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aromatic substrates catalyzed by plant P450
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Cytochrome P450 cinnamate 4-hydroxylase (C4H) is a pivotal enzyme in the phenylpropanoid pathway,
playing a critical role in regulating lignin biosynthesis in plants. In contrast to the hydroxylation reactions
catalyzed by human P450 enzymes, which have been extensively studied, the mechanistic understanding
of plant P450-mediated hydroxylation of aromatic substrates remains limited. In this study, using
comprehensive atomistic molecular dynamics (MD) simulations, we elucidated the binding pose of the
native substrate trans-cinnamic acid and identified key residues contributing to the substrate specificity of
the enzyme, which include Arg213 and a conserved hydrophobic pocket comprising Valll8, Phell9,
Val301, Ala302, Ile367 and Phe484. Additionally, we investigated the catalytic mechanism using hybrid
quantum mechanics/molecular mechanics (QM/MM) calculations, evaluating all plausible C4H-catalysed
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pathways for aromatic hydroxylation. Our results reveal that among all investigated mechanisms, the most
favourable pathway involves direct hydroxylation via electrophilic attack coupled with a proton shuttle.
These findings provide valuable insights into the catalytic mechanism of C4H, which would pave the way
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for modifying lignin biosynthesis to regulate various lignin contents in plants, unlocking its potential
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Introduction

The valorization of lignin, the most abundant aromatic
biopolymer in plant biomass, represents a promising strategy
for advancing sustainable biorefineries and reducing
dependence on fossil-based resources." By converting lignin
into high-value chemicals and renewable fuels, lignin
bioconversion supports both environmental sustainability
and economic viability. However, the structural complexity
and inherent resistance of lignin to enzymatic degradation
pose significant challenges®™ to its efficient processing at an
industrial scale. A key regulatory step in lignin biosynthesis is
catalyzed by cinnamate 4-hydroxylase (C4H), a cytochrome
P450 monooxygenase of the CYP73A family, which catalyses
an early and essential step in the phenylpropanoid pathway.’
Beyond its role in lignin monomer biosynthesis,” ™" C4H also
contributes to the production of diverse secondary
metabolites critical for plant development, defence and
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applications in sustainable bioremediation and biomanufacturing.

environmental adaptation. Given its central role in
metabolism and lignin deposition, C4H has emerged as an
attractive target for engineering lignin composition to
enhance biomass utilization."*™°

Despite its importance, the industrial exploitation of C4H
remains limited. The enzyme exhibits strict substrate
specificity,'” often excluding closely related analogues or
displaying significantly reduced catalytic efficiency toward
them. This narrow specificity constrains its utility in lignin
depolymerization, where a broad array of chemically diverse
intermediates is present. Overcome these limitations requires
a comprehensive understanding of its active site architecture,
substrate recognition and hydroxylation mechanism. Such
insights are essential for regulating the lignin contents for
industrial lignin valorisation, enabling the selective
transformation of lignin-derived compounds while preserving
vital agronomic traits such as plant robustness and
resistance.

The catalytic mechanism of C(sp®)-H bond hydroxylation
by human P450 enzymes (e.g. CYP1A1,'® CYP2C9 (ref. 19) and
CYP3A4 (ref. 20)), which are crucial for drug metabolism and
display broad substrate spectra has been extensively
characterized. Such hydroxylation typically proceeds via
hydrogen atom abstraction (HAA) by the iron(iv)-oxo
porphyrin cation radical complex (Scheme S1). By contrast,
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plant P450s are generally involved in specialized metabolic
pathways and often exhibit narrower substrate specificity.
Unlike the well-studied C(sp®)-H bond hydroxylation
mechanism in human P450 enzymes, detailed mechanistic
and structural insights into plant P450-catalyzed
hydroxylation of aromatic C(sp?)-H bonds, especially in
lignin-related biosynthesis pathways by C4H, which catalyzes
the regioselective hydroxylation of aromatic substrates,
remain comparatively limited.

In this work, we investigated the hydroxylation of aromatic
substrate trans-cinnamic acid (TCA), the natural substrate of
plant lignin biosynthesis enzyme P450 C4H, which plays a
central role in lignin biosynthesis. Using QM/MM
calculations, we examined four possible pathways for the
C4H-catalyzed hydroxylation mechanism. This study provides
molecular-level insights into the catalytic structure and
mechanism of C4H, laying the foundation for regulating
carbon flux in lignin biosynthesis, and enabling engineering
of plants with optimized lignin content for lignin
valorization.

Methodology
Protein preparation

The initial structure of cinnamate 4-hydroxylase (C4H,
CYP73A) was derived from the crystal structure of the
enzyme from Sorghum bicolor (PDB ID: 6VBY).” The
protonation states of protein residues were determined
using H++ server’! at pH 7. The high-valent iron (iv)-oxo
porphyrin-n-cation radical species, commonly known as
compound I (Cpd I), was constructed and employed in the
subsequent molecular docking, molecular dynamics (MD)
simulations and QM/MM study. The oxidation reaction of
the substrate was initiated from the hexacoordinated-Cpd I,
with oxo and Cys443 serving as the axial ligands. The force
field parameters of the Cpd I was taken from a previous
study.”> The Amber FF14SB>’ and GAFF force fields®>* were
in MD The parameters for the
trans-cinnamic acid ligand were prepared using GAFF
implemented in Antechamber® and the atomic charges for
each ligand were calculated using the RESP method at the
HF/6-31G* level of theory using Gaussian 16.>°

used simulations.

Molecular docking

The natural substrate trans-cinnamic acid was docked to the
MD simulated structure of the C4H enzyme in the close
vicinity of Cpd I. Molecular docking was performed using the
AutoDock 4.2 (ref. 27) suite with the LGA and the standard
free energy scoring function.>® The grid centre was set to x =
51.643 A, y = 44.393 A, z = 49.992 A. A total of 300 LGA runs
were carried out for each enzyme-substrate complex. The
population was 300, the maximum number of generations
and energy evaluations were 27000 and 2500000,
respectively.
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MD simulations

The C4H enzyme was solvated in a truncated octahedral box
with TIP3P*® water with a cut-off distance of 15 A. The
periodic boundary conditions were employed throughout all
the simulations. Each system was subjected to five
successive steps of energy minimization. The first four steps
consisted of 2500 cycles of steepest descent followed by
7500 cycles of the conjugate gradient minimization. These
minimizations were performed as follows: first all the atoms
of the protein and ligand were restrained with a harmonic
force constant of 100 kcal mol™ A™. Then, only the protein
backbone atoms and the ligand heavy atoms were restrained
with a force constant gradually reduced to 100, 50, 25 and
10 keal mol™* A2, respectively.

The systems were then gradually heated from 0 to 298.15
K over 20 ps under constant volume, with the protein and
ligand atoms restrained using a harmonic force constant of
10 kcal mol™ A2 This was followed by three 100 ps
equilibration steps at constant pressure (1 bar) and constant
temperature, during which restraints on the protein
backbone atoms and the ligand heavy atoms were gradually
reduced from 25, 10, 5 and 1 kcal mol™ A2, Finally, 100 ps
unrestrained MD simulation was performed.

Following the equilibration, four 500 ns MD replica runs
with a time step of 2 fs were performed for each complex
using the GPU-accelerated PMEMD in Amber20.>° Periodic
boundary conditions were applied and long-range
interactions were treated using the particle mesh Ewald
method.?" The SHAKE®? algorithm was employed to constrain
the bonds involving the hydrogen atoms. Temperature
control was maintained using the Langevin®® thermostat with
a collision frequency of 1.0 ps™'. For each MD simulation,
RMSD (Fig. S1), the distances between the para-carbon of the
substrate and the iron oxo oxygen (Fig. S2), and cluster
analysis were evaluated using cpptraj,** Jupyter notebook®’
and VMD.?¢

QM/MM calculations

All the QM/MM calculations started from the Cpd I, the main
oxidant in P450 mediated reactions. The snapshots for the
QM/MM calculations were obtained from the equilibrated
MD trajectory from the cluster analysis. The most populated
structure from the cluster analysis were then subjected to
1250 steps of steepest descend and 1250 steps of conjugate
gradient minimization using Amber20.*> The reaction
profiles of C4H in oxidizing the substrate ¢rans-cinnamic acid
was investigated using QM/MM calculations implemented in
Chemshell.>” The QM region was calculated with ORCA 4.2.0
(ref. 38) while the MM region was treated using the AMBER
force field within DL_POLY.** The effect of the protein
environment on the polarization of the QM wavefunction was
considered using electronic embedding scheme.** The
treatment of cysteine in the QM region follows the approach
adopted in previous studies.*'™** The QM region consists of
the Cpd I molecule with truncated propionate side chains,

This journal is © The Royal Society of Chemistry 2025
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substrate and the cysteine residue truncated at the Cf atom
(Scheme S2).

The residues within 10 A of Cpd I, including
trans-cinnamic acid and water molecules, were allowed to
move freely during the geometry optimization, while the rest
of the system was kept frozen. The water shell within 4 A of
the protein or within 20 A of the QM atoms was retained.
The hydrogen link atoms were used to cap the dangling
bonds at the QM/MM boundary. The reaction coordinate was
defined as the distance between the oxygen atom of the
Fe(iv)=O0 in Cpd I and the para-carbon of the trans-cinnamic
acid. The TS structures were obtained by performing a
relaxed PES scan along the reaction coordinate with an
increment of 0.1 A.

All the QM calculations were performed with DFT using
UB3LYP functional,***” with D3 dispersion correction and BJ
damping,*® and def2-SVP basis set with iron in doublet spin
state. The RIJCOSX*® approximation was used to speed up
the QM calculations. The highest energy point on the PES
was fully optimized as TS wusing the dimer method
implemented in the DL-FIND module of Chemshell. TS
structures were validated by frequency calculations. The final
reported energies include the electronic energies with single-
point energy corrections using def2-TZVP basis set, combined
with zero-point energy (ZPE) corrections (Tables S1-S3).

Results and discussion
Regioselectivity with the aromatic substrates

C4H catalyzes the hydroxylation of its natural substrate
trans-cinnamic acid to para-coumaric acid (Scheme 1). The
3D structure of C4H in complex with ¢rans-cinnamic acid was
attained by molecular docking using the crystal structure of
Sorghum bicolor C4H and further refined by MD and QM/MM
simulations. MD simulations and cluster analysis of the
complex showed that the phenylpropene group of
trans-cinnamic acid is nested in a hydrophobic pocket
constructed by conserved residues including Phe119, Val301,
Ala302 and Phe484 (Fig. 1), which position the substrate near
Cpd 1. The carboxylic acid group of trans-cinnamic acid is
stabilized by electrostatic interactions with Arg213 through
ionic interactions. MD simulations show that the carbon
atom at the para-position of ¢rans-cinnamic acid is located in
close proximity (3.1 A) to the iron-oxo group. This orientation
is accordance with the preferred regioselectivity of the C4H
enzyme (Fig. 1).

o Hydroxylation o
—_— >

C4H
HO

trans-Cinnamic acid para-Coumaric acid

Scheme 1 Hydroxylation of trans-cinnamic acid to para-coumaric
acid catalyzed by the P450 enzyme C4H.
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In our previous studies on GcoAp,s, (ref. 43) and AgcAp,so
(ref. 42) enzymes, we demonstrated that water is crucial for
the catalysis as it lowers the activation energy barrier by
stabilizing the transition state through electrostatic
interactions. Interestingly, during the MD simulations, a
water molecule consistently remained near Cpd I in C4H
(Fig. S3), forming hydrogen bonds with both the iron-oxo
species and the substrate (Fig. 1 and S4 and S5).

The distribution of the mean distances between Cpd I and
the para or meta-carbon atoms of the substrate during the
MD simulations were measured (Fig. 2). The most frequent
distance between iron-oxo species and the para-carbon
(~3.76 A) is shorter than those with the meta-carbons (4.41 A
and 4.29 A, respectively), indicating a more stable and
favourable interaction of the para-carbon maintains with the
iron-oxo species and is consistent with the regioselectivity of
the C4H enzyme.

Aromatic hydroxylation mechanism

Given the critical role of C4H in the phenylpropanoid
metabolism pathway and its influence on lignin content in
plants, it is essential to wunderstand the aromatic
hydroxylation mechanism. Iron-oxo of Cpd I can form a
covalent bond with the aromatic substrate yielding an
o-complex intermediate (IM1). Following the formation of
c-complex, the hydroxylation of the aromatic substrate may
proceed via different pathways: electrophilic attack (pathway
A), hydroxylation through ketone (pathway B) and
epoxidation (pathway C), or hydrogen atom abstraction
directly from the substrate to Cpd I (pathway D) (Scheme 2).

In direct electrophilic attack pathway (pathway A), a
proton-shuttle mechanism transfers the ipso-proton from
the substrate to a nitrogen atom of the porphyrin ring,
followed by re-shuttle of the proton within the intermediate,
yielding the phenol.'®**° Alternatively, the reaction may
proceed through the formation of a ketone as the initial
intermediate (pathway B) or via an epoxide
intermediate (pathway C).**' The ring subsequently opens
to form a ketone, which then undergoes tautomerization to
yield the hydroxylated phenol product. The fourth possible
mechanism (pathway D) involves a hydrogen atom
abstraction process, in which the iron-oxo species in Cpd I
directly abstracts a hydrogen from the substrate, followed
by an OH rebound to the substrate,****">

During MD simulations, the para-carbon is consistently
positioned toward the iron oxo, indicating the preference for
oxidation of the para-carbon (Fig. 2). The starting
configurations for the QM/MM calculations were obtained
from MD simulations; four representative structures were
selected from cluster analysis based on the substrate's
position in relation to the iron-oxo porphyrin centre. The
selection criteria included a distance between the
para-carbon and the oxygen (of iron-oxo species) of less than
4.0 A, and a Fe-O-C angle between 110° and 130°, in
accordance with the guidelines proposed by Lonsdale et al.>

occur
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Fig. 1 The substrate (shown in coral) interacts with surrounding residues (shown in purple). The phenylpropene group of trans-cinnamic is
surrounded by Vall18, Phell9, Val301, Ala302, Ile367 and Phe484, while its carboxy group is stabilized by Arg213. The meta and para-carbon
atoms of the substrate are labelled in the left panel. The protein is shown in light purple using the New Cartoon representation.

In P450 enzymes, the formation of the c-adduct via the
initial electrophilic attack on the m-system of the aromatic
substrates®® is the rate-limiting step in the hydroxylation
reaction and is typically endothermic.'*'*>* The energy
barriers reported by QM/MM calculations generally range
from 12 to 22 kcal mol™*,**'**>3475% 3lthough these values
may vary depending on the substrate, reaction conditions
and the computational methodology used.

We studied the formation of the o-complex using QM/MM
calculations. The reaction coordinate was defined as the
distance between the oxygen atom of iron oxo in Cpd I and
the para-carbon of the substrate. Relaxed PES scans along the
reaction coordinate using QM/MM revealed reaction profiles

1.0

—— Para-carbon
Meta-carbon
—— Meta-carbon

0.6 0.8

0.4

Estimated probability density

0.0 0.2

0 2 4 6 8
Mean distance (A)

Fig. 2 Distributions of distances between the iron-oxo species and
the aromatic carbons of trans-cinnamic acid: para-carbon (blue) and
the two meta-carbons (orange and green).
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with activation barriers for the electrophilic attack by the iron
oxo species on the para-carbon ranging from 15.2 kcal mol™
to 22.5 kcal mol™, based on the representative structures
retrieved from four replica runs of MD simulations (Table 1).
Since Arg213 stabilizes the substrate carboxylate, we also
examined the effect of including this residue in the QM
region and found the reaction profile would need to
overcome a comparable barrier (Fig. S5), so in the remaining
calculations, Arg213 is excluded from the QM region.

The Boltzmann-weighted average barrier obtained from
the QM/MM calculations is 16.03 kecal mol™", which closely
aligns with the experimentally determined activation energy
barrier of 18.9 kcal mol™".”> Additionally, our previous study
on P450g.0,4 demonstrated the presence of water molecules
in the enzyme's active site can influence these energy
barriers, underscoring the crucial role of water in these
biochemical reactions.** Notably, analysis of the geometry of
the water molecule in the four starting structures revealed a
water molecule positioned near the reactant, forming a
H-bond with the iron-oxo oxygen in the transition state (TS).
This interaction contributes to a lower energy barrier by
stabilizing the substrate within the enzyme complex (Tables 1
and S4 and Fig. S6).

Direct hydroxylation via proton shuttle (pathway A)

Following the electrophilic attack and the formation of
the o-complex intermediate (IM1), our calculations
disclosed a proton shuttle mechanism involving the
nitrogen atom in the porphyrin ring. The ipso-proton is
transferred from the para-carbon of the substrate to a
nitrogen atom in the porphyrin ring, forming a transient

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Possible reaction pathways for the hydroxylation of aromatic substrate leading to the phenol product (P).

intermediate that subsequently facilitates the proton
shuttling, yielding p-coumaric acid, the final product of
this reaction (Fig. 3) (pathway A). This observation is
consistent with previous studies by Shaik et al®® and
Bathelt et al,"'** which suggested a N-protonated
porphyrin intermediate is involved in the direct formation
of ketone and phenol, and the reaction proceeds via a
proton relay from the site of electrophilic attack on the
aromatic carbon to either the oxygen atom or the adjacent
Carbon.12,13,54,56

Table 1 QM/MM calculated activation barrier (kcal mol™) for the
electrophilic attack by the iron-oxo species on the para-carbon. Also
listed are the O-C distances [A] and angle ¢ [degree] between the
porphyrin plane and the substrate in the transition state (TS)

d(0-C) A (Fe-O-C) ¢ (°)  Energy barrier (kcal mol %)
Replica 1 1.92 122.46 15.2
Replica 2 1.85 123.8 22.5
Replica 3  1.93 121.58 22.1
Replica4  1.92 123.54 20.1
Boltzmann-weighted average 16.03

This journal is © The Royal Society of Chemistry 2025

The energy profile shows an activation barrier of 15.2
kecal mol™, corresponding to a transition state TS1, which
leads to the formation of c-complex intermediate I (IM1) at
7.96 kcal mol™. This is followed by a second activation
barrier (TS2) of 6.73 kcal mol™, yielding the final product
(P) with a significantly exergonic energy of -60.23 kcal
mol ™. These results indicate the reaction pathway is highly
feasible and thermodynamically favourable (Fig. 3B).

These calculated activation barriers and reaction
energies are comparable to those reported for aromatic
hydroxylation reactions in previous studies. For example,
the QM/MM calculated activation barriers for benzene
hydroxylation in CYP2C9 for the addition of compound I to
benzene range from 18.1 to 21.7 kcal mol™' The
activation barrier for the transition state in our aromatic
hydroxylation is 15.2 kcal mol”, consistent with those
reported in earlier from previous DFT studies using
UB3LYP functional for human P450 enzymes, where the
activation barriers for C-H hydroxylation reactions ranged
from 13.8 to 19.9 kcal mol™.*1%20:345758 The energy of the
intermediate IM1 is 7.96 kcal mol™, also aligning with the

Catal. Sci. Technol,, 2025, 15, 7067-7078 | 7071
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Fig. 3 (A) QM/MM optimized structures of the reaction species along pathway A, which involves the electrophilic attack of the substrate by
compound | and proton shuttle mechanism. The C4H enzyme is shown in light blue using the New Cartoon presentation, while Cpd |, the
substrate and the nearby water are shown in CPK mode. (B) QM/MM reaction profile corresponding to pathway A. All the calculations were
performed at doublet spin S = 3.

previously reported intermediate energies, which range from  barrier associated with hydride transfer is 6.73 kcal mol™,
4.9 to 17.8 keal mol ™ depending on the specific reaction and  which is in line with the previous reported values ranging
computational model.'***?%3%38 The gecond activation  from barrierless to 17.8 kcal mol™.>* The energy of the final
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phenol product is —60.23 kcal mol™, reflecting the highly
exothermic nature of aromatic hydroxylation reactions
catalysed by human P450 enzymes that yield phenol
products.'*?*%>*%8 Qverall, our computational results show
good agreement with the experimentally measured activation
energy for the C4H enzyme, which is 18.9 kcal mol ™.’
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Hydroxylation via a ketone intermediate (pathway B)

In addition to the direct hydroxylation involving proton
shuttle via the N-protonated porphyrin, the reaction may
alternatively proceed via a spontaneous proton transfer from
the para-position carbon to the meta-position carbon,

M1

Prca= 0.002

TS2

12.7

—
K 3
K !
: 2
K 3
.~ *
A
h. "
g £
\d *
g -
nd *
5 .

R 3

States

Fig. 4 (A) QM/MM optimized structures along the reaction pathway for the electrophilic attack by compound | (Cpd I), proceeding through the
formation of a ketone intermediate (pathway B). The C4H enzyme is shown in light blue using New Cartoon representation, while Cpd |, the
substrate and a nearby water are represented in CPK mode. (B) QM/MM reaction energy profile for hydroxylation via pathway B. All the

calculations were performed at doublet spin (S = 3).

This journal is © The Royal Society of Chemistry 2025
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forming a ketone intermediate II. Subsequently, the proton at
the meta-position is transferred to the porphyrin ring
nitrogen and ultimately shuttled to the oxygen at the
para-position, giving the phenol product (pathway B, Fig. 4).
The first step in pathway B corresponding to the
formation of the o-complex intermediate I (IM1), is
identical to that in pathway A, featuring an activation
barrier of 15.2 kcal mol™* for the transition state (TS1). The
IM1 at an energy of 7.96 kcal mol™ then spontaneously

View Article Online
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transformed into the ketone intermediate II (IM2) at an
energy of —-36.4 kcal mol™'. The reaction then proceeds
through a second transition state (TS2) with a high
activation barrier of 49.1 kcal mol™" to yield the final
product (P) at -56.7 kcal mol ™. The reaction profile indicates
that the formation of ketone intermediate IM2 is facile and
consistent with previous DFT studies.***%***® However, once
the ketone is formed, the reaction becomes energetically
prohibitive due to the steep barrier of 49.1 kcal mol™
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Fig. 5

(A) QM/MM optimized structures along the reaction pathway for hydroxylation through the epoxide intermediate (pathway C). The C4H

enzyme is shown in light purple using the New Cartoon representation, while compound |, substrate and a nearby water are shown in CPK mode.
(B) QM/MM reaction energy profile for hydroxylation through pathway C. All the calculations were performed at doublet spin (S = ).
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required to reach the final product, rendering pathway B
(Fig. 4B) unlikely for enzymatic catalysis. Interestingly, the
conversion from the ketone to the phenol has been
previously reported via a facile nonenzymatic process under
physiological conditions.”*>°

Hydroxylation through epoxide (pathway C)

Phenol formation was initially proposed to occur via the
formation of an arene oxide (epoxide), either through a

concerted single-step mechanism or via a stepwise
process.*”** In the stepwise process, an c-complex
intermediate (IM1) is first formed, followed by

intramolecular ring closure to generate the arene oxide
intermediate. The epoxide then undergoes ring opening
through nucleophilic attack, eventually giving the phenol
product (pathway C, Fig. 5).

The initial step of pathway C mirrors those of pathways A
and B, proceeding via the transition state (TS1) with an
activation barrier of 15.2 kcal mol™. Following the formation
of intermediate I (IM1) at 7.96 kcal mol™, spontaneously
yielding the epoxide intermediate at —7.7 kcal mol™ (Fig. 5B)
via intramolecular ring closure without an additional barrier.
An IM2 may be formed by the N-ring protonation from IM1,
although this state is not stable and only observed in few
replica structures. This energetically favourable profile
indicates that pathway C is both feasible and highly
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plausible. The low activation barrier for ring closure and
barrierless formation of the epoxide are consistent with
previous studies on aromatic hydroxylation,'*"*2%:3458
However, additional steps are required to complete the
reaction, including a non-enzymatic nucleophilic attack that
opens the ring to yield the final product phenol.*

These findings are consistent with earlier density
functional theory (DFT) studies,">"**>**°® which suggest
that aromatic hydroxylation is initiated by an electrophilic
attack. This mechanism, often involving carbocation
intermediates, aligns with the dehydrogenase-oxidase activity
commonly observed in cytochrome P450 enzymes.'"**
Moreover, previous studies reported relatively low energy
barriers for the subsequent rearrangement of these
intermediates into  epoxides, ketones or phenols,
underpinning the pivotal role of electrophilic attack in P450-
catalyzed aromatic hydroxylation.*’

Herein, we investigated three possible pathways for the
aromatic hydroxylation catalysed by P450 C4H, which
proceed through the formation of the common c-complex
intermediate IM1 (Fig. 6). Pathway A-C diverges following the
formation of IM1. Among these, pathway A exhibits an overall
feasible reaction profile for direct enzymatic conversion to
the final phenol product. Pathway B, which proceeds via a
ketone intermediate, shows favourable formation of the
ketone intermediate, however, it requires a non-enzymatic
tautomerization in solution to produce the phenol. Similarly,
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Fig. 6 Overall QM/MM energies profiles of pathways A-C reveal a shared initial step involving the formation of the o-complex intermediate |
(IM1), after which the reaction diverges into distinct rearrangement pathways. Pathway A proceeds through a proton shuttle mechanism, leading
directly to the phenol product. Pathway B involves the formation of a ketone intermediate Il (IM2) but requires overcoming a second high barrier
of 49 kcal mol™ to reach the final product. In pathway C, the reaction proceeds via spontaneous formation of an epoxide intermediate, however,
as with pathway B, additional non-enzymatic steps are required to complete the conversion to the final phenol product.
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pathway C, which involves an epoxide intermediate, appears
energetically feasible and may represent the most prevalent
pathway. Nonetheless, like pathway B, it also depends on
additional non-enzymatic steps, specifically, nucleophilic ring
opening to complete the transformation to the final phenol
product.

Hydrogen atom abstraction (pathway D)

An alternative mechanism initiating directly from the iron-
oxo species was also examined (pathway D). In this pathway,
a hydrogen is abstracted from the para-position carbon of the
aromatic substrate by the iron-oxo complex, followed by
rebound of the hydroxyl group to the same carbon, yielding
the phenol product. Although the hydrogen atom abstraction
(HAA) mechanism is commonly observed in aliphatic
hydroxylation by P450 enzymes,'>"?!%2:43:45:50,3456 it jg ot
the case for aromatic hydroxylation: our calculations revealed
that the activation barrier for the initial C-H bond cleavage
in the HAA step exceeds 30 kcal mol ™" (Fig. S7), indicating
this pathway is energetically unfavourable. As a result, further
investigation into this mechanism was not pursued.

Conclusion

Cytochrome P450 cinnamate-4-hydroxylase (CYP450 C4H) is a
key enzyme involved in regulating lignin content in plants.
Compared to the human cytochrome systems, the
mechanism of the plant P450 C4H enzyme is relatively less
studied. Through comprehensive molecular dynamics (MD)
simulations, we identified the binding mode of aromatic
trans-cinnamic acid substrate within the active site of CYP450
C4H. The enzyme's high substrate specificity is attributed to
several critical residues, including Arg213, which forms
electrostatic interactions with the substrate's carboxylic group
and a set of conserved hydrophobic residues (including
Val118, Phel19, Val301, Ala302, Ile367 and Phe484) that
stabilize the substrate in close proximity to the catalytic
species compound 1.

To elucidate the catalytic mechanism, we evaluated all
plausible pathways for the aromatic hydroxylation catalyzed
by CYP450 C4H. While the mechanism is inherently complex,
our results indicate that direct hydroxylation via electrophilic
attack followed by proton shuttle, is the most favourable
pathway. Notably, it is the only fully enzymatic route among
those examined.

The computational study sheds light on the substrate
binding and catalytic mechanism of C4H, an important yet
underexploited biocatalyst crucial for lignin biosynthesis in
plants. These insights would set basis for tuning its activity
and specificity to redirect the metabolic flux toward value-
added products such as biofuels.
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