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Abstract

The hallmark of enzymes from secondary metabolic pathways is the pairing of powerful reactivity 

with exquisite site selectivity. The application of these biocatalytic tools in organic synthesis, 

however, remains under-utilized due to limitations in substrate scope and scalability. Here we 

report the reactivity of a monooxygenase (PikC) from the pikromycin pathway is modified 

through computationally-guided protein and substrate engineering, and applied to the oxidation of 

unactivated methylene C-H bonds. Molecular dynamics and quantum mechanical calculations 

were employed to develop a predictive model for substrate scope, site selectivity, and 

stereoselectivity of PikC mediated C-H oxidation. A suite of menthol derivatives was screened 

computationally and evaluated through in vitro reactions where each substrate adhered to the 

predicted models for selectivity and conversion to product. This platform was also expanded 

beyond menthol-based substrates to the selective hydroxylation of a variety of substrate cores 

ranging from cyclic to fused bicyclic and bridged bicyclic compounds.
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Introduction

Direct C–H functionalization has the potential to streamline existing synthetic routes and 

also to provide access to novel, high-value compounds. Research in this area has grown 

exponentially over the last two decades, however, the challenge of selectively targeting any 

given C–H bond for functionalization within a complex molecule has yet to be mastered1. 

Strategies for targeting the electronically weakest C–H bond or the most sterically accessible 

C–H bond have proven fruitful. Further, a plethora of directing groups has been developed 

to override the innate steric and electronic biases within a molecule to affect a reaction 

proximal to the directing group. Despite these efforts, certain types of C–H bonds remain 

difficult to target or entirely inaccessible, such as methylene C–H bonds remote from 

directing groups. While some successes have been realized in site selective methylene 

oxidations using small molecule catalysts2–4, the selective oxidation of a single C–H bond 

among several electronically and sterically similar methylene units remains one of the most 

challenging tasks in the field of C–H functionalizations. Enzymes have the potential to offer 

orthogonal reactivity compared to small molecule catalysts. In the C–H functionalization 

arena, cytochrome P450 biocatalysts have proven to be effective for selective oxidation of 

unactivated methylene C–H bonds5–9. However, the development of these biocatalysts often 

requires extensive protein engineering to achieve selectivity on a given substrate or to 

change the substrate scope of the enzyme10–13. Herein, we demonstrate a method for 

addressing this challenge that relies on a directing group distal to the site of 

functionalization and overrides steric or electronic effects inherent to the substrate with the 

ultimate goal of achieving a P450/directing group platform that can be broadly applied 

without requiring extensive protein engineering for each new substrate. While such a 

synthetic strategy using small molecule catalysts originates from the pioneering early studies 

by Breslow14,15 and has been applied in recent efforts to achieve meta-functionalizations of 

arenes16,17, the architectural complexity and unique anchoring mechanism of biological 

catalysts provides what is perhaps the ideal platform for engineering directed reactions to 

functionalize remote and unactivated structural elements18,19,20.

Menthol (1) was chosen as a model substrate based on its six-membered ring core, the 

variety of C–H bonds it contains (up to 18 potentially reactive positions, including primary, 

secondary and tertiary, see Fig. 1) and the depth of information available on its use in C–H 

hydroxylation studies. Several groups have demonstrated the ability to hydroxylate the 

weaker methine C–H bonds at C5 and C7 positions of menthol using Fe, Cr or Mn 

chemocatalysts21–25 or biotransformations (see 2 and 3, respectively). The stronger but 

sterically less hindered methyl C–H bonds have also been successfully targeted for C–H 

oxygenation (see 11 and 12) through group transfer reactions26,27 or biotransformation28. 

Selective functionalization of any of the six methylene C–H bonds of menthol has remained 

an exceptional chemical and biochemical challenge. Biotransformation studies have 

established the feasibility of a biocatalytic methylene oxidation of menthol to afford 

mixtures of six or more regioisomeric products29. However, to our knowledge, the only 

example of site-selective methylene hydroxylation of menthol involved a directed evolution 

approach in which Fasan and coworkers achieved a site and stereoselective hydroxylation at 
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C6 (see 5) with a cytochrome P450 BM3 variant that was identified using a screening-based 

fingerprinting approach8.

Our strategy was motivated by the selective oxygenation of unactivated C–H bonds 

catalyzed by the cytochrome P450 monooxygenase PikC from the pikromycin natural 

product biosynthetic pathway30, and exploits the native substrate anchoring mechanism 

utilized by this enzyme. PikC hydroxylates two types of endogenous substrates in 

Streptomyces venezuelae ATCC 15439. They include the 12- and 14-membered macrolides 

YC-17 (13) and narbomycin31 to produce methymycin (14), neomethymycin (15), 

novamethymycin32, pikromycin and neopikromycin. This level of substrate promiscuity is 

rare in secondary metabolic pathways, but is explained by the mechanism in which natural 

substrates bind within the PikC active site. Co-crystal structures of PikC with YC-17 (13) or 

narbomycin revealed salt bridge interactions between the protonated dimethylamino group 

of the substrate desosamine sugar, and an exposed carboxylate moiety within the active site 

(Fig. 2A, E94 for YC-17 and E85 for narbomycin)33,34. To assess the ability of salt bridge-

mediated anchoring of unnatural substrates in the PikC active site, several desosamine-

containing substrates were synthesized and tested for oxidation with PikC (Fig. 2B)35. 

Macrocyclic substrates were hydroxylated to afford multiple products (16); however, no 

reaction was observed with smaller cores such as desosaminyl cyclohexanol 17. We 

reasoned that the six-membered ring in 17 was too small to span the distance between the 

anchoring carboxylate residue and the PikC iron-oxo species where the reaction occurs. We 

previously demonstrated that the desosamine in the natural substrate YC-17 might be 

effectively replaced with synthetic alternatives (18, Fig. 2B)36. Thus, we envisioned that 

employing synthetic anchoring groups as well as introducing additional mutations in the 

biocatalyst could improve the activity of PikC with unnatural substrates.

Access to high-resolution co-crystal structures of PikC and its natural macrolide substrates 

has been instrumental in identifying the substrate-enzyme salt bridge at the center of our 

substrate-engineering strategy. Moreover, ligand-free x-ray structures (PDB ID 2BVJ)33 

illustrate the differences in protein conformations attributed to a transition between the 

catalytically competent “closed” conformation and the “open” conformation, a prerequisite 

of the substrate binding and product release. However, these static conformation snapshots 

do not inform the dynamic nature of the protein-small molecule interactions. This has 

limited our view of the enzyme active site and the dynamic signature of the protein-ligand 

complex ultimately responsible for the unique site and stereoselectivity characteristics of the 

PikC biocatalyst. In order to address these experimental limitations, we turned to molecular 

dynamics (MD) simulations; this powerful computational tool that has proven to be useful in 

determining the structural origins of enhanced activity in evolved enzymes37. We 

conceptualized a suite of (−)- and (+)-menthol derivatives bearing synthetic anchoring 

groups including linear alkyl chains of various lengths (21–25) as well as benzylic amines 

(26–28). The binding efficiency of selected substrates (21, 25, and 26) to wild-type PikC and 

PikCD50N mutant was assessed by 0.5 µs MD simulations (see Online Methods).
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Results and Discussion

Molecular dynamic simulations

MD simulations revealed a high dependence of the nature and persistence of the salt bridge 

contacts between the substrate and PikCwt on the structure of the anchoring group and the 

chirality of menthol (Supplementary Fig. 3). The (−)-menthol moiety was consistently 

retained in the hydrophobic pocket of the active site close to the heme cofactor. However, in 

the case of (−)-21, the two-carbon anchor was too short to establish strong interactions with 

residues E94 and E85 typically mediating catalytically productive substrate binding33,34. 

Instead, detrimental salt bridge interactions with the neighboring E246 located in the I-helix, 

were established with the 58% frequency throughout the simulation (Fig. 3), unproductively 

positioning the menthol core with less reactive primary and tertiary C–H bonds oriented 

towards the iron-oxo site. The lack of contacts with E85 and E94 distorted the tertiary 

structure of the protein. As a result, the active site channel adopted an open conformation 

similar to that observed crystallographically in the apo state of PikC33. These mechanisms 

of inactivation revealed through MD simulations, provided structural information to guide 

the optimization of catalysis through both substrate and protein engineering. The key 

objective was to maximize anchoring group-mediated substrate binding and maintain a 

closed, catalytically productive protein conformation.

MD revealed that less distortion of the PikC structure was observed with substrate bearing 

the longest linear anchoring group (see (−)-25). A new polar contact with E48, which had 

not been observed in the PikC complex bound to its natural macrolide substrates appeared to 

be relevant for the engineered substrate binding. The anchoring group in (−)-25 was 

sufficiently long to allow polar contacts between the dimethylamino group and binding 

residues located at the entrance of the active site (41%, 4% and 33% frequencies with E94, 

E85 and E48, respectively, Fig. 3) and avoid interacting with E246. Analogously, with the 

more rigid substrate (−)-26, the structural integrity of the protein and substrate binding are 

further improved as a persistent, short salt bridge is established with E94 (79% frequency, 

Fig. 3). Similar behavior was observed for the PikCD50N mutant, which has demonstrated an 

improved catalytic efficiency compared to PikCwt (Supplementary Fig. 4). Thus, we 

predicted that these longer anchoring groups, (−)-25 and (−)-26, should lead to improved 

enzymatic reactivities.

In contrast, the corresponding antipodal set of compounds showed inferior binding in MD 

simulations (Supplementary Figs. 5 and 6). Notably, the active site of PikCwt exhibited a 

higher shape complementarity towards (−)-menthol than (+)-menthol. For example, (+)-(25) 

completely abandoned the heme-containing hydrophobic pocket after ~100 ns, and (+)-21 
unproductively oscillates in and out of the hydrophobic pocket (average FeO⋯C4 distance 

~7 Å). MD revealed that the menthol core is held proximal to the heme group only in (+)-26, 

albeit with relatively weak binding contacts to E94, E85 or E48 (> 5 Å).

Enzymatic reactions

In vitro reactions of each substrate with PikC validated MD predictions (Table 1). Each of 

the menthol compounds was tested as a substrate for PikCwt-RhFRED and PikCD50N-

Narayan et al. Page 4

Nat Chem. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RhFRED38 in the presence of the standard NADPH recycling system39. As observed with 

desosaminyl cyclohexanol (17), the desosamine derivative of (−)-menthol was not 

hydroxylated by PikCwt-RhFRED or PikCD50N-RhFRED. Similarly, short synthetic 

anchoring groups as those in (−)-21, (−)-22, and (−)-23 showed low total turnover numbers 

(TTN = # mol product/# mol enzyme) with PikCD50N-RhFRED and no product was detected 

for the reactions of these compounds with the wild type enzyme. However, increasing the 

length of the anchoring group by one or two additional methylene units improved catalysis 

with PikCD50N-RhFRED, as shown by TTN of 24 and 43 for (−)-24 and (−)-25, respectively 

(Table 1). Moreover, analysis of the benzylic amine substrates (−)-26, (−)-27, and (−)-28 
demonstrated the superior nature of the para derivative over the meta and ortho analogs 

(TTN 96, 41 and 10, respectively). Only (−)-25 and (−)-26 were converted to hydroxylated 

products by PikC-RhFRED38, albeit in low conversion (TTN = 11 and 16, respectively).

As predicted by MD simulations, PikC reactions with the (+)-menthol substrate panel 

demonstrated lower catalytic efficiency and selectivity compared to the (−)-menthol series. 

For example, TTN of 2–10 were measured for (−)-21, (−)-22, (−)-23 and (−)-28, while no 

product formation was observed for the (+)-menthol substrates with the same anchoring 

groups. Similarly, lower turnover numbers were observed for substrates (+)-24–27 ranging 

from 19 to 28 (Table 1).

MD-Guided Protein Engineering

Although the improved binding of (−)-25 and (−)-26 positioned the menthol core close to 

the reactive Fe-oxo group, fluctuations between open and closed conformations of the active 

site were still observed by MD. We hypothesized that the protein can adopt the open 

conformation when that anchoring moiety of the substrate does not persistently bind E85. 

Further, we anticipated that dynamic binding of the anchoring group to the triad of binding 

residues (E48, E85 and E94), not contacts with one or two residues as observed 

crystallographically would shift the open/closed equilibrium in favor of the closed, active 

conformation. The E246 and D176 positions were readily identified as targets for 

mutagenesis to promote catalysis.

Thus, we engineered the triple mutant monooxygenase PikCD50ND176QE246A-RhFRED, 

lacking carboxylate groups at both D176 and E246, to eliminate the potential for substrate 

binding at these residues. As predicted, a significant increase in TTN was observed for all 

substrates tested with this PikC triple mutant variant (Table 1). For example, the TTN for 

(−)-28 increased from 10 to 170, and substrates such as (−)-23, which showed no detectable 

product formation with PikCD50N-RhFRED had a TTN of 38 with the PikCD50ND176QE246A-

RhFRED biocatalyst. MD simulations of PikCD50ND176QE246A-RhFRED alone and with 

substrate show a higher frequency of the closed conformation compared to PikCwt-RhFRED 

and PikCD50N-RhFRED (Fig. 4d–f and Supplementary Figs. 7–9), which supports our 

hypothesis that these mutations shift the equilibrium in favor of the catalytically active 

closed conformation. Similar impact of enzyme evolution on the active site configuration 

has been proposed in other engineered proteins37. Through these mutations, the dependence 

of the enzyme reactivity on an induced-fit mechanism, proposed to operate for the larger and 

more polar macrolactones, is alleviated by stabilizing the tertiary structure of the protein in a 
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conformation that facilitates the binding in a productive orientation of the smaller and less 

polar unnatural ligands.

Site Selectivity

Once the catalytic efficiency of PikC had been enhanced, we turned our attention to the 

selectivity of the hydroxylation reaction. Thus, in addition to driving the substrate and 

protein-engineering on the PikC platform, we investigated the site and stereoselectivity of 

this enzymatic hydroxylation reaction using a combination of QM and MD data. Density 

functional theory (DFT) transition state calculations of a model of Compound I reacting with 

(−)-menthol predicted that the methylene C–H bonds at the C4 position of menthol would be 

functionalized (Online Methods and Supplementary Table 1). Interestingly, the previously 

reported positions for site-selective C–H oxidation, including the sterically unhindered 

methyl C–H bonds and electronically activated methine C–H bonds, all involve higher 

activation barriers. Using this model system, the predicted selectivity between the axial and 

equatorial C4–H bonds is subtle, and abstraction of the axial hydrogen is favored by only 0.7 

kcal mol−1 (3:1 kinetic ratio at 25 °C). We anticipated this selectivity to be modulated by the 

chiral environment of the enzyme, such that the C–H bond in closer proximity and more 

properly orientated towards the heme iron-oxo group in the preferred binding pose of the 

substrate in the active site, will be preferentially oxidized. Considering the transition 

structure for C4–Heq abstraction (Fig. 4A) as a reference, we screened all the binding poses 

sampled for each substrate bound to PikCD50N in the MD trajectories (compound 25 shown 

in Fig. 5B in order to detect the most favorably arranged C–H bond for oxidation. The 

hydrophobic active site of PikC consistently exposes the equatorial C4–Heq bond of (−)-

menthol in a more appropriate orientation towards the iron-oxo group, irrespective of the 

anchoring group used and overriding the preference for C4–Hax predicted with the model 

non-enzymatic catalyst (Fig. 5C and Supplementary Fig. 10). In contrast, PikC was 

calculated to be unable to recognize any particular binding mode of the (+)-menthol 

substrates, leading to continuous reallocation of the cyclohexane ring inside the active site, 

and equally exposing H4eq and H4ax to the iron-oxo center (Fig. 5D and Supplementary Fig. 

11). Simulations of the most active triple mutant PikCD50ND176QE246A gave analogous 

results (Supplementary Figs. 12 and 13). The combined QM and MD results predicted a 

high regioselectivity for both enantiomers of menthol at the C4 position, and a high 

stereoselectivity towards the equatorial C–H bond4 for the (−)-enantiomer.

Experimentally, one major regioisomer was consistently formed from the (−)-menthol 

substrates, whereas at least five isomeric products were detected upon reaction of (+)-24–27 
with PikCD50N-RhFRED (see Supplementary Information). To determine the structure of 

the major hydroxylation product, preparative-scale reactions were performed with (−)-25 
and (−)-26, the two substrates with the highest TTN. Following enzymatic hydroxylation, 

the anchoring group was removed quantitatively (LiAlH4 reduction) for subsequent analysis. 

Diol 8 (Fig. 1), the result of H4eq oxidation, was obtained as the major product for both 

(−)-25 and (−)-26, confirming the prediction made through the QM and MD studies.

To evaluate the transferability of this approach to a structurally diverse panel of substrates, 

we tested the ability of the engineered P450, PikC(D50ND176QE246A)-RhFRED, to oxidize 
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non-menthol small molecule cores bearing synthetic anchoring groups. As illustrated in in 

Fig. 6, six-membered ring substrates derived from (+)-α-terpineol and (−)-isopulegol are 

hydroxylated at C–H bonds remote from the anchoring group to afford 31 and 32, 

respectively. More sterically demanding fused bicyclic and bridged bicyclic substrates were 

also hydroxylated with high site and stereoselectivity to deliver alcohols 33–35. Notably, the 

relationship between the C–H bond oxidized in each case and the attachment point of the 

anchoring group is conserved, with C–H bonds remote to the anchoring group favored for 

hydroxylation. This directing effect can override electronic effects as more activated C–H 

bonds are untouched, for example a methylene C–H bond is hydroxylated over allylic C–H 

bonds to give 32. Further, the products generated consistently possess an anti relationship 

between the newly introduced hydroxyl group and the anchoring group as was predicted 

computationally and observed in the (−)-menthol model system.

Conclusions

This work provides the foundation for a new method to site and stereoselectively oxygenate 

unactivated methylene C–H bonds that has eluded previous efforts using chemical catalysts 

with a substrate scope that exceeds what is typical of biocatalytic methods. Computation-

driven substrate and protein engineering enabled the expansion of the substrate scope of 

PikC P450 monooxygenase from 12- and 14-membered macrolides to a six-membered ring 

scaffold. The efficiency of PikC oxidation of a given substrate as well as the selectivity was 

iteratively evaluated through QM and MD calculations with excellent correlation to 

experimental data. The optimized protocol devised through this initial study is described in 

Supplementary Fig. 14. This tool is currently being applied for the development of new 

anchoring groups to target specific classes of substrates, the prediction and improvement of 

enzyme selectivity, and the rational design of additional monooxygenases to generate 

superior C–H functionalization biocatalysts.

Online Methods

QM calculations

Full geometry optimizations, transition structure (TS) searches and single-point 

computations were carried out with the Gaussian 09 package (Frisch, M. J. et al., Gaussian, 

Inc., 2009). All geometry optimizations were carried out with the unrestricted version of the 

hybrid B3LYP functional,40 which has been widely used in the iron heme literature41,42. 

The relativistic LANL2DZ pseudopotential43, and associated basis-set was used for Fe. For, 

S, O, N, C, and H, the double-zeta basis-set 6–31G(d) was employed for obtaining the 

geometries, and the larger 6–311+G(d,p) basis-set was used to calculate single-point 

energies. Additional single-point energy calculations using functionals able to account for 

dispersion forces such as B3LYP-D3 with Becke-Johnson damping44 and M0645 in 

conjunction with the larger 6–311+G(2d,p) basis-set, and the SDD pseudopotential46 were 

performed (Supplementary Table 1). Thermal and entropic corrections to energy were 

calculated from vibrational frequencies. The nature of the stationary points was determined 

in each case according to the appropriate number of negative eigenvalues of the Hessian 

matrix from the frequency calculations. Scaled frequencies were not considered. In some 

problematic systems, the SCF convergence criterion was lowered (scfcon=6) to locate the 
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transition states. Different spin states for Fe(III) and multiple conformers of the isopropyl 

and ester groups in the menthol derivatives were considered (see Supplementary Figs. 1 and 

2). Mass-weighted intrinsic reaction coordinate calculations were carried out for a 

representative transition structure using the Gonzalez and Schlegel scheme47,50 in order to 

ensure that they indeed connected the appropriate reactants and products.

For the calculation of bond dissociation energies (BDE), single-point energy calculations 

using the correlated ab initio SCS-MP2 method49 in combination with the cc-pVTZ basis 

set50, were performed on the B3LYP/6–31G(d) optimized geometries. BDEs were defined 

as the difference in zero-point energies between menthol and the sum of the isolated radicals 

generated upon homolytic C–H cleavage (Supplementary Table 2).

Cartesian coordinates, electronic energies, entropies, enthalpies, Gibbs free energies, and 

lowest frequencies of the optimized structures are available in Supplementary Table 1).

MD simulations

The heme iron(IV)–oxo complex involved in the cytochrome-catalyzed oxidative 

hydroxylation cycle (Compound I) was used to model the active form of the PikC cofactor. 

Simulations were performed using the GPU code (pmemd)51 of the AMBER 12 package 

(Case, D. A. et al., UCSF, 2012). The Amber-compatible parameters developed by 

Cheatham III et al.52 were used for Compound I and its axial Cys ligand. Parameters for 

menthol substrates were generated within the antechamber module using the general 

AMBER force field (gaff)53, with partial charges set to fit the electrostatic potential 

generated at the HF/6–31G(d) level by the RESP model54. The charges were calculated 

according to the Merz-Singh-Kollman scheme55,56 using the Gaussian 09 package (Frisch, 

M. J. et al., Gaussian, Inc., 2009). Each protein was immersed in a pre-equilibrated 

truncated cuboid box with a 10 Å buffer of TIP3P57 water molecules using the leap module, 

resulting in the addition of around 15,000 solvent molecules. The systems were neutralized 

by addition of explicit counter ions (Na+ and Cl−). All subsequent calculations were done 

using the widely tested Stony Brook modification of the Amber 99 force field (ff99sb)58. A 

two-stage geometry optimization approach was performed. The first stage minimizes the 

positions of solvent molecules and ions imposing positional restraints on solute by a 

harmonic potential with a force constant of 500 kcal mol−1 Å−2, and the second stage was a 

minimization of all the atoms in the simulation cell except those involved in the harmonic 

distance restraint. The systems were gently heated using six 50 ps steps, incrementing the 

temperature 50 K each step (0–300 K) under constant-volume and periodic-boundary 

conditions. Water molecules were treated with the SHAKE algorithm such that the angle 

between the hydrogen atoms was kept fixed. Long-range electrostatic effects were modeled 

using the particle-mesh-Ewald method59. An 8 Å cutoff was applied to Lennard-Jones and 

electrostatic interactions. Harmonic restraints of 30 kcal/mol are applied to the solute, and 

the Andersen equilibration scheme is used to control and equalize the temperature. The time 

step was kept at 1 fs during the heating stages, allowing potential inhomogeneities to self-

adjust. Each system was then equilibrated for 2 ns with a 2 fs timestep at a constant volume. 

Production trajectories were then run for additional 500 ns under the same simulation 

conditions.
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PikCxx-RhFRED analytical-scale enzymatic reactions

The standard assay contained 5 µM PikCxx-RhFRED, 1 mM substrate, 1 mM NADP+, 0.05 

units of glucose-6-phosphate dehydrogenase, and 5 mM glucose-6-phosphate for NADPH 

regeneration in of reaction buffer (50 mM NaH2PO4, pH 7.3, 1 mM EDTA, 0.2 mM 

dithoerythritol, and 10% glycerol) total volume 50 µL. The reaction was carried out at 30 °C 

for 3 h and quenched by addition of 150 µL MeOH. The resulting mixture was briefly 

vortexed and centrifuged at 10,000 × g for 10 min. The subsequent liquid chromatography 

mass spectrometry (LC-MS) analysis was performed on an Agilent Q-TOF HPLC-MS 

(Department of Chemistry, University of Michigan) equipped with an high resolution 

electrospray mass spectrometry (ESI-MS) source and a Beckmann Coulter reverse-phase 

HPLC system using an Waters XBridge C18 3.5 µm, 2.1×150 mm under the following 

conditions: mobile phase (A = deionized water + 0.1% formic acid, B = acetonitrile + 0.1% 

formic acid), 10% to 100% B over 15 min, 100% B for 4 min; flow rate, 0.2 mL/min. 

Reactions were scanned for [M+16] (monohydoxylation) and [M+32] (dihydroxylation). 

The percent conversion was determined as outlined in Li et al35. Briefly, the percent 

conversion was calculated with AUCtotal products/(AUCtotal products + AUCunreacted substrate) 

by assuming ionization efficiency of substrate and hydroxylated products are the same, 

because the ionization site of this series of compounds is presumed to be the dimethylamino 

group.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Selected oxidation products of (−)-menthol and calculated bond dissociation energies 

(BDEs) for the corresponding C–H bonds in kcal mol−1. The calculated BDEs display a 

general trend in C–H bond strength, tertiary < secondary < primary.
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Figure 2. 
Substrate anchoring mechanism employed by P450 PikC. (a) Co-crystal structure of natural 

substrate, YC-17, and PikC (PDB ID 2CD8)33 depicting the anchoring salt bridge between 

E94 and the dimethylamino group of YC-17. (b) Evolution of the PikC substrate-

engineering approach with the natural anchoring group, desosamine and dimethylamine 

containing synthetic anchoring groups.
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Figure 3. 
The persistence of the potential salt bridges (>4 Å) between a given substrate anchoring 

group and different PikC residues (percentages measured from MD simulations) are shown; 

(+)/(−) distinction refers to menthol absolute configuration.
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Figure 4. Substrate binding and tertiary structure of PikC variants observed in MD simulations
(a) Improper binding of substrate (−)-21 to PikCwt showing detrimental interactions with 

E246, absence of contacts with E94, E85 or E48, and disruption of the hydrogen bond 

network in the R172/E146/W150 motif. (b and c) PikCwt in open conformation showing an 

open active site with widely spread binding residues (E94, E85 and E48). (d) Adequate 

binding of substrate (−)-26 to PikCD50ND176QE246A showing interactions with the all three 

binding residues simultaneously and the undistorted R172/E146/W150 motif. (e and f) 
PikCD50ND176QE246A in closed conformation showing a narrow active site channel and a 

tight arrangement of the binding residues.

Narayan et al. Page 17

Nat Chem. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Stereoselectivity in the C4–H abstraction catalyzed by PikC
(a) Quantum mechanically (QM) optimized transition for hydrogen abstraction of H4eq in 

(−)-menthol (see Supplementary Fig. 2). (b) Representative snapshot of a MD trajectory of 

PikCD50N bound to 25 showing the substrate in close proximity to the catalytic heme iron-

oxo species (Compound I). (c) and (d) Orientation of H4eq (in green) and H4ax (in orange) 

of (−)-menthol (c) and (+)-menthol (d) relative to the iron-heme oxo group in PikCD50N, 

derived from 0.5 µs MD trajectories. Each point represents a simulation snapshot. 

Deviations of the distances (x axis) and angles (y axis) from the quantum mechanically 

optimized transition structure (in blue) with a hypothetical model heme catalyst are shown. 

The greater separation between the two sets of points (H4eq and H4ax) in (−)-menthol is 
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interpreted as a potential higher diastereoselectiviy in the associated transition states, and 

thus the hydroxylation reaction.
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Figure 6. 
Site selective oxidation with PikCD50ND176QE246A-RhFRED. C–O bonds highlighted in red 

= hydroxyl group introduced in the P450 reaction. Numbers given in parentheses are TTN 

values determined in triplicate. Reaction conditions: 1 mM substrate, 5 µM enzyme, 1 mM 

NADP+, 5 mM glucose-6-phosphate, 1 U/mL glucose-6-phosphate dehydrogenase.
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