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Abstract

:

Heme peroxidases have important functions in nature related to the detoxification of H2O2. They generally undergo a catalytic cycle where, in the first stage, the iron(III)–heme–H2O2 complex is converted into an iron(IV)–oxo–heme cation radical species called Compound I. Cytochrome c peroxidase Compound I has a unique electronic configuration among heme enzymes where a metal-based biradical is coupled to a protein radical on a nearby Trp residue. Recent work using the engineered Nδ-methyl histidine-ligated cytochrome c peroxidase highlighted changes in spectroscopic and catalytic properties upon axial ligand substitution. To understand the axial ligand effect on structure and reactivity of peroxidases and their axially Nδ-methyl histidine engineered forms, we did a computational study. We created active site cluster models of various sizes as mimics of horseradish peroxidase and cytochrome c peroxidase Compound I. Subsequently, we performed density functional theory studies on the structure and reactivity of these complexes with a model substrate (styrene). Thus, the work shows that the Nδ-methyl histidine group has little effect on the electronic configuration and structure of Compound I and little changes in bond lengths and the same orbital occupation is obtained. However, the Nδ-methyl histidine modification impacts electron transfer processes due to a change in the reduction potential and thereby influences reactivity patterns for oxygen atom transfer. As such, the substitution of the axial histidine by Nδ-methyl histidine in peroxidases slows down oxygen atom transfer to substrates and makes Compound I a weaker oxidant. These studies are in line with experimental work on Nδ-methyl histidine-ligated cytochrome c peroxidases and highlight how the hydrogen bonding network in the second coordination sphere has a major impact on the function and properties of the enzyme.
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1. Introduction


Heme peroxidases perform a wide range of functions in biology, ranging from defense mechanisms against infection to hormone biosynthesis in the human body [1,2,3,4,5,6,7,8,9]. The general reaction catalyzed by peroxidases is the reduction, and hence detoxification, of H2O2 to two water molecules, see Equation (1), which requires two external protons and electrons. In heme peroxidases, this reaction takes place by the binding of H2O2 to the distal site of the heme, while intricate proton and electron transfer pathways channel protons and electrons to and from the heme. In general, the peroxidases undergo a catalytic cycle starting from a resting state, i.e., a water-bound heme group, where the water ligand is substituted by H2O2. This H2O2 binding triggers a proton relay that converts the H2O2-bound heme into water and an iron(IV)–oxo heme cation radical intermediate, called Compound I (Cpd I). Structurally, the heme iron atom is bound to the protein through a histidine linkage in the axial position that connects the heme to the protein [10,11,12,13,14]. In contrast to the peroxidases, the heme mono-oxygenases, such as the cytochromes P450, bind the heme through a cysteinate ligand [1,2,15,16,17,18,19,20,21,22,23,24]. The difference in the protein binding pattern between the peroxidases and mono-oxygenases generally has an effect on the properties of the iron/heme co-factor as the more electron donating cysteinate ligand induces a stronger “push” effect compared with the neutral histidine-ligated system [25,26,27]. As a consequence, the peroxidases have different redox properties over the mono-oxygenases, which affects their (bio)chemical functions. Indeed, mutations of the axial ligand or its direct environment affect the structure and catalytic ability of the protein [28,29,30,31].


H2O2 + 2H+ + 2e− → 2 H2O



(1)







In recent years, efforts have been made to engineer proteins to study their chemical functions and properties and find applications in biotechnology [32,33,34,35,36]. For instance, the nonheme iron dioxygenase S-mandalate synthase was engineered into R-mandalate synthase through substrate-binding pocket modifications that positioned the substrate differently [36]. Several attempts have been reported in the literature on the engineering of peroxidases with the aim to change their chemical properties and reactivity patterns [37,38]. In particular, first- and second-coordination sphere effects around the heme co-factor can lead to dramatic changes in the electronic properties of the metal center and consequently its conversion of substrates into products [39].



To understand the axial ligand differences in peroxidases, we show three typical structures in Figure 1: one with an axial hydrogen-bonded diad, one with an axial hydrogen-bonded triad and one with a nearby cation-binding site. Figure 1 displays the active site structures of horseradish peroxidase (HRP) [40], cytochrome c peroxidase (CcP) [41] and ascorbate peroxidase (APX) [42], as taken from the protein databank (pdb) [43]. At first sight, they look very similar and all contain an iron(heme) linked to the protein through a proximal histidine residue: His170 in HRP, His175 in CcP and His163 in APX. In all three proteins, the proximal (also called axial) histidine ligand is part of a hydrogen bonding network and interacts with the carboxylate of an Asp residue (Asp247 in HRP, Asp235 in CcP and Asp208 in APX), which imparts a degree of imidazolate-like character onto the axial ligand, thus increasing its electron-donating capabilities towards the heme. The proximal hydrogen-bonding network is further extended in CcP and APX where the Asp carboxylate also forms a hydrogen bond with a proton from a nearby indole group of a Trp residue (Trp191 in CcP and Trp179 in APX). Interestingly, this residue is absent in HRP, where the Phe221 group is seen in that position. An additional difference in APX is the presence of a cation (Na+) binding site nearby the Trp179 residue, although its function is not exactly clear.



Despite their differences in structural features, the three peroxidases undergo the same catalytic mechanism that binds and utilizes H2O2 on the distal site of the heme and react it to two water molecules via the formation of an iron(IV)–oxo heme cation radical called Compound I (Cpd I) intermediate. A proton shuttle mechanism on the distal site converts H2O2 to Cpd I [44,45,46,47]. Experimentally, Cpd I of CcP has been well characterized with electron paramagnetic resonance and UV-Vis spectroscopic methods and found to be a key intermediate in the catalytic cycle [48,49,50,51,52]. However, the Cpd I species in CcP, APX and HRP show differences in electronic configuration that have been assigned as resulting from the structural differences in the proximal pocket and, in particular, the proximal hydrogen bonding network. In particular, CcP Cpd I has a protein radical (on Trp191), while HRP and APX have a heme-based radical. Extensive computational studies using density functional theory, quantum mechanics/molecular mechanics and molecular dynamics studies have been performed on the various stages of the catalytic cycle of peroxidases and particularly on Cpd I [44,45,46,47,53,54,55,56,57,58,59,60]. These studies (Scheme 1) confirmed Cpd I as a triradical species with three unpaired electrons, whereby two of those are on the metal (in the π*xz and π*yz orbitals), while the third radical is non-metal based [53,57,61]. Thus, in P450 Cpd I and HRP Cpd I, the third unpaired electron is typically based in a heme orbital with a2u symmetry [44,53,55,62,63,64,65,66,67,68,69,70]. By contrast, CcP displays a protein radical that is located on a nearby Trp residue (Trp191). Interestingly, even though APX also has this hydrogen-bonding axial triad, its Cpd I structure does not display a Trp radical, but it remains on the heme instead. These differences in electronic configuration were explained through the presence of a cation binding site of a Na+ ion that induced long-range electrostatic interactions. Thus, engineering of the cation binding site in CcP changed the electronic properties and stabilized a heme radical over a Trp radical in Cpd I [71]. Gas-phase density functional theory calculations [72] on CcP Cpd I, however, gave mixed radical character delocalized over both the heme and the Trp groups. The addition of point charges to the model in the position of the cation binding site polarized the charges better and either gave a pure Trp radical or a heme radical dependent on the sign of the point charge [57,73]. As such, the local environment is important for the correct description of the electronic configuration of Cpd I of peroxidases.



More recent studies [37,38] on engineered forms of APX and myoglobin where the axial histidine ligand is replaced by Nδ-methyl histidine showed major changes in terms of redox properties and catalysis. Thus, the incorporation of Nδ-methyl histidine (HisMe) as axial ligand breaks the hydrogen bonding network on the axial site of the heme. In particular, it breaks the hydrogen bonding interaction between the axial ligand and Asp208 groups and consequently changes the heme properties. Interestingly, the turnover numbers of guaiacol oxidation were enhanced by a factor of five in the engineered APX. Similar work on the oxygen binding protein myoglobin, which lacks the hydrogen bonded axial triad of natural peroxidases, was also carried out. Interestingly, this study found that the introduction of the non-canonical HisMe ligand led to a substantial increase in the kcat value of guaiacol oxidation. More recently, a genetically encoded HisMe ligand in CcP was explored and studies investigated the change in axial ligand electron donation and ferryl heme reactivity.



These studies clearly demonstrate the replacement of a histidine group (His) by Nδ-methyl histidine has an effect on the structure, electronic properties and reactivity of heme peroxidases, and in some cases can lead to biocatalysts with augmented properties. As experimental studies failed to give a detailed electronic insight into the effects of these minor changes to the protein structure and the reactivity properties of the oxidant, we decided to do a detailed computational study. To gain an insight into the effects that influence the active site, we elected to perform a detailed density functional theory (DFT) study on models mimicking the various peroxidases and their engineered forms with the axial histidine replaced by Nδ-methyl histidine. The aims of our studies are to gain an insight into how N-methylation of an axial histidine ligand in heme peroxidases affects the electronic configuration, chemical properties and reactivity patterns.




2. Results


To gain an insight into the structure and reactivity of Nδ-methyl histidine-ligated peroxidases, we created active site models of HRP and CcP for wild-type and engineered structures. The Cpd I models were built from available crystal structure coordinates by inserting an oxo group in the distal ligand position. HRP Cpd I was modelled as a minimal model with the heme group approximated as protoporphyrin IX, with all side chains replaced by hydrogen atoms, an oxo in the distal position and with imidazole as an axial ligand bound to iron (model A, Scheme 2). Previous calculations showed that the heme periphery substituents pay little contribution to the electronic configuration of Cpd I and hence were shorted to hydrogen atoms in our models [74,75,76,77]. The CcP model used the first-coordination sphere of the HRP model A and was expanded with the axial residues that form the hydrogen-bonded network around the His ligand, namely an acetate group (mimicking Asp235) and an indole group (representing Trp191) to get model B. In previous work [72] it was shown that this model gives a mixed porphyrin-Trp radical in Cpd I and hence is a poor mimic of CcP Cpd I. However, it was shown that the inclusion of a point-charge in the model polarized the charge distributions better and gave either a pure Trp radical (with positive charge) or a pure porphyrin radical (with negative charge) [73]. Therefore, model B included a nearby K+ ion to obtain an electronic configuration for Cpd I that reflects the experimental electron paramagnetic resonance (EPR) data for CcP. The positions of the methyl carbons of the Asp235 and Trp191 and the K+ ion were fixed with respect to the iron atom to keep the structure as close as possible to the crystal structure coordinates. Subsequently, we engineered the axial imidazole ligand of the HRP and CcP models, i.e., models A and B, to Nδ-methyl imidazole to get the HisMe engineered models of HRP and CcP: models C and D. All models have an overall charge of +1 and were calculated in the lowest energy doublet and quartet spin states as identified with a superscript. We studied the electronic configuration and physicochemical properties of these Cpd I models as well as the reactivity with a model substrate, i.e., styrene, which is a commonly used substrate for oxygen atom transfer reactions [78,79].



Let us first look into the structural and electronic differences between the four model complexes. In the smallest model that only considers the iron(IV)–oxo porphyrin cation radical with either imidazole (model A) or Nδ-methyl imidazole (model C) as the axial ligand, we get almost identical structures. Thus, the Fe–O distances obtained for 2A, 4A, 2C and 4C are 1.663, 1.664, 1.664 and 1.665 Å, respectively, while the proximal Fe–N bond distances are 2.083, 2.079, 2.081 and 2.076 Å for the same set of structures. As such, the replacement of imidazole by Nδ-methyl imidazole has little effect on the optimized geometries of the minimal models mimicking HRP. In all cases, an electronic configuration of π*xz1 π*yz1 a2u1 is obtained, whereby the two π* orbitals are up-spin and the a2u orbital is either up-spin or down-spin in the quartet or doublet spin state. The π*xz and π*yz orbitals represent the antibonding interaction between the metal 3dxz/3dyz orbitals with a 2p orbital on the oxygen atom. The a2u orbital is a heme-type π* orbital, which in D4h symmetry has the a2u label. As such, the structure and electronic configuration between the two HRP models is the same. Consequently, structures A and C give a spin density of about one on the Fe, O and Por groups. Indeed, the spin density values for structures A and C are within 0.01 unit of each other. This is not surprising as the valence orbitals show little contribution of the axial histidine ligand. Consequently, the replacement of imidazole by Nδ-methyl imidazole has little electronic effect on the small active site model of HRP and minimal changes to the first-coordination sphere of histidine-ligated heme complexes.



Of course, models A and C lack the axial hydrogen bonding network and, particularly, the accepting hydrogen bond from the Asp carboxylic acid. To gain an insight into how the cleavage of these axial hydrogen bonding interactions affects the structure and charge distributions, we analyzed the differences in the properties and reactivity of histidine and Nδ-methyl histidine-ligated CcP models (structures 2,4B and 2,4D). Figure 2 displays the optimized geometries and group spin densities of 2,4B and 2,4D. As can be seen, small but significant changes in geometry are obtained between 2,4B on the one hand and 2,4D on the other hand. Thus, the Fe–O distance shortens from 1.662 to 1.657 Å between 2B and 2D, while the Fe–N(His) distance elongates from 2.106 to 2.156 Å. Note that during the geometry optimization of 2,4D, the indole proton moved closer to the carboxylate of Asp235 in the Nδ-methyl histidine engineered systems. Therefore, the removal of the His–Asp hydrogen bond in engineered model D changes the local pKa of the carboxylate group and makes it more acidic. This may be the reason for the slightly more radical character of the Trp unit in the Nδ-methyl histidine-engineered structures.



Electronically, all B and D model species are described by the same molecular orbital occupation with unpaired electrons as π*xz, π*yz and πTrp orbitals. The former two are the antibonding interactions along the Fe–O axis, whereas the πTrp orbital is a π-orbital on the axial Trp residue. In addition, the high-lying porphyrin orbital, i.e., a2u, is doubly occupied in 2,4B and 2,4D. As such structures, B and D can be described with the overall electronic configuration π*xz1 π*yz1 a2u2 πTrp1, whereby the doublet spin states have the Trp radical as a down-spin, while it is an up-spin in the quartet spin states. Thus, the addition of the hydrogen-bonding distal network and the point charge to the minimal models (A/C) to get B/D leads to the polarization of the charge distributions and gives a Trp radical rather than a heme radical. This is in agreement with experimental electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) spectroscopy studies that located a Trp radical in CcP Cpd I [48,49].



There are differences between structures B and D; however, these are particularly related to the πTrp orbital and, therefore, Figure 2 displays the singly occupied a2u and πTrp orbitals of 2B and 2D. In 2,4B, the πTrp orbital mixes somewhat with a porphyrin a2u-type orbital and, as a result, partial spin density on the porphyrin scaffold is obtained (0.31 in 4B and −0.37 in 2B) and on the Trp residue (0.61 in 4B and −0.67 in 2B). Indeed, the two orbitals are either localized on the porphyrin (a2u) or the Trp unit (πTrp). As a result, in structure D, all spin density associated with the single occupation of the πTrp orbital is located on the Trp unit and little is located on the porphyrin manifold.



To test the catalytic effects of engineering the axial histidine ligand in peroxidases to Nδ-methyl histidine, we investigated the mechanism of oxygen atom transfer from Cpd I to a substrate with styrene as a model substrate. Thus, styrene epoxidation is a typical model reaction for double bond activation and styrene has been used as model substrate in many previous studies for biomimetic and enzymatic reaction mechanisms [78,79,80,81,82]. The styrene epoxidation was studied by the minimal heme models 2,4A and 2,4C, which contain the iron(IV)–oxo group inside a bare porphyrin and with imidazole or Nδ-methyl imidazole as the axial ligand. These minimal models should give an insight into the electrostatic effects of replacing the axial ligand with Nδ-methyl histidine on the styrene epoxidation reaction. Subsequently, the same reaction was also explored for the expanded models 2,4B and 2,4D that show the effect of the proximal hydrogen bonding network and the second-coordination sphere on structure and reactivity. The overall reaction mechanism explored for all systems (4,2A, 4,2B, 4,2C and 4,2D), although only the general pathway, is shown in Scheme 3 for model A. The same labels of the transition states and local minima are used for the reactions for model B, C, and D and these letters are given in subscript after the label. The reactions start from a long-range complex of styrene with the Cpd I model, i.e., an iron(IV)–oxo heme cation radical, for models A, B, C, and D in the doublet and quartet spin states. Subsequently, we follow the reaction for the C–O bond formation with the terminal carbon atom of styrene to form a radical intermediate (I1) via a C–O bond formation transition state TS1. Thereafter, a ring-closure transition state (TS2) separates the radical intermediates from epoxide product complexes (Pr). This mechanism was explored previously for double bond epoxidation by Cpd I of P450 and peroxidase model complexes [76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92] as well as engineered peroxidase systems with modified axial ligands [93,94]. In general, in these studies, TS1 is the rate-determining step and TS2 is small or negligible, and the overall reaction is highly exothermic.



Next, we studied the epoxidation pathways for models A, B, C and D and attempted to locate radical intermediates, products and the transition states that separate these local minima. Let us start with analyzing the pathways for the small model complexes A and C; the reaction mechanisms for those models are given in Figure 3. The reactions start with an initial C–O bond formation transition state (TS1A, TS1C). In the low-spin pathways beyond the C–O bond formation transition state, the system relaxes to epoxide product complexes (2PrA, 2PrC) directly without the formation of a radical intermediate. Attempts to characterize these radical intermediates failed and the geometry optimization fell to the product complexes directly. In the high-spin pathways, by contrast, a small shoulder is found with a local minimum for a radical intermediate (4I1A, 4I1C). However, no ring-closure transition state could be identified and the constraint geometry scans show a fast conversion to epoxide products (4PrA, 4PrC) with a negligible ring-closure barrier. Therefore, both doublet and quartet spin pathways can be considered as concerted reaction mechanisms that proceed via a rate-determining C–O bond formation barrier. Previous work on the epoxidation by Cpd I porphyrin systems also found a rate-determining C–O bond formation leading to a radical intermediate with two-state reactivity patterns in competing doublet and quartet spin states [76,78,79,80,81,82,83,84,85,86,87,88,89,90,95]. Interestingly, calculations on a pentacoordinated Cpd I model without an axial ligand gave epoxidation pathways similar to those in Figure 3 with a rate-determining C–O bond formation followed by a fast and highly exothermic process to epoxide products [76]. Therefore, the lack of a stable radical intermediate here may have to do with the binding of a weak (neutral) axial ligand. With an anionic ligand in the axial position, more charge density is donated to the iron(IV)–oxo and, on top of that, the metal is pulled into the plane of the heme, which stabilizes the radical intermediate. The same is seen in aliphatic hydroxylation reactions, where the reaction is generally stepwise with an initial hydrogen atom abstraction followed by OH rebound. Strong electron-donating ligands affect the first electron transfer and stabilize the radical intermediate [95,96,97,98]. The obtained epoxidation barriers, calculated at UB3LYP/BS2//UB3LYP/BS1+ZPE+Esolv with ZPE = zero-point energy and Esolv the solvation energy, are shown in Figure 3. The doublet spin barriers are the lowest at 8.5 kcal mol−1 for model A and 8.6 kcal mol−1 for model C. The quartet spin barriers are slightly higher and values of 10.9 kcal mol−1 are calculated for both model A and C. Therefore, the replacement of the axial imidazole ligand by Nδ-methyl imidazole has a negligible effect on the chemical properties of the oxidant and gives the same structures and epoxidation barrier heights.



Optimized geometries of 4,2TS1A and 4,2TS1C are given on the right-hand side of Figure 3. The structures look similar to previously reported epoxidation transition states for styrene by Cpd I models [76,78,79,80,81,82]. The pair of doublet spin transition states are very much alike and so is the pair of quartet spin structures. Thus, the substrate approaches the oxo group sideways and elongates the Fe–O distance to 1.695 (1.697) Å in 2TS1A (2TS1C) and 1.703 (1.704) Å in 4TS1A (4TS1C). At the same time, the O–C distance shortens to 2.188 (2.189) Å in 2TS1A (2TS1C) and 2.102 (2.103) Å in 4TS1A (4TS1C). The imaginary frequencies represent a C–O stretch vibration and their magnitude varies from i297 to i447 cm−1, which is typical for epoxidation transition states [79]. Nevertheless, the imaginary mode confirms these transition states as electrophilic addition transition states. Clearly, there are few structural differences between the four transition state structures for styrene epoxidation. As there are few geometric differences between the various transition state structures, there are also few energetic changes. Therefore, replacement of histidine by Nδ-methyl histidine in our HRP model appears to have few electronic and structural effects on the first coordination sphere of the metal–heme, the properties of Cpd I and its ability to activate a substrate. Consequently, the mutation of the axial histidine by Nδ-methyl histidine in HRP has no direct electronic effect on Cpd I, but may affect the structure through perturbations and the breaking of a hydrogen bonding network that affects the overall structure of the enzyme. Thus, the Nδ-methyl histidine lacks a key hydrogen bonding interaction in the distal pocket and consequently could have a major effect on cytochrome c peroxidase, where the radical in Cpd I is not located on the porphyrin ligand but on the distal Trp residue. As such, we decided to investigate CcP models and the engineering of their axial ligand to Nδ-methyl histidine.



To determine whether changes in proximal pocket hydrogen bonding networks due to ligand substitution in CcP have an effect on catalysis, we created models of CcP and its Nδ-methyl histidine-ligated mutant (i.e., the HisMe-engineered form), which designated models B and D. We then tested the styrene epoxidation by these models and the results are displayed in Figure 4. The overall reaction mechanism shown in Figure 4 is similar to that in Figure 3 above and follows a stepwise mechanism leading to epoxides with large exothermicity. The rate-determining barrier for structures B and D in a reaction with styrene is the C–O bond activation transition state with barriers of 10.3 (12.9) kcal mol−1 for 2B (4B), while, for model D, values of 16.1 (doublet) and 16.3 (quartet) kcal mol−1 are found. As such, the replacement of the axial histidine with Nδ-methyl histidine raises the styrene epoxidation barriers by 3.4–5.8 kcal mol−1. This trend is in agreement with experimental work on engineered CcP systems that reported a slower reaction with the substrate after engineering. In general, the epoxidation barriers are also higher in energy for models B/D than those of models A/C shown above. Previously these differences were explained as originating from the axial ligand hydrogen bonding network that affects the redox potential of Cpd I and raises those in CcP [39,73].



Despite the fact that the hydrogen bonding network on the axial site of the heme has been broken in the HisMe models, interestingly, few changes are seen in the optimized geometries of the transition states 2,4TS1B versus 2,4TS1D. As a matter of fact, they are structurally similar to transition states 2,4TS1A and 2,4TS1C (compare Figure 3 and Figure 4). Moreover, for models B and D, the styrene epoxidation mechanisms do not pass a stable radical intermediate structure. Attempts to identify the radical intermediates on the doublet spin states failed, while 4I1D is a saddle point and was found to collapse to products rapidly. As such, the lifetimes of these radical intermediates are short in the quartet spin states.



Although the group spin densities and charges of the pair of doublet spin structures (2TS1A and 2TS1C) and the pair of quartet spin structures (4TS1A and 4TS1C) are virtually identical, a different picture emerges for the CcP models B and D. The group spin densities of 4,2TS1B and 4,2TS1D are shown in Figure 5 for comparison. Thus, in all four structures, there are about two unpaired spin densities on the FeO unit, although its polarization varies from structure to structure. This unpaired spin contribution of about two originates from the single occupation of the π*xz and π*yz orbitals in all structures that are spread over the FeO group. In the reactant complex 2,4D there is a third unpaired electron in a dominant πTrp orbital that gives rise to spin density on the Trp group.



In transition state 2,4TS1B, the third unpaired electron appears to be located on the porphyrin macrocycle and a spin of ρPor = −0.61 (0.26) in the doublet (quartet) spin state is found. At the same time, radical character starts to develop on the styrene group: ρSub = −0.18 (0.54) in the doublet (quartet) spin state. By contrast, a full radical is found on the Trp unit in 4,2TS1D (ρTrp = −1.00 in 2TS1D and ρTrp = 1.00 in 4TS1D). Clearly, the lack of a hydrogen bonding network in the large model has a dramatic effect on the charge distributions and moves the spin density to the Trp unit, while there is none in the hydrogen bonded system.



Since the C–O bond activation transition state (4,2TS1) results in electron transfer from the substrate into the πTrp orbital, the electron affinity of the Trp group should determine how easily the C–O bond formation can proceed. As the indole group of Trp in model D has transferred a proton to the nearby Asp group, the electron affinity is impacted. Indeed, a much higher C–O activation barrier TS1 is found for complex D than for complex B (Figure 4).




3. Discussion


In this work, we report a series of density functional theory studies on the properties and reactivities of peroxidase models and their Nδ-methyl histidine engineered mutants. We show that, for small model complexes mimicking HRP, the effects are small and similar structures with the same electronic configuration are found. Moreover, the reaction mechanism and barriers for styrene epoxidation are the same for models A and C. For the CcP model, by contrast, the Nδ-methyl histidine substitution has a major impact as it disrupts the axial hydrogen bonding network that appears to affect the reduction potential of the Trp radical. As such, the styrene epoxidation barriers go up with the Nδ-methyl histidine engineered CcP in agreement with the experimental observation of a slower reaction.



To understand the differences in reactivity between models A, B, C and D, we did a detailed thermochemical analysis of the physicochemical properties of the reactants, as discussed in detail previously [99,100,101]. In particular, we tried to find the differences in electronic properties between A, B, C and D, and we calculated the one-electron electron affinities (EA) as defined in Equation (2). For the electron affinity of compound M (EAM), we calculated the energy of M and its one-electron reduced form (M−•) and took the energy differences in the energies of their optimized geometries, Equation (2). Values calculated at UB3LYP/BS2//UB3LYP/BS1 + ZPE + Esolv for structures 4A and 4C are 127.5 and 127.2 kcal mol−1, respectively. Therefore, the reduction potentials of the HRP model and the Nδ-methyl histidine-ligated HRP systems are virtually the same. This is in line with the fact that the reaction pathways for styrene epoxidation give similar barriers and structures.


M + e− → M−• + EAM



(2)







Next, we calculated the EA for the larger complexes, B and D. We calculated a value for EAB of ∆EBS2 + ZPE = 120.7 kcal mol−1 for 4B, whereas an adiabatic EAD of 115.6 kcal mol−1 was calculated for 4D. Hence, the electron affinity of the Nδ-methyl histidine engineered CcP is slightly lower than that of the wild-type. The experimentally measured reduction potential (E°) can be predicted from the negative value of the electron affinity, see Equation (3) [102,103], and scaled with a constant dependent on the standard hydrogen electrode (SHE) of 4.44 V. Thus, a decrease in EA upon engineering of CcP will therefore lead to an increase in the reduction potential. Indeed, experimental work on CcP and its Nδ-methyl histidine engineered form measured an increased redox potential of the engineered CcP system [37,38]. Generally, a larger electron affinity corresponds with a faster reaction step with substrates [80,93] and, hence, the lower 2,4D with respect to B should lead to higher substrate epoxidation barriers for D compared to 2,4B based on the difference in electron affinity, which is indeed seen from the landscapes in Figure 3 and Figure 4. Therefore, the loss of the axial ligand hydrogen bonding network weakens the oxidant and makes it more difficult to perform oxygen atom transfer reactions, such as substrate epoxidation.


E° = −EA/23.061 + SHE (4.44 V)



(3)







In addition to the electron affinities of complexes A, B, C, and D we calculated several other thermochemical properties including the gas-phase acidity (∆Gacid) and the energy to form an O–H bond, i.e., the bond dissociation energy of the O–H bond (BDEOH). Generally, BDEOH values are useful to understand hydrogen atom abstraction barriers and rate constants [104,105,106,107,108]. Thus, a full thermochemical cycle was calculated (Figure 6) that summarizes these physicochemical properties.



Firstly, the thermochemical cycle includes the one-electron reduction potential (reaction in red on the left-hand side of Figure 6) as the energy difference between Compound I and its one-electron reduced form or the electron affinity (EA) of Compound I. Secondly, the bond dissociation energy of the O–H bond (BDEOH) was calculated as the energy difference between the iron(IV)–hydroxo complex and Compound I and an isolated hydrogen atom; see Equation (4). The ionization energy of a hydrogen atom (IEH) was taken from experimental data [109]. Finally, the gas-phase acidity of the iron(IV)–hydroxo complex was estimated from the cycle in Figure 6 using the experimental ionization energy (IEH) of a hydrogen atom [109], the EA of Compound I and the BDEOH of the iron(IV)–hydroxo complex, as described in Equation (5).


M–H → M• + H• + BDEOH



(4)






∆Gacid = IEH − BDEOH + EA



(5)







The calculated values of EA, BDEOH and ∆Gacid values for complexes A, B, C and D are given in Figure 6. As discussed above the EA values of A and C are virtually the same and so are the BDEOH and ∆Gacid values. Consequently, replacing an axial histidine ligand with Nδ-methyl histidine in HRP or analogous peroxidases will have little effect on the electronic configuration of Compound I and its reactivity with substrates. However, in Cpd I species with the radical located on the axial Trp residue, as in CcP Cpd I, we see that the EA value drops from 127.5 kcal mol−1 for model A to 120.7 kcal mol−1 for model B. On the other hand, the BDEOH values of A and B are almost the same, so that the difference in gas-phase acidity originates from the differences in the redox potential of A versus B. Further disruption of the axial hydrogen bonding network through the mutation of the axial histidine by Nδ-methyl histidine in CcP affects the electron affinity and lowers it to 115.6 kcal mol−1. Interestingly, despite the fact that the wild-type structures A and C have quite different electron affinities, actually, their BDEOH values are the same. Moreover, replacing the axial histidine by Nδ-methyl histidine has little effect on the BDEOH and consequently also not on the ∆Gacid values. However, removal of the axial hydrogen bonding network in the CcP model, i.e., when comparing structures B and D, lowers not only the EA value by 5.1 kcal mol−1, but also reduces the BDEOH by 8.5 kcal mol−1. These two changes, however, cancel each other out with respect to the gas-phase acidity and bring the ∆Gacid value of structure D close to that of B.




4. Materials and Methods


Density functional theory (DFT) calculations on active site models of cytochrome c peroxidase (CcP) and horseradish peroxidase (HRP) enzymes as well as bioengineered proteins were performed using Gaussian-09 [110]. All calculations utilized the unrestricted B3LYP hybrid density functional method [111,112] in conjunction with an LACVP basis set on iron (with core potential) [113] and 6–31G on the rest of the atoms: basis set BS1 [114]. Solvent was mimicked through the continuous polarized continuum model with a dielectric constant representing chlorobenzene, which is close to the value of the actual protein [115]. All structures were geometrically minimized with a solvent model included. To correct the energies, single point calculations were done with a 6–311+G* basis set on all atoms: basis set BS2. These methods and procedures were used previously for analogous systems and reproduced experimental product distributions and rate constants well [116,117,118,119].




5. Conclusions


A series of DFT studies on cluster models of peroxidases and engineered peroxidases with an Nδ-methyl histidine ligand are presented. Surprisingly, the replacement of histidine by Nδ-methyl histidine has little effect on the structure and reactivity of a minimal active site model containing iron(IV)–oxo and a porphyrin ligand. Even the physicochemical properties, such as electron affinity and gas-phase acidity values, are almost the same. However, the addition of a hydrogen bonding network, as is the case in cytochrome c peroxidase, lowers the electron affinity and consequently increases the redox potential, which further affects the gas-phase acidity and BDEOH values. Therefore, the Nδ-methyl histidine-ligated cytochrome c peroxidase should be a weaker oxidant of oxygen atom transfer reactions compared to normal peroxidases and oxygenases.







Author Contributions


Conceptualization, A.P.G. and S.P.d.V.; data curation, C.W.Z.L. and M.Q.E.M.; writing—review and editing, S.P.d.V. All authors have read and agreed to the published version of the manuscript.




Funding


M.Q.E.M. thanks the Malaysian Government and Islamic Science University of Malaysia (USIM) for the studentship.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




Abbreviations




	BDE
	Bond dissociation energy



	CcP
	Cytochrome c peroxidase



	HRP
	Horseradish peroxidase



	ZPE
	Zero-point energy







References


	



Kadish, K.M.; Smith, K.M.; Guilard, R. Handbook of Porphyrin Science; World Scientific Publishing Co.: Singapore, 2010. [Google Scholar]

	



Dawson, J.H.; Sono, M. Cytochrome P-450 and chloroperoxidase: Thiolate-ligated heme enzymes. Spectroscopic determination of their active site structures and mechanistic implications of thiolate ligation. Chem. Rev. 1987, 87, 1255–1276. [Google Scholar] [CrossRef]

	



Smulevich, G.; Feis, A.; Howes, B.D. Fifteen years of Raman spectroscopy of engineered heme containing peroxidases: What have we learned? Acc. Chem. Res. 2005, 38, 433–440. [Google Scholar] [CrossRef]

	



Raven, E. Understanding functional diversity and substrate specificity in haem peroxidases: What can we learn from ascorbate peroxidase? Nat. Prod. Rep. 2007, 24, 367–381. [Google Scholar] [CrossRef]

	



Zederbauer, M.; Furtmüller, P.G.; Brogioni, S.; Jakopitsch, C.; Smulevich, G.; Obinger, C. Heme to protein linkages in mammalian peroxidases: Impact on spectroscopic, redox and catalytic properties. Nat. Prod. Rep. 2007, 24, 571–584. [Google Scholar] [CrossRef] [PubMed]

	



Lei, X.G.; Cheng, W.-H.; McClung, J.P. Metabolic regulation and function of glutathione peroxidase-1. Ann. Rev. Nutr. 2007, 27, 41–61. [Google Scholar] [CrossRef]

	



Khan, A.A.; Rahmani, A.H.; Aldebasi, Y.H.; Aly, S.M. Biochemical and pathological studies on peroxidases—An updated review. Glob. J. Health Sci. 2014, 6, 87–98. [Google Scholar] [CrossRef] [PubMed]

	



Lopes, G.R.; Pinto, D.C.G.A.; Silva, A.M.S. Horseradish peroxidase (HRP) as a tool in green chemistry. RSC Adv. 2014, 4, 37244–37265. [Google Scholar] [CrossRef]

	



Vlasova, I.I. Peroxidase activity of human hemoproteins: Keeping the fire under control. Molecules 2018, 23, 2561. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, I.; Hanson, L.K.; Walker, F.A.; Fajer, J. Models for compounds I of peroxidases: Axial ligand effects. J. Am. Chem. Soc. 1983, 105, 3296–3300. [Google Scholar] [CrossRef]

	



Ikeda-Saito, M.; Kimura, S. Axial ligand coordination in intestinal peroxidase. Arch. Biochem. Biophys. 1990, 283, 351–355. [Google Scholar] [CrossRef]

	



Hirst, J.; Wilcox, S.K.; Ai, J.; Moënne-Loccoz, P.; Loehr, T.M.; Goodin, D.B. Replacement of the axial histidine ligand with imidazole in cytochrome c peroxidase. 2. Effects on heme coordination and function. Biochemistry 2001, 40, 1274–1283. [Google Scholar] [CrossRef] [PubMed]

	



Harris, D.L.; Loew, G.H. Proximal ligand effects on electronic structure and spectra of compound I of peroxidases. J. Porphyr. Phthalocyanines 2001, 5, 334–344. [Google Scholar] [CrossRef]

	



Poulos, T.L. Heme enzyme structure and function. Chem. Rev. 2014, 114, 3919–3962. [Google Scholar] [CrossRef] [PubMed]

	



Sono, M.; Roach, M.P.; Coulter, E.D.; Dawson, J.H. Heme-containing oxygenases. Chem. Rev. 1996, 96, 2841–2887. [Google Scholar] [CrossRef]

	



Cai, H.; Guengerich, F.P. Reaction of trichloroethylene and trichloroethylene oxide with cytochrome P450 enzymes: Inactivation and sites of modification. Chem. Res. Toxicol. 2001, 14, 451–458. [Google Scholar] [CrossRef]

	



Ortiz de Montellano, P.R. Cytochrome P450: Structure, Mechanism, and Biochemistry, 3rd ed.; Kluwer Academic/Plenum Publishers: New York, NY, USA, 2004. [Google Scholar]

	



Meunier, B.; de Visser, S.P.; Shaik, S. Mechanism of oxidation reactions catalyzed by cytochrome P450 enzymes. Chem. Rev. 2004, 104, 3947–3980. [Google Scholar] [CrossRef]

	



Denisov, I.G.; Makris, T.M.; Sligar, S.G.; Schlichting, I. Structure and chemistry of cytochrome P450. Chem. Rev. 2005, 105, 2253–2277. [Google Scholar] [CrossRef]

	



Watanabe, Y.; Nakajima, H.; Ueno, T. Reactivities of oxo and peroxo intermediates studied by hemoprotein mutants. Acc. Chem. Res. 2007, 40, 554–562. [Google Scholar] [CrossRef]

	



Munro, A.W.; Girvan, H.M.; McLean, K.J. Variations on a (t)heme—Novel mechanisms, redox partners and catalytic functions in the cytochrome P450 superfamily. Nat. Prod. Rep. 2007, 24, 585–609. [Google Scholar] [CrossRef]

	



Ortiz de Montellano, P.R. Hydrocarbon hydroxylation by cytochrome P450 enzymes. Chem. Rev. 2010, 110, 932–948. [Google Scholar] [CrossRef]

	



de Visser, S.P.; Kumar, D. Iron-Containing Enzymes: Versatile Catalysts of Hydroxylation Reactions in Nature; Royal Society of Chemistry Publishing: Cambridge, UK, 2011; ISBN 978-1-84973-181-2. [Google Scholar]

	



Grogan, G. Cytochromes P450: Exploiting diversity and enabling application as biocatalysts. Curr. Opin. Chem. Biol. 2011, 15, 241–248. [Google Scholar] [CrossRef] [PubMed]

	



Dawson, J.H.; Holm, R.H.; Trudell, J.R.; Barth, G.; Linder, R.E.; Bunnenberg, E.; Djerassi, C.; Tang, S.C. Oxidized cytochrome P-450. Magnetic circular dichroism evidence for thiolate ligation in the substrate-bound form. Implications for the catalytic mechanism. J. Am. Chem. Soc. 1976, 98, 3707–3709. [Google Scholar] [CrossRef] [PubMed]

	



Poulos, T.L. The role of the proximal ligand in heme enzymes. J. Biol. Inorg. Chem. 1996, 1, 356–359. [Google Scholar] [CrossRef]

	



Ogliaro, F.; de Visser, S.P.; Shaik, S. The “push” effect of the thiolate ligand in cytochrome P450: A theoretical gauging. J. Inorg. Biochem. 2002, 91, 554–567. [Google Scholar] [CrossRef]

	



Hirst, J.; Wilcox, S.K.; Williams, P.A.; Blankenship, J.; McRee, D.E.; Goodin, D.B. Replacement of the axial histidine ligand with imidazole in cytochrome c peroxidase. 1. Effects on structure. Biochemistry 2001, 40, 1265–1273. [Google Scholar] [CrossRef]

	



Bateman, L.; Léger, C.; Goodin, D.B.; Armstrong, F.A. A distal histidine mutant (H52Q) of yeast cytochrome c peroxidase catalyzes the oxidation of H2O2 instead of its reduction. J. Am. Chem. Soc. 2001, 123, 9260–9263. [Google Scholar] [CrossRef]

	



Carpena, X.; Vidossich, P.; Schroettner, K.; Calisto, B.M.; Banerjee, S.; Stampler, J.; Soudi, M.; Furtmüller, P.G.; Rovira, C.; Fita, I.; et al. Essential role of proximal histidine-asparagine interaction in mammalian peroxidases. J. Biol. Chem. 2009, 284, 25929–25937. [Google Scholar] [CrossRef]

	



Hu, C.; Sulok, C.D.; Paulat, F.; Lehnert, N.; Twigg, A.I.; Hendrich, M.P.; Schulz, C.E.; Scheidt, W.R. Just a proton: Distinguishing the two electronic states of five-coordinate high-spin iron(II) porphyrinates with imidazole/ate coordination. J. Am. Chem. Soc. 2010, 132, 3737–3750. [Google Scholar] [CrossRef]

	



Nastri, F.; Chino, M.; Maglio, O.; Bhagi-Damodaran, A.; Lu, Y.; Lombardi, A. Design and engineering of artificial oxygen-activating metalloenzymes. Chem. Soc. Rev. 2016, 45, 5020–5054. [Google Scholar] [CrossRef]

	



Li, G.; Yao, P.; Gong, R.; Li, J.; Liu, P.; Lonsdale, R.; Wu, Q.; Lin, J.; Zhu, D.; Reetz, M.T. Simultaneous engineering of an enzyme’s entrance tunnel and active site: The case of monoamine oxidase MAO-N. Chem. Sci. 2017, 8, 4093–4099. [Google Scholar] [CrossRef]

	



Renata, H.; Lewis, R.D.; Sweredoski, M.J.; Moradian, A.; Hess, S.; Wang, Z.J.; Arnold, F.H. Identification of mechanism-based inactivation in P450-catalyzed cyclopropanation facilitates engineering of improved enzymes. J. Am. Chem. Soc. 2016, 138, 12527–12533. [Google Scholar] [CrossRef] [PubMed]

	



Schiavini, P.; Cheong, K.J.; Moitessier, N.; Auclair, K. Active site crowding of cytochrome P450 3A4 as a strategy to alter its selectivity. ChemBioChem 2017, 18, 248–252. [Google Scholar] [CrossRef] [PubMed]

	



Pratter, S.M.; Konstantinovics, C.; DiGiuro, C.L.M.; Leitner, E.; Kumar, D.; de Visser, S.P.; Grogan, G.; Straganz, G.D. Inversion of enantio-selectivity of a mononuclear non-heme iron(II)-dependent hydroxylase by tuning the interplay of metal-center geometry and protein structure. Angew. Chem. Int. Ed. 2013, 52, 9677–9681. [Google Scholar] [CrossRef] [PubMed]

	



Green, A.P.; Hayashi, T.; Mittle, P.R.E.; Hilvert, D. A chemically programmed proximal ligand enhances the catalytic properties of a heme enzyme. J. Am. Chem. Soc. 2016, 138, 11344–11352. [Google Scholar] [CrossRef] [PubMed]

	



Pott, M.; Hayaski, T.; Mori, T.; Mittle, P.R.E.; Green, A.P.; Hilvert, D. A noncanonical proximal heme ligand affords an efficient peroxidase in a globin fold. J. Am. Chem. Soc. 2018, 140, 1535–1543. [Google Scholar] [CrossRef]

	



de Visser, S.P. Second-coordination sphere effects on selectivity and specificity of heme and nonheme iron enzymes. Chem. Eur. J. 2020, 26, 5308–5327. [Google Scholar] [CrossRef]

	



Berglund, G.I.; Carlsson, G.H.; Smith, A.T.; Szöke, H.; Henriksen, A.; Hajdu, J. The catalytic pathway of horseradish peroxidase at high resolution. Nature 2002, 417, 463–468. [Google Scholar] [CrossRef]

	



Goodin, D.B.; McRee, D.E. The Asp-His-iron triad of cytochrome c peroxidase controls the reduction potential electronic structure, and coupling of the tryptophan free radical to the heme. Biochemistry 1993, 32, 3313–3324. [Google Scholar] [CrossRef]

	



Sharp, K.H.; Mewies, M.; Moody, P.C.E.; Raven, E.L. Crystal structure of the ascorbate peroxidase–ascorbate complex. Nat. Struct. Biol. 2003, 10, 303–307. [Google Scholar] [CrossRef]

	



Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235–242. [Google Scholar] [CrossRef]

	



Derat, E.; Shaik, S.; Rovira, C.; Vidossich, P.; Alfonso-Prieto, M. The effect of a water molecule on the mechanism of formation of compound 0 in horseradish peroxidase. J. Am. Chem. Soc. 2007, 129, 6346–6347. [Google Scholar] [CrossRef] [PubMed]

	



Vidossich, P.; Alfonso-Prieto, M.; Carpena, X.; Loewen, P.C.; Fita, I.; Rovira, C. Versatility of the electronic structure of compound I in catalase-peroxidases. J. Am. Chem. Soc. 2007, 129, 13436–13446. [Google Scholar] [CrossRef] [PubMed]

	



Vidossich, P.; Fiorin, G.; Alfonso-Prieto, M.; Derat, E.; Shaik, S.; Rovira, C. On the role of water in peroxidase catalysis: A theoretical investigation of HRP compound I formation. J. Phys. Chem. B 2010, 114, 5161–5169. [Google Scholar] [CrossRef] [PubMed]

	



Vidossich, P.; Alfonso-Prieto, M.; Rovira, C. Catalases versus peroxidases: DFT investigation of H2O2 oxidation in models systems and implications for heme protein engineering. J. Inorg. Biochem. 2012, 117, 292–297. [Google Scholar] [CrossRef]

	



Sivaraja, M.; Goodin, D.B.; Smith, M.; Hoffman, B.M. Identification by ENDOR of Trp191 as the free-radical site in cytochrome c peroxidase compound ES. Science 1989, 245, 738–740. [Google Scholar] [CrossRef]

	



Huyett, J.E.; Doan, P.E.; Gurbiel, R.; Houseman, A.L.P.; Sivaraja, M.; Goodin, D.B.; Hoffman, B.M. Compound ES of cytochrome c peroxidase contains a Trp-cation radical: Characterization by continuous wave and pulsed Q-band external nuclear double resonance spectroscopy. J. Am. Chem. Soc. 1995, 117, 9033–9041. [Google Scholar] [CrossRef]

	



Colin, J.; Wiseman, B.; Switala, J.; Loewen, P.C.; Ivancich, A. Distinct role of specific tryptophans in facilitating electron transfer or as [Fe(IV)=O Trp•] intermediates in the peroxidase reaction of Bulkholderia pseudomallei catalase-peroxidase: A multifrequency EPR spectroscopy investigation. J. Am. Chem. Soc. 2009, 131, 8557–8563. [Google Scholar] [CrossRef]

	



Pipirou, Z.; Guallar, V.; Basran, J.; Metcalfe, C.L.; Murphy, E.J.; Bottrill, A.R.; Mistry, S.C.; Raven, E.L. Peroxide-dependent formation of a covalent link between Trp51 and the heme in cytochrome c peroxidase. Biochemistry 2009, 48, 3593–3599. [Google Scholar] [CrossRef]

	



Kathiresan, M.; English, A.M. LC-MS/MS suggests that hole hopping in cytochrome c peroxidase protects its heme from oxidative modification by excess H2O2. Chem. Sci. 2017, 8, 1152–1162. [Google Scholar] [CrossRef]

	



de Visser, S.P.; Shaik, S.; Sharma, P.K.; Kumar, D.; Thiel, W. Active species of horseradish peroxidase (HRP) and cytochrome P450: Two electronic chameleons. J. Am. Chem. Soc. 2003, 125, 15779–15788. [Google Scholar] [CrossRef]

	



Rydberg, P.; Sigfridsson, E.; Ryde, U. On the role of the axial ligand in heme proteins: A theoretical study. J. Biol. Inorg. Chem. 2004, 9, 203–223. [Google Scholar] [CrossRef] [PubMed]

	



Derat, E.; Cohen, S.; Shaik, S.; Altun, A.; Thiel, W. Principal active species of horseradish peroxidase, compound I: A hybrid quantum mechanical/molecular mechanical study. J. Am. Chem. Soc. 2005, 127, 13611–13621. [Google Scholar] [CrossRef]

	



Derat, E.; Shaik, S. Two-state reactivity, electromerism, tautomerism, and “surprise” isomers in the formation of compound II of the enzyme horseradish peroxidase from the principal species, compound I. J. Am. Chem. Soc. 2006, 128, 8185–8198. [Google Scholar] [CrossRef]

	



Harvey, J.N.; Bathelt, C.M.; Mulholland, A.J. QM/MM modeling of compound I active species in cytochrome P450, cytochrome c peroxidase, and ascorbate peroxidase. J. Comput. Chem. 2006, 27, 1352–1362. [Google Scholar] [CrossRef] [PubMed]

	



Heimdal, J.; Rydberg, P.; Ryde, U. Protonation of the proximal histidine ligand in heme peroxidases. J. Phys. Chem. B 2008, 112, 2501–2510. [Google Scholar] [CrossRef] [PubMed]

	



Zazza, C.; Sanna, N.; Tatoli, S.; Aschi, M.; Palma, A. Compound I in horseradish peroxidase enzyme: Magnetic state assessment by quadratric configuration interaction calculations. Int. J. Quant. Chem. 2010, 110, 352–357. [Google Scholar] [CrossRef]

	



Zazza, C.; Palma, A.; Sanna, N.; Tatoli, S.; Aschi, M. Computational study on compound I redox-active species in horseradish peroxydase enzyme: Conformational fluctuations and solvation effects. J. Phys. Chem. B 2010, 114, 6817–6824. [Google Scholar] [CrossRef]

	



Green, M.T. Evidence for sulfur-based radicals in thiolate compound I intermediates. J. Am. Chem. Soc. 1999, 121, 7939–7940. [Google Scholar] [CrossRef]

	



Roberts, J.E.; Hoffman, B.M.; Rutter, R.; Hager, L.P. Oxygen-17 ENDOR of horseradish peroxidase compound I. J. Am. Chem. Soc. 1981, 103, 7654–7656. [Google Scholar] [CrossRef]

	



Rittle, J.; Green, M.T. Cytochrome P450 Compound I: Capture, characterization, and C-H bond activation kinetics. Science 2010, 330, 933–937. [Google Scholar] [CrossRef]

	



Li, D.; Wang, Y.; Han, K.; Zhan, C.-G. Fundamental reaction pathways for cytochrome P450-catalyzed 5′-hydroxylation and N-demethylation of nicotine. J. Phys. Chem. B 2010, 114, 9023–9030. [Google Scholar] [CrossRef] [PubMed]

	



Hirao, H.; Chuanprasit, P.; Cheong, Y.Y.; Wang, X. How is a metabolic iIntermediate formed in the mechanism-based inactivation of cytochrome P450 by using 1,1-dimethylhydrazine: Hydrogen abstraction or nitrogen oxidation? Chem. Eur. J. 2013, 19, 7361–7369. [Google Scholar] [CrossRef] [PubMed]

	



Hirao, H.; Cheong, Z.C.; Wang, X. Pivotal role of water in terminating enzymatic function: A density functional theory study of the mechanism-based inactivation of cytochromes P450. J. Phys. Chem. B 2012, 116, 7787–7794. [Google Scholar] [CrossRef] [PubMed]

	



Lai, R.; Li, H. Hydrogen abstraction of camphor catalyzed by cytochrome P450cam: A QM/MM study. J. Phys. Chem. B 2016, 120, 12312–12320. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Shi, J.; Liu, Y. Oxidative rearrangement mechanism of pentalenolactone F catalyzed by cytochrome P450 CYP161C2 (PntM). Inorg. Chem. 2018, 57, 8933–8941. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Liu, Y. Mechanical insights into the enzymatic cleavage of double C–C bond in poly(cis-1,4-isoprene) by the latex clearing protein. Inorg. Chem. 2020, 59, 9627–9637. [Google Scholar] [CrossRef]

	



Phung, Q.M.; Pierloot, K. Low-lying electromeric states in chloro-ligated iron(IV)-oxo porphyrin as a model for compound I, studied with second-order perturbation theory based on density matrix renormalization group. J. Chem. Theory Comput. 2019, 15, 3033–3043. [Google Scholar] [CrossRef]

	



Bhaskar, B.; Bonagura, C.A.; Li, H.; Poulos, T.L. Cation-induced stabilization of the engineered cation-binding loop in cytochrome c peroxidase (CcP). Biochemistry 2002, 41, 2684–2693. [Google Scholar] [CrossRef]

	



Wirstam, M.; Blomberg, M.R.A.; Siegbahn, P.E.M. Reaction mechanism of compound I formation in heme peroxidases: A density functional theory study. J. Am. Chem. Soc. 1999, 121, 10178–10185. [Google Scholar] [CrossRef]

	



de Visser, S.P. What affects the quartet-doublet energy splitting in peroxidase enzymes? J. Phys. Chem. A 2005, 109, 11050–11057. [Google Scholar] [CrossRef]

	



Altarsha, M.; Benighaus, T.; Kumar, D.; Thiel, W. How is the reactivity of cytochrome P450cam affected by Thr252X mutation? A QM/MM study for X = serine, valine, alanine, glycine. J. Am. Chem. Soc. 2009, 131, 4755–4763. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Wang, Y.; Han, K. Recent density functional theory model calculations of drug metabolism by cytochrome P450. Coord. Chem. Rev. 2012, 256, 1137–1150. [Google Scholar] [CrossRef]

	



Sainna, M.A.; Kumar, S.; Kumar, D.; Fornarini, S.; Crestoni, M.E.; de Visser, S.P. A comprehensive test set of epoxidation rate constants by iron(IV)-oxo porphyrin complexes. Chem. Sci. 2015, 6, 1516–1529. [Google Scholar] [CrossRef] [PubMed]

	



Kepp, K.P. Heme isomers substantially affect heme’s electronic structure and function. Phys. Chem. Chem. Phys. 2017, 19, 22355–22362. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, D.; de Visser, S.P.; Shaik, S. Multistate reactivity in styrene epoxidation by Compound I of cytochrome P450: Mechanisms of products and side products formation. Chem. Eur. J. 2005, 11, 2825–2835. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, D.; Karamzadeh, B.; Sastry, G.N.; de Visser, S.P. What factors influence the rate constant of substrate epoxidation by Compound I of cytochrome P450 and analogous iron(IV)-oxo oxidants. J. Am. Chem. Soc. 2010, 132, 7656–7667. [Google Scholar] [CrossRef]

	



Kumar, D.; Latifi, R.; Kumar, S.; Rybak-Akimova, E.V.; Sainna, M.A.; de Visser, S.P. Rationalization of the barrier height for para-Z-styrene epoxidation by iron(IV)-oxo porphyrins with variable axial ligands. Inorg. Chem. 2013, 52, 7968–7979. [Google Scholar] [CrossRef]

	



Morozov, A.N.; Pardillo, A.D.; Chatfield, D.C. Chloroperoxidase-catalyzed epoxidation of cis-β-methylstyrene: NH–S hydrogen bonds and proximal helix dipole change the catalytic mechanism and significantly lower the reaction barrier. J. Phys. Chem. B 2015, 119, 14350–14363. [Google Scholar] [CrossRef]

	



Morozov, A.N.; Chatfield, D.C. How the proximal pocket may influence the enantiospecificities of chloroperoxidase-catalyzed epoxidations of olefins. Int. J. Mol. Sci. 2016, 17, 1297. [Google Scholar] [CrossRef]

	



de Visser, S.P.; Ogliaro, F.; Harris, N.; Shaik, S. Multi-state epoxidation of ethene by cytochrome P450: A quantum chemical study. J. Am. Chem. Soc. 2001, 123, 3037–3047. [Google Scholar] [CrossRef]

	



de Visser, S.P.; Ogliaro, F.; Sharma, P.K.; Shaik, S. Hydrogen bonding modulates the selectivity of enzymatic oxidation by P450: A chameleon oxidant behavior of Compound I. Angew. Chem. Int. Ed. 2002, 41, 1947–1951. [Google Scholar] [CrossRef]

	



de Visser, S.P.; Ogliaro, F.; Sharma, P.K.; Shaik, S. What factors affect the regioselectivity of oxidation by cytochrome P450? A DFT study of allylic hydroxylation and double bond epoxidation in a model reaction. J. Am. Chem. Soc. 2002, 124, 11809–11826. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, D.; de Visser, S.P.; Sharma, P.K.; Derat, E.; Shaik, S. The intrinsic axial ligand effect on propene oxidation by horseradish peroxidase versus cytochrome P450 enzymes. J. Biol. Inorg. Chem. 2005, 10, 181–189. [Google Scholar] [CrossRef] [PubMed]

	



de Visser, S.P. The axial ligand effect of oxo-iron porphyrin catalysts. How does chloride compare to thiolate? J. Biol. Inorg. Chem. 2006, 11, 168–178. [Google Scholar] [CrossRef]

	



de Visser, S.P. Propene activation by the oxo-iron active species of taurine/ketoglutarate dioxygenase (TauD) enzyme. How does the catalysis compare to heme-enzymes? J. Am. Chem. Soc. 2006, 128, 9813–9824. [Google Scholar] [CrossRef]

	



de Visser, S.P. What factors influence the ratio of C–H hydroxylation versus C=C epoxidation by a nonheme cytochrome P450 biomimetic? J. Am. Chem. Soc. 2006, 128, 15809–15818. [Google Scholar] [CrossRef]

	



Kumar, D.; Tahsini, L.; de Visser, S.P.; Kang, H.Y.; Kim, S.J.; Nam, W. The effect of porphyrin ligands on the regioselective dehydrogenation versus epoxidation of olefins by oxoiron (IV) mimics of cytochrome P450. J. Phys. Chem. A 2009, 113, 11713–11722. [Google Scholar] [CrossRef]

	



Lonsdale, R.; Harvey, J.N.; Mulholland, A.J. Compound I reactivity defines alkene oxidation selectivity in cytochrome P450cam. J. Phys. Chem. B 2010, 114, 1156–1162. [Google Scholar] [CrossRef]

	



Shaik, S.; Cohen, S.; Wang, Y.; Chen, H.; Kumar, D.; Thiel, W. P450 Enzymes: Their structure, reactivity, and selectivity—Modeled by QM/MM calculations. Chem. Rev. 2010, 110, 949–1017. [Google Scholar] [CrossRef]

	



de Visser, S.P. Can the replacement of a single atom in the enzyme horseradish peroxidase convert it into a monoxygenase? A density functional study. J. Phys. Chem. B 2006, 110, 20759–20761. [Google Scholar] [CrossRef]

	



de Visser, S.P. Preferential hydroxylation over epoxidation catalysis by a horseradish peroxidase mutant: A cytochrome P450 mimic. J. Phys. Chem. B 2007, 111, 12299–12302. [Google Scholar] [CrossRef] [PubMed]

	



Shaik, S.; Kumar, D.; de Visser, S.P.; Altun, A.; Thiel, W. Theoretical perspective on the structure and mechanism of cytochrome P450 enzymes. Chem. Rev. 2005, 105, 2279–2328. [Google Scholar] [CrossRef] [PubMed]

	



Shaik, S.; Cohen, S.; de Visser, S.P.; Sharma, P.K.; Kumar, D.; Kozuch, S.; Ogliaro, F.; Danovich, D. The “rebound controversy”: An overview and theoretical modeling of the rebound step in C–H hydroxylation by cytochrome P450. Eur. J. Inorg. Chem. 2004, 2004, 207–226. [Google Scholar] [CrossRef]

	



Faponle, A.S.; Quesne, M.G.; de Visser, S.P. Origin of the regioselective fatty acid hydroxylation versus decarboxylation by a cytochrome P450 peroxygenase: What drives the reaction to biofuel production? Chem. Eur. J. 2016, 22, 5478–5483. [Google Scholar] [CrossRef]

	



Li, X.-X.; Postils, V.; Sun, W.; Faponle, A.S.; Solà, M.; Wang, Y.; Nam, W.; de Visser, S.P. Reactivity patterns of (protonated) Compound II and Compound I of Cytochrome P450: Which is the better oxidant? Chem. Eur. J. 2017, 23, 6406–6418. [Google Scholar] [CrossRef] [PubMed]

	



de Visser, S.P.; Tan, L.S. Is the bound substrate in nitric oxide synthase protonated or neutral and what is the active oxidant that performs substrate hydroxylation? J. Am. Chem. Soc. 2008, 130, 12961–12974. [Google Scholar] [CrossRef]

	



de Visser, S.P. Trends in substrate hydroxylation reactions by heme and nonheme iron(IV)-oxo oxidants give correlations between intrinsic properties of the oxidant with barrier height. J. Am. Chem. Soc. 2010, 132, 1087–1097. [Google Scholar] [CrossRef]

	



Colomban, C.; Tobing, A.H.; Mukherjee, G.; Sastri, C.V.; Sorokin, A.B.; de Visser, S.P. Mechanism of oxidative activation of fluorinated aromatic compounds by N-bridged diiron-phthalocyanine. What determines the reactivity? Chem. Eur. J. 2019, 25, 14320–14331. [Google Scholar] [CrossRef]

	



Fowler, N.J.; Blanford, C.F.; Warwicker, J.; de Visser, S.P. Prediction of reduction potentials of copper proteins with continuum electrostatics and density functional theory. Chem. Eur. J. 2017, 23, 15436–15445. [Google Scholar] [CrossRef]

	



Dixit, V.A.; Warwicker, J.; de Visser, S.P. How do metal ions modulate the rate-determining electron transfer step in Cytochrome P450 reactions? Chem. Eur. J. 2020. [Google Scholar] [CrossRef]

	



Bordwell, F.G.; Cheng, J.-P. Substituent effects on the stabilities of phenoxyl radicals and the acidities of phenoxyl radical cations. J. Am. Chem. Soc. 1991, 113, 1736–1743. [Google Scholar] [CrossRef]

	



Mayer, J.M. Hydrogen atom abstraction by metal-oxo complexes: Understanding the analogy with organic radical reactions. Acc. Chem. Res. 1998, 31, 441–450. [Google Scholar] [CrossRef]

	



Shaik, S.; Kumar, D.; de Visser, S.P. A valence bond modeling of trends in hydrogen abstraction barriers and transition states of hydroxylation reactions catalyzed by cytochrome P450 enzymes. J. Am. Chem. Soc. 2008, 130, 10128–10140. [Google Scholar] [CrossRef] [PubMed]

	



Louka, S.; Barry, S.M.; Heyes, D.J.; Mubarak, M.Q.E.; Ali, H.S.; Alkhalaf, L.M.; Munro, A.W.; Scrutton, N.S.; Challis, G.L.; de Visser, S.P. The catalytic mechanism of aromatic nitration by cytochrome P450 TxtE: Involvement of a ferric-peroxynitrite intermediate. J. Am. Chem. Soc. 2020, 142, 15764–15779. [Google Scholar] [CrossRef] [PubMed]

	



Quesne, M.G.; Senthilnathan, D.; Singh, D.; Kumar, D.; Maldivi, P.; Sorokin, A.B.; de Visser, S.P. Origin of the enhanced reactivity of μ-nitrido-bridged diiron(IV)-oxo porphyrinoid complexes over cytochrome P450 Compound I. ACS Catal. 2016, 6, 2230–2243. [Google Scholar] [CrossRef]

	



Hunter, E.P.; Lias, S.G. NIST Chemistry Webbook, NIST Standard Reference Database, Number 69; Linstrom, P.J., Mallard, W.G., Eds.; National Institute of Standards and Technology: Gaithersburg, MD, USA, 1998; p. 20899.

	



Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 09, Revision D.01; Gaussian, Inc.: Wallingford, CT, USA, 2016. [Google Scholar]

	



Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652. [Google Scholar] [CrossRef]

	



Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density. Phys. Rev. B 1988, 37, 785–789. [Google Scholar] [CrossRef] [PubMed]

	



Hay, P.J.; Wadt, W.R. Ab initio effective core potentials for molecular calculations. Potentials for the transition metal atoms Sc to Hg. J. Chem. Phys. 1985, 82, 270–272. [Google Scholar] [CrossRef]

	



Hehre, W.J.; Ditchfield, R.; Pople, J.A. Self—Consistent molecular orbital methods. XII. Further extensions of Gaussian—Type basis sets for use in molecular orbital studies of organic molecules. J. Chem. Phys. 1972, 56, 2257–2261. [Google Scholar] [CrossRef]

	



Tomasi, J.; Mennucci, B.; Cammi, R. Quantum mechanical continuum solvation models. Chem. Rev. 2005, 105, 2999–3093. [Google Scholar] [CrossRef]

	



Kumar, D.; Sastry, G.N.; de Visser, S.P. Effect of the axial ligand on substrate sulfoxidation mediated by iron(IV)-oxo porphyrin cation radical oxidants. Chem. Eur. J. 2011, 17, 6196–6205. [Google Scholar] [CrossRef] [PubMed]

	



Yang, T.; Quesne, M.G.; Neu, H.M.; Cantú Reinhard, F.G.; Goldberg, D.P.; de Visser, S.P. Singlet versus triplet reactivity in an Mn(V)-Oxo species: Testing theoretical predictions against experimental evidence. J. Am. Chem. Soc. 2016, 138, 12375–12386. [Google Scholar] [CrossRef] [PubMed]

	



Cantú Reinhard, F.G.; Faponle, A.S.; de Visser, S.P. Substrate sulfoxidation by an iron (IV)-oxo complex: Benchmarking computationally calculated barrier heights to experiment. J. Phys. Chem. A 2016, 120, 9805–9814. [Google Scholar] [CrossRef] [PubMed]

	



Cantú Reinhard, F.G.; Sainna, M.A.; Upadhyay, P.; Balan, G.A.; Kumar, D.; Fornarini, S.; Crestoni, M.E.; de Visser, S.P. A systematic account on aromatic hydroxylation by a cytochrome P450 model Compound I: A low-pressure mass spectrometry and computational study. Chem. Eur. J. 2016, 22, 18608–18619. [Google Scholar] [CrossRef]








[image: Ijms 21 07133 g001 550] 





Figure 1. Active site structures of (a) horseradish peroxidase (HRP; 1H58 pdb), (b) cytochrome c peroxidase (CcP; 1CCA pdb), (c) ascorbate peroxidase (APX; 1OAF pdb). 
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Scheme 1. Chemical structure and electronic configuration of Compound I of peroxidases. 
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Scheme 2. Models A, B, C and D, studied as models of peroxidases and Nδ-methyl histidine (HisMe)-engineered peroxidases, as investigated in this work. Por stands for porphyrin, St is styrene, ImH is imidazole and ImMe is methyl imidazole. 
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Figure 2. Optimized geometries of Compound I of CcP and Nδ-methyl histidine engineered CcP as obtained with models B and D. Bond lengths are in angstroms and group spin densities in au. Singly occupied protein orbitals are given on the side. Quartet spin data in parenthesis. 






Figure 2. Optimized geometries of Compound I of CcP and Nδ-methyl histidine engineered CcP as obtained with models B and D. Bond lengths are in angstroms and group spin densities in au. Singly occupied protein orbitals are given on the side. Quartet spin data in parenthesis.



[image: Ijms 21 07133 g002]







[image: Ijms 21 07133 sch003 550] 





Scheme 3. Reaction mechanism with labeling of the individual structures. 
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Figure 3. Potential energy landscape of styrene epoxidation by 2,4A and 2,4C as calculated at UB3LYP/BS1 in Gaussian-09. Energies (UB3LYP/BS1//UB3LYP/BS2+ZPE+Esolv) are in kcal mol−1 with respect to isolated reactants and give values for the reaction of A/C and doublet spin results in red and quartet spin results in blue. Optimized geometries of the rate-determining transition states give bond lengths in angstroms and the imaginary frequency in cm−1. 






Figure 3. Potential energy landscape of styrene epoxidation by 2,4A and 2,4C as calculated at UB3LYP/BS1 in Gaussian-09. Energies (UB3LYP/BS1//UB3LYP/BS2+ZPE+Esolv) are in kcal mol−1 with respect to isolated reactants and give values for the reaction of A/C and doublet spin results in red and quartet spin results in blue. Optimized geometries of the rate-determining transition states give bond lengths in angstroms and the imaginary frequency in cm−1.



[image: Ijms 21 07133 g003]







[image: Ijms 21 07133 g004 550] 





Figure 4. Potential energy landscape of styrene epoxidation by 2,4B and 2,4D as calculated at UB3LYP/BS1 in Gaussian-09. Energies (UB3LYP/BS1//UB3LYP/BS2+ZPE+Esolv) are in kcal mol−1 with respect to isolated reactants and give values for the reaction of B/D and doublet spin results in red and quartet spin results in blue. Optimized geometries of the rate-determining transition states give bond lengths in angstroms and the imaginary frequency in cm−1. 
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Figure 5. Group spin densities of UB3LYP/BS1 calculated transition states for styrene epoxidation by 2,4B and 2,4D as calculated in Gaussian-09. 
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Figure 6. UB3LYP/BS2//UB3LYP/BS1+ZPE+Esolv calculated thermochemical properties of reactant complexes A, B, C, D with energies in kcal mol−1. The bold horizontal bars represent the porphyrin ring. 
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