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Abstract

Tryptophan dioxygenase (TDO) and indole-amine 2,3-dioxygenase (IDO) are two heme-

containing enzymes which catalyze the conversion of L-tryptophan to N-formylkynurenine (NFK). 
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In mammals, TDO is mostly expressed in liver and is involved in controlling homeostatic serum 

tryptophan concentrations, whereas IDO is ubiquitous and is involved in modulating immune 

responses. Previous studies suggested that the first step of the dioxygenase reaction involves the 

deprotonation of the indoleamine group of the substrate by an evolutionarily conserved distal 

histidine residue in TDO and the heme-bound dioxygen in IDO. Here, we used classical molecular 

dynamics and hybrid quantum mechanical/molecular mechanical methods to evaluate the base-

catalyzed mechanism. Our data suggest that the deprotonation of the indoleamine group of the 

substrate by either histidine in TDO or heme-bound dioxygen in IDO is not energetically 

favorable. Instead, the dioxygenase reaction can be initiated by a direct attack of heme-bound 

dioxygen on the C2=C3 bond of the indole ring, leading to a protein-stabilized 2,3-alkylperoxide 

transition state and a ferryl epoxide intermediate, which subsequently recombine to generate NFK. 

The novel sequential two-step oxygen addition mechanism is fully supported by our recent 

resonance Raman data that allowed identification of the ferryl intermediate (Lewis-Ballester et al. 

in Proc Natl Acad Sci USA 106:17371–17376, 2009). The results reveal the subtle differences 

between the TDO and IDO reactions and highlight the importance of protein matrix in modulating 

stereoelectronic factors for oxygen activation and the stabilization of both transition and 

intermediate states.
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Introduction

Human tryptophan dioxygenase (hTDO) and human indoleamine 2,3-dioxygenase (hIDO) 

are the only two heme-containing enzymes in humans that catalyze the oxidative ring 

cleavage reaction of L-Trp to N-formylkynurenine (NFK), the initial and rate-limiting step 

of the kynurenine pathway [2, 3]. Tryptophan dioxygenase (TDO) is mostly expressed in the 

liver; it has been found in bacteria, insects, and other mammals in addition to humans [2, 4, 

5]. Indoleamine 2,3-dioxygenase (IDO), on the other hand, is only found in mammals and is 

ubiquitously expressed in all tissues [3, 6]. As indicated by their names, other than L-Trp, 

IDO is capable of oxidizing various indoleamine derivatives, such as serotonin, tryptamine, 

and melatonin [6, 7], whereas TDO is specific for Trp [2, 7].

The crystallographic structures of two bacterial isoforms of TDO (xcTDO from 

Xanthomonas campestris [4] and rmTDO from Ralstonia metallidurans [8]) have been 

reported. They show that [8] the enzyme is tetrameric, with one heme per monomer. In the 

L-Trp-bound xcTDO [Protein Data Bank (PDB) ID 2NW8), the substrate binds to the distal 

heme pocket, in the vicinity of the ligand binding site; the substrate is stabilized by 

hydrogen-bonding interactions with the surrounding protein matrix via its indoleamine, 

carboxylate, and ammonium groups, as well as by hydrophobic interactions via the aromatic 

indole ring. Crystallographic data of hIDO [9], on the other hand, show that the enzyme is 

monomeric, but exhibits high structure-based homology with TDO, with most of the critical 

residues involving substrate–protein interactions conserved.
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Recently, it was discovered that IDO promotes immune escape in cancer [10]; in addition, 

inhibition of IDO was shown to cooperate with cytotoxic agents to promote regression of 

established tumors [11]. The recognition of hIDO as a potent anticancer drug target has 

triggered intense research on the two dioxygenases at the molecular and physiological levels 

[10, 11]. Despite the efforts, the mechanism by which Trp is oxidized by relatively inert 

dioxygen in TDO and IDO remains elusive. Since their discovery more than four decades 

ago [6, 12], several scenarios have been postulated to account for the dioxygenase activity 

[2, 13, 14]. Pathway A in Scheme 1 illustrates the widely accepted based-catalyzed 

mechanism first proposed by Hamilton [15]. In this scenario, the reaction is initiated by the 

deprotonation of the indoleamine group of L-Trp by an active-site base, which is followed 

by electrophilic addition of the heme-bound dioxygen to the C2=C3 bond of Trp, leading to 

the heme iron-bound 3-indolenylperoxo intermediate, which subsequently converts to the 

product, NFK, by means of a dioxetane reaction or Criegee rearrangement [2, 15, 16]. In 

line with this hypothesis, a 3-hydroperoxyindolenine intermediate has been identified in the 

photosensitized oxidation reaction of L-Trp in an enzyme-free system; although the 

specificity is much lower, the reaction was shown to yield the same NFK product via a 

dioxetane intermediate [17].

On the basis of the idea that the reaction was initiated by the deprotonation of Trp, 

significant efforts have been devoted to identifying the active-site base in each enzyme. By 

using CO as a structure probe, earlier resonance Raman and mutagenesis studies [14, 18] 

suggested that the active-site base that deprotonates the indoleamine group of the substrate is 

H55 in xcTDO (H76 in hTDO), whereas that in hIDO is the heme-bound dioxygen [18]. 

However, recent experimental results showed that hIDO is able to oxygenate 1-

methyltryptophan [19, 20], casting doubt on the base-catalyzed mechanism. In addition, 

recent density functional theory (DFT) calculations, based on a heme–O2–indole model 

system in a vacuum, suggested that a concerted proton transfer from indoleamine to the 

heme-bound dioxygen and electrophilic addition of the dioxygen to the C2=C3 bond 

exhibited a very high activation barrier owing to a highly distorted transition state [13]; 

instead, the data suggested that the reaction could be initiated by a direct electrophilic or 

radical addition of the terminal atom of the dioxygen to the C2 position of the indole ring 

without the deprotonation of the indoleamine group (see pathways B and C in Scheme 1). 

The addition reaction leads to a heme-bound alkylperoxide with a cation or radical at the C3 

position, respectively, which could then rearrange to produce NFK. It is noted that an 

electrophilic addition mechanism similar to pathway B, but with the dioxygen attached to 

the C3 position, leaving a cation at the C2 atom, was also shown to be energetically feasible 

(not shown in Scheme 1). It is also important to note that since the DFT calculations were 

conducted for a vacuum, without the consideration of the protein matrix and solvent effects, 

additional studies are required to further validate the dioxygenase chemistry.

Disregarding the mechanism, it is generally believed that during the TDO and IDO reactions 

two oxygen atoms are simultaneously inserted into the substrate, thereby setting the 

dioxygenase reaction apart from the reactions carried out by monooxygenases, such as 

cytochromes P450. However, recently, our resonance Raman data revealed a ferryl 

intermediate populated during the reaction of hIDO, demonstrating a novel sequential two-

step oxygen insertion mechanism. In agreement with the spectroscopic data, our preliminary 
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quantum mechanical/molecular mechanical (QM/MM) calculations showed that the 

dioxygenase reactions of both IDO and TDO are initiated by radical addition of the heme-

bound dioxygen to the C2=C3 bond of the indole ring, leading to a ferryl and indole epoxide 

intermediate, via an alkylperoxo transition state [1].

To uncover the mechanistic details, here we present a thorough evaluation of the ferryl-

based mechanism by using state-of-the-art classical molecular dynamics (MD) and QM/MM 

simulations of the xcTDO and hIDO reactions. Specifically, we have systematically 

examined the feasibility of proton transfer during the initial step of the reaction, 

demonstrated that the initial deprotonation of the substrate is not required, and that this 

process is highly unfavorable for both enzymes. In addition, we have characterized the 

electronic and structural properties of the ternary complex, the peoxo transition state, and the 

ferryl intermediate populated along the reaction coordinate of each enzyme in different spin 

states, and analyzed the impact of substrate–ligand and substrate–protein interactions on the 

catalytic mechanism. Lastly, we have quantitatively analyzed the importance of the protein 

matrix in stabilizing the transition and intermediate states of the reaction by examining an 

enzyme-free model complex in a vacuum, as compared with the enzyme system.

Computational methods

TDO starting structure

The crystal structure of ferrous L-Trp-bound xcTDO (PDB ID 2NW8) [4] contains two 

subunits: the first 15 amino acids in one subunit form a short helix that penetrates into the 

other subunit, forming part of the substrate-binding site. For the computational studies, a 

one-subunit model was built by using subunit A without residues 1–35, but with residues 

21–35 of subunit B added into it (it is noted that residues 1–20 are missing in the crystal 

structure). An O2 molecule was added to the heme iron in silico to generate the ternary 

complex.

IDO starting structure

For hIDO, only the crystal structures of the ferric monomeric enzyme with either 4-

phenylimidazole or cyanide coordinated to the heme iron are available. In these structures, 

two molecules of 2-(N-cyclohexylamino)ethanesulfonic acid, a component of the 

crystallization buffer, were co-crystallized. To build the hIDO model, the 4-

phenylimidazole-bound structure (PDB ID 2D0T) [9], with 4-phenylimidazole and 2-(N-

cyclohexylamino)ethanesulfonic acid removed, was used as a base structure; an O2 molecule 

was added to the heme iron in silico. After a short relaxation period, a 5-ns MD simulation 

was performed. Five snapshots were selected for flexible docking of L-Trp into hIDO–O2 by 

using the Autodock program [21]. One hundred docking runs were performed for each 

structure selected. The docking results were clustered into two possible conformations, 

which were subsequently used for the MD and QM/MM simulations.

MD simulations

All classical simulations were performed by using the PMEMD module of the Amber10 

package [22], with the Amber99SB force field parameters [23] for all residues. The starting 
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structures were immersed in a preequilibrated octahedral box of TIP3P water molecules. 

SHAKE was used to keep bonds involving hydrogen atoms at their equilibrium lengths [24], 

which allowed a 2-fs time step to be employed for the integration of Newton’s equations. 

All simulations were performed at 1 atm and 300 K, and these conditions were maintained 

with the Berendsen barostat and thermostat [25]. Periodic boundary conditions and Ewald 

sums (grid spacing of 1 Å) were used to treat long-range electrostatic interactions; a 12-Å 

cutoff was used for computing direct interactions. The heme parameters used in these 

simulations were developed and thoroughly tested by our group in previous works [26–31]. 

For each ternary complex [xcTDO–O2–L-Trp, hIDO–O2–L-Trp (conformation 1, Cf1), and 

hIDO–O2–L-Trp (conformation 2, Cf2)], 5-ns-long MD simulations in explicit water were 

performed and carefully analyzed. After the MD simulations, the systems were slowly 

cooled to 0 K to obtain the initial structures for the QM/MM simulations.

QM/MM simulations

All optimizations were performed with a conjugate gradient algorithm, at the DFT level by 

using the SIESTA code with our QM/MM implementation [32]. The quantum and the 

molecular mechanics subsystems are combined through a hybrid Hamiltonian introducing a 

modification of the Hartree potential and a QM/MM coupling term. The protein (or 

classical) environment affects the electronic density in a self-consistent fashion owing to the 

addition of the classical point charge potential to the Hartree potential. The coupling term 

has two main contributions representing the electrostatic interaction between the electrons 

and nuclei, defining the QM charge density with the classical point charge and an additional 

term corresponding to the van der Waals interactions between the atoms in the quantum and 

classical regions through a 6–12 Lennard-Jones potential. For all atoms, basis sets of double 

zeta plus polarization quality were employed with cutoff and energy shift values of 150 Ry 

and 25 meV. All calculations were performed using the generalized gradient approximation 

functional proposed by Perdew, Burke, and Ernzerhof (PBE) [33]. Only residues located 

within 10 Å from the heme reactive center were allowed to move freely in the QM/MM 

runs. The interface between the QM and MM portions of the system was treated with the 

scaled position link atom method. The SIESTA code showed excellent performance for 

medium-sized and large systems, and was proven to be appropriate for biomolecules, and 

specifically for heme models [34–36]. For all systems the spin-unrestricted approximation 

was used, unless otherwise stated. In hIDO, the QM subsystem included the heme group 

(without side chains), the O2, the substrate, L-Trp, and the imidazole group of the proximal 

His. For xcTDO, the imidazole group of His55 was also included. The rest of the protein 

unit and the water molecules were treated classically. Further technical details about the 

QM/MM implementation can be found elsewhere [32, 36, 37]. Basis quality effects were 

tested by computing the energy barriers and ΔE using a better-quality basis set; with cutoff 

and energy shift values of 300 Ry and 0.5 meV, which significantly increases the 

computational cost.

Since obtaining accurate free-energy profiles requires extensive sampling, which is 

computationally very expensive and difficult to achieve at the DFT QM/MM level, we 

resorted to computing potential energy profiles by using restrained energy minimizations 

along the reaction path that connects reactant and product states [32, 38, 39]. For this 
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approach, an additional term, V(ξ) = k(ξ − ξ0)2, was added to the potential energy, where k is 

an adjustable force constant (set to be 200 kcal/mol Å2 here) and ξ0 is a reference value, 

which was varied stepwise with an interval of 0.1 Å, along the reaction coordinate. By 

variation of ξ0, the system is forced to follow the energy minimum reaction path along the 

given coordinate ξ. To avoid possible hysteresis problems in the reaction coordinate scans 

due to accidental changes in the MM part of the system, a distance cutoff of 10 Å was used, 

which only allows MM atoms that close to the QM active site to move during the reaction 

coordinate scan. This method has been widely used by our group in several works and has 

been proven to successfully avoid the problem mentioned [32, 40].

It is important to note that the use of coordinate driving can give misleading results, 

especially when only one initial structure is used. To minimize this possibility, detailed 

analysis of the reactive structures by MD simulations was performed and more than one 

conformation was selected in cases where significant movements of the reactive atoms were 

involved, as described later for each case.

For the model studies in a vacuum, the same SIESTA (PBE) calculations as described above 

were used. The in vacuum B3LYP-based calculations were performed using the Gaussian 98 

program [41], using 6–31G* basis sets for hydrogen, carbon, nitrogen and oxygen atoms. 

Hay–Wadt’s effective core potentials and basis sets were applied for iron.

Results and discussion

QM/MM simulation of the ternary complex of xcTDO

To start the study of the TDO reaction mechanism, we first performed 5-ns-long MD 

simulations of the ternary complex (Fe2+–O2–L-Trp) of xcTDO built by adding O2 in silico 

to a monomeric model of the L-Trp-bound deoxy derivative of xcTDO (see “Computational 

methods”), corresponding to the starting point of the chemical reaction. The resulting 

structure was subsequently optimized by QM/MM protocols. As shown in Fig. 1a, the 

interactions between the substrate and the surrounding amino acid residues, such as R117, 

Y113, H55, F51, and the propionate-7 group of the heme, found in the crystal structure of 

xcTDO are conserved during the MD simulation and in the optimized structure. The overall 

root mean square deviation calculated from the Cα trace of the optimized structure with 

respect to the reference crystal structure is only 1.4 Å, indicating that binding of O2 to the L-

Trp-bound enzyme does not significantly perturb its global structure.

The geometrical parameters of the optimized structure are summarized in Table 1. The data 

show that the Fe–O–O moiety in the ternary complex of xcTDO lies parallel to the C2=C3 

bond of the indole ring, which sits perpendicular to the heme plane. In addition, the terminal 

oxygen atom (Ot) of the dioxygen forms hydrogen bonds with both the ammonium group of 

L-Trp and the amine group of G125, whereas the proximal oxygen atom (Op) forms only 

one hydrogen bond with the amine group of G125 (Fig. 1c, top). The close proximity of the 

heme-bound O2 to the aromatic indole ring is consistent with prior resonance Raman data 

showing a hydrophobic environment surround the heme-bound ligand in hTDO [14].
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QM/MM simulation of the ternary complex of hIDO

Given that no substrate-bound crystal structure is available for hIDO, we used the substrate-

free structure as a base model and obtained putative structures of the ternary complex by a 

combined MD–docking approach (see “Computational methods”). Starting from each of five 

equilibrated structures of the oxy complex, we performed 100 flexible L-Trp docking 

simulations, which resulted in two major clusters of conformations, Cf1 and Cf2, with 

probabilities of 40 and 35%, respectively. The L-Trp binding energies of Cf1 and Cf2 are 

similar, with the binding energy of the former being slightly higher than that of the latter 

(7.0–8.2 vs. 6.0–7.0 kcal/mol). As a control, we docked L-Trp into the equilibrated MD 

structure derived from the crystal structure of the L-Trp-bound xcTDO (but with the L-Trp 

deleted). All the structures obtained are consistent with the reference crystal structure, with a 

binding energy of approximately 8 kcal/mol, confirming the reliability of our methods. For 

each conformation, we performed a 5-ns-long MD simulation in explicit water. For the 

subsequent QM/MM optimization, two snapshots of Cf1, referred to as Cf1A and Cf1B, were 

selected owing to the high conformational freedom of the active site, whereas only one 

snapshot of Cf2 was selected.

Intriguingly, Cf1A (Fig. 1b) exhibits a structure similar to that of the ternary complex of 

xcTDO (Fig. 1a). Although the hydrogen bond between the indoleamine and H55 is lost, as 

the latter is substituted by S167 in hIDO, all the rest of the critical hydrogen-bonding 

interactions between the heme-bound dioxygen, substrate, heme pro-pionate-7 group, and 

the surrounding protein matrix appear to be preserved. It is important to note that G125 in 

xcTDO is replaced by A264 in hIDO; however, it does not disturb the hydrogen-bonding 

interactions between its amine group and both atoms of the heme-bound dioxygen.

In Cf1B, the indole ring of L-Trp tilts slightly away from the heme normal; in addition, the 

Fe–O–O moiety rotates approximately 90° with respect to that in Cf1A, with its terminal (Ot) 

and proximal (Op) oxygen atoms forming hydrogen bonds with A264 and the indoleamine 

group of L-Trp, respectively (Fig. 2b). Cf2, on the other hand, displays a clear distinct 

structure, with L-Trp slightly displaced outside the active site (Fig. 2a). The indole ring of 

L-Trp lies almost parallel to the heme plane; instead of orienting between the side chains of 

F163 and F226, like in Cf1A, the indole ring moves closer to F226. Furthermore, both atoms 

of heme-bound dioxygen form hydrogen bonds with the indoleamine group of L-Trp as well 

as the amine group of A264 (Fig. 2b).

In addition to the differences in the active-site structures, the major global structural 

difference between Cf1 and Cf2 lies in the heme conformation and the relative positioning of 

the distal helix (containing F163/F164) with respect to the proximal helix (containing the 

heme ligand, H346). It is noted that Cf1A and Cf1B exhibit almost identical global structures; 

hence, they are referred to as Cf1 here. In Cf2, the heme is in the same orientation as that in 

the starting crystal structure, but the distance between the proximal and distal helices 

(defined by the distance between Cα of H346 and Cα of F163) increases from 13.2 to 14.6 Å 

as compared with that observed in the Trp-free crystallographic structure. In Cf1, the 

distance increases further to 15.6 Å, to accommodate the indole ring of the substrate located 

further inside the active site; in addition, the substrate forces pyrrole rings C and D of the 

heme to shift down from the heme plane.
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The overall root mean square deviation calculated from the Cα trace of Cf1 and Cf2 with 

respect to the reference crystal structure is approximately 1.4 Å. The structural regions 

showing high deviations are localized in the region involving direct interaction with the 

substrate, including (1) the side chain of R231, which moves from solvent into the active site 

to form hydrogen bonds with the carboxylate group of the substrate, (2) the side chains of 

F163, F164, and Y126, which interact with the aromatic indole ring of the substrate, and (3) 

the loop region containing S263 (which forms a hydrogen bond with the heme propionate-7 

group of the heme) and A264 (whose amine group forms an hydrogen bond with the heme-

bound dioxygen). These data support a partial induced-fit mechanism, proposed for xcTDO 

[4].

The data presented here for the ternary complex of hIDO are in good agreement with prior 

experimental data [1, 14, 42]. The structural flexibility of the ternary complex of hIDO 

revealed in this work is consistent with its resonance Raman spectrum showing a 

significantly broader Fe–O2 stretching mode (νFe–O2) as compared with that of hTDO. It 

also agrees well with its much broader substrate selectivity and its ease of autooxidation [2] 

(as the high degree of conformational freedom presumably increases the solvent 

accessibility of the distal heme pocket, which has been shown to be an important structural 

factor leading to autooxidation of O2-bound heme proteins [43]). The dynamic nature of the 

hydrogen-bonding interactions between the heme-bound dioxygen and its surrounding 

environment in hIDO is consistent with the unusual activation of the typically silent νO–O 

mode in its resonance Raman spectrum that was not observed in hTDO, and the relatively 

low νFe–O2 frequency, as compared with that of hTDO [1]. The data also agree well with a 

more positive polar ligand environment in the CO derivative of hIDO, as compared with that 

in hTDO [14, 44]. The disturbance of the heme conformation observed in Cf1A of hIDO, on 

the other hand, is consistent with the enhancement of the asymmetric in-plane and out-of-

plane heme modes in the resonance Raman spectrum of hIDO, but not in hTDO [1]. Finally, 

the slightly shorter iron proximal His bond length in IDO compared with TDO (2.108 vs. 

2.134 Å) revealed in our data (Table 1) is consistent with its relatively higher Fe–His 

stretching (νFe–His) frequency (236 vs. 229 cm−1) [14]. The νFe–His frequencies of both IDO 

and TDO are significantly higher than that found in typical globins (approximately 220 

cm−1), indicating an imidazolate character of the proximal His ligand, which may provide an 

appropriate electronic push to promote the dioxygenase reaction.

It has been shown that in heme proteins carrying out oxygen reactions, such as cytochromes 

P450, different mechanisms can be operative depending on the spin state of the system (a 

property sometimes referred to as multi-state reactivity) [45]. As such, we compared the 

energetic parameters, Mulliken charges, and spin populations of the ternary complex of 

xcTDO and hIDO, in their singlet, triplet, and quintuplet states. The data are summarized in 

Table 2. For hIDO, we decided to focus our analysis on Cf1A, since the structural data 

discussed above clearly suggest that this is the reactive conformation. The data show that the 

singlet and triplet states are very close in energy for both enzymes, whereas the quintuplet 

states are significantly higher in energy. As expected, in the quintuplet state, the O2 is only 

weakly bonded to the iron, as indicated by an Fe–Op distance of 2.325 Å in hIDO and 2.101 

Å xcTDO, and a spin density of approximately 1.3 and 1.5, respectively, closer to that 
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expected for a triplet state in the free O2 molecule. The O2 molecule, however, is still 

interacting with the porphyrin, as indicated by the significant amount of charge transfer.

In general, in both enzymes, the Mulliken charges on the various functional groups listed in 

Table 2 are not sensitive to the spin state. In hIDO, the positive and negative Mulliken 

charges on the heme iron and O2, respectively, highlight the superoxide character of the 

heme-bound O2, consistent with the relatively long O–O bond length (1.312 Å, see Table 1), 

with respect to that of free dioxygen (approximately 1.24 Å), and the experimentally 

observed νO–O frequency at 1,137 cm−1 [1]. Similar superoxide character of the heme-bound 

O2 is also evident in xcTDO. The L-Trp in hIDO is slightly negatively charged, plausibly 

due to electron transfer from the heme-bound superoxide. In contrast, the L-Trp in xcTDO 

exhibits much higher negative electron density, due to electron transfer from H55, 

highlighting the strong interaction between the two species.

In hIDO, in the singlet state, the spin densities of the ferric heme iron and superoxide ligand 

are of similar magnitude and are antiparallel (as indicated by their opposite signs), implying 

that the two moieties are anti-ferromagnetically coupled, characteristic for an open-shell 

singlet state expected for these types of oxy complexes [26, 38]. Although both hIDO and 

xcTDO calculations were performed in the unrestricted DFT approximation, in xcTDO, the 

spin densities are all very low, indicating that the optimized system can be considered as a 

closed-shell singlet state. This is probably due to the strong hydrogen-bond interaction 

between the bound O2 and the charged NH3
+ group of L-Trp (Ot–H distance of 1.813 Å), 

which positions the O2 very close to the heme, leading to a much shorter Fe–O bond than 

the bonds normally observed for heme–O2 complexes [26, 38]. In the triplet state, as 

expected, the spin densities on the iron and superoxide are also of similar magnitude, but are 

now parallel.

Evaluation of the deprotonation reaction of indoleamine group of the substrate

As discussed in “Introduction,” it has been suggested that the first step of the dioxygenase 

reaction involves the deprotonation of the indoleamine group of the substrate by either H55 

in xcTDO or heme-bound dioxygen in hIDO. As a first step to evaluate the feasibility of the 

deprotonation reaction, we computed the proton affinity of TrpN−, as compared with three 

model systems in a vacuum: (1) His, (2) Op of a heme-bound dioxygen, and (3) Ot of a 

heme-bound dioxygen. As summarized in Table 3, the results show that the proton affinity 

of TrpN− is significantly higher than that of His. This is not surprising given that the pKa of 

indoleamine is 20.95 in dimethyl sulfoxide and 16.2 in water, whereas that of His is close to 

6 [46, 47]. The data also show that the proton affinity of His is similar to that of the heme-

bound dioxygen, with the Ot exhibiting a higher basicity as compared with Op. Taken 

together, the data suggest that the proton transfer from L-Trp to His or either atom of the 

heme-bound dioxygen is an endergonic process, which is in agreement with the fact that 

heme-bound dioxygen is typically not a good base, unless it is reduced to its peroxo 

derivative [45, 48]. The data suggest that unless there is significant stabilization provided by 

the surrounding protein matrix (for the deprotonated form of Trp and the protonated form of 

His in xcTDO, or dioxygen in hIDO) to overcome the unfavorable ΔE, the deproto-nation of 

L-Trp is not an energetically feasible process.
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To evaluate the effect of the protein matrix in xcTDO, we computed the energy profile 

associated with the postulated proton transfer reaction along the reaction coordinate defined 

by d(NTrp–H)–d(H–NH55) with QM/MM methods. Here NTrp and NH55 are the indoleamine 

nitrogen atom and the Nε atom of the substrate and H55, respectively. The QM region 

includes L-Trp, heme, dioxygen, proximal His ligand, and H55 imidazole groups. This 

approach allows the reaction to proceed via the energetically lowest passage, either a proton 

transfer or a proton-coupled electron transfer process (i.e., a net hydrogen atom transfer), in 

both the singlet and the triplet states. As shown in Fig. 3a, the energy profile resulting from 

the singlet state shows that the energy monotonically increases as the reaction proceeds 

along the reaction coordinate. The proton transfer does not yield a stable state, as no 

minimum was observed following the proton transfer; in addition, reoptimization of the 

product state led to its spontaneous return to the reactant state. Mulliken population analysis 

shows that the resulting charge on NH55-H+ is +0.756, whereas that on  is −0.569, 

indicating that the reaction corresponds to a proton transfer reaction and not a proton-

coupled electron transfer process, and that some charge transfer from TrpN− to NH55-H+ is 

present. The remaining negative charge is distributed in the O2–heme–Hisprox moiety, with a 

charge of −0.194. The data hence suggest that the negative charge on the deprotonated L-

Trp can be delocalized in the O2–heme–Hisprox moiety, as well as the protonated H55, 

plausibly owing to the strong hydrogen-bonding network connecting them.

Similar results were observed in the triplet state reaction (data not shown). As a control to 

demonstrate that the results were not an artifact of our computational method, we calculated 

the energy profile for the proton transfer from L-Trp to H55 in the imidazolate state (the pKa 

of neutral imidazole is 18.6 in dimethyl sulfoxide) [46] As expected, the proton is readily 

transferred with a low activation barrier (less than 2 kcal/mol), and the product is more 

stable than the reactant by approximately 2 kcal/mol (Fig. 3a). It is noteworthy that although 

the deprotonation of the indoleamine group of the substrate does not appear to be essential 

for the dioxygenase reaction, the hydrogen bond between the indoleamine group of the 

substrate and H55 in xcTDO (or H76 in hTDO) could still be a critical factor in controlling 

substrate binding as well as catalysis, on the basis of two observations: (1) the substitution 

of the indoleamine with N-methyl in the substrate significantly diminishes dioxygenase 

activity in TDO [49] and (2) the mutation of H55 (in xcTDO) [50, 51] or H76 (in hTDO) 

[42] to Ala or Ser caused a significant increase in the Km value and a decrease in the kcat 

value.

The proton transfer from the indoleamine group of the substrate to the heme-bound 

dioxygen was also evaluated in hIDO. The reaction coordinate was defined as d(NTrp–H)–

d(H–O). Here O is Op or Ot of the dioxygen for Cf1A/Cf1B or Cf2, respectively, which were 

selected on the basis of the shorter distance to the indoleamine group. Figure 3b shows the 

energy profile associated with each conformation of hIDO in the singlet state. In Cf1A and 

Cf1B, the energy monotonically increases as the proton approaches Op, which reaches 

approximately 40 and 25 kcal/mol, respectively, as d(NTrp–H) and d(H–Op) approach 

approximately 2.0 and 1.0 Å, respectively. In Cf2, the energy rise is slightly more modest as 

the reaction proceeds, consistent with the observation that Ot has a higher basicity than Op in 

the model systems listed in Table 3. The energy appears to reach a plateau at approximately 
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13 kcal/mol, when d(NTrp–H) and d(H–O) are 1.48 and 1.09 Å, respectively. However, no 

energy minimum was observed; in addition, reoptimization of the structure leads to its return 

to the initial state. Attempts to move the reaction further along the reaction coordinate 

caused an additional increase in energy to more than 20 kcal/mol. The energy profiles 

resulting from the triplet states, like those of the singlet states, show that the proton transfer 

does not yield stable states. Mulliken population analysis suggests that the proton transfer 

reaction is coupled with electron transfer, leading to a ferric hydroperoxo and a neutral L-

Trp radical.

As a control, like in the previous case, we computed the energy profile associated with 

proton transfer from the indoleamine of L-Trp to the reactive ferryl (Fe4+=O2−) species in 

Cf2. The results show the formation of a stable product state, with a low activation barrier of 

approximately 10 kcal/mol, although the reaction is endergonic by 5 kcal/mol. Mulliken 

population analysis of the product revealed that the proton transfer is also coupled with 

electron transfer, leaving a neutral L-Trp radical behind. Taken together, our data suggest 

that proton transfer from the indoleamine group of the substrate to either H55 in xcTDO or 

heme-bound dioxygen in hIDO is not energetically feasible.

Previous studies carried out by Batabyal and Yeh [42] showed that the mutations of H76 to 

Ser and Ala in hTDO led to approximately 70-fold and tenfold lower kcat, respectively; 

combined with resonance Raman data of the CO derivatives, the authors proposed that the 

dioxygenase reactions carried out by hTDO and hIDO are initiated by the deprotonation of 

the indoleamine group of L-Trp by the H76 residue and the heme-bound dioxygen, 

respectively. In contrast with this earlier hypothesis, our current data showed that the 

deprotonation of the indoleamine by either H55 in xcTDO (i.e., H76 in hTDO) or heme-

bound dioxygen in hIDO is not energetically feasible, and that the deprotonation of the 

indoleamine is not essential for the initiation of the dioxygenase reaction carried out by 

either enzyme. Taken together, the data suggest that the lower kcat observed for the H76 

mutants is a result of perturbed Trp orientation with respect to the heme-bound dioxygen, 

which is a critical factor for the reaction (vide infra), owing to the disruption of the hydrogen 

bond between H76 and the indolamine group of Trp. In addition, the CO complexes of IDO 

and TDO are plausibly not an accurate model for their reactive oxy derivatives, as suggested 

by QM and QM/MM simulation studies of several other heme proteins, revealing important 

differences in the structural and electronic properties of the CO complexes compared with 

those of the O2 adducts [27, 52].

Direct oxygen attack as the first step in the dioxygenase reaction

To examine if the heme-bound O2 could directly attack either the C2 or the C3 atom of the 

C2=C3 bond of L-Trp, we computed the energy profile along the reaction coordinate defined 

by d(Ot–C2,Trp). For hIDO the calculation was performed for Cf1A only, as it is similar to 

the ternary complex of xcTDO, and its Ot is best positioned for the oxygen attack reaction.

The results show that in both enzymes the heme-bound superoxide in the active ternary 

complex can be readily inserted into the C2=C3 bond of the indole ring, giving rise to a 2-

alkylperoxo transition state, which spontaneously converts to a 2,3-alkyl epoxide and a 

compound II type of ferryl intermediate, via a homolytic O–O bond cleavage reaction as 
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schematically illustrated in Scheme 2, and consistent with our previous experimental 

observations [1]. As shown in Fig. 4a, the energy profiles are similar for both proteins, 

although in xcTDO a much sharper energy drop is associated with the O–O bond cleavage 

reaction, leading to the ferryl epoxide intermediate. The data resulting from the energetic, 

Mulliken, and spin population analyses of the reaction are summarized in Table 4.

Conformational analysis along the reaction coordinate shows that in the active ternary 

complex of xcTDO (Fig. 1a, c), the Fe–O–O moiety lies perpendicular to the heme plane 

and parallel to the indole ring, providing optimum alignment of the O–O bond, with respect 

to the C2=C3 bond, for the insertion of the dioxygen into the C2 position of the indole ring, 

yielding the 2-alkylperoxo transition state. The optimized structures of the 2,3-alkyl-epoxo 

transition state and the ferryl 2,3-alkyl epoxide intermediate state, shown in Fig. 4b, 

combined with that of the ternary complex, show that, along the reaction coordinate, the 

indole ring of the substrate is held in position by H55, via a hydrogen bond; in addition, the 

two atoms of dioxygen form hydrogen bonds with the amino group of the substrate, as well 

as the amine group of the G125 residue, highlighting the importance of stereoelectronic 

factors in the dioxygenase reaction.

Owing to the absence of H55 in hIDO, the indole ring of L-Trp exhibits higher 

conformational freedom as compared with TDO, leading to a more flexible ternary complex 

(Fig. 2b). Consequently, in xcTDO all the hydrogen-bonding interactions stabilizing the 

heme-bound O2 are conserved during the superoxo → peroxo‡ → ferryl transition, whereas 

in hIDO the hydrogen bond between Op and A264 is lost in the ferryl intermediate, owing to 

a reorientation of the indole ring (Fig. 4c). This high mobility, observed only in hIDO, is 

likely to disfavor the subsequent attack of the ferryl oxygen on the 2,3-alkyl epoxide, 

accounting for the experimental observation that the ferryl intermediate can only be 

accumulated to detection level during the IDO reaction, and not during the TDO reaction 

[1].

To examine if the spin state of the system affects the reaction, we also examined the 

reactions in the triplet state. The data (Table 4) show that the dioxygenase reaction is only 

slightly perturbed by the spin state. The data also confirm that in both enzymes, the O–O 

bond cleavage is homolytic, regardless of the spin state, as indicated by the almost neutral 

Mulliken charges on the ferryl–Hprox moiety (approximately +0.06 and −0.07 for xcTDO 

and hIDO, respectively). Mulliken charges of the O2 moiety also show an increase in the 

negative charge in the transition state as compared with that in the ternary complex (Table 

4), supporting the superoxide character of the transition state. The data listed in Table 4 also 

reveal that the strong His55–Trp interaction is maintained along the reaction coordinate in 

TDO, as evidenced by the charge transfer. Finally, in both enzymes, the ferryl epoxide 

intermediate is slightly more stable in the triplet state, consistent with the fact that a 

compound II type of ferryl intermediate in hemeproteins, such as catalases or peroxidases, 

typically displays a triplet ground state [53, 54].

To test if the type of basis set used for the calculation influences the results, we also 

computed the energy barriers and ΔE for the xcTDO reaction by using a better-quality basis 

set. As listed in Table 4, similar results were obtained, although smaller energy barriers were 
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observed for both the singlet and the triplet reactions. The data confirm the reliability of our 

calculations with the double zeta plus polarization basis set, which were accomplished with 

a much lower computational cost.

Effect of protein matrix

To further evaluate how the protein matrix influences the dioxygenase reaction, we 

computed the same reaction carried out by a enzyme-free model complex in a vacuum, by 

using the ternary complex, 2-alkylperoxo transition state, and ferryl epoxide intermediate 

structures obtained from the QM/MM simulation of the xcTDO reaction described already, 

but with the protein moiety deleted. The results show that, in both the singlet and the triplet 

states, the in vacuum enzyme-free reaction follows the same trend as the enzyme reaction. 

The ternary complex displays a singlet ground state, whereas the ferryl epoxide intermediate 

exhibits a triplet ground state. The activation barriers for the singlet and triplet reactions are 

23.0 and 11.1 kcal/mol, respectively, with respect to 11.2 and 8.1 kcal/mol barriers observed 

in the xcTDO enzyme reactions (Table 4), indicating that the xcTDO protein matrix 

significantly stabilizes the transition state, especially in the singlet state. The origin of 

transition-state stabilization in the enzyme possibly arises in part owing to stabilization of 

the significant negative charge on the oxygen moiety in the peroxo state, due to strong 

hydrogen bonds with protein backbone amides. In this context, the intrinsically more 

polarized oxygen in the triplet state may account for the different amount of protein 

stabilization. Finally, the in vacuum simulation results also show that the enzyme stabilizes 

the ferryl epoxide intermediate by approximately 3.5 and 5.7 kcal/mol for the singlet and 

triplet states.

It is important to note that a similar epoxidation mechanism of the dioxygenation has been 

investigated by B3LYP–DFT calculations based on a model heme-indole system in a 

vacuum by Chung et al. [13]. In that work, the reaction was found to be initiated by oxygen 

attack on the C2 or C3 atom of the indole ring, yielding a heme-bound alkylperoxo 

intermediate, with an activation barrier of approximately 12.0–22.7 kcal/mol and ΔE of 7.0–

21.5 kcal/mol (depending on the spin state of the system). The reaction is followed by an O–

O bond cleavage reaction, leading to the ferryl epoxide transition state, with an energy of 

approximately 11.0–16.0 kcal/mol [13]. On the basis of the above-mentioned values, the 

effective activation barrier for the ferryl epoxide formation (starting from the oxy complex) 

was estimated to be at least 23.0 kcal/mol, which was judged to be too high to compete with 

the alternative radical and electrophilic addition pathways illustrated in Scheme 1. Contrary 

to the B3LYP-DFT results, the QM/MM data presented here as well as the resonance Raman 

data [1] support the ferryl-based mechanism (Scheme 2), highlighting the importance of 

protein matrix in modulating the reactions of IDO and TDO. To examine if the observed 

differences are a result of the basis sets and functional used, we also computed the energies 

of the reaction in a vacuum at the protein-optimized geometries by using B3LYP 

calculations and Gaussian basis sets. The activation barriers were found to be 16.1 and 6 

kcal/mol for the singlet and triplet reactions, respectively, which were only slightly lower 

than those computed at the SIESTA/PBE level.

Capece et al. Page 13

J Biol Inorg Chem. Author manuscript; available in PMC 2015 August 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to stabilizing the ferryl epoxide intermediate, the protein matrix is presumably 

critical for substrate positioning, as the B3LYP–DFT results reported by Chung et al. [13] 

indicate that the indole ring of the substrate lies parallel to the heme plane, whereas our 

QM/MM results show that the indole ring adopts a perpendicular orientation (Figs. 1, 4), 

which constrains the C2=C3 bond parallel to the O=O bond, facilitating the oxygen attack 

and the subsequent O–O bond cleavage reaction.

It is noteworthy that similar a ferryl epoxide intermediate has recently been proposed for the 

dioxygenase reaction carried out by a non-heme dioxygenase, apocarotenoid oxygenase, on 

the basis of B3LYP–DFT calculations [55]. In apocarotenoid oxygenase, the active site 

consists of a ferrous iron atom coordinated by three His ligands, and possibly also a water 

molecule. As in xcTDO and hIDO, the reaction starts with dioxygen coordination to the 

ferrous iron, which is followed by the oxygen attack on a C=C bond of the substrate, leading 

to dioxygenation and subsequent C–C bond cleavage, via either a dioxetane or an epoxide 

mechanism, with similar activation barriers (approximately 15.9–17.6 kcal/mol), with the 

dioxetane mechanism being slightly favored when the water molecule is coordinated to the 

iron. The consecutive two-step oxygen insertion mechanism also resembles that of another 

non-heme dioxygenase, homoprotocatechuate 2,3-dioxygenase [56], although the detailed 

mechanisms significantly differ between these two types of dioxygenases.

Conclusions

Taken together, the QM/MM data reported here are consistent with our previous 

experimental observation [1], supporting the ferryl-based mechanism illustrated in Scheme 

2. In addition to our previous calculation, in this work we provides a systematic evaluation 

of the feasibility of proton transfer as the initial step of the dioxygenase reaction. Our results 

show that the proton transfer from indoleamine to either H55 in xcTDO or heme-bound 

dioxygen in hIDO is not likely to be the first step of the reaction, as in either case it is not 

energetically favorable. Our new data, obtained by detailed analysis of the electronic and 

structural properties of the reactant, transition state, and ferryl intermediate associated with 

the first step of the reaction in two spin states, show that heme-bound dioxygen exhibits 

superoxide character; it attacks the C2 atom of the C2=C3 bond, which gives rise to a 

metastable ferryl and 2,3-alkyl epoxide intermediate, via a 2-alkylperoxo transition state. 

The subsequent attack of the ferryl oxygen on the 2,3-alkyl epoxide can lead to NFK, via a 

mechanism which remains to be elucidated. Our results also reveal the unique 

multiconformational nature of the ternary complex of hIDO as compared with xcTDO, in 

particular the flexible nature of the substrate as well as the heme with respect to the protein 

matrix surrounding them, which plausibly raises the activation barrier for the subsequent 

insertion of the ferryl oxygen into the indole 2,3-epoxide, accounting for the transient 

accumulation of the ferryl intermediate in hIDO, but not in hTDO [1]. The new data also 

demonstrate the importance of the protein matrix in positioning the substrate in a favorable 

regio-orientation with respect to the heme-bound dioxygen, thereby activating the dioxygen 

for its insertion into the substrate. We also showed that the protein matrix plays a key role in 

stabilizing the 2-alkylperoxo transition state and the ferryl epoxide intermediate, thereby 

lowering the activation barrier for the reaction.
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In summary, our data provide a detailed microscopic picture of the dioxygenase chemistry 

carried out by the two physiologically important enzymes, and introduce a paradigm shift in 

our common perception of heme dioxygenase chemistry. They reveal the importance of 

stereoelectronic factors in TDO and IDO, as well as the subtle mechanistic differences 

between the two enzymes. Recently, hIDO has attracted a great deal of attention as a result 

of the recognition of its potential as a therapeutic target for cancer [11]. Our data offer a 

starting point for additional computational and structural investigations, which are 

anticipated to provide valuable insights for the development of anticancer drugs specifically 

targeting hIDO.
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Abbreviations

Cf1 Conformation 1

Cf2 Conformation 1

DFT Density functional theory

hIDO Human indoleamine 2,3-dioxygenase

hTDO Human tryptophan dioxygenase

IDO Indoleamine 2,3-dioxygenase

MD Molecular dynamics

MM Molecular mechanical

NFK N-Formylkynurenine

PDB Protein Data Bank

PBE Generalized gradient approximation functional proposed by Perdew, Burke, and 

Ernzerhof

QM Quantum mechanical

TDO Tryptophan dioxygenase
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Fig. 1. 
QM/MM optimized structure of the ternary complexes of tryptophan dioxygenase from 

Xanthomonas campestris (xcTDO) and human indoleamine 2,3-dioxygenase (hIDO). For 

hIDO, only Cf1A is shown here. The expanded views in c highlight the hydrogen-bonding 

network between the Fe–O–O moiety, the substrate, and the surrounding protein matrix in 

xcTDO (top) and hIDO (bottom)
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Fig. 2. 
QM/MM optimized structure of the ternary complexes of hIDO. a The structure of Cf2. b 
The differences in the hydrogen-bonding network for Cf1A, Cf1B, and Cf2

Capece et al. Page 19

J Biol Inorg Chem. Author manuscript; available in PMC 2015 August 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Energy profile for proton transfer from L-Trp to H55 in xcTDO (a) and to the heme-bound 

dioxygen in hIDO (b)
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Fig. 4. 
Energy profile associated with the radical attack of the heme-bound dioxygen on the C2=C3 

bond of L-Trp in xcTDO and hIDO along the singlet reaction coordinate (a) and the 

structures of the associated transition and intermediate states (b, c). The O–O bond lengths 

of the 2-alkylperoxo transition state (1.51 and 1.42 Å for xcTDO and hIDO, respectively) 

are elongated as compared with those in the superoxo species
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Scheme 1. 
Proposed reaction mechanisms for Trp dioxygenation performed by tryptophan dioxygenase 

and indoleamine 2,3-dioxygenase
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Scheme 2. 
Proposed ferryl-based dioxygenase mechanism. The scheme is based on the reaction 

involving tryptophan dioxygenase from Xanthomonas campestris; a similar mechanism is 

applicable to human indoleamine 2,3-dioxygenase (hIDO), except that in hIDO H55 is 

replaced by S167, which is incapable of forming a hydrogen bond with the indole amine 

group of the substrate, G125 is replaced by A264, and the hydrogen bond indicated by the 

asterisk in the ferryl intermediate is absent
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Table 1

Parameters for the optimized structures of the ternary complexes of tryptophan dioxygenase from 

Xanthomonas campestris (xcTDO) and human indoleamine 2,3-dioxygenase (hIDO) obtained from quantum 

mechanical/molecular mechanical simulations

Parameter xcTDO hIDO

Cf1A Cf1B Cf2

d Fe–Op 1.772 1.858 1.833 1.763

d Op–Ot 1.313 1.312 1.312 1.314

∠ Fe–Op–Ot 124.1 121.0 120.0 120.0

d Fe–Nprox 2.134 2.108 2.091 2.110

d HTrpNH–Op – 3.497 2.147 2.254

d HTrpNH–Ot – 3.611 2.651 2.157

d C2,Trp–Op 3.393 3.394 3.295 –

d C3,Trp–Ot 3.288 3.588 4.801 –

d Nε,H55–HTrpNH 1.673 – – –

∠ NTrpNH–HTrpNH–Nε,H55 163.1 – – –

∠ NTrpNH–HTrpNH–Op – 92.2 133.0 149.7

The distances (d) and angles (∠) are in angstroms and degrees, respectively. The subscripts p and t for the oxygen atoms refer to the proximal and 
terminal atoms, respectively

C2,Trp, C3,Trp, HTrpNH, and NTrpNH are the C2 and C3 atoms and the indoleamine hydrogen and nitrogen atoms of L-Trp, respectively. 

Nprox and Nε,H55 are the nitrogen atom of the proximal His ligand of the heme and the Nε atom of the H55 residue (in xcTDO), respectively
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Table 3

Proton affinities and energy required for proton transfer from Trp to His or heme-bound dioxygen

Model system Proton affinity ΔE

TrpN− ⇒ TrpNH 268.0 0

228.0 40

Heme–O2 ⇒ heme–Op–OtH+ 234.4 34.4

Heme–O2 ⇒ heme–(OpH+)–Ot 214.4 54.4

ΔE is the difference between the proton affinity of the corresponding compound and the proton affinity of TrpN−. The values are in kilo-calories 
per mole

J Biol Inorg Chem. Author manuscript; available in PMC 2015 August 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Capece et al. Page 27

T
ab

le
 4

E
ne

rg
et

ic
 p

ar
am

et
er

s,
 M

ul
lik

en
 c

ha
rg

es
, a

nd
 s

pi
n 

po
pu

la
tio

ns
 o

f 
th

e 
tr

an
si

tio
n 

st
at

es
 a

nd
 p

ro
du

ct
s 

in
 th

e 
S 

an
d 

T
 s

pi
n 

st
at

es

xc
T

D
O

hI
D

O

S
T

SS
T

E
ac

t
+

11
.2

 (
5.

3)
+

8.
1 

(7
.6

)
+

15
.5

+
13

.8

Δ
E

−
12

.1
 (

−
12

.6
)

−
21

.7
 (

−
21

.9
)

−
9.

2
−

16
.2

Δ
E

sp
in

 (
pr

od
uc

t)
+

10
.8

0
+

7.
7

0

M
ul

lik
en

 c
ha

rg
e

T
S

P
T

S
P

T
S

P
T

S
P

Fe
+

0.
83

0
+

0.
79

1
+

0.
84

0
+

0.
79

7
+

0.
83

7
+

0.
79

9
+

0.
85

3
+

0.
80

6

O
2

−
0.

48
8

–
−

0.
53

4
–

−
0.

51
9

–
−

0.
54

6
–

2,
3-

A
lk

yl
 e

po
xi

de
–

−
0.

31
8

–
−

0.
31

7
–

+
0.

06
3

–
+

0.
06

4

Fe
rr

yl
-H

pr
ox

–
+

0.
06

0
–

+
0.

05
8

–
−

0.
06

7
–

−
0.

06
8

H
55

+
0.

19
8

+
0.

25
8

+
0.

27
3

+
0.

25
6

–
–

–
–

Sp
in

 p
op

ul
at

io
n

T
S

P
T

S
P

T
S

P
T

S
P

Fe
−

0.
00

6
+

0.
00

1
+

0.
91

4
+

1.
25

5
+

0.
89

1
+

0.
00

1
+

1.
00

5
+

1.
25

2

O
2

+
0.

00
2

–
+

0.
43

4
–

−
0.

12
4

–
+

0.
27

4
–

2,
3-

A
lk

yl
 e

po
xi

de
–

+
0.

00
2

–
+

0.
00

7
–

+
0.

00
1

–
+

0.
00

6

Fe
rr

yl
-H

pr
ox

–
+

0.
00

9
–

+
1.

99
6

–
+

0.
00

0
–

+
1.

99
8

E
a 

an
d 

Δ
E

 (
kc

al
/m

ol
) 

ar
e 

th
e 

ac
tiv

at
io

n 
en

er
gi

es
 a

nd
 to

ta
l r

ea
ct

io
n 

en
er

gi
es

 a
ss

oc
ia

te
d 

w
ith

 th
e 

Fe
3+

–O
2−

 +
 L

-T
rp

 →
 F

e4
+

=
O

2−
 +

 2
,3

-a
lk

yl
 e

po
xi

de
 r

ea
ct

io
n 

al
on

g 
th

e 
si

ng
le

t o
r 

tr
ip

le
t r

ea
ct

io
n 

co
or

di
na

te
. V

al
ue

s 
in

 p
ar

en
th

es
es

 f
or

 x
cT

D
O

 c
or

re
sp

on
d 

to
 th

os
e 

ob
ta

in
ed

 w
ith

 a
 la

rg
er

 b
as

is
. Δ

E
sp

in
 (

pr
od

uc
t)

 is
 th

e 
en

er
gy

 o
f 

th
e 

pr
od

uc
t, 

2,
3-

al
ky

l e
po

xi
de

 +
 f

er
ry

l-
H

pr
ox

, i
n 

th
e 

tw
o 

sp
in

 s
ta

te
s,

 

ob
ta

in
ed

 b
y 

us
in

g 
th

at
 o

f 
th

e 
tr

ip
le

t s
ta

te
 a

s 
a 

re
fe

re
nc

e

T
S 

tr
an

si
tio

n 
st

at
e,

 P
 p

ro
du

ct
 s

ta
te

, H
pr

ox
 p

ro
xi

m
al

 H
is

 li
ga

nd

J Biol Inorg Chem. Author manuscript; available in PMC 2015 August 12.


