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Nitrogen heterocycles are key and prevalent motifs in drugs. Evolved variants of cytochrome P450gm3
(CYP102A1) from Bacillus megaterium employ high-valent oxo-iron(iv) species to catalyze the synthesis
of imidazolidine-4-ones via an intramolecular C—H amination. Herein, we use multi-scale simulations,
including classical molecular dynamics (MD) simulations, quantum mechanical/molecular mechanical
(QM/MM) calculations and QM calculations, to reveal the molecular mechanism of the intramolecular
C-H amination of the pyrrolidine derivative of lidocaine bearing cyclic amino moieties catalyzed by the
variant RP/FV/EV of P450gms3, Which bears five mutations compared to wild type. Our calculations show
that overall catalysis includes both the enzymatic transformation in P450 and non-enzymatic
transformation in water solution. The enzymatic transformation involves the exclusive hydroxylation of

the C—H bond of the pyrrolidine derivative of lidocaine, leading to the hydroxylated intermediate, during
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are found to be much favored in aqueous situation compared to that in the non-polar protein
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1. Introdution

Nitrogen heterocycles constitute one of the most prevalent
motifs in drugs.* As such, numerous chemical approaches have
been developed for the intra- and inter-molecular C-H amina-
tions. Among these approaches, the biosynthesis of C-N bonds
using enzymes represents an attractive approach concerning
their benign conditions. As a versatile biocatalyst, cytochrome
P450 can catalyse a wide range of reactions, such as hydroxyl-
ation, epoxidation, reductive dehalogenation, amine deal-
kylation and sulfoxidation.> The coupled high-valent oxo-
iron(wv) porphyrin m-radical cation species, so called compound
1 (Cpd I), has been well recognized as the principal oxidant of
P450.>° Utilizing organic azides as the nitrene precursor, Fasan
and co-workers found that cytochrome P450 could catalyse the
intramolecular C-H amination of sulfonyl azides via the nitrene
transfer reactions.'®* In a subsequent work, Arnold and co-
workers successfully engineered P450 to obtain the highly
enantioselective intermolecular amination of benzylic C-H
bonds.”
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In addition to the nitrene transfer reactions using organic
azides, Wong and co-workers found the P450-mediated
metabolite of the pyrrolidine derivative of lidocaine led to an
unusual cyclization product,*® which is expected to be generated
via a P450-Cpd I mediated intramolecular C-H amination. The
following work by Wong and co-workers expand the similar
reaction to a biosynthesis of a wide array of imidazolidin-4-ones
using the evolved variants of cytochrome P450gy3, which may
have potential bioactivity."* Unlike the nitrene transfer reac-
tions, P450-Cpd I mediated intramolecular C-H amination
utilizes the common aminoacetamide as a substrate, which is
easily available. Notably, a few P450 oxidases have been
discovered to catalyse the intra- or inter-molecular C-N bond-
forming reactions in recent studies.’>° It was suggested™* that
the reaction is initiated by the Cpd I-mediated H-atom
abstraction (HAA) from the pyrrolidine derivative of lidocaine,
leading to substrate radical and Fe(iv)-OH intermediate
(Scheme 1). Next, two plausible mechanisms were proposed for
P450-catalyzed amination of the pyrrolidine derivative of lido-
caine. In the mechanistic route I, the one-electron oxidation of
the pyrrolidine derivative of lidocaine by Cpd I may first lead to
the iminium species, which may further undergo the intra-
molecular cyclization to form the N,N-acetal. In the alternative
route II, the substrate radical may undergo a OH rebound
reaction to afford the hydroxylated pyrrolidine derivative of
lidocaine, which may further lose the hydroxide to form an
iminium ion. Although the P450-Cpd I mediated intramolecular

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Two possible mechanisms proposed in ref. 12.

C-H amination is promising in the synthesis of imidazolidin-4-
ones, the detailed mechanism of these processes is still unclear.
For instance, how does P450 selectively oxidize the a-site C-H
without oxidizing other C-H or N1-H bonds? Which mecha-
nistic pathway is more favourable, route I or II? How is the
intramolecular cyclization completed, enzymatic or non-
enzymatic?

To solve above issues, the combined molecular dynamics
(MD) simulations, quantum mechanical/molecular mechanical
(QM/MM) calculations, as well as QM calculations have been
performed. QM/MM calculations can yield atomistic informa-
tion on structure and mechanism of enzymatic reactions within
the native environment of the protein,*° while the QM calcu-
lations were used to investigate the transformation of the
hydroxylated intermediate in water solution. As shall demon-
strated, P450-catalyzed amination of the pyrrolidine derivative
of lidocaine involves both the enzymatic transformation in P450
and non-enzymatic transformation in water solution.**** The
enzymatic transformation involves the exclusive hydroxylation
of the C-H bond of the pyrrolidine derivative of lidocaine, while
the following dehydration and C-N coupling reactions are
found to be much favoured in aqueous situation than that in
the non-polar protein environment.

2. Computational strategies and
methods

2.1. Setup of the QM/MM system

Our system focuses on the RP/FV/EV variants containing R47L/
Y51F/1401P/F87V/E267V mutations. The initial structure of the
enzyme-substrate complex was prepared on the basis of the
determined X-ray structure of P450gy3; heam domain in
complex with DMSO** (PDB code: 2J1M, with a resolution of
1.70 A). Our setup is based on chain A, in which Zn ions are
deleted since they are not necessary cofactors for P450gy;. The
experimental substrate, the pyrrolidine derivative of lidocaine,
was docked into the active site performed with the Rosetta
ligand docking.*® According to the total energy, the top 20
docking conformations from 3000 docking results were selected
for analysis. Among these 20 conformations, we found 12 of
them have similar binding conformation for the substrate, in
which the C3 site of the substrate and the Cpd I-O maintain
a distance of 3.95-5.57 A. Finally, we choose the conformation
with the shortest distance (3.95 A) to carry on the subsequent
MD simulations. We assigned the protonation states of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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titratable residues (His, Glu, Asp) on the basis of pK, values
from the PROPKA software®” in combination with careful visual
inspection of local hydrogen-bonded networks. The histidine
residues His92, His100, His138, His236, His266, His285,
His361, His420 were protonated at the ¢ position, while His116,
His171, His388, His408, His426 were protonated at the ¢ posi-
tion. The glutamic acid residue Glu409 was protonated and all
aspartic acid residues were deprotonated. For comparison, we
also did MD simulation on Glu409-deprotonated state. Our MD
simulations show that the binding conformation of the
substrate are similar in both protonated and deprotonated
cases, suggesting that the protonation state of Glu409 will not
have significant impact on the BM3-mediated substrate oxida-
tion (Fig. S21). The force field for the Cpd I was parametrized
using the “MCPB.py” modelling tool*** of AmberTools18.*° The
Amber ff14SB force field** was employed for the protein resi-
dues. The general AMBER force field (GAFF)** was used for
substrates, while the partial atomic charges were obtained from
the RESP method,*® using the B3LYP/6-31G* level of theory.
Sodium ions were added to the protein surface to neutralize the
total charge of the systems. Finally, the resulting system was
solvated in rectangular box of TIP3P waters extending up to
minimum distance of 16 A from the protein surface.

2.2. Classical MD simulation

After a proper setup, the whole system was fully minimized
using combined steepest descent and conjugate gradient
methods. Then, the system was gently annealed from 10 to 300
K under a canonical ensemble for 50 ps. To achieve a uniform
density after heating dynamics, 1 ns of density equilibration
was performed under the NPT ensemble at the target temper-
ature of 300 K and target pressure of 1.0 atm. Afterward, the
system was further equilibrated for 4 ns under the NPT
ensemble to get a well-settled pressure and temperature.
Finally, a productive MD simulation under the NPT ensemble
was conducted for 150 ns for the enzyme system. All MD
simulations were performed with the GPU version of the Amber
18 package.*

2.3. QM/MM methodology

All QM/MM calculations were performed using ChemShell,****
combining Turbomole® for the QM region and DL_POLY* for
the MM region. The electronic embedding scheme*® was used to
account for the polarizing effect of the enzyme environment on

RSC Adv, 2021, N1, 27674-27680 | 27675
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the QM region. Hydrogen link atoms with the charge-shift
model* were applied to treat the QM/MM boundary. The QM
subsystem is composed of the Cpd I moiety, its axial cysteine
ligand Cys400, and the substrate. The whole QM region
contains 116 atoms, which has the total charge of 0. The QM
region was studied with the hybrid UB3LYP**** density func-
tional with two levels of theory. For geometry optimization, the
double-¢ basis set def2-SVP,>* labelled as B1, were used. The
energies were further corrected with the larger basis set def2-
TZVP> for all atoms, labelled as B2. Dispersion corrections
computed with Grimme's D3 method®* ¢ were included in all
QM calculations. All the transition states (TSs) were located by
relaxed potential energy surface (PES) scans followed by full TS
optimizations using the dimer optimizer implemented in the
DL-FIND code.”” For comparison, we also scanned the energy
barrier of H-abstraction at the larger basis set def2-TZVP
directly. Our calculations show that B3LYP/def2-TZVP yields
the comparable barrier for H-abstraction (AE* = 17.9 keal
without ZPE, see Fig. S41) as B3LYP/def2-SVP//def2-TZVP (AE* =
18.7 keal without ZPE). All these indicate our selected basis sets
are quite reliable.

B3LYP has already been proven to be a successful>>>293155-68
functional for studying iron-based metalloenzymes. The
benchmark study of H-abstraction by an iron-oxo species found
UB3LYP was the best functional for such systems.* All QM/MM
calculations focus on the doublet state, since both the doublet
and quartet states are almost degenerate and show similar
reactivities in HAA reactions.

2.4. The QM calculations

All QM calculations were performed with the Gaussian 16
software package.” The geometries of all the TSs, reactants and
intermediates involved in the reaction were fully optimized
using the SMD continuum solvation model™ at the B3LYP/6-
31G(d) level of theory. Harmonic frequency calculations were
performed using the equilibrium geometries to confirm the
existence of first-order saddle points and local minima on the
potential energy surfaces and to estimate the zero-point ener-
gies, as well as the thermal and entropic corrections. The
connections between the stable structures and the transition
states were ascertained by analysing the corresponding imagi-
nary frequency modes, as well as by limited intrinsic reaction
coordinate (IRC) calculations. The energies of the B3LYP/6-
31G(d)-optimized structures were further refined by single-
point calculations at the BMK/6-311++G(d,p) level.

3. Results and discussion
3.1. Substrate binding in the active site of the P450 variant

The substrate was first docked into the active site of variant
P450gy3; R47L/Y51F/1401P/F87V/E267V, which was found to
have the highest activity.™ Fig. 1a shows the MD equilibrated
active structure of the Cpd I of P450g,,; variants RP/FV/EV in
complex with substrate, while Fig. 1b presents the distance
fluctuations between Cpd I-O and the H, atom, the H, atoms of
the substrate throughout the MD trajectory. It is seen that the
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Fig. 1 (a) QM(UB3LYP/B1)/MM optimized structure of the Cpd | with
the bound substrate, pyrrolidine derivative of lidocaine, taken from
a representative snapshot in the equilibrated MD trajectory. Key
distances are given in angstroms. Most hydrogen atoms of C—H bonds
have been omitted for clarity. (b) Distance fluctuations between Cpd
I-O and the H; atom (red), the H, atom (blue) of the substrate
throughout the MD trajectory.

substrate maintains a relatively stable conformation in the
active site, with its H; and H, atoms being both close to the O
atom of Cpd I (Fig. 1b and S17). In addition, we found that Lys69
forms stable hydrogen-bonding networks with the two N atoms
of substrate, suggesting Lys69 is key for controlling the stability
and the binding conformation of the substrate. In addition to
hydrogen-bonding interactions from Lys69, the substrate is also
stabilized by hydrophobic interactions with Val87, Thr327,
Val267, Thr268, Leu437 and Thr438. Notably, the site mutation
of F87A is found to reduce steric hindrance, enabling the
substrate to approach Cpd I, while E267V is expected to increase
the hydrophobic interaction with the substrate, thus enhancing
the binding affinity of the substrate.

3.2. QM/MM and QM studies on the amination of the
pyrrolidine derivative of lidocaine

3.2.1. QM/MM study on the hydroxylation of the pyrroli-
dine derivative of lidocaine. Fig. 2 shows the QM/MM calculated
relative energy profile for the hydroxylation of the substrate by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(b)

(d)

IC1b

roxylation of the pyrrolidine derivative of lidocaine by the P450 variant.

Key intermediates along the reaction energy profile are schematically drawn. (b) QM/MM optimized structures for the reactant complexes of Cpd
I/substrate (RC1). (c) The R-chirality hydroxylated intermediate (IC1la) and (d) the S-chirality hydroxylated.

the P450gy; variant. In the QM/MM-optimized reactant cluster
(RC1), it is seen that pro-R (H,) and pro-S (H,) H atoms maintain
2.66 A and 3.67 A with the oxo of Cpd I, respectively, suggesting
that pro-R C-H bond will be selectively oxidized into the pro-R
product. Indeed, our QM/MM calculations show that H-
abstraction from pro-R C-H bond experiences a moderate
barrier of 18.7 keal mol ™%, which is much favored over that from
the pro-S C-H bond (with a high barrier of 42.0 kcal mol™ ).
This huge difference may be due to the significant structural
changes in TS1la compared to RC1. Interestingly, our QM/MM
scanning shows that the nascent substrate radical is unstable,
which readily couples with the OH moiety to generate the
hydroxylated intermediate (IC1a). We also investigated the H-
abstraction in the quartet state, in which the reaction has
a slightly higher barrier of 19.3 kcal mol " (Fig. S31). Notably,
we cannot locate the iminium intermediate in the Fe(iv)-OH/
substrate radical complex, suggesting the single electron
transfer process is unfavorable thermodynamically in the
quartet state. Starting from the structure of the Fe(iv)-OH/
substrate radical complex in the quartet state, we also re-
optimized it in the doublet state and found that Fe(v)-OH/

© 2021 The Author(s). Published by the Royal Society of Chemistry

substrate radical complex would evolve directly to the hydrox-
ylated product. Therefore, we rule out the single electron
transfer mechanism (mechanism I) in the enzymatic reactions.
We assume the hydroxylated intermediate would diffuse out of
the active site, since the solvation free energy of the hydroxyl-
ated intermediate (—5.54 kcal mol™") is much higher than that
of the initial substrate (—1.85 kcal mol™"). In addition, the bulk
solvation effect of water may well stabilize a zwitterionic inter-
mediate during cyclization (vide infra).

3.2.2. Cyclization of the hydroxylated intermediate in
water. QM model calculations were carried out to investigate the
possible conversion of hydroxylated intermediate in water
solution. As shown in Fig. 3a, a well intramolecular hydrogen
bond has been formed between -OH group and -NH moiety in
hydroxylated intermediate (RC3). For comparison, we also
optimized another isomer of RC3, in which the intermolecular
H-bond is disrupted (RC3’ in Fig. S5t). However, the energy of
RC3' is 3.6 kcal mol " higher than RC3. Firstly, we investigated
the dehydration of the hydroxylated intermediate in water
solution. It is seen that the dehydration reaction via TS3a in
aqueous solution has a moderate barrier of 17.5 kcal mol .

RSC Adv, 2021, N1, 27674-27680 | 27677
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Fig. 3 BMK/6-311++G(d,p) relative Gibbs energies (in kcal mol™?) for the cyclization of the hydroxylated intermediate in water (a) and diethyl
ether (b) solution, shown along with schematic drawings of key intermediates along the reaction pathway. The red arrows highlight the direction

of proton transfer.

This reaction leads to zwitterionic intermediate of IC3a, which
lies 7.7 keal mol ™" higher than RC3 species. Starting from IC3a,
the intramolecular C3-N2 coupling via TS3b affords the product
of the imidazolidine-4-ones (PD3) directly. This step experi-
ences a small barrier of 9.2 kcal mol~* (IC3a — TS3b). Clearly,
the cyclization of the hydroxylated intermediate in water solu-
tion is relatively facile.

For comparison, we also examined the cyclization of the
hydroxylated intermediate in diethyl ether solution (Fig. 3b),
which has a dielectric constant of 4.2 and thus can mimic the
hydrophobic nonpolar environment of active site of enzyme
pocket. As shown in Fig. 3b, the overall cyclization reaction
requires a high free energy barrier of 22.2 kcal mol ™. Notably,
the zwitterion intermediate (IC4a) generated in diethyl ether
solution is quite unstable, 15.6 kcal mol ' higher than the
corresponding reactant species (RC4), suggesting that highly
polar water solvent can stabilize the intermediate and speed-up
the cyclization reaction.

27678 | RSC Adv, 2021, 1, 27674-27680
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Fig. 4 Proposed catalytic mechanism for P450-catalyzed amination
of the pyrrolidine derivative of lidocaine.
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4. Conclusion

In summary, this work reports multi-scale calculations on the
mechanistic nature of the P450-mediated amination of the
pyrrolidine derivative of lidocaine. The QM/MM calculations
show that the Cpd I active species of P450 selectively hydroxylate
the C-H bond of the pyrrolidine derivatives of lidocaine and
subsequent barrierless rebound of OH group leads to the
hydroxylated intermediate, during which the substrate radical
would be bypassed. Further QM calculations show that the
hydroxylated intermediate is readily dehydrated to afford
a zwitterion intermediate. Finally, a facile C-N cyclization
reaction in the zwitterion intermediate generates the product of
the imidazolidine-4-ones. In particular, our calculations show
that the cyclization reaction is more favoured in water solution
than that in the nonpolar solvent due to the stabilization effect
of the polar environment on the zwitterion intermediate, sug-
gesting that the efficient amination of the pyrrolidine derivative
of lidocaine may require both the enzymatic transformation in
P450 and non-enzymatic transformation in water solution.
Thus, our calculations demonstrate a feasible mechanism for
the 450-mediated amination of the pyrrolidine derivative of
lidocaine, which could be different from other P450-catalyzed
amination reactions (Fig. 4).'¢*177274
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