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aDepartment of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, United 
States
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cInstitut de Química Computacional i Catalisi (IQCC) and Departament de Química, Universitat 
de Girona, Girona 17003, Spain

dBiomolecular Science and Engineering (BMSE) Program, University of California, Santa 
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Abstract

New-to-nature radical biocatalysis has recently emerged as a powerful strategy to tame fleeting 

open-shell intermediates for stereoselective transformations. In 2021, we introduced a novel 

metalloredox biocatalysis strategy that leverages the innate redox properties of the heme 

cofactor of P450 enzymes, furnishing new-to-nature atom transfer radical cyclases (ATRCases) 

with excellent activity and stereoselectivity. Herein, we report a combined computational and 

experimental study to shed light on the mechanism and the origins of enantioselectivity for this 

system. Molecular dynamics and QM/MM calculations revealed an unexpected role of the key 

beneficial mutation I263Q. The glutamine residue serves as an essential hydrogen bond donor 

that engages with the carbonyl moiety of the substrate to promote bromine atom abstraction 

and enhance the enantioselectivity of radical cyclization. Therefore, the evolved ATRCase is a 

bifunctional biocatalyst, wherein the heme cofactor enables atom transfer radical biocatalysis 

while the hydrogen bond donor residue further enhances the activity and enantioselectivity. 

Unlike many enzymatic stereocontrol rationales based on a rigid substrate binding model, our 

computations demonstrate a high degree of rotational flexibility of the allyl moiety in enzyme–

substrate complex and succeeding intermediates. Therefore, the enantioselectivity is controlled by 
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the radical cyclization transition states rather than substrate orientation in ground state complexes 

in the preceding steps. During radical cyclization, anchoring effects of the Q263 residue and 

steric interactions with the heme cofactor concurrently control the π-facial selectivity, allowing 

for highly enantioselective C–C bond formation. Our computational findings are corroborated by 

experiments with ATRCase mutants generated from site-directed mutagenesis.

Graphical Abstract:

INTRODUCTION

Due to their ability to exert exquisite stereocontrol over challenging chemical reactions, 

enzymes are excellent catalysts for asymmetric synthesis in applications that range from 

small-scale synthesis to industrial manufacturing.1 Traditional biocatalysis research focuses 

on the discovery, engineering, and application of naturally existing enzyme functions of 

outstanding synthetic value. However, compared to the immensely diverse range of organic 

reactions discovered and optimized by synthetic chemists, only a small subset of these 

reactivity patterns is found in natural enzymology and are currently being utilized by 

biocatalysis practitioners, thus imposing a major limitation on the utility of contemporary 

enzyme technologies. The implementation of unnatural chemistries by repurposing naturally 

existing enzymatic machineries promises to expand the reaction space of biocatalysis, 

thereby significantly augmenting the synthetic chemist’s toolbox.2

Recently, we commenced a research program to repurpose naturally occurring 

metalloenzymes to catalyze unnatural stereoselective radical reactions using a metalloredox 

mechanism.3 Almost 50% of naturally occurring proteins are metalloproteins,4 among 

which redox-active first-row transition-metal cofactors such as Fe(II)/Fe(III),5 Co(I)/

Co(II),6 and Cu(I)/Cu(II)7 are ubiquitous. Cognizant of the tremendous synthetic potential 

of these metalloproteins in facilitating redox-mediated radical reactions, we recently 

repurposed cytochromes P450, a class of promiscuous metalloenzymes with numerous 

applications,5a-b,8–9 to catalyze new-to-nature atom transfer radical cyclization (ATRC) 

in an enantio- and diastereodivergent fashion (Figure 1a).3 Due in large part to the 

difficulties in maintaining a tight association with the free radical intermediate and/or 

the unfunctionalized olefin, inducing high levels of stereocontrol for free radical-mediated 

olefin functionalization reactions continues to pose a formidable challenge for chiral small-
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molecule catalysts.10 In particular, catalytic asymmetric ATRC reactions remain rare.11 

Thus, our evolved P450 atom transfer radical cyclases provide a new means of taming 

radical intermediates for a synthetically valuable but underdeveloped class of asymmetric 

transformations. This metalloredox strategy is complementary to the elegant work of 

Hyster12 and Zhao13 on reductive C–C bond forming photoredox transformations using 

flavoenzymes, as the metallocofactor in our work allows redox-neutral atom transfer 

reactions to proceed with excellent stereocontrol.

To further advance this recently developed mode of metalloredox radical biocatalysis, it 

is imperative to gain further understanding of reaction mechanism and origin of enzyme-

controlled stereoselectivity. The proposed mechanism of this enzymatic ATRC reaction 

involves radical initiation via bromine atom transfer from the substrate to the heme cofactor, 

enantioselective radical cyclization, and bromine atom rebound to form the product (Figure 

1c). However, several key mechanistic questions remain unaddressed. First, our previous 

work showed that evolved P450 radical cyclases displayed substantially faster kinetics and 

higher total turnover numbers relative to free cofactor in promoting this ATRC process,3 

but the origin of this enhanced activity is unclear. Second, the mode of enantioinduction for 

this radical-mediated olefin functionalization is potentially distinct from those of other types 

of well-established natural and unnatural enzymatic reactions and remains to be uncovered. 

How these enhancements in reactivity and stereoselectivity relate to key evolved structural 

elements of the ATRCase needs to be elucidated.

Stereocontrol of many enzymatic olefin functionalization reactions has been rationalized 

through π-facial selectivity models based on ground-state structure of enzyme–substrate 

complexes,13a,14 where the rotational freedom of the olefin is greatly reduced and the 

two prochiral π-faces are easily differentiated. Such intuitive substrate binding models 

obtained from experimental X-ray structures and computational substrate docking and/or 

classical molecular dynamics (MD) simulations have been widely used in biocatalysis 

and protein engineering. Nevertheless, an increasing number of studies underscored the 

importance of interrogating transition-state models to gain an accurate understanding of 

enzymatic stereoselectivities,15–16 especially when the reactive functional group of the 

substrate (e.g., an olefin) does not strongly interact with the protein scaffold and is 

flexible in the enzyme–substrate complex (Figure 1d). In this situation, substrate binding 

models become ineffective, and computational models based on transition-state analysis 

are critical to describe the origin of enzymatic stereocontrol. In the recently developed 

biocatalytic enantioselective ATRC, it is not clear which enantioinduction scenario is 

operative. Depending on the conformational flexibility of the olefin moiety and the carbon-

centered radical in the enzyme active site, the enantioselectivity may be rationalized by 

substrate binding conformation or by the π-facial selectivity of the radical cyclization 

transition state (Figure 1d).

Herein, we performed computational studies to investigate the reaction mechanism 

and key factors promoting this new-to-nature atom transfer radical cyclization and 

to explore the origin of enantioselectivity. We studied how interactions with active 

site residues facilitate the substrate activation step, leading to faster radical initiation. 

To compare the two enantioinduction scenarios (Figure 1d), we examined substrate 
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binding modes and conformational flexibility of the olefin in the enzyme–substrate 

complex and the radical intermediate via classical MD simulations and hybrid quantum 

mechanics/molecular mechanics (QM/MM) metadynamics simulations. These ground state 

behaviors are compared with transition state enantiocontrol by computing the selectivity-

determining radical cyclization transition states via QM/MM-optimizations and QM/MM 

metadynamics17 simulations. Our work revealed the highly flexible nature of the olefin 

in the enzyme–substrate complex, clearly demonstrating that enantiocontrol is governed 

by transition-state stability and not substrate conformational control upon binding. This 

study unveiled the unexpected role of a glutamine residue (Q263) acting as the hydrogen 

bond donor13a,18 to activate the substrate toward radical initiation and enhance the 

enantioselectivity in radical cyclization (Figure 1b). The importance of this key residue 

in promoting reactivity and selectivity was then validated experimentally using enzyme 

variants derived from site-directed mutagenesis. Together, these studies showed that our 

directed evolution efforts led to the serendipitous discovery of a bifunctional biocatalyst, 

wherein the heme cofactor enables atom transfer radical biocatalysis and the hydrogen bond 

donor residue further activates the substrate and enhances the enantioselectivity.

COMPUTATIONAL AND EXPERIMENTAL METHODS

Classical MD Simulations.

In this study, we focused on the enzymatic reaction catalyzed by P450ATRCase1, an (R)-

product forming enzyme. The initial geometry of P450ATRCase1 used in the modeling 

was generated by modifying the available X-ray crystal structure of a closely related 

P450 variant (PDB ID: 4H23).19 Six mutations (A82T, L181F, I263Q, H266T, T327I, and 

T438S) were introduced into 4H23 using the mutagenesis tool in PyMOL20 to prepare 

P450ATRCase1. Classical molecular dynamics (MD) simulations were carried out using the 

pmemd module of the GPU-accelerated Amber 20 package.21 Force field parameters for 

the iron–porphyrin complex were generated using the MCPB.py module22 with the general 

Amber force field (gaff).23 Parameters for substrate 1 were generated using the gaff force 

field, whereas the Amber ff14SB force field24 was used for standard residues and TIP3P 

for solvent water molecules. First, three replicas25 of independent 500 ns MD simulations 

were performed in the holo state of P450ATRCase1 in the absence of substrate 1. Clustering 

analysis based on the root-mean-square deviation (RMSD) of backbone was carried out 

using the cpptraj module26 to identify the most populated protein conformation in the MD 

simulations of all three replicas. A representative snapshot of the most visited structure was 

used for docking calculations with substrate 1 using the AutoDock package.27 Then, MD 

simulations of substrate-bound P450ATRCase1 were performed with and without restraints 

to study the preferred substrate binding pose and the possible interaction modes between 

activate site residues and the substrate. In the unrestrained MD simulations, three replicas 

of 500 ns simulations were performed without including external forces. In the restrained 

MD simulations, three replicas of 500 ns MD simulations were performed by restraining 

the Fe–Br distance (2.7–4.0 Å) by applying a harmonic potential of 500 kcal·mol−1·Å−2. 

These restraints were applied to simulate substrate near attack conformation (NAC) in the 

inner-sphere bromine atom transfer pathway. This strategy is similar to those applied in 

previous studies.14f,28 The restrained distance range used (2.7–4.0 Å) was determined based 
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on the Fe–Br distance observed in a DFT-optimized dative complex using Fe–porphine as a 

model, which has a Fe–Br distance of 3.80 Å (see Figure S1 of the SI for details). Additional 

restrained classical MD simulations where both the Fe–Br distance and the hydrogen bond 

distance between the carbonyl group of the substrate and the amide of the Q263 residue 

were restrained (the HQ263⋯Osub distance was restrained in the range of 1–3 Å with a 

harmonic potential of 200 kcal·mol−1·Å−2). The most representative snapshots from the 

restrained MD simulations, based on protein backbone RMSD analysis, were used as the 

initial geometries for QM/MM calculations and QM/MM metadynamics simulations.

QM/MM Calculations of Reaction Energy Profiles.

The ONIOM algorithm29 implemented in Gaussian 1630 was used in QM/MM calculations 

to characterize the stationary points (intermediates and transition states). Water molecules 

and counterions within 5 Å from the enzyme were included in the QM/MM calculations. 

Several conformers of the substrate were considered for each intermediate and transition 

state (see Figures S2–S3 of the SI for higher energy conformers). The QM region includes 

the heme cofactor, the side chain of the Fe-binding serine residue (S400), the substrate, 

and boundary hydrogen atoms. This includes a total of 77 atoms in the QM region. For 

the QM region, the dispersion-corrected B3LYP31-D332/6–31G(d)–LANL2DZ(Fe) level 

of theory was used in geometry optimization and vibrational frequency calculations, and 

the B3LYP-D3/6–311+G(d,p)–LANL2TZ(f)(Fe) level of theory was used in single-point 

energy calculations. This level of theory has been shown to provide good agreement 

with PNO-LCCSD(T)-F12 benchmark results.3 For the MM region, the same force field 

parameters from the classical MD simulations discussed above were used. The quadratic 

coupled algorithm33 and the mechanical embedding scheme were used in geometry 

optimization. Residues greater than 6 Å away from the QM region were kept fixed during 

geometry optimization. Single-point energy calculations were performed with the electronic 

embedding scheme, which better describes electrostatic interactions between QM and MM 

regions.34 Open-shell singlet, triplet, quintet, and septet spin35 states for each structure were 

considered. Wavefunction stability of all structures was confirmed by using the “stable=opt” 

keyword.

QM/MM Metadynamics Simulations.

All QM/MM Born Oppenheimer MD metadynamics simulations were performed with the 

CP2K 7.1 package,36 combining the QM program QUICKSTEP37 and the MM driver 

FIST. In this program, a real-space multigrid technique is used to compute the electrostatic 

coupling between the QM and MM regions.38 The heme cofactor, the side chains of F181, 

Q263 (two key active site residues identified by protein engineering), and the Fe-binding 

S400, the substrate, and boundary hydrogen atoms were included in the QM region. This 

leads to 137 atoms in the QM region. The remaining part of the system was modeled at the 

MM level using the same parameters as in the classical MD simulations. The QM region 

was treated at the DFT (BLYP-D3) level,39 employing the Gaussian and plane waves method 

(GPW) that combines Gaussian-type basis functions and plane-waves as an auxiliary basis. 

The DZVP basis set40 and Goedecker-Teter-Hutter pseudopotentials41 were employed. The 

auxiliary plane-wave basis set was expanded up to a 280 Ry cutoff. Trajectories starting 

from different initial geometries, obtained from snapshots of the restrained classical MD 
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simulations, were simulated in the QM/MM metadynamics calculations. All QM/MM 

metadynamics simulations were performed in the NVT (constant number of atoms, volume, 

and temperature) ensemble using an integration time step of 0.5 fs. First, the system was 

equilibrated without any restraint for 2.0 ps. Then, the metadynamics method17 was used 

to compute the free energy profiles. In the simulations of the radical cyclization pathways, 

one collective variable was defined as the distance of the forming C–C bond between 

the radical center and the alkenyl carbon of the substrate. In the simulations to study the 

flexibility of the N-allyl group in the radical intermediate, two collective variables were 

defined as dihedral angles about the allylic C–C (ϕ) and N–C(allyl) (θ) bonds. Repulsive 

Gaussian-shaped potential hills with a height of 0.3 kcal/mol and a width of 0.1 bohr for 

distance and 0.1 rad for dihedral angle were added to the potential every 20 molecular 

dynamics steps.

Expression of P450ATRCase1 variants.

E. coli (E. cloni BL21(DE3)) cells carrying plasmid encoding the indicated P450ATRCase1 

variant were grown overnight (12–14 h) in Luria broth with ampicillin (LBamp, 2.5 mL) 

in a culture tube. Preculture (1.5 mL, 5% v/v) was used to inoculate 30 mL of HBamp 

in a 125 mL Erlenmeyer flask. This culture was incubated at 37 °C, 230 rpm for 2 h 

in a New Brunswick Innova 44R shaker. The culture was then cooled on ice for 20 min 

and induced with 0.5 mM IPTG and 1.0 mM 5-aminolevulinic acid (final concentrations). 

Protein expression was conducted at 22 °C, 150 rpm, for 20–22 h. E. coli cells were then 

transferred to a 50 mL conical tube and pelleted by centrifugation (3000 rpm, 5 min, 4 

°C) using an Eppendorf 5910R tabletop centrifuge. The supernatant was removed and the 

resulting cell pellet was resuspended in M9-N buffer to OD600 = 30. An aliquot of this cell 

suspension (2 mL) was taken to determine protein concentration by hemochrome assay after 

cell lysis by sonication.

Biotransformations using whole E. coli cells.

Suspensions of E. coli cells expressing the P450ATRCase1 variant in M9-N buffer (OD600 

= 30, pH = 7.40) were kept on ice. In another conical tube, a stock solution of D-glucose 

(500 mM in M9-N) was prepared. To a 2 mL vial were added the suspension of E. coli 
cells (typically OD600 = 30, 345 μL) and D-glucose (40 μL of 500 mM stock solution in 

M9-N buffer). This 2 mL vial was then transferred into an anaerobic chamber, where the 

ATRC substrate (15 μL of 270 mM stock solution in EtOH) was added. The final reaction 

volume was 400 μL; the final concentrations of substrate and D-glucose were 10 mM and 50 

mM, respectively. The vials were sealed and shaken in a Corning digital microplate shaker 

at room temperature and 680 rpm for 12 h. The reaction mixture was then extracted with 

1:1 EtOAc/hexanes and analyzed by chiral HPLC using mesitylene as the internal standard. 

For each P450ATRCase1 variant, whole-cell reactions were performed in triplicate. Averaged 

yields and total turnover numbers (TTNs) were reported.
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RESULTS AND DISCUSSION

Preferred Substrate Binding Pose and Unexpected Hydrogen Bonding Interaction with Key 
Residue Q263.

To explore the preferred substrate binding pose and interaction modes between the substrate 

and active site residues, we performed classical MD simulations of the enzyme–substrate 

complex. After docking substrate 1 into the active site of P450ATRCase1, we performed 

three replicas of 500 ns MD simulation without any restraint (unrestrained MD). We 

also performed another three replicas of 500 ns MD simulations by restraining the Fe–Br 

distance within 2.7–4.0 Å to mimic the near attack conformation (NAC)14f,28 for bromine 

atom abstraction (restrained MD).

Both MD simulations revealed the existence of two dominant interaction modes with Q263 

(Figure 2a), where the carbonyl group of the substrate forms a hydrogen bond with the 

NH2 group of the side chain of Q263 (interaction mode A) or with a water molecule 

bridging Q263 and the substrate (interaction mode B). The unrestrained MD simulations 

revealed that in most of the simulation time (63.9%), the N–H∙∙∙O distance between the side 

chain NH2 group in Q263 and the amide carbonyl oxygen of 1 is shorter than 3 Å. In the 

restrained MD simulations, this direct Q263–substrate hydrogen bond was observed in a 

smaller percentage of the simulation time (21.2 %), because the distance restriction between 

Fe and Br induces a less favorable spatial arrangement for the hydrogen bond. Nonetheless, 

most snapshots maintain a relatively short distance between Q263 and the substrate (< 5 Å), 

with either a direct hydrogen bond with Q263’s NH2 group or a water-bridged hydrogen 

bond between these two groups (Figure 2a). These MD simulations suggest that hydrogen 

bonding interactions with Q263 are important for substrate binding and may be involved in 

subsequent steps of the catalytic cycle. This will be examined using QM/MM calculations in 

the next section.

Both unrestrained and restrained MD simulations describe a preferred binding pose of the 

substrate in which the N-benzyl group of 1 is placed in proximity to L437, establishing 

hydrophobic C–H∙∙∙π interactions (Figure 2b). Due to this stabilizing interaction, the s-cis 
conformer of the amide is strongly favored within the active site, as seen in greater than 

93% of the simulation time (see Figures S5 and S9 of the SI for details). In the favored 

s-cis conformer, the N-allyl group is cis to the bromoalkyl group, a conformation required 

in the subsequent radical cyclization step. In the absence of enzyme scaffold, rotation 

along the amide bond led to less efficient ATRC of N-allyl α-haloamides,42 demonstrating 

the templating effect of the protein scaffold in facilitating radical catalysis. Overall, the 

preferred binding pose of 1 involves both hydrogen bonding interaction with the amide 

carbonyl and C–H∙∙∙π interactions with the N-benzyl group. These interactions not only 

promote substrate binding but also stabilize the s-cis conformer of the amide poised to 

undergo radical cyclization. MM-GBSA substrate–residue pair interaction calculations43 

(Figure 2c) revealed that Q263 and L437 are among residues establishing the most 

stabilizing interactions with the substrate, further highlighting their importance for the 

substrate binding via hydrogen bonding and C−H∙∙∙π interactions with these residues, 

respectively.
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Reaction Energy Profiles from QM/MM Calculations and the Roles of Q263 on Reactivity of 
Substrate Activation.

We next used QM/MM methods to compute the free energy profile of this biocatalytic 

ATRC process. QM/MM calculations were performed starting from the preferred substrate 

binding pose characterized by MD simulations, and considering interaction mode A with 

Q263 residue (Figure 2b), where the amide side chain of Q263 engages the substrate in 

hydrogen bonding interactions. Open-shell singlet, triplet, quintet, and septet spin states 

of each intermediate and transition state structure were optimized using QM/MM (Figure 

S14). Gibbs free energy profiles involving the two most favorable spin states, quintet and 

septet, affording the major enantiomeric product (R)-2 via radical addition to the (Si)-face 

of the alkene (TS2-(Si)) are shown in Figure 3. The quintet spin state was found to be 

the most favorable spin state for the enzyme–substrate and enzyme–product complexes and 

bromine atom abstraction and bromine atom rebound transition states (TS1 and (R)-TS3), 

whereas the septet spin state was found to be the most stable in α-carbonyl radical 4, radical 

cyclization transition state TS2-(Si), and the succeeding cyclized primary radical (R)-5 (see 

Figure S15 for spin densities of QM/MM-optimized structures).

The QM/MM-computed energy profiles revealed several key mechanistic features critical 

for the reactivity and enantioselectivity of this enzymatic ATRC. First, the Fe(II)/Fe(III) 

metalloredox processes (TS1 and (R)-TS3) are both kinetically facile. Although the radical 

initiation via bromine atom abstraction (TS1) is endergonic by 6.4 kcal/mol, it requires 

a relatively low activation free energy of 17.3 kcal/mol. The endergonicity of this step 

is comparable to the bromine atom abstraction step in Cu-catalyzed atom transfer radical 

polymerization (Cu-ATRP), which has an equilibrium constant of KATRP = 10−9 ~ 10−4 

in most common Cu-ATRP systems.44 The relatively high HOMO energy of the heme 

cofactor (−3.3 eV, compared with −5.6 eV for Cu(TPMA)+, a representative Cu-ATRP 

catalyst)45 suggests that this Fe-mediated bromine atom abstraction is kinetically promoted 

due to effective metal-to-substrate charge transfer in the bromine atom abstraction transition 

state.46 Because bromine atom abstraction is the rate-determining step in the QM/MM-

computed catalytic cycle, a low kinetic barrier is essential for the reactivity of the ATRC. 

On the other hand, the exergonicity of the bromine atom rebound step enables rapid trapping 

of the enantioenriched cyclized primary radical intermediate (R)-5 via (R)-TS3. Because 

the Gibbs free energy of (R)-TS3 is lower than that of TS2-(Si), the radical cyclization 

(TS2-(Si)) is irreversible, and thus determines the enantioselectivity.

The reactivity of bromine atom abstraction is promoted by hydrogen bonding interaction 

between the amide side chain in Q263 and the carbonyl group of substrate 1. This hydrogen 

bond persists throughout catalysis among all the QM/MM-optimized intermediate and 

transition state structures (Figure 4). Furthermore, our QM/MM calculations showed slightly 

shorter N–H∙∙∙O distances in bromine atom abstraction transition state TS1 and α-carbonyl 

radical intermediate 4 compared to that in the enzyme–substrate complex 3 (Figure 4a). 

These results indicate that this hydrogen bond not only promotes the substrate binding 

but also more substantially stabilizes bromine atom abstraction TS and the radical being 

formed, promoting this rate-determining substrate activation step.47 Further calculations 

using truncated model systems showed that this hydrogen bonding interaction lowers the 
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energy of the LUMO orbital of the α-bromoamide moiety, thereby weakening the α-C–Br 

bond (see Figure S17 for the effects of hydrogen bonding interactions on LUMO energies 

and C–Br BDE).

The I263Q mutation represents one of the most important beneficial mutations in our 

previously reported directed evolution effort, as it led to dramatically enhanced activity and 

enantioselectivity of P450ATRCase1. Compared to its parent, the I263Q mutant increased the 

total turnover number (TTN) from 1810 to 5370 and enantiomeric ratio (e.r.) from 67:33 

to 89:11.3 Despite these results, the role of this I263Q mutation was not known at the time 

P450ATRCase1 was engineered. The computational results disclosed herein rationalized the 

role of Q263 on the experimentally observed reactivity. The higher e.r. with the I263Q 

variant suggests that this residue also plays a key role in the enantioselectivity-determining 

step. This effect is discussed in the next section.

Origin of Enantioselectivity and the Cooperative Effects of Q263 and Heme Cofactor on 
Enantioinduction.

To understand the origin of enantioselectivity, we performed QM/MM calculations to 

study the enantioselectivity-determining radical cyclization transition states (Figure 4b). The 

transition state of radical addition to the (Si)-face of the alkenyl group TS2-(Si) leading 

to the experimentally observed major enantiomeric product (R)-2 is 2.5 kcal/mol lower in 

energy than TS2-(Re) leading to the opposite enantiomeric product, (S)-2.

Hydrogen bonding interactions between Q263 and the carbonyl group of substrate 1 and C–

H∙∙∙π interactions between L437 and the N-benzyl group on 1 are observed in both transition 

states TS2-(Si) and TS2-(Re) (Figure 4b). These interactions restrained the positioning of 

the substrate in the active site, placing the α-carbonyl radical center relatively close to the 

heme cofactor. When approaching the α-carbonyl radical during the radical cyclization, 

the alkenyl group is placed closer to the heme cofactor. In the favored radical cyclization 

transition state TS2-(Si), the alkenyl group points away from the heme, whereas in the 

disfavored transition state TS2-(Re), the alkenyl group points towards the heme, leading 

to unfavorable steric repulsions. This unfavorable steric effect is evidenced by the short 

distance between the terminal olefinic carbon and the bromine atom on heme (3.40 Å) in 

TS2-(Re).

Next, we performed QM/MM metadynamics simulations to study the structural features 

along the radical cyclization reaction coordinate. The radical cyclization transition state 

geometries and activation free energies from QM/MM metadynamics are similar to those 

obtained from QM/MM geometry optimizations (see Figure S19 for details). The QM/MM 

metadynamics trajectories indicate that the Q263–substrate hydrogen bond along the radical 

cyclization pathway to form (R)-2 via TS2-(Si) remains relatively strong with an average 

HQ263⋯Osub distance smaller than 2.5 Å (Figure 5).48 On the other hand, the hydrogen 

bonding interaction with Q263 is weaker in the region near the disfavored transition 

state TS2-(Re), evidenced by slightly longer HQ263⋯Osub distances explored along the 

disfavored radical cyclization pathway. The steric repulsions with heme lead to unfavorable 

distortion of TS2-(Re), weakening the hydrogen bond with Q263, a key enzyme–substrate 
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interaction. Overall, both the QM/MM and the metadynamics simulations highlighted the 

cooperative effects of the Q263 residue, hydrophobic active site residues, such as L437, and 

the heme cofactor in anchoring the substrate and exerting steric interactions to affect the 

enantioinduction in radical cyclization transition states.

Classical MD and QM/MM Metadynamics Simulations on the Conformational Flexibility of 
the N-Allyl Group in Ground State Complexes.

We performed molecular dynamics simulations using both classical MD and QM/MM 

metadynamics to explore the conformational flexibility of the N-allyl group in the enzyme–

substrate complex 3 and the α-carbonyl radical intermediate 4 (Figure 6). We surmised that 

these simulations, in conjunction with the transition state modeling discussed above, would 

reveal which of the two enantioinduction scenarios shown in Figure 1d is operative in this 

enzymatic ATRC. In particular, these ground-state simulations could reveal whether the allyl 

group rotation is restricted prior to the radical cyclization transition state, therefore offering 

a binding-based enantioinduction model for π-facial discrimination.

The conformations of the N-allyl group in the enzyme–substrate complex 3 observed along 

the unrestrained and restrained classical MD simulations are described in Figure 6a. These 

MD simulations showed four clusters of conformers (3a-d) with almost equal distributions, 

resulting from rotations about the N–C(allyl) (θ) and the allylic C–C (ϕ) bond. In the 

centroids of each cluster, the allyl group and the carbonyl are anticlinal (θ is within 90~150° 

or −90~−150°) rather than having the synperiplanar conformation (θ = 30~−30°) in the 

radical cyclization transition states (see Figures S20 and S21 of the SI for representative 

snapshots of these conformers). The lack of sterically bulky residues around the N-allyl 

group allows for the facile conformational change in the enzyme–substrate complex. Due to 

this conformational flexibility of the N-allyl group, there is no clear preference for the (Re)- 

or the (Si)-face of the C=C double bond to be exposed to the α-bromoamide moiety.

Next, we performed QM/MM metadynamics simulations on the α-carbonyl radical 

intermediate 4 to investigate the rate of N-allyl group rotation once the radical is formed 

(Figure 6b). In these simulations, we used the dihedral angles about the allylic C–C (ϕ) and 

N–C(allyl) (θ) bonds as the collective variables. Similar to conformers 3a-d, the allyl group 

and the carbonyl are anti- or synclinal in all of the low-energy conformers of 4 (Figure S21). 

These conformers isomerize to synperiplanar conformation, such as in 4’-(Si) and 4’-(Re), 
via rotation about the N–C(allyl) (θ) bond prior to the radical cyclization transition state. 

Although 4’-(Si) and 4’-(Re) are not minima on the free energy surface, the conformational 

change to these synperiplanar structures is kinetically facile (see Figure S21 in the SI 

for the complete rotational free energy surface of the N-allyl group in 4). The QM/MM 

metadynamics calculations indicate conformer 4-(Si), which leads to the favored (Si)-face 

radical cyclization after N–C(allyl) (θ) bond rotation and radical addition, is 3.6 kcal/mol 

more stable than conformer 4-(Re), which leads to the less favorable radical cyclization with 

the (Re)-face of the olefin. Here, 4-(Re) is destabilized by steric repulsions between the 

terminal alkenyl group and heme cofactor, similar to the steric effect that destabilizes TS2-
(Re). The low barrier to the interconversion between 4-(Si) and 4-(Re) via allylic C–C bond 

(ϕ) rotation (ΔG‡
rot = 5.2 kcal/mol) indicates that the N-allyl conformational change is much 
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faster than the radical cyclization (ΔG‡ = 8.1 kcal/mol via TS2-(Si)). The interconversion 

barrier between 4-(Si) and 4-(Re) is comparable to that of N-allylamide in the absence of the 

enzyme (see Figure S22 of the SI for details), indicating minimal interactions between the 

allyl group and active site residues in the α-carbonyl radical intermediate.

Overall, these simulations indicated a highly flexible N-allyl group in both the enzyme-

bound substrate and the enzyme-bound α-carbonyl radical intermediate. Due to the rapid 

conformational interconversion of the N-allyl group in these ground state complexes, the 

enantioselectivity of this new-to-nature enzymatic ATRC process is solely determined by the 

radical cyclization transition state and not by the initial substrate conformation.

Experimental Investigations on the Importance of Residue 263 on Reactivity and 
Enantioselectivity.

In light of the key role of residue Q263 uncovered by the computational studies, we 

generated P450ATRCase1 Q263X mutants (X = R, K, N, S, A, I, and E) by site-directed 

mutagenesis and examined their catalytic activity and enantioselectivity in the radical 

cyclization of 1 (Table 1). In this study, other potential hydrogen bond donors, including 

arginine, lysine, asparagine, and serine, were evaluated in addition to residues lacking a 

hydrogen bond donor, including alanine, isoleucine, and glutamate.

Consistent with our computational insights, when Q263 was replaced by an appropriate 

alternative hydrogen bond donor residue, similar enzyme activity and enantioselectivity 

were observed. The second-best residue at 263 was found to be arginine (R263, Table 

1, entry 2), which bears a guanidine functional group that can potentially serve as a 

hydrogen bond donor. With this Q263R mutant, yield, total turnover number (TTN), and 

enantioselectivity very similar to the Q263 parent were observed. The Q263K mutant 

provided slightly further reduced enantioselectivity (entry 3). Interestingly, a further drop in 

e.r. was observed when this glutamine was replaced by an asparagine (entry 4), highlighting 

the importance of the tethering unit length for this hydrogen bond donor to engage the amide 

substrate. A263 lacking a hydrogen bond donor side chain and S263 with a much shorter 

hydrogen bond donor hydroxymethyl side chain provided greatly reduced enzyme activity 

and enantioselectivity (entries 5–6). Similar to the Q263A mutant, reverting this Q263 to 

I263 in native P450BM3 led to inferior enzyme performance (entry 7). The E263 mutant 

bearing a presumably deprotonated glutamate at residue 263 also provided low activity and 

enantioselectivity (entry 8). Together, these studies provided further evidence to support the 

essential role of residue Q263 of P450ATRCase1, underscoring the importance of a hydrogen 

bond donor residue to both the enzyme activity and enantioselectivity.

CONCLUSION

Using a combined computational and experimental approach, we elucidated the mechanism 

and the origin of enantioselectivity of our recently developed biocatalytic atom transfer 

radical cyclization using a laboratory-evolved P450 cyclase. QM/MM and classical MD 

simulations showed that the substrate binds to the enzyme active site, establishing a 

stabilizing hydrogen bonding interaction with Q263 and C–H∙∙∙π interactions with L437. 

While these stabilizing interactions are maintained throughout the catalytic process, leading 
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to a relatively rigid positioning of the substrate carbonyl within the enzyme active site, 

the N-allyl group of the substrate is highly flexible and undergoes rapid conformational 

change in enzyme-bound forms. The facile conformational change of the N-allyl group 

in ground state complexes makes the enantioselectivity entirely determined in the radical 

cyclization transition state. Notwithstanding the lack of conformational preference at the 

stage of various ground-state intermediates, high levels of enantioselectivity are achieved 

in the radical cyclization transition state where the olefin approaches the radical center, 

leading to further accentuated steric interactions with the heme cofactor. This study revealed 

the critical role of Q263 in promoting both reactivity and enantioselectivity, as it stabilizes 

substrate binding, promotes the rate-determining bromine atom abstraction, and controls 

the substrate orientation in the enantioselectivity-determining radical cyclization step. The 

multiple functions of Q263 were further corroborated by experiments evaluating the activity 

and enantioselectivity of enzyme variants generated by site-directed mutagenesis. Together, 

this study highlights the synergy between computations and experiments in providing 

insights into the mechanism of enantioinduction in radical-mediated enzymatic reactions. 

We expect that these insights will guide the further engineering of stereoselective ATRCases 

and development of other asymmetric new-to-nature radical-mediated enzymatic reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
P450-catalyzed enantioselective atom transfer radical cyclization (ATRC).
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Figure 2. 
Classical MD simulations of the enzyme–substrate complex and analysis of substrate--

protein interactions in the active site of the P450ATRCase1.
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Figure 3. 
Computed Gibbs free energy profiles of the P450ATRCase1-catalyzed ATRC from QM/MM 

calculations. The Gibbs free energies and enthalpies are with respect to a substrate–heme 

complex 3 where the bromine atom of the α-bromoamide substrate binds to the Fe center of 

the heme cofactor.
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Figure 4. 
QM/MM-optimized structures of select intermediates and transition states in the 

P450ATRCase1-catalyzed ATRC of 1. Gibbs free energies of all structures are with respect to 

3.
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Figure 5. 
Q263 hydrogen bonding interactions along the radical cyclization pathways from QM/MM 

metadynamics simulations. The moving averages are shown in dark green lines.
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Figure 6. 
Conformational change of the N-allyl group in enzyme–substrate complex 3 and α-carbonyl 

radical intermediate 4 from (a) classical MD and (b) QM/MM metadynamics simulations. 

The black dots in (a) indicate the centroids of each cluster representing the rotamers about 

the N–C(allyl) (θ) and allylic C–C (ϕ) bonds.
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Table 1.

Experimental validation.

entry mutation of P450ATRCase1 yield (%)
a TTN e.r.

a

1 None 89 ± 2 4400 ± 100 96:4

2 Q263R 82 ± 3 3700 ± 100 95:5

3 Q263K 76 ± 2 3730 ± 90 91:9

4 Q263N 75 ± 0 4340 ± 20 84:16

5 Q263S 36 ± 1 2310 ± 50 78:22

6 Q263A 37 ± 1 2490 ± 70 79:21

7 Q263I 52 ± 8 1300 ± 200 87:13

8 Q263E 25 ± 0 1300 ± 10 66:34

a
Yields and e.r.’s were determined by HPLC analysis. Reactions were carried out using whole E. coli cells harboring P450ATRCase1 mutants.
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