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Abstract

:

The cytochromes P450 are versatile enzymes found in all forms of life. Most P450s use dioxygen on a heme center to activate substrates, but one class of P450s utilizes hydrogen peroxide instead. Within the class of P450 peroxygenases, the P450 OleTJE isozyme binds fatty acid substrates and converts them into a range of products through the α-hydroxylation, β-hydroxylation and decarboxylation of the substrate. The latter produces hydrocarbon products and hence can be used as biofuels. The origin of these product distributions is unclear, and, as such, we decided to investigate substrate positioning in the active site and find out what the effect is on the chemoselectivity of the reaction. In this work we present a detailed computational study on the wild-type and engineered structures of P450 OleTJE using a combination of density functional theory and quantum mechanics/molecular mechanics methods. We initially explore the wild-type structure with a variety of methods and models and show that various substrate activation transition states are close in energy and hence small perturbations as through the protein may affect product distributions. We then engineered the protein by generating an in silico model of the double mutant Asn242Arg/Arg245Asn that moves the position of an active site Arg residue in the substrate-binding pocket that is known to form a salt-bridge with the substrate. The substrate activation by the iron(IV)-oxo heme cation radical species (Compound I) was again studied using quantum mechanics/molecular mechanics (QM/MM) methods. Dramatic differences in reactivity patterns, barrier heights and structure are seen, which shows the importance of correct substrate positioning in the protein and the effect of the second-coordination sphere on the selectivity and activity of enzymes.
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1. Introduction


The cytochromes P450 appear in most forms of life and generally act as monoxygenases for vital biotransformations, whereby they utilize molecular oxygen on a heme center and transfer one of the oxygen atoms of O2 to substrate, while the other oxygen atom is reduced to a water molecule [1,2,3,4,5,6,7,8,9]. In the human body, the P450s are found in many organs and particularly in the liver, where they are involved in the biosynthesis of hormones, including serotonin and estrogen [10,11]. In addition, they take part in the biodegradation of drug molecules and xenobiotics, which makes them a key target for the pharmaceutical industry [12]. The P450 reactivity is highly versatile, but the key mechanism involves the activation of inert C‒H bonds into alcohols [13,14,15]; although many reactions show high stereo- and regioselectivity.



Applications of P450 enzymes in biocatalysis and biotechnology have been limited so far as they require redox partners and external protons in their catalytic cycle. A recently discovered class of P450 isozymes, however, uses hydrogen peroxide rather than O2 and reacts as a peroxygenase with substrates [16,17]. As such, these P450 peroxygenases do not need a redox partner and have better applicability in biotechnology. One specific P450 peroxygenase, namely OleTJE from Jeotgalicoccus sp reacts with long-chain fatty acids through decarboxylation of the substrate to form terminal olefins, which may have applications in biofuel synthesis. Thus, P450 OleTJE reacts with linear fatty acids on a heme active site, but the reaction is not selective and gives a number of products and by-products (Scheme 1) [18,19,20,21]. One pathway (labelled DC in Scheme 1) is known to lead to substrate decarboxylation and the formation of terminal olefin and CO2. Unfortunately, the decarboxylation yield varies with the substrate used and often is well below 80% [22,23,24], hence the enzyme has limited use in biotechnology for the biosynthesis of terminal olefins as biofuels. In addition, a significant amount of by-products is observed as a result of, e.g., α-hydroxylation (through Cα‒H hydrogen atom transfer, α-HAT) and β-hydroxylation (β-HAT). Recently, a fourth pathway for fatty acid desaturation was identified that converts saturated fatty acids into unsaturated fatty acids through two consecutive hydrogen atom abstraction steps [25]. Thus, with myristic acid as a substrate, 71% decarboxylation and 29% β-hydroxylation by OleTJE was obtained, whereas 2-methylbutyrate as a substrate gave 34% α-hydroxylation and 66% desaturation and no decarboxylation or β-hydroxylation products [25]. Interestingly, the P450 monoxygenase isozymes P450BSβ and P450SPα utilize the same substrate sets but convert them to dominant β-HAT and α-HAT products, respectively [26,27,28]. Clearly, the substrate-binding pocket and substrate-binding orientation are important to guide the reaction to the wanted products. To gain further insight into how the substrate-binding position determines the product distributions, we decided to expand our computational study on OleTJE and bioengineer the protein for optimal decarboxylation product distributions.



The P450s contain a heme active site and a substrate-binding pocket that varies in shape and size among the P450 isozymes [29,30]. Figure 1 displays the active site region of P450 OleTJE as taken from the 4L40 protein databank file (pdb) [31]. This is a substrate-bound resting state conformation with the heme iron(III) bound to the protein via a bond with the thiolate group of Cys365 on the axial site, while a water molecule fills the position on the distal site. The substrate is located in a channel on the distal site and is held in position through a salt bridge with an arginine residue (Arg245). A close inspection of the enzyme-substrate topology reveals that the Arg245-substrate salt bridge is the main drive for the substrate positioning, while aliphatic residues, such as Ile170 and Ala249, line the substrate-binding channel. Consequently, our efforts in bioengineering P450 OleTJE were focused on mutants whereby the active site Arg residue was relocated to an alternative position.



The catalytic cycle of P450 monoxygenases and peroxygenases is schematically depicted in Scheme 2. Both cycles start from the resting state (A), where the heme iron is ligated to a solvent water molecule and linked to the protein through the cysteinate axial ligand. Substrate (SubH) binding into the active site, displaces the distal water molecule to form the pentacoordinated iron(III) complex B. In typical P450 monoxygenases [1,2,3,4,5,6,7,8,9,12,] the heme picks up an electron from the redox partner (P450 reductase) to form the pentacoordinated iron(II)-heme (C), which binds molecular oxygen to form structure D. The latter is reduced to form structure E and is protonated to give Compound 0 (Cpd 0), the iron(III)-hydroperoxo complex F. A final protonation leads to cleavage of the O‒O bond and the formation of Compound I (Cpd I), which is an iron(IV)-oxo heme cation radical species, structure G. The latter reacts with the substrate through hydrogen atom abstraction and OH rebound to form alcohol products (SubOH) and rebinds a water molecule to return to the resting state.



For P450 monoxygenases there is ample evidence of the catalytic cycle and various intermediates have been trapped and characterized, including Cpd I [32]. Furthermore, the computational modelling of the catalytic cycle of P450 monoxygenases using either density functional theory (DFT) or quantum mechanics/molecular mechanics (QM/MM) converged to the same conclusion [32,33,34,35]. The catalytic cycle of P450 peroxygenases shows significant overlap with the monoxygenases and also starts with substrate-binding and the release of the water ligand from the heme. However, instead of a reduction of the heme, there is no reduction partner available but hydrogen peroxide binds and, through the release of a proton, is converted directly to the iron(III)-hydroperoxo species Cpd 0 through the peroxide-shunt pathway [32]. From that point, the cycle follows the same pathway as the monoxygenases by formation of Cpd I.



As many controversies remain on the catalytic cycle of P450 peroxygenases and how substrate positioning affects the product distributions, we decided to do a detailed computational study using density functional theory and QM/MM methods. The work shows that substrate positioning affects the kinetics and reactivity of the enzyme dramatically.




2. Results and Discussion


As mentioned in the introduction, the native P450 OleTJE enzyme produces significant amounts of unwanted by-products and some of those originate from hydrogen atom abstraction from the Cα-position of the substrate. We decided to model the reaction mechanism of fatty acid activation by P450 OleTJE wild-type and mutant structures. We, therefore, started the work with a gas-phase study on a model complex and predicted the ideal orientation of the substrate in the binding pocket from that model. Thereafter, we create an engineered enzyme model with the ideal conformation of the gas-phase structure implemented. To this end, we dock the substrate into the crystal structure coordinates and engineer the protein in such a way that the salt bridge with an active site Arg residue still can be formed but the position of the substrate has shifted for optimal substrate activation to lead to decarboxylation products. Finally, a quantum mechanics/molecular mechanics (QM/MM) study on the hydrogen atom abstraction steps for wildtype (WT) and mutant structures was performed.



2.1. DFT Model Complexes on the Hydrogen Atom Abstraction Step by P450 OleTJE


All initial efforts presented here were focused on improving the regioselectivity of the first hydrogen atom transfer (HAT) by CpdI. Specifically, the effects of substrate-positioning on the reactivity and selectivity of the reaction was studied using a simplified gas-phase model complex. The hydrogen atom transfer from the substrate to CpdI was studied from the α-, β- and γ-positions of the substrate and activation energies were determined. We started with a minimal model that includes the heme abbreviated as protoporphyrin IX and all side-chains replaced by hydrogen atoms. In addition, the axial cysteinate was mimicked as thiolate as it was shown previously to compare well with the real system [36,37,38]. This simplified model excludes the steric, dispersion and electronic contributions of the enzyme in comparison to a full enzymatic structure.



To understand the reactivity patterns, we display in Figure 2 a Cpd I structure and the high-lying occupied and low-lying virtual orbitals relevant for the reaction mechanisms. Thus, Cpd I is a high-valent structure formally with an iron(IV) inside an oxidized heme and ligated to an oxo dianion species. This cluster is overall charge neutral and its properties are determined by the metal 3d-orbitals and their interactions with ligand atoms. The right-hand-side of Figure 2 gives the relevant Cpd I orbitals. From bottom-to-top, the metal-type orbitals are the δx2-y2, π*xz, π*yz, σ*z2 and σ*xy orbitals. The δ-orbital is non-bonded in the plane of the porphyrin, the xy plane, and is doubly occupied. Higher lying is a pair of π* orbitals for the anti-bonding interactions between the iron and oxo groups (π*xz and π*yz); both are singly occupied molecular orbitals in Cpd I. Finally, there are two virtual σ* orbitals along the z-axis (σ*z2) and in the heme plane (σ*xy). On the right-hand side of Figure 2, we show two high-lying porphyrin orbitals that in D4h symmetry with the labels a1u and a2u; the latter is singly occupied in Cpd I. Overall, therefore, both quartet and doublet spin states have the same orbital occupation, namely δx2-y22 a1u2 π*xz1 π*yz1 a2u1, whereby the a2u radical is either up-spin or down-spin. As a consequence of the same orbital configuration, the two spin states are close in energy and usually calculated well within 1 kcal mol‒1. Previous DFT and QM/MM calculations confirmed these configurations as the ground state for Cpd I [32,33,34,35,36,37,38,39,40,41].



As Cpd I has two spin states that are close in energy, this implies there are two degenerate reactant species, namely doublet spin Cpd I and quartet spin Cpd I. Both spin states will react with substrate differently with different rate constants and sometimes even different reaction mechanisms. Therefore, P450 Cpd I shows two-state reactivity patterns [33,42], with a reaction on the doublet spin state surface and one on the quartet spin state surface. Often, in aliphatic hydroxylation or alkene epoxidation reactions, the two spin state surfaces are close in energy, particularly for the initial C‒H/C=C bond activation step [43,44,45,46,47,48,49,50,51,52,53,54,55]. By contrast, in aromatic hydroxylation or sulfoxidation reactions, where, typically, the reaction is determined by a two-electron process, the two spin states are significantly separated, thereby reducing the system to single-state-reactivity [56,57,58,59,60].



Scheme 3 shows the overall mechanisms for the reactions of doublet and quartet CpdI with hexanoate substrate leading to hydroxylation of the Cα and Cβ positions and decarboxylation and the definition of the structures along the reaction mechanisms. The reactions start with a hydrogen atom abstraction transition state from either the Cα‒H, Cβ‒H or Cγ‒H positions, designated TSHA,α, TSHA,β and TSHA,γ, respectively, which lead to radical intermediates IHA,α, IHA,β and IHA,γ. From the IHA,α and IHA,γ intermediates, the only pathway is OH rebound via transition state TSreb to form the α- and γ-hydroxylated products PHα and PHγ. By contrast, the mechanism from IHA,β bifurcates and either leads to the decarboxylation products (PDC) via transition state TSDC or alternatively via OH rebound (via transition state TSreb,β) to the, β-hydroxylated products PH,β. The spin state is given in superscript before the label for the individual doublet and quartet spin states.



The full mechanism shown in Scheme 3 was calculated with the small gas-phase DFT model, i.e., [FeIV(O)(Por+•)(SH)]—‒OOCCαH2C,β H2C3H7 with Por = protoporphyrin IX with all side chains along its periphery replaced by hydrogen atoms and thiolate as the axial ligand. To get a clear idea of what effects the enzyme has on the substrate activation energies, a preliminary simplified DFT study was performed on the initial steps of hydrogen atom abstraction from the α-, β- and γ-positions of the substrate. These results are then interpreted as the ideal model that has the ideal orientations of the substrate (hexanoic acid) and oxidant (Cpd I) in the gas phase. This model, obviously, excludes the enzyme’s steric and electronic contributions that determine the protein environment and substrate-binding pocket, so, by comparison (to a QM/MM model), one can discern the effects the enzyme is already imposing to the reactivity and structure. In the next stage, we engineer the full protein structure to try to predict what mutations might have a positive benefit on substrate positioning.



Figure 3 displays the potential energy landscape for the reactions for hydrogen atom abstraction from the α -, β- andγ -positions of the substrate, as these are the most likely and best accessible C‒H bonds in the substrate by Cpd I. As can be seen, the six hydrogen atom abstraction barriers for the three pathways are very similar in energy and range from 21.2 kcal mol‒1 for 2TSHA,α to 25.8 kcal mol‒1 for 4TSHA,γ. Therefore, in the gas phase, all six hydrogen atom abstraction barriers seem accessible, where the Cα ‒H hydrogen atom abstraction pathway is predominant with the lowest two barriers, while the Cγ ‒H hydrogen atom abstraction is somewhat slower, and probably will lead to a smaller contribution of products. These trends stay the same regardless whether enthalpies or free energies are used. Previous work of our group [25,61], showed that substrate positioning is important, but in the enzymatic model with QM/MM and with arachidonic acid (n-C19H40COO‒) bound a favorable Cβ‒H hydrogen atom abstraction step. After this, the pathways bifurcate and lead to a mixture of decarboxylation and β-hydroxylation products. Note that the radical intermediates 2,4IHA,β calculated here collapsed to decarboxylation products rapidly and no mechanism leading to β-hydroxylation could be identified. As such, the small model complexes show differences with respect to the enzymatic model, where substrate positioning affects barriers as well as mechanisms. The radical intermediates have a configuration of iron(IV)-hydroxo with a closed-shell heme and orbital occupation δ2 π*xz1 π*yz1 a2u2 fSub1, where the latter orbital represents the radical on the substrate on the carbon atom that has lost its hydrogen atom.



Optimized geometries of the six hydrogen atom abstraction transition states (TSHA,α, TSHA,β and TSHA,γ) are shown in Figure 4. They are all very much alike and the only difference is the position of the substrate with respect to the iron-porphyrin system. The Fe‒S distances are long and range from 2.411 Å for 2TSHA,α to 2.429 Å for the Cγ‒H hydrogen atom abstraction barriers, while the Fe‒O distances are shortest for 2TSHA,α (at 1.761 Å) and longest for both Cγ‒H barriers. The O‒H distances are well shorter than the C‒H distances and hence the structures can be seen as product-like. In general, product-type are common for aliphatic hydrogen atom abstraction barriers [62,63] and the structures seen here match those found for activation of the secondary carbon atom in propane by a Cpd I model. This is not surprising, as the C‒H bond activation transition states in Figure 4 all are for secondary C‒H bonds.



Substrate decarboxylation is a two-step process, whereby first a hydrogen atom abstraction from the Cβ ‒H group takes place prior to release of CO2 and electron transfer to the heme. However, the reaction can also proceed through β-hydroxylation by OH rebound instead. Recently, QM/MM calculations implicated that solvent molecules in the substrate-binding pocket may hinder the rebound step and guide the process to decarboxylation efficiently [61]. On the other hand, hydrogen atom abstraction from the Cα ‒H position cannot lead to decarboxylation as this is a high-energy pathway. Therefore, the key in the product selectivity process and the yield of olefin products lies in the initial hydrogen atom abstraction step, whereby hydrogen atom abstraction from the Cβ ‒H position can give valuable products, i.e., hydrocarbons as biofuels, whereas hydrogen atom abstraction from the Cα ‒H will only give fatty acid hydroxylation. As such, we decided to investigate substrate-binding positions and bioengineer the protein in such a way that hydrogen atom abstraction from the Cα ‒H position is blocked while the one from the Cβ ‒H position is enhanced.




2.2. DFT Model Complexes on Second Substrate Activation Step


A careful analysis of Scheme 3 above shows that the decarboxylation product complex PDC gives an iron(III)-hydroxo, terminal olefin and CO2 products. However, this does not close the catalytic cycle, as the resting state is an iron(III)-water complex. In principle, a proton-relay mechanism could deliver a proton and convert the iron(III)-hydroxo to the resting state. Earlier work of ours though have shown that the iron(III)-hydroxo(heme) species is a reasonable oxidant of hydrogen atom abstraction processes of aliphatic groups [55] and, therefore, we hypothesized that it could react with another substrate through hydrogen atom abstraction. To test whether a new substrate could bind instead and do another cycle prior to returning to the resting state, we tested the mechanism shown in Scheme 4.



We tested the second step in Scheme 4 using DFT model complexes containing [FeIII(OH)(Por)(SH)]‒ with hexanoate as substrate mimic and the methylguanidinium of Arg245 included as well. Optimized geometries of the iron(III)-hydroxo complex with substrate bound (2,4IM2) are shown on the left-hand-side of Figure 5. The Fe‒S bond lengths are very long (2.771 Å in 2IM2 and 2.643 Å in 4IM2) and much longer than the structures shown before. This is as expected, as the metal oxidation state has decreased from iron(IV) in Cpd I to iron(III) in IM2. This results in a doublet electronic state with configuration δ2 π*xz2 π*yz1 or a quartet spin state with δ2 π*xz1 π*yz1 σ*z21 [64]. Particularly, occupation of the σ*z2 orbital with one electron will elongate the Fe‒S and Fe‒O bonds dramatically as indeed seen from the optimized geometries in Figure 5. The difference in Fe‒O bond length between the doublet and quartet structures especially reflects this.



Next, the substrate activation by the iron(III)-hydroxo complexes in the doublet and quartet spin states was explored. To this end, a constraint geometry scan was run, whereby the Cβ H‒O distance were fixed at specific distances and the rest of the geometry energy minimized. The doublet and quartet spin geometry scans for Cβ‒H hydrogen atom abstraction by 2,4IM2 is shown on the right-hand side of Figure 5. In the quartet spin state, the curve is repulsive and never reaches a local minimum for a product complex, and, consequently, the quartet spin hydrogen atom abstraction is an unviable process. Interestingly, on the doublet spin state, the starting point is significantly higher in energy but, after a barrier of 20.7 kcal mol‒1, it settles into a local minimum with an energy about 15.8 kcal mol‒1 above reactants. This may be caused by the formation of a hydrogen bonding interaction between the substrate and OH group and also between the OH group and the Arg residue. Nevertheless, at even shorter distances, the curve is repulsive and no local minimum for an iron-water complex is found. Most probably, this process cannot happen without the release of an electron to the environment and the iron in our model cannot abstract it.



Subsequently, we tested the hypothesis, where the iron(III)-hydroxo species (IM2) is oxidized into an iron(IV)-hydroxo species (IM3) and then reacts with a new substrate. To this end, we removed an electron from 2,4IM2 to get 3,5IM3 or [FeIV(OH)(Por)(SH)]0 and study the hydrogen atom abstraction from hexanoate substrate by IM3 from the Cα ‒H and Cβ‒H positions. The pathway after Cβ‒H abstraction was followed to give decarboxylation products. Figure 6 displays the calculated potential energy profile and the optimized geometries of 3,5IM3. The removal of one electron from iron(III)-hydroxo to iron(IV)-hydroxo shortens the Fe‒S distance to 2.356Å in the triplet spin state but elongates the distance to 3.232Å in the quintet spin state. These distances relate to the molecular orbital occupations, which are δ2 π*xz1 π*yz1 in the triplet spin state and δ1 π*xz1 π*yz1 σ*z21 in the quintet spin state. The occupation of the σ*z2 orbital with one electron elongates the Fe‒S distance as it is antibonding along that bond. Both spin states are close in energy, with a small preference for the triplet spin state. This spin-state ordering matches experimental and computational studies on hexacoordinated iron(IV)-hydroxo complexes in the literature that usually give a triplet spin ground state [5,9,55].



Next, we studied the mechanism leading to decarboxylation of substrate and calculated the hydrogen atom abstraction from the Cα ‒H and Cβ‒H positions in the triplet and quintet spin states. The lowest barrier is for Cβ‒H hydrogen atom abstraction in the triplet spin state at ΔE‡+ZPE = 20.4 kcal mol‒1. Significantly higher in energy are the hydrogen atom abstraction barriers from the Cα‒H group with values of ΔE‡+ZPE = 27.5 kcal mol‒1 in the triplet spin state and ΔE‡+ZPE = 30.7 kcal mol‒1 in the quintet spin state. Even higher in energy is the barrier for the Cβ‒H hydrogen atom abstraction in the quintet spin state: ΔE‡+ZPE = 33.5 kcal mol‒1. Our calculated barriers, particularly for Cα ‒H hydrogen atom abstraction, implicate a very slow and even sluggish reaction.



The reaction pathway from radical intermediates 3,5IM3HA,β to break the C‒C bond in the substrate, release CO2 and transfer an electron to the iron(III)-water group; however, it is high in energy and a decarboxylation barrier (via 3,5TSDC,β) of well over 35 kcal mol‒1 is found. Even the decarboxylation products are significantly higher in energy than reactants (by more than 30 kcal mol‒1); hence, this high endothermicity implicates that an iron(IV)-hydroxo species, even if it can be formed in the enzyme, will not be able to decarboxylate a second substrate molecule. Consequently, the catalytic cycle of P450 OleTJE uses only one substrate and one H2O2 molecule per cycle. Moreover, the final reaction step will need to include a proton transfer from the solvent into the enzyme to convert the iron(III)-hydroxo complex into the resting state iron(III)-water form.




2.3. QM/MM calculations on WT enzyme


To supplement the DFT model calculations, we decided to explore full enzymatic structures using the QM/MM technique and used set-up procedures as previously discussed [65,66,67,68,69]. To this end, we took the crystal structure coordinates of the substrate-bound resting state of P450 OleTJE, i.e., 4L40 pdb file [31], and set it up for QM/MM calculations on wild-type and mutant structures. As the pdb file has an iron(III)-heme ligated to a water molecule in the sixth ligand position, we manually replaced it with an iron(IV)-oxo species with a starting Fe‒O distance of 1.63Å. In addition, we replaced the substrate by hexanoic acid by removing the aliphatic tail of arachidonic acid in the pdb. Hydrogen atoms were added using the PropKa software package [70] that assumes a pH = 7. In general, all Asp and Glu residues were deprotonated and all Arg and Lys residues protonated, while all histidine groups were kept as singly protonated. Key acidic and basic residues in the protein were manually inspected for their correct protonation states.



Thereafter, an iterative solvation procedure was used, whereby solvent (water) was added to the protein and the system equilibrated for 100 ps in Charmm [71] at each step, while keeping the protein atoms fixed. The solvation procedure was repeated 20 times, see Figure 7 until only 30 water molecules were added in the cycle. Although a large number of water molecules were added in the first solvation cycle, namely 6406 water molecules; it is seen that after a few cycles the number of water molecules added drops steeply. Moreover, an analysis of the structures after solvation shows that few water molecules actually move into the protein. We then analyzed the number of water molecules that had entered the protein and counted the water molecules within a range of 20Å from the heme iron atom. The change in water molecules in the 20Å zone is displayed in Figure 7b. Thus, in the first solvation cycle, 211 water molecules enter the inner zone of 20Å from the heme iron atom. However, in the next cycle, only an additional 10 water molecules are seen to move into the 20Å zone. In the next 18 solvation cycles the number of water molecules in the 20Å zone around the heme iron atom fluctuates and the average number of water molecules that enters this zone in solvation steps 4 to 10 is about four water molecules. Furthermore, when we consider an inner zone of 10Å, an average of only one water molecule per solvation cycle is added over the full 20 solvation cycles. Therefore, a large number of solvation steps does not seem to increase the solvation levels in the inside of the protein dramatically and, probably, a handful of solvation cycles will be enough to get a reasonable solvated structure description.



Next, we took the fully solvated structure, heated it to room temperature and afterwards ran a 1ns molecular dynamics (MD) simulation using the Charmm forcefield [71]. Three random structures from the final stages of the MD simulation were selected as starting points for the QM/MM calculations, namely the snapshots after 800, 850 and 900ps: designated Sn800, Sn850 and Sn900. The QM region contains the heme without side chains, the substrate and the methylguanidine part of Arg245, while all the rest of the structure is in the MM region. The QM/MM optimized geometries of the doublet and quartet spin states of Compound I (CpdI), i.e., 4,2Re, are given in Figure 8. The top panel gives an overlay of the doublet spin optimized structures, i.e., 2ReB,800, 2ReB,850 and 2ReB,900. As can be seen, the three structures are very similar and most groups are in exactly the same position in the three snapshots. Details of specific bond lengths, i.e., the Fe‒O and Fe‒S distances in the six CpdI structures, are given in the table at the bottom of Figure 8. The Fe‒O distances are in a narrow range from 1.626 to 1.634Å. These distances match the previously calculated CpdI structures of heme enzymes representing the P450s [2,25,32,33,34,35,36,37,38,39,40,41,42] and peroxidases [72,73,74] well. As seen before, the doublet and quartet spin states are calculated to be within 1 kcal mol‒1 for each of the snapshots. Overall, therefore, our calculated CpdI structures with QM/MM of wild-type P450 OleTJE match previously reported structures and electronic configurations well.



The group spin densities of the six CpdI structures are very similar with a spin of 2.06 on the FeO group in the quartet spin state structures, while the doublet spin structures give a value of 2.14. These spin densities, however, are highly polarized toward the iron atom and in the doublet spin the iron spin density is 1.43, while in the quartet spin state it is 1.30. These values contrast gas-phase CpdI calculations that usually find equal spin densities on iron and oxo groups [33]. The rest of the spin density is located on the heme and cysteinate axial ligand. In our particular system, the spin is roughly equally distributed over the heme and cysteinate groups. The results clearly match the previous QM/MM calculations of ours and others on P450 CpdI structures [40,75] that show the valence tautomerization of the mixing of the a2u porphyrin orbital with a lone pair on the axial sulfur ligand.



Thereafter, we investigated the hydrogen atom abstraction steps from the Cα‒H and Cβ‒H positions of substrate in the doublet and quartet spin states using QM/MM: 4,2TSB,HAα and 4,2TSB,HAβ. Figure 9 displays extracts of the optimized geometries of the hydrogen atom abstraction transition states from the Cα‒H position, while the ones for the Cβ‒H position are shown in Figure 10. The overlay of the 2TSB,HAα structures, similar to the overlay of the reactant complexes, shows that the active site structure of the three transition states is very similar and that little has changed in the position and orientation of the substrate and oxidant. Structurally, the Fe‒O and Fe‒S distances of the six hydrogen atom abstraction barriers from the Cα‒H positions of substrate range from 1.759–1.784Å and from 2.370–2.493Å, respectively. The hydrogen atom abstraction transition states have the hydrogen atom almost midway between the donor and acceptor groups under and angle O‒H‒C that is close to 180°. In all structures, the O‒H distance is shorter than the C‒H distance, indicating product-type structures. Generally, product-type transition states correspond to lower barriers on the potential energy profile as seen for a series of hydrogen atom abstraction reactions by small model DFT complexes [62,63,76,77]. In particular, the O‒H distances range from 1.193Å for 4TSB,HAα,800 to 1.279Å for 2TSB,HAα,850, while the C‒H distances range from 1.299Å for 2TSB,HAα,850 to 1.391Å for 4TSB,HAα,800. As such, the two spin states and the three snapshots give similar distances and transition state structures for the hydrogen atom abstraction transition states for the Cα‒H position of hexanoate substrate by P450 OleTJE CpdI.



The group spin densities for the Cα‒H hydrogen atom abstraction transition states show an increase in spin on the substrate (about -0.45 in the doublet spin and +0.50 in the quartet spin state). As such, a hydrogen atom abstraction takes place and not a proton or a hydride transfer and an electron is transferred from the substrate into the heme.



The hydrogen atom abstraction transition states from the Cβ‒H were calculated for comparison and the optimized geometries in the doublet and quartet spin states for Sn800, Sn850 and Sn900 are given in Figure 10. Similar to the Cα‒H transition states in Figure 9, also for 4,2TSB,Haβ, the Fe‒O and Fe‒S distances of the optimized geometries fall into a narrow window: Fe‒O distances from 1.762–1.772Å are found and Fe‒S distances from 2.353–2.502Å are calculated. Furthermore, the O‒H distances range from 1.197Å for 2TSB,HAβ,800 to 1.282Å for 4TSB,HAβ,850, whereas the C‒H range gives a value of 1.296Å for 4TSB,HAβ,800 up to 1.391Å for 4TSB,HAβ,900. Structurally, therefore, the hydrogen atom abstraction transition states for the Cβ‒H transition states are very similar and so are the set of Cα‒H transition states. Indeed, an overlay of the structures shows little changes in the substrate-binding orientation and positioning. The structures also match the previous QM/MM studies of our group well [61].



The group spin densities for the 4,2TSB,HAβ transition states similar as those for the α-pathway transition states show a built up of radical character on the substrate, while an electron is being transferred from the substrate into the heme manifold.




2.4. QM/MM Calculations on the Asn242Arg/Arg245Asn Double Mutant


As discussed above, substrate positioning in P450 OleTJE may be important and drives the reaction to specific products. Indeed, several studies [18,19,20,21,22,23,24,25,] showed that P450 OleTJE reacts with long and linear fatty acids preferentially to form terminal olefins as main products. However, reactions with branched short-chain fatty acids, such as 2-methyl butyrate, gave α-hydroxylation and Cα‒Cβ desaturation products, while with 2-methyl-3-phenyl propionate as a substrate α-hydroxylation and decarboxylation products were obtained and no evidence of β-hydroxylation and desaturation was found [25]. As substrate positioning is determined by the position of the active site Arg residue (Arg245 in OleTJE), we decided to investigate a double mutant structure, where the Arg has moved to an alternative position in the active site. Based on the structure shown above in Figure 1, we decided to move the Arg to position 242 (occupied by an Asn residue in the wildtype enzyme) and hence created the in silico double mutant Asn242Arg/Arg245Asn.



Figure 11 shows an overlay of the wild-type and double mutant (Asn242Arg/Arg245Asn, mutant-1) structures of the doublet spin CpdI structure obtained from snapshot Sn800. The other snapshots in the doublet and quartet spin state show similar binding poses and orientations. As can be seen, the double mutation has little effect on the overall fold and secondary structure of the enzyme. Most loops and chains are virtually in the same position. There are, however, dramatic differences in the substrate-binding pocket, which is highlighted in the individual structures on the right-hand side in Figure 11. Thus, in both cases, the substrate carboxylate group forms a salt bridge with the active site Arg residue. In the wild-type structure the Cα, Cβ and C γ positions of the substrate are brought closest to the heme, and, consequently, substrate activation is likely to happen on one of these carbon atoms.



In the double mutant structure, by contrast, the Arg side chain is located at a lower position in the active site and the substrate bends differently, with the Cα‒H positions point upwards, while the Cβ‒H positions point down, i.e., in the direction of the heme. As such, we predicted more likely Cβ‒H activation of the substrate and decided to test this with a series of QM/MM calculations on the double mutant (Asn242Arg/Arg245Asn, mutant-1) in three different snapshots (Sn800, Sn850 and Sn900). All structures connected to the Asn242Arg/Arg245Asn double mutant are identified with the label M1 in subscript after the name of the structure.



Optimized geometries of 2,4CpdI (2,4ReM1) and the Cα‒H and Cβ‒H hydrogen atom abstraction transition states (2,4TSM1,HA) for the Asn242Arg/Arg245Asn double mutant are given in Figure 12. The reactant structures have short Fe‒O distances typical of a double bond with values ranging from 1.620 to 1.626Å. These values are slightly shorter than those seen for the wild-type complexes, although this may not be significant. The iron-sulfur distances range from 2.581 to 2.638Å for the six reactant complexes of the double mutant and are somewhat longer than the values for the wild-type system (see Figure 8 and Figure 12). They are also somewhat longer than those normally found for DFT cluster models, where typically values of around 2.4Å are calculated [33]. This probably has to do with the local environment and hydrogen bonding interactions in the active site that weaken the Fe‒S interaction.



Next, we investigated the hydrogen atom abstraction pathways from the Cα‒H and Cβ‒H positions of the substrate by the double mutant and optimized geometries are shown in Figure 12. Similar to what is seen for the wild-type structures, the Fe‒O interaction in the transition states elongates to 1.715–1.764Å in the TSM1,HAα structures, while the Fe‒S distance shortens to 2.421–2.466Å for the six transition states. In Sn800 and Sn900 the transition state is slightly product-type with almost slightly shorter O‒H than C‒H distances for the transferring hydrogen atom. By contrast, the Cα‒H transition state for Sn850 in the doublet spin state has a longer O‒H than C‒H bond (1.318 vs 1.244Å), whereas in the quartet spin states it is the other way around (1.215Å for the O‒H and 1.335Å for the C‒H interaction). For the TSM1,HAβ structures in the doublet spin state, the structures are product-like in Sn800 and Sn900, while they are reactant-like in Sn850. Overall, the structures look typical for hydrogen atom abstraction barriers and compare well with those of the wild-type and earlier gas-phase DFT models [61,62,63,].



Energetically, a Boltzmann weighted average over the three snapshots for the transition state energies (UB3LYP/BS1:Charmm//UB3LYP/BS2 level of theory) of the 2TSM1,HAα, 4TSM1,HAα, 2TSM1,HAβ and 4TSM1,HAβ are 15.6, 17.5, 17.2 and 12.1 kcal mol‒1 above reactants, respectively, as calculated for the mutant reaction pathways. These energetics show that a small preference of Cβ‒H hydrogen atom abstraction over Cα‒H hydrogen atom abstraction is predicted for the Asn242Arg/Arg245Asn double mutant of P450 OleTJE using QM/MM. For the wild-type system [61], we previously calculated barriers of 6.7, 9.4, 8.7 and 10.7 kcal mol‒1, respectively, for 2TSB,HAα, 4TSB,HAα, 2TSB,HAβ and 4TSB,HAβ. These values are somewhat lower than the mutant energies reported here because zero-point energy (ZPE) corrections were included in the wild-type calculations, which are known to lower hydrogen atom abstraction barriers by around 3 kcal mol‒1 [78,79]. We attempted calculating ZPE values on the QM region of the QM/MM optimized structures by doing a single-point calculation and frequency in Gaussian-09 on the QM region only; however, this gave multiple imaginary frequencies and hence made the data unreliable. Nevertheless, the mutations seem to raise the barriers slightly with respect to the wild type, probably because of the different orientations of the substrate versus oxidant. Thus, the most favorable pathway as obtained with QM/MM for fatty acid activation by wild-type P450 OleTJE is, therefore, Cα‒H hydrogen atom abstraction, which would lead to α-hydroxylation products. Nevertheless, since the hydrogen atom abstraction barriers from the Cβ‒H position in the wild type are close to those of the Cα‒H, a mixture of products originating from hydrogen atom abstraction from the Cα‒H and Cβ‒H positions is predicted as indeed observed experimentally [18,19,20,21,22,23,24,25].



In the mutant structures, by contrast to the wild type, the lowest barrier is for the 4TSM1,Haβ pathway and, as such, we would expect Cβ‒H hydrogen atom abstraction as the major reaction channel for the Asn242Arg/Arg245Asn double mutant of P450 OleTJE. If Cβ‒H hydrogen atom abstraction is followed by a quick decarboxylation step, as seen in our previous QM/MM studies [55,61], this would imply a regioselectivity change to a dominant decarboxylation pathway. Consequently, our QM/MM studies predict that the Asn242Arg/Arg245Asn double mutant of P450 OleTJE will change the positioning of the substrate in the substrate-binding pocket and may lead to a change in substrate activation and generate a lesser amount of α-hydroxylation and possibly more decarboxylation products. It would be interesting to see if this double mutant indeed gives the predicted product distributions.





3. Materials and Methods


3.1. Computation


The calculations were split into two sets, whereby, initially, small model complexes of the active site of the enzyme were investigated in order to obtain the “ideal” geometry of the transition states for substrate decarboxylation. These structures were then inserted into the substrate-bound protein databank (pdb) file and based on the substrate orientation attempts were made to bioengineer the substrate-binding pocket by moving the active site Arg residue that forms a salt bridge to the fatty acid carboxylate to another position. Thereafter, a series of quantum mechanics/molecular mechanics (QM/MM) studies were performed on the mechanisms of substrate decarboxylation versus hydroxylation by a CpdI model.




3.2. Model Complexes


DFT models were set up of P450 CpdI with fatty acid substrate and the electronic and catalytic properties were investigated. In particular, hydrogen atom abstraction by CpdI from the substrate at the α- and β-positions were studied. A simplified gas-phase model was developed of CpdI as an iron(IV)-oxo porphyrin cation radical with thiolate as the axial ligand, namely [FeIV(O)(Por+∙)SH] with Por = porphyrin. The substrate was abbreviated to hexanoate and the full mechanisms leading to decarboxylation and α- and β-hydroxylation were investigated.



All DFT modelling was performed on the Gaussian 09 software (Wallingford, CT, USA) [80] with standard convergence criteria at the UB3LYP level of theory [81,82]. The geometry optimizations, frequencies and geometry scans were performed with the 6-31G* basis set, except for iron, where a LANL2DZ basis set with electron core potential (ECP) was employed [83,84]. Frequency calculations were done for all optimized structures and gave only real vibrations for local minima and a single imaginary mode for the transition states across the transferring reaction coordinate. Single-point energies calculated for all structures with an implicit solvation model (continuum polarized conductor model) [85] with a dielectric constant mimicking water) at the 6-311+G* level of theory on all atoms, plus an LACV3P+ basis set with core potential on iron. The quartet spin structures had S2 values of around 3.79, which is close to the theoretical value of 3.75, hence we considered the unrestricted DFT formalism suitable for these systems.




3.3. Enzyme Set-Up


In the next stage of the project, QM/MM structures were set up based on the 4L40 protein data bank structure [31], using procedures reported previously [65,86,87,88]. The wild-type structure was converted from an iron(III)-heme with ligated water molecule into an iron(IV)-oxo(heme+•) species by removing the water protons and changing the Fe‒O distance to 1.63Å. Subsequently, the protein was protonated at pH 7, using the PDB2PQR web service [70], whereby all carboxylates (Glu/Asp) were deprotonated and all Arg and Lys residues protonated. The His residues were visually inspected for proton–donor and proton–acceptor interactions and all histidine residues were taken as singly protonated. The substrate was placed in position on the wild-type crystal by the SwissDock web service (Lausanne, Switzerland) [89].



In the next stage, bioengineered models were created by making in silico mutations, where the salt bridge between substrate and active site Arg was moved to another position. In particular, the double mutant Asn242Arg/Arg245Asn was investigated in detail. Although the wild type was studied previously [61], we redid the model set up for consistency using the same level of theory and convergence criteria as for the mutant systems.



The subsequent set-up, equilibration and solvation of WT and double mutant structures were done with the CHARMM software package using the Charmm force field [71]. The substrate topology and parameter files for CHARMM were produced by the Swissparam web service. All starting structures were energy minimized, solvated by a sequence of 20 solvation-equilibration cycles, and neutralized by counter-ions and heated to room temperature prior to subject to a 1 ns molecular dynamics (MD) simulation. The MD simulations converged with stable root-mean-square-deviation (RMSD) values after a few 100 ps and several snapshots were selected as starting structures for the QM/MM calculations. A total of three snapshots were taken from each system, namely after 800, 850 and 900 ps, designated Sn800, Sn850, and Sn900.




3.4. QM/MM Calculations


Subsequently, a previously reported methodology for QM/MM modelling was employed [61,64,65,66,67,90], run through a combination of Turbomole [91] and the DL-Poly [92] (using CHARMM Force Field (Harvard, Cambridge, MA, USA) [71]) interface as provided by the Chemshell software [93]. Thus, Turbomole describes the QM region with DFT methods and DL-Poly the MM region using Charmm. In all calculations, the QM/MM calculations were performed with the unrestricted B3LYP density functional method in combination with an SVP basis set on all atoms [94]. To improve the energies, a single-point calculation with a larger basis set, namely def2-TZVP on all atoms, was performed [95]. All calculations were done for the doublet and quartet spin states. These methods have previously been applied for the studies of enzymatic reaction mechanisms and shown to reproduce experimental rate constants, regioselectivities and kinetic isotope effects well [96,97,98,99,100,101].



The smallest QM region (A) was described by the heme (without substituents) and included the iron(IV)-oxo group, thiolate for Cys365, the side chain of Arg245 and the hexanoate substrate. Bonds on the border between the QM and MM region are highlighted with wiggly lines and were described with the Link-atom method. Moreover, for the WT structure, a more elaborate QM region (AB) was investigated that, in addition to QM region A, consisted of the Asn242 and His85 side chains and three water molecules.



Previously, we validated our computational methods by testing several density functional theory methods for P450 OleTJE calculations [61]. Thus, after the initial QM/MM calculations at the UB3LYP/BS1 Charmm level of theory, a series of single-point calculations at the UPBE0/BS2 [102] and UB3LYP-D3/BS2 [103] level of theory were performed. These studies [61] predicted the hydrogen atom abstraction transition states from the Cα ‒H and Cβ‒H positions of substrate to be within a couple of kcal mol‒1 and gave the same spin-state orderings and electronic configurations; hence, they predicted the same trends. Moreover, geometry optimizations with alternative density functional methods gave similar structures and analogous spin-state orderings; therefore, we are confident that the methods are reliable. For analogous iron-porphyrin complexes and particular Cpd I models, we tested various computational methods and techniques. Thus, geometries optimized at UB3LYP/BS1, UB3LYP/BS2 and UB3LYP-D3/BS2 give virtually the same spin-state ordering and very similar geometries [53] and hence this is not expected to change for the models described here. Further test calculations with a different amount of exchange or correlation included also showed little differences to the obtained results [73].





4. Conclusions


In this work, we report a computational study into the P450 peroxygenase OleTJE, which binds long-chain fatty acids and generally reacts to form terminal olefins, hydroxylated fatty acids and desaturated fatty acids. We initially used small model complexes of the heme and substrate only and investigated pathways leading to products, which showed that most secondary C‒H bonds can be activated by the active species of the enzyme, i.e., CpdI, with similar reaction barriers. Subsequently, we explored a full enzyme model with QM/MM and showed that substrate positioning affects the substrate activation dramatically. We then created a double mutant structure in silico, i.e., the Asn242Arg/Arg245Asn double mutant, where the positions of the active site Asn and Arg residues are swapped. This mutant positions the substrate differently and the QM/MM calculations predict enhanced Cβ‒H substrate activation, which could lead to higher amounts of terminal olefin products. Our predictions give suggestions for a novel biofuel enzyme system with higher activity and selectivity than wild-type P450 OleTJE.







Author Contributions


Conceptualization, F.G.C.R. and S.P.d.V.; data acquisition, F.G.C.R., Y.-T.L. and A.S.; fata analysis, F.G.C.R. and S.P.d.V.; writing—review and editing, S.P.d.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by PhD studentship funded by the Conacyt Mexico to F.G.C.R. and an Erasmus+ exchange studentship to A.S.




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 work.




References


	



Sono, M.; Roach, M.P.; Coulter, E.D.; Dawson, J.H. Heme-containing oxygenases. Chem. Rev. 1996, 96, 2841–2888. [Google Scholar] [CrossRef]

	



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] [PubMed]

	



Ortiz de Montellano, P.R. (Ed.) Cytochrome P450: Structure, Mechanism and Biochemistry, 3rd ed.; Kluwer Academic/Plenum Publishers: New York, NY, USA, 2005. [Google Scholar]

	



Kadish, K.M.; Smith, K.M.; Guilard, R. (Eds.) Handbook of Porphyrin Science; World Scientific Publishing Co.: Hackensack, NJ, USA, 2010. [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]

	



Fasan, R. Tuning P450 enzymes as oxidation catalysts. ACS Catal. 2012, 2, 647–666. [Google Scholar] [CrossRef]

	



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

	



Huang, X.; Groves, J.T. Oxygen activation and radical transformations in heme proteins and metalloporphyrins. Chem. Rev. 2018, 118, 2491–2553. [Google Scholar] [CrossRef]

	



Guengerich, F.P. Common and uncommon cytochrome P450 reactions related to metabolism and chemical toxicity. Chem. Res. Toxicol. 2001, 14, 611–650. [Google Scholar] [CrossRef]

	



Posner, G.H.; O’Neill, P.M. Knowledge of the proposed chemical mechanism of action and cytochrome P450 metabolism of antimalarial trioxanes like artemisinin allows rational design of new antimalarial peroxides. Acc. Chem. Res. 2004, 37, 397–404. [Google Scholar] [CrossRef]

	



de Visser, S.P.; Kumar, D. (Eds.) Iron-Containing Enzymes: Versatile Catalysts of Hydroxylation Reactions in Nature; Royal Society of Chemistry Publishing: Cambridge, UK, 2011. [Google Scholar]

	



Groves, J.T. Models and mechanisms of cytochrome P450 action. In Cytochrome P450: Structure, Mechanism and Biochemistry, 3rd ed.; Ortiz de Montellano, P.R., Ed.; Kluwer Academic/Plenum Publishers: New York, NY, USA, 2005; Chapter 1; pp. 1–44. [Google Scholar]

	



Nam, W. High-valent iron(IV)–oxo complexes of heme and non-heme ligands in oxygenation reactions. Acc. Chem. Res. 2007, 40, 522–531. [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] [PubMed]

	



Shoji, O.; Watanabe, Y. Peroxygenase reactions catalyzed by cytochromes P450. J. Biol. Inorg. Chem. 2014, 19, 529–539. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Lan, D.; Durrani, R.; Hollmann, F. Peroxygenases en route to becoming dream catalysts. What are the opportunities and challenges? Curr. Opin. Chem. Biol. 2017, 37, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Rude, M.A.; Baron, T.S.; Brubaker, S.; Alibhai, M.; Del Cardayre, S.B.; Schirmer, A. Terminal Olefin (1-Alkene) Biosynthesis by a Novel P450 Fatty Acid Decarboxylase from Jeotgalicoccus Species. Appl. Environ. Microbiol. 2011, 77, 1718–1727. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Wang, C.; Yan, J.; Zhang, W.; Guan, W.; Lu, X.; Li, S. Hydrogen peroxide-independent production of α-alkenes by OleTJE P450 fatty acid decarboxylase. Biotechnol. Biofuels 2014, 7, 28–40. [Google Scholar] [CrossRef]

	



Dennig, A.; Kuhn, M.; Tassoti, S.; Thiessenhusen, A.; Gilch, S.; Bülter, T.; Haas, T.; Hall, M.; Faber, K. Oxidative decarboxylation of short-chain fatty acids to 1-alkenes. Angew. Chem. Int. Ed. 2015, 54, 8819–8822. [Google Scholar] [CrossRef]

	



Munro, A.W.; McLean, K.J.; Grant, J.L.; Makris, T.M. Structure and function of the cytochrome P450 peroxygenase enzymes. Biochem. Soc. Trans. 2018, 46, 183–196. [Google Scholar] [CrossRef]

	



Shoji, O.; Fujishiro, T.; Nakajima, H.; Kim, M.; Nagano, S.; Shiro, Y.; Watanabe, Y. Hydrogen peroxide dependent monooxygenations by tricking the substrate recognition of cytochrome P450BSβ. Angew. Chem. Int. Ed. 2007, 46, 3656–3659. [Google Scholar] [CrossRef]

	



Grant, J.L.; Hsieh, C.H.; Makris, T.M. Decarboxylation of fatty acids to terminal alkenes by cytochrome P450 Compound I. J. Am. Chem. Soc. 2015, 137, 4940–4943. [Google Scholar] [CrossRef]

	



Grant, J.L.; Mitchell, M.E.; Makris, T.M. Catalytic strategy for carbon−carbon bond scission by the cytochrome P450 OleT. Proc. Natl. Acad. Sci. USA 2016, 113, 10049–10054. [Google Scholar] [CrossRef]

	



Pickl, M.; Kurakin, S.; Cantú Reinhard, F.G.; Schmid, P.; Pöcheim, A.; Winkler, C.K.; Kroutil, W.; de Visser, S.P.; Faber, K. Mechanistic studies of fatty acid activation by CYP152 peroxygenases reveal unexpected desaturase activity. ACS Catal. 2019, 9, 565–577. [Google Scholar] [CrossRef]

	



Matsunaga, I.; Ueda, A.; Fujiwara, N.; Sumimoto, T.; Ichihara, K. Characterization of the ybdT gene product of Bacillus subtilis: Novel fatty acid beta-hydroxylating cytochrome P450. Lipids 1999, 34, 841–846. [Google Scholar] [CrossRef]

	



Fujishiro, T.; Shoji, O.; Nagano, S.; Sugimoto, H.; Shiro, Y.; Watanabe, Y. Crystal Structure of H2O2-dependent Cytochrome P450SPα with its bound fatty acid substrate. J. Biol. Chem. 2011, 286, 29941–29950. [Google Scholar] [CrossRef] [PubMed]

	



Girhard, M.; Schuster, S.; Dietrich, M.; Dürre, P.; Urlacher, V.B. Cytochrome P450 monooxygenase from Clostridium acetobutylicum: A new alpha-fatty acid hydroxylase. Biochem. Biophys. Res. Commun. 2007, 362, 114–119. [Google Scholar] [CrossRef] [PubMed]

	



Sevrioukova, I.F.; Poulos, T.L. Understanding the mechanism of cytochrome CYP450 3A4: Recent advances and remaining problems. Dalton Trans. 2013, 42, 3116–3126. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Belcher, J.; McLean, K.J.; Matthews, S.; Woodward, L.S.; Fisher, K.; Rigby, S.E.J.; Nelson, D.R.; Potts, D.; Baynham, M.T.; Parker, D.A.; et al. Structure and biochemical properties of the alkene producing cytochrome P450 OleTJE (CYP152L1) from the Jeotgalicoccus sp. 8456 bacterium. J. Biol. Chem. 2014, 289, 6535–6550. [Google Scholar] [CrossRef]

	



Krest, C.M.; Onderko, E.L.; Yosca, T.H.; Calixto, J.C.; Karp, R.F.; Livada, J.; Rittle, J.; Green, M.T. Reactive intermediates in cytochrome P450 catalysis. J. Biol. Chem. 2012, 288, 17074–17081. [Google Scholar] [CrossRef]

	



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]

	



Hersleth, H.-P.; Ryde, U.; Rydberg, P.; Görbitz, C.H.; Andersson, K.K. Structures of the high-valent metal-ion haem–oxygen intermediates in peroxidases, oxygenases and catalases. J. Inorg. Biochem. 2006, 100, 460–476. [Google Scholar] [CrossRef]

	



Groenhof, A.R.; Ehlers, A.W.; Lammertsma, K. Proton assisted oxygen-oxygen bond splitting in cytochrome P450. J. Am. Chem. Soc. 2007, 129, 6204–6209. [Google Scholar] [CrossRef] [PubMed]

	



Ogliaro, F.; Cohen, S.; de Visser, S.P.; Shaik, S. Medium polarization and hydrogen bonding effects on Compound I of cytochrome P450: What kind of a radical is it really? J. Am. Chem. Soc. 2000, 122, 12892–12893. [Google Scholar] [CrossRef]

	



Ogliaro, F.; de Visser, S.P.; Cohen, S.; Kaneti, J.; Shaik, S. The experimentally elusive oxidant of cytochrome P450: A theoretical “trapping” defining more closely the “real” species. ChemBioChem 2001, 2, 848–851. [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]

	



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

	



Bathelt, C.M.; Zurek, J.; Mulholland, A.J.; Harvey, J.N. Electronic structure of compound I in human isoforms of cytochrome P450 from QM/MM modeling. J. Am. Chem. Soc. 2005, 127, 12900–12908. [Google Scholar] [CrossRef]

	



de Visser, S.P.; Stillman, M.J. Challenging density functional theory calculations with hemes and porphyrins. Int. J. Mol. Sci. 2016, 17, 519–544. [Google Scholar] [CrossRef]

	



Shaik, S.; de Visser, S.P.; Ogliaro, F.; Schwarz, H.; Schröder, D. Two-state reactivity (TSR) mechanisms of hydroxylation and epoxidation by cytochrome P450 revealed by theory. Curr. Opin. Chem. Biol. 2002, 6, 556–567. [Google Scholar] [CrossRef]

	



Ogliaro, F.; Harris, N.; Cohen, S.; Filatov, M.; de Visser, S.P.; Shaik, S. A model “rebound” mechanism of hydroxylation by cytochrome P450: Stepwise and effectively concerted pathways, and their reactivity patterns. J. Am. Chem. Soc. 2000, 122, 8977–8989. [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] [PubMed]

	



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.; Shaik, S. How does product isotope effect prove the operation of a two-state “rebound” mechanism in C–H hydroxylation by cytochrome P450? J. Am. Chem. Soc. 2003, 125, 13024–13025. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, D.; de Visser, S.P.; Sharma, P.K.; Cohen, S.; Shaik, S. Radical clock substrates, their C–H hydroxylation mechanism by cytochrome P450 and other reactivity patterns: What does theory reveal about the clocks’ behavior? J. Am. Chem. Soc. 2004, 126, 1907–1920. [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]

	



de Visser, S.P. Substitution of hydrogen by deuterium changes the regioselectivity of ethylbenzene hydroxylation by an oxo-iron-porphyrin catalyst. Chem. Eur. J. 2006, 12, 8168–8177. [Google Scholar] [CrossRef]

	



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]

	



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]

	



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]

	



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]

	



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]

	



de Visser, S.P.; Shaik, S. A proton-shuttle mechanism mediated by the porphyrin in benzene hydroxylation by cytochrome P450 enzymes. J. Am. Chem. Soc. 2003, 125, 7413–7424. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, P.K.; de Visser, S.P.; Shaik, S. Can a single oxidant with two spin states masquerade as two different oxidants? A study of the sulfoxidation mechanism by cytochrome P450. J. Am. Chem. Soc. 2003, 125, 8698–8699. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, D.; de Visser, S.P.; Sharma, P.K.; Hirao, H.; Shaik, S. Sulfoxidation mechanisms catalyzed by cytochrome P450 and horseradish peroxidase models: Spin selection induced by the ligand. Biochemistry 2005, 44, 8148–8158. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Kumar, D.; Sastry, G.N.; de Visser, S.P. Axial ligand effect on the rate constant of aromatic hydroxylation by iron(IV)-oxo complexes mimicking cytochrome P450 enzymes. J. Phys. Chem. B 2012, 116, 718–730. [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]

	



de Visser, S.P.; Kumar, D.; Cohen, S.; Shacham, R.; Shaik, S. A predictive pattern of computed barriers for C–H hydroxylation by Compound I of cytochrome P450. J. Am. Chem. Soc. 2004, 126, 8362–8363. [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]

	



Ji, L.; Faponle, A.S.; Quesne, M.G.; Sainna, M.A.; Zhang, J.; Franke, A.; Kumar, D.; van Eldik, R.; Liu, W.; de Visser, S.P. Drug metabolism by cytochrome P450 enzymes: What distinguishes the pathways leading to substrate hydroxylation over desaturation? Chem. Eur. J. 2015, 21, 9083–9092. [Google Scholar] [CrossRef]

	



Quesne, M.G.; Borowski, T.; de Visser, S.P. Quantum mechanics/molecular mechanics modelling of enzymatic processes: Caveats and breakthroughs. Chem. Eur. J. 2016, 22, 2562–2581. [Google Scholar] [CrossRef]

	



Hernández-Ortega, A.; Quesne, M.G.; Bui, S.; Heyes, D.J.; Steiner, R.A.; Scrutton, N.S.; de Visser, S.P. Catalytic mechanism of cofactor-free dioxygenases and how they circumvent spin-forbidden oxygenation of their substrates. J. Am. Chem. Soc. 2015, 137, 7474–74873. [Google Scholar] [CrossRef]

	



Faponle, A.S.; Seebeck, F.P.; de Visser, S.P. Sulfoxide synthase versus cysteine dioxygenase reactivity in a nonheme iron enzyme. J. Am. Chem. Soc. 2017, 139, 9259–9270. [Google Scholar] [CrossRef]

	



Cantú Reinhard, F.G.; DuBois, J.L.; de Visser, S.P. Catalytic mechanism of nogalamycin monoxygenase: How does nature synthesize antibiotics without a metal cofactor? J. Phys. Chem. B 2018, 122, 10841–10854. [Google Scholar] [CrossRef] [PubMed]

	



Timmins, A.; Fowler, N.J.; Warwicker, J.; Straganz, G.D.; de Visser, S.P. Does substrate positioning affect the selectivity and reactivity in the hectochlorin biosynthesis halogenase? Front. Chem. 2018, 6, 513. [Google Scholar] [CrossRef]

	



Dolinsky, T.J.; Nielsen, J.E.; McCammon, J.A.; Baker, N.A. PDB2PQR: An automated pipeline for the setup, execution, and analysis of Poisson-Boltzmann electrostatics calculations. Nucl. Acids Res. 2004, 32, W665–W667. [Google Scholar] [CrossRef] [PubMed]

	



Brooks, B.R.; Bruccoleri, R.E.; Olafson, B.D.; States, D.J.; Swaminathan, S.; Karplus, M. CHARMM: A program for macromolecular energy, minimization, and dynamics calculations. J. Comput. Chem. 1983, 4, 187–217. [Google Scholar] [CrossRef]

	



İşci, Ü.; Faponle, A.S.; Afanasiev, P.; Albrieux, F.; Briois, V.; Ahsen, V.; Dumoulin, F.; Sorokin, A.B.; de Visser, S.P. Site-selective formation of an iron(IV)-oxo species at the more electron-rich iron atom of heteroleptic μ-nitrido diiron phthalocyanines. Chem. Sci. 2015, 6, 5063–5075. [Google Scholar] [CrossRef]

	



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]

	



Mubarak, M.Q.E.; de Visser, S.P. Computational study on the catalytic reaction mechanism of heme haloperoxidase enzymes. Isr. J. Chem. 2020, 60. in press. [Google Scholar] [CrossRef]

	



Porro, C.S.; Sutcliffe, M.J.; de Visser, S.P. Quantum mechanics/molecular mechanics studies on the sulfoxidation of dimethyl sulfide by Compound I and Compound 0 of Cytochrome P450: Which is the better oxidant? J. Phys. Chem. A 2009, 113, 11635–11642. [Google Scholar] [CrossRef]

	



Latifi, R.; Bagherzadeh, M.; de Visser, S.P. Origin of the correlation of the rate constant of substrate hydroxylation by nonheme iron(IV)-oxo complexes with the bond-dissociation energy of the C–H bond of the substrate. Chem. Eur. J. 2009, 15, 6651–6662. [Google Scholar] [CrossRef] [PubMed]

	



Latifi, R.; Minnick, J.L.; Quesne, M.G.; de Visser, S.P.; Tahsini, L. Computational studies of DNA base repair mechanisms by nonheme iron dioxygenases: Selective epoxidation and hydroxylation pathways. Dalton Trans. 2020, 49, 4266–4276. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Cantú Reinhard, F.G.; Barman, P.; Mukherjee, G.; Kumar, J.; Kumar, D.; Kumar, D.; Sastri, C.V.; de Visser, S.P. Keto-enol tautomerization triggers an electrophilic aldehyde deformylation reaction by a nonheme manganese(III)-peroxo complex. J. Am. Chem. Soc. 2017, 139, 18328–18338. [Google Scholar] [CrossRef]

	



Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G.A.; et al. Gaussian-09; Gaussian, Inc.: Wallingford, CT, USA, 2013. [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]

	



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, 270–283. [Google Scholar] [CrossRef]

	



Francl, M.M.; Pietro, W.J.; Hehre, W.J.; Binkley, J.S.; Gordon, M.S.; DeFrees, D.J.; Pople, J.A. Self-consistent molecular orbital methods. XXIII. A polarization-type basis set for second-row elements. J. Chem. Phys. 1982, 77, 3654–3658. [Google Scholar] [CrossRef]

	



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

	



Timmins, A.; Saint-André, M.; de Visser, S.P. Understanding how prolyl-4-hydroxylase structure steers a ferryl oxidant toward scission of a strong C–H bond. J. Am. Chem. Soc. 2017, 139, 9855–9866. [Google Scholar] [CrossRef]

	



Ghafoor, S.; Mansha, A.; de Visser, S.P. Selective hydrogen atom abstraction from dihydroflavonol by a nonheme iron center is the key step in the enzymatic flavonol synthesis and avoids byproducts. J. Am. Chem. Soc. 2019, 141, 20278–20292. [Google Scholar] [CrossRef]

	



Lin, Y.-T.; Stańczak, A.; Manchev, Y.; Straganz, G.D.; de Visser, S.P. Can a mononuclear iron(III)-superoxo active site catalyze the decarboxylation of dodecanoic acid in UndA to produce biofuels? Chem. Eur. J. 2020, 26, 2233–2242. [Google Scholar] [CrossRef] [PubMed]

	



Grosdidier, A.; Zoete, V.; Michielin, O. SwissDock, a protein-small molecule docking web service based on EADock DSS. Nucleic Acids Res. 2011, W270–W277. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, D.; Thiel, W.; de Visser, S.P. Theoretical study on the mechanism of the oxygen activation process in cysteine dioxygenase enzymes. J. Am. Chem. Soc. 2011, 133, 3869–3882. [Google Scholar] [CrossRef] [PubMed]

	



Ahlrichs, R.; Bär, M.; Häser, M.; Horn, H.; Kölmel, C. Electronic structure calculations on workstation computers: The program system turbomole. Chem. Phys. Lett. 1989, 162, 165–169. [Google Scholar] [CrossRef]

	



Smith, W.; Forester, T.R. DL_POLY_2.0: A general-purpose parallel molecular dynamics simulation package. J. Mol. Graph. 1996, 14, 136–141. [Google Scholar] [CrossRef]

	



Sherwood, P.; de Vries, A.H.; Guest, M.F.; Schreckenbach, G.; Catlow, C.R.A.; French, S.A.; Sokol, A.A.; Bromley, S.T.; Thiel, W.; Turner, A.J.; et al. QUASI: A general purpose implementation of the QM/MM approach and its application to problems in catalysis. J. Mol. Struct. 2003, 632, 1–28. [Google Scholar] [CrossRef]

	



Schafer, A.; Horn, H.; Ahlrichs, R. Fully optimized contracted Gaussian basis sets for atoms Li to Kr. J. Chem. Phys. 1992, 97, 2571–2577. [Google Scholar] [CrossRef]

	



Wachters, A.J.H. Gaussian basis set for molecular wavefunctions containing third-row atoms. J. Chem. Phys. 1970, 52, 1033–1036. [Google Scholar] [CrossRef]

	



Barman, P.; Upadhyay, P.; Faponle, A.S.; Kumar, J.; Nag, S.S.; Kumar, D.; Sastri, C.V.; de Visser, S.P. Deformylation reaction by a nonheme manganese(III)-peroxo complex via initial hydrogen atom abstraction. Angew. Chem. Int. Ed. 2016, 55, 11091–11095. [Google Scholar] [CrossRef] [PubMed]

	



Cheaib, K.; Mubarak, M.Q.E.; Sénéchal-David, K.; Herrero, C.; Guillot, R.; Clémancey, M.; Latour, J.-M.; de Visser, S.P.; Mahy, J.-P.; Banse, F.; et al. Selective formation of an FeIVO or an FeIIIOOH intermediate from FeII-H2O2: Controlled heterolytic vs homolytic O–O bond cleavage by the second coordination sphere. Angew. Chem. Int. Ed. 2019, 58, 854–858. [Google Scholar] [CrossRef] [PubMed]

	



Zaragoza, J.P.T.; Cummins, D.C.; Mubarak, M.Q.E.; Siegler, M.A.; de Visser, S.P.; Goldberg, D.P. Hydrogen atom abstraction by high-valent Fe(OH) versus Mn(OH) porphyrinoid complexes: Mechanistic insights from experimental and computational studies. Inorg. Chem. 2019, 58, 16761–16770. [Google Scholar] [CrossRef] [PubMed]

	



Barman, P.; Cantú Reinhard, F.G.; Bagha, U.K.; Kumar, D.; Sastri, C.V.; de Visser, S.P. Hydrogen by deuterium substitution in an aldehyde tunes the regioselectivity by a nonheme manganese(III)-peroxo complex. Angew. Chem. Int. Ed. 2019, 58, 10639–10643. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, G.; Alili, A.; Barman, P.; Kumar, D.; Sastri, C.V.; de Visser, S.P. Interplay between steric and electronic effects: A joint spectroscopy and computational study of nonheme iron(IV)-oxo complexes. Chem. Eur. J. 2019, 25, 5086–5098. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865–3868. [Google Scholar] [CrossRef]

	



Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parameterization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [Google Scholar] [CrossRef]








[image: Molecules 25 02675 sch001 550] 





Scheme 1. Reaction products observed for fatty acid activation by P450 OleTJE. 
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Figure 1. Active site structure of P450 OleTJE as taken from the 4L40 pdb file. 
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Scheme 2. Catalytic cycle of P450 monoxygenases (pathways in blue and black) and P450 peroxygenases (pathways in blue and red). A is the resting state; B is the pentacoordinated iron(III) complex; C is the pentacoordinated iron(II) complex; D is the iron(III)-superoxo state; E is the iron(II)-peroxo intermediate; F is Cpd 0; G is Cpd I. 
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Figure 2. Electronic orbitals of doublet and quartet Cpd I with orbital occupation. 
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Scheme 3. Reaction mechanism with the definition of transition states and local minima for fatty acid activation by P450 OleTJE. 
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Figure 3. Potential energy landscape calculated at UB3LYP/BS1+ZPE//UB3LYP/BS2 for various hydrogen atom abstraction pathways by Cpd I of P450 OleTJE. Energies contain zero-point corrections and are given in kcal mol‒1. The values in square brackets are free energies with solvent, zero-point, entropic and thermal corrections at 298K included. 
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Figure 4. Optimized transition state geometries of the gas-phase density functional theory (DFT) pathways for hydrogen atom abstraction from the Cα ‒H, Cβ ‒H and C γ‒H positions. The bond lengths are in angstroms. 
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Scheme 4. Alternative mechanism for second substrate activation during the catalytic cycle of P450 OleTJE. 
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Figure 5. Optimized geometry of the iron(III)-hydroxo substrate complex of the catalytic cycle of P450 OleTJE with bond lengths in angstroms. Geometry scan for Cβ‒H hydrogen atom abstraction in the quartet and doublet spin states. 
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Figure 6. Optimized geometry of the iron(IV)-hydroxo substrate complex as potential intermediate in the catalytic cycle of P450 OleTJE with bond lengths in angstroms. The potential energy landscape of substrate decarboxylation by 3,5IM3 with energies (ΔE+ZPE values) in kcal mol‒1. 
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Figure 7. (a) Iterative solvation procedure during the set-up of wildtype Compound I structure of P450 OleTJE with number of water molecules added per solvation step. (b) Change in the number of water molecules from one solvation step to the next. 
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Figure 8. Quantum mechanics/molecular mechanics (QM/MM) optimized geometries of Compound I in the doublet and quartet spin states for snapshots Sn800, Sn850 and Sn900. Fe‒O and Fe‒S distances given in angstroms, while the left-hand-side gives an overlay of the doublet spin optimized structures. 
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Figure 9. QM/MM optimized geometries of hydrogen atom abstraction transition states from the Cα‒H position of substrate in the doublet and quartet spin states for snapshots Sn800, Sn850 and Sn900. Fe‒O, Fe‒S, O‒H and H‒C distances given in angstroms, while the left-hand-side gives an overlay of the doublet spin optimized structures. 
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Figure 10. QM/MM optimized geometries of hydrogen atom abstraction transition states from the Cβ‒H position of substrate in the doublet and quartet spin states for snapshots Sn800, Sn850 and Sn900. Fe‒O, Fe‒S, O‒H and H‒C distances given in angstroms, while the left-hand-side gives an overlay of the doublet spin optimized structures. 
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Figure 11. Left: Overlay of the wild-type and Asn242Arg/Arg245Asn double mutant structures (mutant-1) of 2CpdI for the snapshot taken after 800ps. Active site structures with key amino acids and substrate (in orange or pink) highlighted. As can be seen, the active site Arg residue guides and positions the substrate in the binding pocket. 
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Figure 12. Extracts of the QM region of the QM/MM optimized geometries of the reactant and transition states for Cα‒H and Cβ‒H hydrogen atom abstraction for the double mutant Asn242Arg/Arg245Asn. Bond lengths are in angstroms for Sn800 (Sn850) and [Sn900]. 
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