuration, whereby the unpaired electrons 

antiferromagnetically coupled. Another orbital occupation in the doublet state, 𝛿𝑥𝑦
2 𝜋𝑥𝑧

∗ 2𝜋𝑦𝑧
∗ 2𝜋𝑂𝑂

∗ 1
 

(closed-shell) is higher in energy than tri-radicaloid form by 3.65 kcal mol-1. Exchange interactions 

[144] of single electrons of d orbitals in tri-radicaloid states (21) make this species more stable than 
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closed shell doublet state. In accordance with theoretical studies, a reactive intermediate with a 

radical type EPR signal at g= 2.004 was also identified in experimental works [47, 50].  

 

Figure 9: DFT potential energy profiles for conversion of 2,41 to 2,44. The energy values in square 

brackets and curly brackets are respectively related to dielectric constant of ε = 5.7 and ε = 24.55 [69]. 

 

The energy profile for the second step mechanism provided by DFT study is presented in 

Figure 9. The proposed mechanism is initiated by the attack of the distal oxygen atom of the 

superoxo in complex (1) to carbon adjacent to the keto group, which leads to intermediate (2) 

(Figure 9). This step has the highest barrier, calculated to be 12.15 kcal mol−1, in the whole process. 

Subsequently, homolytic cleavage of dioxygen bond generates ferric- oxophlorin alkoxy radical 

(3). Fe in species (3) is in Fe(III) oxidation state; this oxidation state can be generated due to the  

electron transfer from macrocycle to metal after O-O bond hemolysis step. The reaction proceeds 

as well as some other transition metal complexes via two-state reactivity (TSR) pattern [74, 75]. 

As depicted in the energy profile (Figure 9) this reaction for doublet and quartet spin states is on 
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competition. Although, the reaction is initiated in doublet spin state, the ground state for complex 

(3) is changed to quartet spin state (43). The last step is an exothermic reaction, by 14.56 kcal 

mol−1, whereby intermediate (3) through a 12.15 kcal mol−1 activation barrier is converted to Fe(III 

)–oxo verdoheme with simultaneously CO molecule release. In solution phase, bulk polarity (ε= 

5.7 and 24.55) effect decreases the rate determining barrier respectively to 9.4 and 5.1 kcal mol−1, 

which is in the range for the enzymatic process [69].  

In the rate limiting step distortion of the oxophlorin ligand resulted in high barrier energy 

which led to intermediate 2 (Figure 10) in which carbon atom hybridization is changed from sp2 

to sp3. In the next step, results show that 2TS2 (Figure 10) is generated by one electron shifting 

from dxz to O2 orbital. The small barrier of this step, only 2.85 kcal mol−1, is due to 2TS2 stability. 

It is supposed that 2TS2 stability is related to exchange interaction in the complex [69] .  

 

Figure 10: Electronic configuration diagrams for 22 and 2TS2 derived from DFT study [69]. 

Involvement of the sextet state of Fe (III)-superoxo oxophlorin complex which is 7.1 kcal 

mol− 1 less stable than the doublet species in reaction mechanism must be ruled out. Occupation of 

Fe antibonding orbital, 𝑑𝑧2, in the sextet state results in longer Fe-O bond and consequently shorter 

O–O bond, therefore oxygen–oxygen bond requires more energy to break in this species.  

Fe–oxo verdoheme (4) (Figure 9) in the doublet state can be viewed as two resonance 

structures shown in Figure 11. The energy levels for φ2 ring and π* orbitals are so close that electron 

transfer from the ring into the Fe(IV) atom to generate Fe(III) oxidation state is possible. This 
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result is an evidence which confirms non-involvement of ferryl intermediate in the heme 

degradation process [69].   

 

Figure 11: Two electronic resonance structures of the iron verdoheme (4) [69] . 

To answer the question regarding reactivity of reduced form of Fe(III)–superoxo oxophlorin, 

the second step mechanism was examined with Fe(III)–superoxo oxophlorin tri-anion with 

𝛿𝑥𝑦
2 𝜋𝑥𝑧

∗ 2𝜋𝑦𝑧
∗ 1𝜋𝑂𝑂

∗ 1𝜑1    𝑟𝑖𝑛𝑔
2 electronic configuration by DFT calculation, as well. Fe(III)–

superoxo oxophlorin tri-anion is  generated by filling the 𝜑1    𝑟𝑖𝑛𝑔 orbital of Fe(III)–superoxo 

oxophlorin with one electron in triplet state. The results represented an endothermic path, by 5.46 

kcal mol−1, with high energy barrier, 22.55 kcal mol−1, for this mechanism. In addition, another 

reduced form, Fe(II) superoxo with a 𝛿𝑥𝑦
2 𝜋𝑥𝑧

∗ 2𝜋𝑦𝑧
∗ 2𝜋𝑂𝑂

∗ 1𝜑1    𝑟𝑖𝑛𝑔
1 electronic structure was also 

calculated and found to be higher in energy around 7.55 kcal mol− 1.  

As a result, theoretical studies demonstrated that the reduced form of Fe(III)–superoxo 

oxophlorin could not be a favorable intermediate in heme degradation, although, involvement of 

the oxidized form of Fe(III)–superoxo oxophlorin could be considered. These findings support the 

theory that exogenous electron is not required to transform iron oxophlorin to FeIII-verdoheme 

[69]. 

4-1-3- Theoretical study on the second step mechanism: QM/MM approach  
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Hybrid calculations, QM/MM, Quantum Mechanics / Molecular Mechanics, and big-QM 

demonstrate the effects of surrounding protein on the mechanism. 

 

 

Figure 12: Active site model (QM region) used in QM/MM studies on second step mechanism[76]. 

Figure 12 depicted the QM region in the QM/MM study on conversion of Fe(ІІІ) superoxo-

oxophlorin to verdoheme [76]. QM/MM calculation proceeds through a mechanism similar to that 

of suggested by QM-cluster [69] calculations.  However, there are some differences between two 

mechanisms in the later stages. In QM/MM calculations, bond formation between distal oxygen 

of superoxo and carbon atom adjacent to the keto group of the oxophlorin generated a closed 

structure (3→4); subsequently, in the next step (4→5), CO molecule is released, (Scheme 7), 

whereas, homolytically broken of the bond between keto carbon and its adjacent carbon and CO 

release (3→4) occur simultaneously in the QM-cluster calculations (Figure 9). QM/MM 

calculation shows strong hydrogen bonds of all intermediates with water cluster[76].  
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Scheme 7. The suggested QM/MM energy profile for the second step heme degradation mechanism 

[76].  

In QM-cluster study [69], as mentioned above the reaction has two-state-reactivity (TSR) 

pattern in which doublet state is slightly more stable (Figure 9). However, in QM/MM approach 

[76] for the doublet state, the first step (TS1) is rate-limiting but for the quartet spin state, the 

second step of  the mechanism (TS2) is rate-limiting step (Scheme 7). In QM/MM method the O–

O bond in quartet state requires more energy to cleave (second reaction step) than the bond 

formation between the terminal Oxygen atom and ring carbon (first step). However, notable 

differences in energy of the quartet and doublet state in energy profile for intermediate 2, transition 

states (TS1 and TS2), and the product (6), calculated to be 11–16 kcal/mol, suggest that mechanism 

on the quartet potential energy surface (PES) must be ruled out (Scheme 7) [76]. The same results 

have been calculated for the sextet surface in QM/MM study [76], as was observed in QM study 

[69]. The calculated pathway by QM/MM approach is more exothermic (ΔEtot= –34.3 kcal/mol) 

with higher energy barrier, 19 kcal/mol, compared with QM-cluster data (with activation barrier 

by 12 kcal/mol and ΔEtot = –14.82 kcal/mol).  
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Another difference between QM [69] and QM/MM [76] calculation was observed in their 

structures. In spite of the gas phase, the orientation of His25 in QM/MM calculation is constrained 

to the orthogonal orientation by a hydrogen bond to Glu29.  

QM/MM results show that Van-der-Waals interactions (MM), EMM, are rather small positive 

values, 0–4 kcal/mol. However, the electrostatic effect from the surroundings is large, up to 13 

kcal/mol whereby decreases the activation energy barrier by 6 kcal/mol. Water cluster, six water 

molecules (not considered in the QM study [69] ), is effective in decreasing the reaction and barrier 

energies, by 2–7 kcal/mol. The porphyrin side chains, Arg127, Asp131, have a large effect on 

reaction energies, up to 14 kcal/mol. It seems that the QM/MM calculations  which involve the 

steric and electrostatic effects of the enzyme environment provide more reliable and better 

description of the energetic of mechanism. 

 

5- The Third Step of Heme Degradation: Conversion of Verdoheme to 

Biliverdin and FeII 

In the final step of heme degradation porphyrin macrocycle of Fe(III) verdoheme is cleaved 

to ferrous iron and biliverdin.  This conversion requires molecular Oxygen and reducing 

equivalents [145]. This step is initiated by the reduction of Fe(III)-verdoheme to Fe(II)-verdoheme 

and proceeds through binding of one molecular oxygen, and second electron transfer. To dissociate 

biliverdin from enzyme environment the prior reduction of Fe(III) to Fe(II)-biliverdin is necessary; 

the biliverdin dissociation is catalyzed by biliverdin reductase enzyme [43, 146-148]. In 

physiological condition, converson of verdoheme to Fe (III) biliverdin is the rate-limiting step in 

the overall heme degradation process [146]. However, in coupled oxidation reactions, dissociation 

of biliverdin from enzyme cavity is the rate-limiting step. As the first step in heme degradation, 

the third step is also stereoselective for the α-isomer substrate [145]. 

  5-1- Mechanism of the third step 

The path by which verdoheme is converted to biliverdin is the least known in the overall heme 

degradation process. Different mechanisms have been suggested for this step in aerobic 

condition[149]. However, the nature of the reactive intermediates, the binding sites of O2 and H2O2 



International Journal of New Chemistry, 11 (2) 156-203                                           N. Safari et al 

  
 

 

184 [Date] 

are ambiguities which have not been resolved. Verdoheme non-enzymatically has been converted 

to biliverdin via oxidation by O2 and H2O2 [47, 150, 151], nucleophilic addition, and  hydrolysis 

reactions[152-155].Theoretical studies along these experimental investigations provide a great 

deal of insights into third step [70-73].   

5-1-1- conversion of Verdoheme to Biliverdin: Hydrolysis pathway 

Investigations on HO enzyme system showed that O2 is exclusively utilized for conversion of 

verdoheme to biliverdin and therefore hydrolytic mechanism could be ruled out as an enzymatic 

pathway [147, 150, 156]. However coupled oxidation studies by Balch et al. represented that 

reaction of verdoheme with nucleophile ions results in the ring opening [152-155]; therefore 

hydrolysis pathway could be considered as a possible biological mechanism in conversion of 

verdoheme to biliverdin. To clarify the argument, a DFT study has been conducted on ring opening 

of five and six coordinated verdoheme through hydrolysis mechanism [70]. The mechanism 

studied for ring opening of six-coordinated verdoheme, bis imidazole iron (II) veroheme, is 

depicted in Figure (13). This mechanism involves nucleophilic attack of hydroxyl ion to the carbon 

atom of verdohem macrocycle (adjacent to the 5-oxo group). This process is -2.26 kcal/mol 

exothermic with an   activation energy of 9.76 kcal/mol. The hydrolysis of six-coordinated 

verdoheme is a spin forbidden reaction, and a spin crossover could occur during the reaction. In 

addition, a small difference in energy of closed ring intermediate (Figure 13, species 2), and open 

chain biliverdin (Figure 13, species 3) suggests that in this slow pathway the closed ring 

intermediate (2) could be observed in experimental works [70]. However, intermediates have not 

been distinguished by spectroscopy and are not still fully characterized [152]. Electronic 

configuration of Biliverdin analogous in the triplet state 𝑑𝑥𝑦
2 𝑑𝑥𝑧

1 𝑑𝑦𝑧
1 𝐿𝑈𝑀𝑂𝑚𝑎𝑐𝑟𝑜𝑐𝑦𝑙𝑐𝑒

1 𝑑𝑧2
1    

interpreted this species as iron (III) π anion radical in which unpaired electron on the macrocycle 

has inverse spin [70].  
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Figure 13: DFT potential energy profile for hydrolysis of six-coordinated verdoheme to biliverdin in the 

singlet and triplet state surface. Energy in nunit of kcal/mol and bond distances in unit of Å [70]. 

In regard to the five-coordinated verdoheme resonance structures, two different mechanisms 

could be possible [70]. One of the possible pathway involves nucleophilic attack of OH- on the 

iron atom first, and subsequent OH- transfer to the macrocycle through a rebound mechanism. The 

other possible mechanism is concerned to direct attack of OH- on macrocycle to the positive 

carbons adjacent to the 5-oxo position, without any involvement of the iron center. Ring opening 

in the five-coordinated pathway is spin allowed. The small barrier (4.18 kcal/mol) of direct 

nucleophilic attack on the macrocycle in comparison to rebound mechanism (32.68 kcal mol-1 for 

the triplet) indicated the direct attack of a nucleophile to the carbon adjacent to 5-oxo position of 

macrocycle as the possible mechanism.  
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The nucleophile, (OH-), transfers one electron into the LUMO of ring which has  𝜋∗ character 

and located on the C-O bond; therefore the C-O bond is weakened and through bond dissociation 

open chain iron biliverdin is formed. The electronic structure of five-coordinated verdoheme and 

[(Im)Fe (OH)] (OP)] indicated that the coordination of OH- to Fe led to destabilization of the 

metal-based orbital [70].  

To clarify the effect  of axial ligands in the protein environment on the reactivity of the heme 

and heme degradation mechanism, conversion of five-coordinated verdoheme complexes with 

different axial ligands, imidazole (IM), Py, water (H2O), hydroxyl (OH–), CN–, phenolate (OPh–), 

chloride (Cl–), thiolate (SMe–), and imidazolate (IMT–) to biliverdin have been studied by DFT 

method. The results indicated that H2O, imidazole and Pyridine as neutral ligands  and CN–   

facilitate heme degradation, while thiolate (SMe–) and Imidazolate (IMT–) retard this process [71]. 

5-1-2- conversion of Verdoheme to Biliverdin: Nucleophilic reactions 

In addition to hydrolysis pathway, verdoheme ring opening has been observed in reaction of 

verdoheme and its analogues, Co(II) and Zn(II) verdoheme, with other ions like methoxy [152, 

153], thiolate, and amide [154].   

In agreement with hydrolysis path, DFT results confirmed that direct attack of nucleophiles 

on the macrocycle leads to generate a more stable species by 12 kcal mol-1 than nucleophile attack 

on the central atom. It was suggested that the only role of central atom is to increase the positive 

charge on carbon adjacent to oxygen to facilitate nucleophilic attack. Nucleophilic attack of NH-
2 

on the carbon atoms adjacent to the oxygen in the verdoheme complex generates a closed geometry 

species which by passing over a small barrier, 1.55 kcal mol-1 is converted to open ring biliverdin 

analogous (product) which is 183 kcal mol-1 more stable [72]. These results describe that easily 

generation of open chain biliverdin of the closed ring intermediate could be the reason of 

unsuccessful attempt to isolate closed ring intermediate in experimental studies[155]. 

The nucleophilic addition of  NMe2 
– and  OH- ions to [ZnII(OP)]+  resulted in species with 

higher energy than that of  NH2 
-.The most unstable species is the product of  nucleophilic addition 

of OH- to verdoheme. Instability observed in the OH- case could be due to lower nucleophilic 

strength of OH- relative to other nucleophiles [72].  
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5-1-3-conversion of Verdoheme to Biliverdin: oxygenation pathway 

In HO-catalyzed system, verdoheme is converted to biliverdin through oxygenation 

mechanism. Labeling studies indicated that two oxygen atoms involved in biliverdin derived from 

two different oxygen molecules not H2O molecules [150, 156]. In addition to O2-dependent 

reaction , verdoheme ring opening by H2O2 was reported as well, supposed by the author that it 

could be a defensive response in vivo under severe oxidative stress [149, 150, 157]. Although 

H2O2 is not a suitable substitute for catalytically activated dioxygen in the conversion of Fe+3-

verdoheme [45], reaction of Fe+2-verdoheme with H2O2 in the presence of reducing agent results 

in biliverdin. The H2O2-dependent reaction products indicated that H2O2 is a more efficient oxygen 

source than O2, calculated to be 40 times faster than O2 -
 dependent reaction.  

 

Scheme 8: resonance structure of ferrous verdoheme [149]. 

Matsui et al. based on the resonance structures of verdoheme (scheme 8) proposed three 

pathways for conversion of verdoheme to biliverdin in reaction with H2O2 and O2 (Figure 14). The 

first mechanism proposed that iron is the binding site for O2 or H2O2, (Figure 14, A), and in the 

subsequent step OH is transferred to α-pyrrole carbon, although in second mechanism the partially 

cationic α-pyrrole carbon suggested being the binding site, (Figure 14, B). Deprotonation of both 

intermediates, generated on Fe or verdoheme ring, and conversion to a bridged species was 

proposed in the third mechanism, C (Figure 14)[149]. Verdoheme ring-opening reaction with small 

alkyl peroxides like CH3OOH results in methoxy biliverdin (MeOBV) generation[157]. On the 

basis of this finding a mechanism analogous to meso-hydroxylation of heme in the first step is 
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proposed for verdoheme degradation and Fe is identified as the binding site for O2 or H2O2 , as 

proposed by the A mechanism in Figure 14 [157]. In addition, mutagenesis study, Asp140 

mutation, in which the O2- and H2O2-dependent verdoheme ring opening is significantly lowered 

supported the formation of Fe-OOH intermediate and reveals the significant role of H-bonding net 

on third step mechanism[149]. Verdoheme ring opening in the presence of iron-coordinating 

ligands such as CO, cyanide, and azide is retarded [46]. 

To clarify the mechanism of this step and characterize the electronic structure of intermediates, 

theoretical approaches along with experimental studies have been conducted.  

 

 

 

Figure 14: Proposed mechanisms for the verdoheme ring opening process in reaction with H2O2 (blue) 

and ROOH (Red) [157].  

In the DFT/B3LYP study on conversion of Fe(II) verdoheme to Fe(III) biliverdin in the 

presence of O2 three possible pathways with three different intermediates have been investigated 

[73]. As depicted in scheme 9,  in the first route, conversion of Fe-OO- -verdoheme, (compound  

3),  to iron (III) biliverdin (compound  5)  was examined; Fe-OO- -verdoheme was generated by 

one electron addition to the ferrous verdoheme-O2 complex, (compound  2). In the second path, 
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Fe(II)-O2 verdoheme complex, (compound  2), without an external electron, was proceeded to iron 

(III) biliverdin, (compound  7). Direct attack of O2 on the macrocycle resulted in the generation of 

compound (2a ) which is 20 kcal mol−1 less stable that the compound 2. 

 

Scheme 9: Reaction mechanism for iron-(II) verdoheme ring opening [73]. 

Finally, in the third path iron hydroperoxy verdoheme complex, Fe-OOH-verdoheme, as a 

reactive intermediate in the ring-opening process was studied. The verdoheme cleavage paths 

studied in DFT method are two-steps pathways. In the first step, distal oxygen of coordinated 

ligand (O2, peroxide & Hydroperoxide) through a concerted rebound mechanism is transferred to 

macrocycle carbon (Figure 15). The reaction with Fe-OO- -verdoheme is the most exothermic 

pathway; oxidation products generated in this path is exothermic by 32.7 kcal mol−1, in comparison 

with 21.8 kcal mol−1 energy for O2-supported and 1.13 kcal mol−1 energy for hydroperoxide-

supported reactions. However, the barrier for rate-limiting step of ferric peroxide path is 8.7 kcal 

mol− 1, which is 12.3 kcal mol− 1 less than ferric hydroperoxide verdoheme cleavage reaction 

(Figure 15). 
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Figure 15: Energy diagram for conversion of Fe-OOH-verdohem to iron biliverdin[73]. 

In spite of some experimental works which proposed iron in biliverdin is in high oxidation 

state like as compound I [158, 159], the theoretical study revealed that in conversion of verdoheme 

to biliverdin, iron remains at Fe(III) oxidation state which could be due to the electron transfer 

from macrocycle on the central atom in biliverdin (Scheme 8, compounds 5&7).  

However, the QM/MM calculation by Shaik group on FeOOH-verdoheme and FeHOOH-

verdoheme pathways specified the effects of water cluster in the third step mechanism as in the 

first oxidation step. Homolytic O-O bond cleavage step has the higher barrier in the ring-opening 

process. Highly reactive OH-/OH• species stabilized by water cluster regioselectively attack on 

macrocycle α position [77].  

5-1-4-Direct Conversion of Oxophlorin to Biliverdin 

Simultaneous formation of verdoheme and biliverdin in the subsequent step of α-meso 

hydroxyheme generation, have been reported by Balch et al. [160]. Thus, a question could be set 

on  the possibility of direct formation of biliverdin from oxophlorin. To answer this question, 

oxygenation of six-coordinated hydroxyheme has been studied by QM and QM/MM approaches. 
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Different studies suggested that verdoheme is generated through the reaction of a five-coordinated 

hydroxyheme and O2. On the basis of the theoretical results, a new mechanism in which biliverdin 

is directly generated from oxophlorin has been suggested (Scheme 10)[78].  

 

Scheme 10: The QM/MM mechanism for the conversion of [(Im)(CO)FeII(PO•)] to Biliverdin [78] . 

In accordance with experimental data [46, 50, 137], DFT study [66] on [(Im)(CO)FeII(PO•)] 

complex (scheme 10, complex 1) showed that by binding CO to oxophlorin complex the resonance 

structures of oxophlorin shifts toward active π-neutral radical form. CO molecule is mostly 

released in the second step of heme degradation, 

As discussed above [(Im)(CO)FeII(PO•)] (scheme 10, compound 1) have a π-radical 

characteristic which shows high reactivity in reaction with O2 molecule. In direct attack of 

molecular O2 on the carbon atoms adjacent to the keto group of the six-coordinated oxophlorin 

ring through a pericyclic cycloaddition reaction the HOMO of O2 directly interacted with the 

LUMO of the ring of complex (1), ( both have * character), as a result in (scheme 10,compound 

2), two  bonds are formed, simultaneously with no barrier. The species (scheme 10, compound 

2) has 𝛿𝑥𝑦
2 𝜋𝑥𝑧

2 𝜋𝑦𝑧
2 𝜑𝑟𝑖𝑛𝑔+𝑂𝑂

1  electronic configuration. In the second step (2→3), an electron transfer 

from πxz
2 orbital of Fe(II) in compound 2 to φring+OO

1 orbital which has σ* character on O-O bond 

led to O–O bond cleavage, and iron biliverdin [(Im)(CO)FeIII(BV)] (scheme 10, compound 3) 

formation. The energy barrier of this step, (2→3), is 7 kcal/mol,  while in solution medium (ε = 25) 

energy barrier decreased to 3 kcal/mol. 

In addition to CO, reaction mechanism was studied by QM/MM and QM-cluster approach for 

H2O and O2 ligands as well. QM/MM study indicated the reaction of species with water ligand as 

the most exothermic (60 kcal/mol) process with the lowest calculated energy barrier (3 kcal/mol). 
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Although energy barriers of both steps for these species are quite similar to the QM calculation 

results, the process in QM-cluster study (85 kcal/mol ) [66] calculated to be more exothermic than 

QM/MM method.  

Therefore, in comparison with the conversion of five-coordinated oxophlorin to verdoheme 

process studied by QM approach (exothermic by 14.5kcal/mol with an activation barrier of 

12kcal/mol in the gas phase, and 5–9 kcal/mol in solution) [69],  the proposed mechanism for 

direct conversion of oxophlorin to biliverdin could be a feasible path. 

6- Heme Oxygenase-1 Inhibitors 

Despite the biological importance of HO activity, previously reviewed, excessive activation 

of the HO system has cytotoxic effects by generating its biologically active metabolites, which 

could involve in tissue injury. Excessive accumulation of bilirubin has cytotoxic effects. In 

neonatal jaundice, high levels of unconjugated bilirubin for too long may cause a type of brain 

damage[20-23]. Metalloporphyrins are heme derivatives like tin-protoporphyrin (SnPP), zinc-

protoporphyrin (ZnPP), which compete with heme for binding to the enzyme and inhibit heme 

degradation. MPs (Metalloporphyrins) have been applied as a useful clinical method in the 

treatment of hyperbilirubinemia in neonatal (jaundice) [26-29]. In addition, use of HO-1 inhibitors 

has been considered as a therapeutic application for the treatment of cancers and infectious diseases 

as well [19, 161, 162]. 

DFT studies of verdoheme ring opening mechanism have a significant contribution to 

elucidate the inhibitory role of tin metal. Hydrolysis of tin-verdoheme in the six, five, and four- 

coordinate complexes by evaluation the effect of axial ligands has been investigated. Results of 

computational studies show that conversion of six coordinated tin (IV) verdoheme to open chain 

macrocycle is just thermodynamically favorable. In four and five verdoheme complexes whenever 

hydroxide ion is bound to the central metal, the reaction is completed at the verdoheme stage and 

will not continue any longer. A metal-centered inhibition due to high affinity of Sn to increase its 

coordination state is the proposed mechanism for blocking the ring opening [163, 164]. 
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7- Conclusion 

 Heme degradation by HO has been greatly studied over the last 4 decades. Details of the reactive 

intermediates nature could open the route for investigation of this mechanism. Along with 

experimental studies, theoretical studies - QM (DFT) and QM/MM calculations- are suited to study 

on mechanism of heme enzymes catalyzed process like heme degradation by heme oxygenase 

(HO). Theoretical investigation on properties and reactivity of the iron oxophlorine clarified 

ambiguities in view of electron distribution between the metal and oxophlorin ring. Finally, a new 

enzymatic mechanism to conversion of oxophlorin to biliverdin has been proposed, which 

demonstrated that the conversion of oxophlorin to biliverdin could be a feasible route which must 

be considered in heme degradation process. Extensive studies have been carried out on Heme 

Oxygenase field, however in attempt to devise new drugs for disorders attributed to Heme 

oxygenase activity it is crucial to improve understandings of irritating or inhibitory effects of 

different metals and ligands on the mechanism of heme degradation. 
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