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ABSTRACT: Regio- and enantioselective hydroxylation of free
fatty acids by human cytochrome P450 2E1 (CYP2E1) plays an
important role in metabolic regulation and has significant
pathological implications. Despite extensive research, the detailed
hydroxylation mechanism of CYP2E1 remains incompletely
understood. To clarify the origins of regioselectivity and
enantioselectivity observed for CYP2E1-mediated fatty acid
hydroxylation, molecular dynamics (MD) simulations and quantum
mechanics/molecular mechanics (QM/MM) calculations were
performed. MD simulations provided key insights into the
proximity of arachidonic acid’s carbon atoms to the reactive
iron(IV)-oxo moiety in compound I (Cpd I), with the ω-1 position
being closest, indicating higher reactivity at this site. QM/MM calculations identified hydrogen abstraction as the rate-determining
step, with the ω-1S transition state exhibiting the lowest energy barrier, consistent with experimentally observed enantioselectivity.
Energy decomposition analysis revealed that variations in quantum mechanical energy (ΔEQM) significantly influence reaction
barriers, with the most efficient hydrogen abstraction occurring at the ω-1S and ω-2R positions. These findings underscore the
importance of substrate positioning within the active site in determining product selectivity. Comparisons with two related P450s,
P450BM3 and P450SPα, further highlighted the critical role of active site architecture and substrate positioning in modulating
selectivity. While surrounding residues do not directly dictate product selectivity, they shape the active site environment and
influence substrate positioning. Furthermore, our analysis revealed a previously unrecognized catalytic role of Ala299. These findings
provide a deeper mechanistic understanding of human CYP2E1 and offer valuable insights for its precise engineering in targeted C−
H functionalization.

1. INTRODUCTION
Cytochrome P450 enzymes (P450s) form a superfamily of heme
monooxygenases that play a crucial role in xenobiotic
detoxification and the synthesis of endogenous compounds.1−6

CYP2E1, a P450 isozyme, is essential for proper bodily function
and the regulation of energy metabolism.7−9 CYP2E1 exhibits
broad substrate specificity, metabolizing alcohols, aldehydes,
and both bicyclic andmonocyclic compounds (e.g., benzene and
caffeine), as well as long-chain fatty acids like arachidonic
acid.10,11 Due to its extensive substrate range, CYP2E1 is
involved in various physiological and pathological processes,
including gluconeogenesis, hepatic cirrhosis, diabetes, and
obesity.7,9,12 Induction of CYP2E1 leads to increased lipid
peroxidation and apoptosis, which elevate blood-brain barrier
permeability and contribute to neurodegeneration.7,13 When
metabolizing polyunsaturated fatty acids like arachidonic acid,
CYP2E1 generates reactive oxygen species and toxic metabolites
in the liver.9,14 These reactive intermediates damage lipids,

proteins, and DNA, leading to inflammation and liver fibrosis.9

Moreover, CYP2E1-mediated oxidative stress has been
implicated in insulin resistance and metabolic disorders such
as type 2 diabetes and obesity.15

To date, six crystal structures have been determined for
human CYP2E1�three with bound fatty acids and three with
other small molecules.16−19 CYP2E1 exhibits the typical P450
architecture, consisting of 12 α-helices (A−L) and four β-sheets
(β1−β4).16 Notably, CYP2E1’s active site is relatively compact
compared to other human P450s (Figure 1a).16,17 This
compactness is primarily due to the protrusion of an isoleucine
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residue (I115), which restricts the catalytic space.17,20 Addi-
tionally, T303 helps orient the substrate toward the iron site.16

L368, along with adjacent residues, forms a narrow, hydro-
phobic channel, enhancing the enzyme’s specificity for small
hydrophobic molecules and fatty acids. Porubsky et al.
investigated CYP2E1’s interaction with fatty acid analogs
through cocrystallization with ω-imidazolyl-octanoic, ω-imida-
zolyl-decanoic, and ω-imidazolyl-dodecanoic fatty acids, dem-
onstrating that despite its initially compact nature, the active site
of CYP2E1 can adapt to accommodate fatty acids.17

Experimental data indicate that CYP2E1 hydroxylates fatty
acids, predominantly at the ω-1 position (Figure 1b).11,21−24 In
the case of arachidonic acid, CYP2E1 catalyzes the production of
hydroxyeicosatetraenoic acids (HETEs), specifically 19-HETE,
18-HETE, and 20-HETE.8,22,25 These metabolites play key
physiological roles in regulating inflammation, vascular tone,
and blood pressure.26−29 The hydroxylation of arachidonic acid
introduces a chiral center, producing two enantiomers (R and S)
for each HETE metabolite. Notably, 19(S)-HETE, a major
product (Figure 1b), has demonstrated cardioprotective effects
against angiotensin II-induced cellular hypertrophy in vitro,
compared to 19(R)-HETE.27 Additionally, 18(R)-HETE has
been shown to cause renal vasodilation. Gas chromatography−
mass spectrometry analysis revealed that CYP2E1-produced 19-
HETE consists of 70% 19(S)-HETE and 30% 19(R)-HETE,
while 18-HETE is composed entirely of the R isomer.
Although computational studies have explored CYP2E1’s

interactions with small substrates, such as acetaldehyde, toluene,
and indazole,20,30−36 the enzymatic mechanisms underlying the
fatty acid hydroxylation, particularly regarding regioselectivity
and enantioselectivity, remain incompletely understood.
Computational investigations of fatty acid hydroxylation by
bacterial P450s are available in the literature. For example,
Dubey et al. demonstrated that Phe87 plays a crucial role in the
enantioselectivity of P450BM3, which catalyzes fatty acid
hydroxylation at the ω-1, ω-2, and ω-3 positions.37 Their
molecular dynamics (MD) and quantum mechanics/molecular

mechanics (QM/MM) studies suggest that the ω-1 and ω-2
positions are selectively oxidized into pro-R products, consistent
with experimental findings that confirm pro-R hydroxylation at
these sites.37,38

The influence of key active-site residues on enantioselectivity
is a common feature among P450s. For example, Phe87 in
P450BM3 and Arg241 in P450SPα are essential for substrate
positioning within the active site, directly affecting the
stereochemical preference of hydroxylation reactions.37,39

Accordingly, it is reasonable to hypothesize that the stereo-
selectivity and enantioselectivity observed in CYP2E1’s fatty
acid hydroxylation are similarly governed by its active-site
organization. Understanding how CYP2E1’s active-site archi-
tecture controls regioselectivity and enantioselectivity could
provide valuable insights for modulating CYP2E1’s activity, with
promising applications in drug development and metabolic
engineering.
Herein, MD simulations and QM/MM calculations are

employed to investigate the mechanism of arachidonic acid
hydroxylation catalyzed by human CYP2E1. Our findings reveal
that specific active-site interactions, particularly involving
residues Phe207, Thr303, Ile115, and Ala299, play a critical
role in substrate binding and positioning. Notably, theω-1S and
ω-2R sites of the substrate are positioned near the reactive
iron(IV)-oxo moiety of the compound I (Cpd I) intermediate,
resulting in relatively low activation energy barriers and more
efficient hydroxylation at these sites. By analyzing energy
contributions to barrier heights, the study further identifies key
factors influencing reactivity and selectivity. These insights
advance our understanding of CYP2E1’s catalytic mechanism,
providing a foundation for the rational design of enzymes with
improved catalytic properties.

2. COMPUTATIONAL METHODS
2.1. Molecular Docking. A crystal structure of human

CYP2E1 (PDB ID 3LC4), complexed with ω-imidazolyl-
dodecanoic acid, was downloaded from the RCSB Protein
Data Bank (PDB).19 The crystal structure was imported into the
Molecular Operating Environment (MOE) v2022.02,40 where
water molecules were removed andmissing residues were added.
The structure of arachidonic acid was obtained from the
PubChem database,41 and the torsional freedom of the ligand’s
bonds was enabled to allow for the exploration of various
conformations within the active site during the docking
process.40 The ligand was placed in the active site of human
CYP2E1 using the coordinates of ω-imidazolyl-dodecanoic acid
in the crystal structure as a reference.17 This placement was
performed using the Proxy Triangle method, with the resulting
poses ranked by the London dG scoring function.40,42−45 By
integrating these approaches, the docking simulations effectively
accounted for the ligand’s high flexibility, ensuring that the
predicted binding modes were both realistic and reliable.46−50 A
total of 100 high-scoring complex geometries were generated,
from which three poses (poses 1−3), showing similarities to the
binding mode of ω-imidazolyl-dodecanoic acid in the crystal
structure, were selected for subsequent MD simulations.17

2.2. MD Simulations. The three selected docking poses of
arachidonic acid in complex with CYP2E1 were used as initial
coordinates for 100 ns all-atom MD simulations using
AMBER20 software. The protonation states of the residues
were determined based on the pKa values of amino acids,
estimated using H++ software, and through visual inspection of
local hydrogen bonding networks. Histidine residues His109,

Figure 1. (a) Active-site structure of CYP2E1 with ω-imidazolyl-
dodecanoic acid bound as a ligand (PDB ID 3LC4). The gray surface
highlights the available space for the ligand. (b) Chemical structures of
arachidonic acid and its major metabolite in CYP2E1 metabolism. The
terminal atoms are labeled according to the ω system, where ω
designates the terminal CH3 group of the fatty acid chain.
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His226, His355, His370, and His475 were assumed as neutral
with a proton at the δ position, while His81, His107, His152,
His208, His232, His254, His278, and His457 were neutral with
a proton at the ε position. His188, His253, His326, and His413
were set as doubly protonated. All Asp and Glu residues, as well
as the cysteine bound to the heme iron, were deprotonated. The
Amber ff19SB force field was applied to the amino acid
residues,51 while force-field parameters for arachidonic acid
were generated using the generalized AMBER force field
(GAFF) with the antechamber module of AMBER20.52,53

Two Cl− ions were added to neutralize the system’s charge, and
the protein−ligand complex was solvated in a cubic box of a 10 Å
layer of OPC water.
After the setup, MD simulations were conducted in four

stages. The first stage involved initial energy minimization,
starting with 5000 steps of the steepest descent algorithm
followed by 5000 steps of the conjugate gradient algorithm. The
system was then heated from 0 to 300 K under the NVT
ensemble, using a Langevin thermostat and applying a 25 kcal/
(mol·Å2) force constant to restrain all heavy atoms, maintaining
the original protein folding. In the third stage, a five-step
equilibration process was performed, with each step consisting
of 200,000 steps (200 ps). The restraining force was
progressively reduced across the five stages (25, 15, 5, 2.5, and
0.2 kcal/(mol·Å2)), under the NPT ensemble at 1.013 bar and
300 K. This was followed by a 1 ns equilibration run in the NPT
ensemble without restraints. In the fourth stage, 100 ns MD
simulations were performed under the NPT ensemble. Long-
range electrostatic interactions were calculated using the Particle
Mesh Ewald algorithm. Three independent 100 ns MD
simulations were performed for each system, with random
initial velocities. After the simulations, the trajectories were
classified based on which carbon or hydrogen atom in
arachidonic acid was closest to the oxo group in Cpd I. The
binding free energy between the protein and ligand was then
evaluated using the Molecular Mechanics Poisson−Boltzmann
Surface Area (MM-PBSA) method. TheMMPBSA.py tool from
the AMBER20 package was employed to gain insights into the
binding affinities and energetics of the arachidonic acid−
CYP2E1 interactions.

2.3. QM/MM Calculations. QM/MM methods have
become invaluable tools for studying enzyme-catalyzed
reactions, offering insights that bridge experimental findings
with atomic-level interactions.47,54−67 These calculations now
extend to complex biological systems, including human
P450s.46,47,68 A subtractive QM/MM approach, ONIOM-
(QM:MM), was employed to explore the mechanistic details
of arachidonic acid metabolism in CYP2E1. To randomly select
an initial structure for QM/MM calculations from the MD
trajectory, a snapshot with the lowest total energy was chosen.
Only water molecules within a 10 Å radius of arachidonic acid
were retained. The doublet spin state was assumed for all
calculations.
Two-layer ONIOM calculations were performed to deter-

mine the geometries and energetics of the reactants,
intermediates, transition states (TSs), and products.69−71 All
ONIOM calculations were performed using Gaussian 16.72 The
ONIOM method defines two different-sized systems within the
entire system, the real system and the model system. The real
system is treated with a lower level of theory, while the model
system, a smaller subset of the real system, is treated with both
lower and higher levels of theory. The total ONIOM energy,
EONIOM, is calculated as

E E E EONIOM low,real high,model low,model= + (1)

In our calculations, the model system included porphine, the
iron-oxo unit, the side chain of the axial cysteine ligand, and the
terminal five carbon atoms of arachidonic acid, along with their
corresponding hydrogen atoms. Gaussian-default AMBER and
TIP3P parameters were utilized for all MM calculations. The
TIP3P water model was chosen in ONIOM calculations for its
simplicity in describing electrostatic interactions and its
seamless implementation within the Gaussian program.72 The
same force-field parameters, used for the aboveMD simulations,
were specifically applied to arachidonic acid and the heme
group. The ONIOM mechanical embedding (ONIOM-ME)
approach, in combination with the B3LYP/6-31G* QM
method, was used for geometry optimization calculations.73−76

The energy derived from this ONIOM framework is referred to
as E1. Additionally, frequency calculations were performed at

Figure 2. (a) Three-dimensional and (b) two-dimensional visualizations of the complex between CYP2E1 and arachidonic acid in pose 1.
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the same level to characterize stationary-point structures and
obtain the free-energy correction values (Gcorr). Single-point
energy calculations using the electronic embedding (ONIOM-
EE) scheme combined with the B3LYP/def2-TZVP method
yielded ONIOM energy E2.77 Furthermore, the DFT-D3BJ
approach was applied to evaluate the dispersion energy (Edisp) of
the QM atoms.78,79 The sum of these values (E2, Edisp and Gcorr)
was used to assess the relative stability of various species.

3. RESULTS AND DISCUSSION
3.1. Binding mode of Arachidonic Acid with CYP2E1

Determined by Docking. The initial configuration of the
protein−ligand complex was constructed based on the crystal
structure of CYP2E1 in complex with ω-imidazolyl-dodecanoic
acid (PDB code: 3LC4). In this structure, the first residue
corresponds to the 31st residue in the primary sequence. While
this residue is asparagine in the primary structure, it appears as
lysine in the crystal structure due to the substitution of a
positively charged lysine at the N-terminus to enhance
expression and solubility.80 For modeling purposes, only
residues 32 to 493 were included. Under physiological
conditions, the fatty acid substrate predominantly exists in its
carboxylate (−COO−) form. Accordingly, the deprotonated
form of arachidonic acid was docked into the active site of
CYP2E1.
Based on the docking results, three poses (poses 1−3) were

selected for subsequent computational studies (Figures 2 and
S1). These three poses share several similarities, except for the
stronger hydrogen bond observed between Val239 and the
hydrophilic head of arachidonic acid in pose 1. In this pose,
arachidonic acid adopts a notably extended conformation as it
fits into the hydrophobic cavity defined by residues such as
Leu210, Phe106, Phe203, Ile115, Leu202, and Leu368. The
ligand is stabilized primarily by van der Waals and hydrophobic
interactions along its long aliphatic chain. Additionally, the
conjugated double bonds of arachidonic acid interact through
stacking with aromatic residues Phe106 and Phe478, further
contributing to its stability and orientation within the active site.
The carboxyl group of arachidonic acid is also stabilized through
hydrogen bonding with nearby residues.
Our docking results are consistent with the findings of Hu et

al., confirming phenylalanine residues, particularly Phe478, play
a pivotal role in shaping the CYP2E1 catalytic pocket.33

Furthermore, our study identified a binding mode similar to
those reported for complexes with fatty acid analogs, such as ω-
imidazolyl-octanoic fatty acid,17 further reinforcing the reli-
ability of our results.
3.2. MD Simulations Elucidate the Origin of Hydrox-

ylation Enantioselectivity. With the complex structures
obtained, MD simulations were performed to investigate the
dynamic behavior and substrate-induced conformational
fluctuations of the CYP2E1−ligand complex. Three independ-
ent production MD simulations were performed for each
docking pose. The root-mean-square deviation (RMSD) was
calculated for each system to assess structural stability.81,82 The
RMSD values of the Cα atoms and the ligand’s heavy atoms were
calculated relative to the initial configuration of the production
simulations (Figure S2 and Table S1). As shown in Figure S2,
the RMSD values of the Cα atoms of CYP2E1 were monitored
over the simulation period for three independent trajectories
across three distinct docking poses. For all three systems, the
RMSD values of the protein tended to stabilize as the
simulations progressed (Figure S2a). Among the trajectories,

trajectory 3 of pose 1 exhibited relatively low RMSD values, with
average values of 1.28 Å for the protein and 1.17 Å for the ligand,
indicating a stable interaction network between arachidonic acid
and CYP2E1 in this trajectory (Table S1). The low RMSD value
of 1.17 Å for arachidonic acid can be attributed to the compact
nature of the enzyme’s active site,16,17 along with strong binding
affinities, both of which restrict the ligand’s movement (Table
S2). Similar observations of low RMSD values have been
reported in studies involving strong enzyme−ligand interactions
and spatial constraints, further supporting our findings.83,84

Additionally, the stabilization of both protein and ligand RMSD
values across the trajectories (Figure S2) confirms their
suitability for further detailed analysis.
Following the MD simulations, the trajectories were classified

based on the potential hydroxylation sites on arachidonic acid.
This classification is a crucial step in determining the likely
enantioselectivity of the hydroxylation process catalyzed by
CYP2E1. Our analysis focused on the ω-1 and ω-2 positions,
which were identified as primary sites for hydroxylation by
CYP2E1.24,29 The classification was performed using geometric
criteria, analyzing each trajectory segment to assess the
proximity of the ω-1 and ω-2 hydrogen atoms to Cpd I.
Throughout the MD simulations, the distances between these
hydrogen atoms and the Cpd I oxygen were measured. The
configurations were further identified as pro-R and pro-S forms
based on the Cahn−Ingold−Prelog priority rules, which assign
these designations according to the priority of substituents and
their spatial arrangement around chiral centers. This approach
yielded distinct trajectory sets corresponding to four possible
configurations (Figure 3a−d): S-R (the ω-1 hydrogen in the S
configuration and theω-2 hydrogen in the R configuration), R-S
(the ω-1 hydrogen in the R configuration and the ω-2 hydrogen
in the S configuration), S-S (both ω-1 and ω-2 hydrogens in the
S configuration), and R-R (bothω-1 andω-2 hydrogens in the R
configuration).
Figure 3e presents the cumulative frequency of each

configuration across different trajectories and poses. The data
clearly indicate that the S-R configuration is predominant in
most trajectories and poses, reflecting an enantioselective
preference in CYP2E1-catalyzed hydroxylation. This finding
aligns with a previous study demonstrating CYP2E1’s strong
enantioselective preference for the S configuration at theω-1 site
and the R configuration at theω-2 site.29 The frequency analysis
further reveal variations in enantiomeric preference across
trajectories. For instance, trajectory 3 of pose 1 exhibits a higher
prevalence of the S-R configuration compared to trajectories 1
and 2. This correlates with the observed lower RMSD values
observed for the ligand in trajectory 3, suggesting greater
stability (Table S1). The predominance of the S-R configuration
highlights a preferential orientation that facilitates substrate
binding and promotes the progression of the reaction.
MM-PBSA binding free energy calculations were performed

to further investigate the interaction energies (Table S2). The
results show that pose 1, particularly trajectory 3, exhibits the
strongest binding properties, primarily driven by strong van der
Waals and electrostatic interactions. Porubsky et al. investigated
the structural flexibility of CYP2E1 and concluded that substrate
binding is drivenmainly by hydrophobic interactions.17 Hu et al.
highlighted the critical role of phenylalanine residues in shaping
CYP2E1’s reaction environment and influencing product
formation. These residues expand the cavity size to accom-
modate bulky substrates and regulate their orientation. This
aligns with our findings, which show weaker van der Waals
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interactions in the S-S configuration. Interestingly, a compara-
tive study of several P450 structures also highlighted the
importance of hydrophobic residues in CYP2A6 for forming a
compact active site.18

The MM-PBSA analysis reveals that trajectory 3 of pose 1
exhibits the highest binding affinity, primarily stabilized by van
der Waals and electrostatic interactions (Table S2). This
trajectory predominantly comprises S-R and R-R configurations,
consistent with experimental findings.29 To gain deeper insights,
trajectory 3 of pose 1 was subjected to further analysis. Building
on the existing classifications (S-R, R-R, S-S, R-S), the
trajectories were further categorized into ω, ω-1, and ω-2
groups (Figure 4a−c). These groups are defined based on the
positions of carbon atoms relative to the oxo group of Cpd I. The
ω group indicates that the carbon atom of the terminal methyl
group is closest to the oxo, ω-1 refers to the carbon atom
adjacent to the methyl group being nearest to the oxo, and ω-2
denotes that the third-to-last carbon atom is the closest to the
oxo.
The carbon atom at the ω-1 position consistently remains in

close proximity to the oxo group and is more frequently found in
close proximity to it (Figure 4d,e). Further analysis of the
hydrogen atoms at the ω-1R and ω-1S positions shows that the
pro-S hydrogen atom in the ω-1 site is more often closer to the
oxo moiety (Figure 4f). This proximity suggests a higher
likelihood of hydrogen atom abstraction during the reaction.
Similarly, the pro-R hydrogen atom at the ω-2 site tends to stay

closer to the oxo unit, suggesting a preference for the R
configuration at this site (Figure 4g). These results suggest a
potential enantioselective preference of CYP2E1 for the S
configuration at the ω-1 position and the R configuration at the
ω-2 position. This aligns with experimental observations
showing that CYP2E1 preferentially produces 19(S)-HETE
and 18(R)-HETE.
Numerous experimental studies have demonstrated that

CYP2E1 primarily functions as a ω-1 hydroxylase, supporting
our computational findings.23,24,29 However, some controversy
remains regarding its activity at theω andω-2 positions. Tanaka
et al. investigated the ω and ω-1 hydroxylation activities of
purified P450 DM (rat CYP2E1) toward arachidonic acid using
high-performance liquid chromatography.85,86 Their results
revealed that P450 DM hydroxylates arachidonic acid at both
the ω-1 and ω positions, with a hydroxylation activity ratio of
1.22:0.50. Arnold et al. examined recombinant CYP2E1
hydroxylase activity, reporting regioisomeric product ratios of
67% for 19-HETE and 11% for 20-HETE.11 In contrast,
Laethem et al. detected only trace amounts of 20-HETE in the
metabolic products. This discrepancy might arise from the
similar HPLC properties of 18-HETE and 20-HETE.29,85 Our
QM/MM calculations, detailed below, assess the activation
energies of hydroxylation reactions at different reaction sites,
complementing the inherent limitations of MD simulations.87

3.3. QM/MM Analysis of Regio- and Enantioselectivity
in the CYP2E1-Catalyzed Hydroxylation. 3.3.1. Hydroxyla-
tion Mechanism. QM/MM results for the hydroxylation
reaction of arachidonic acid catalyzed by CYP2E1 are
summarized in Figure 5a. The energy profiles for multiple
pathways (ω, ω-1R, ω-1S, ω-2R, and ω-2S) are displayed, with
the energy of the reactant complex (RC, 1) set at 0.0 kcal/mol.
The H-abstraction transition state 2* exhibits the highest energy
for all pathways, confirming its rate-limiting nature: 21.9 kcal/
mol for ω, 19.6 kcal/mol for ω-1R, 18.6 kcal/mol for ω-1S, 19.6
kcal/mol for ω-2R, and 27.0 kcal/mol for ω-2S. The rate-
limiting role of H-abstraction and the specific energy barriers
observed in our calculations align with those reported for P450-
cata lyzed alkane hydroxylat ion react ions (Table
S9).37,39,46,68,88−98 Revisiting the experimental data from
Tanaka et al. and Arnold et al., we note that their observed
selectivity trends correspond to relatively small energy gaps,
consistent with the closely spaced energy barriers observed for
ω, ω-1R, ω-1S, and ω-2R in our study.11,85,86

Our results indicate that hydrogen abstraction is most efficient
via the ω-1S pathway. The activation energy for the (S)-
enantiomer at the ω-1 site is indeed lower than for the (R)-
enantiomer, which is consistent with the experimentally
observed pro-S hydroxylation preference. At the ω-2 site, the
activation energy for the (R)-enantiomer is significantly lower
than for the (S)-enantiomer, in line with experimentally
observed enantioselectivity.29 Theω position, with an activation
energy of 21.9 kcal/mol, presents a much higher barrier. Despite
MD data showing that the ω carbon is slightly closer to the oxo
moiety than the ω-2 carbon, the higher barrier for hydrogen
abstraction at the ω site (2.3 kcal/mol higher than at the ω-2R
position) makes reaction at the ω position less likely.
No significant geometric differences were observed among

the TSs (2*) of the different pathways; the breaking C−H bond
and the forming O−H bond exhibit comparable bond lengths.
However, the TS for the ω pathway shows a noticeably shorter
O−H bond length, indicating a late TS. This suggests that the
reaction is electronically less favorable. Nonetheless, the

Figure 3. Classification of arachidonic acid hydroxylation config-
urations and their frequencies. (a−d) Structural representations of
arachidonic acid within the active site of CYP2E1, illustrating the four
possible configurations based on the orientations of the ω-1 and ω-2
hydrogens relative to the Cpd I oxygen. The pro-S and pro-R positions
are labeled to indicate potential sites for hydrogen abstraction. (e)
Cumulative frequency of each configuration (S-R, R-S, S-S, R-R)
observed across different simulation poses and trajectories. The bars
represent the percentage occurrence of each configuration within the
specified poses and trajectories. The geometric parameters used in the
analysis are the distances between theω-1 andω-2 hydrogen atoms and
the Cpd I oxygen, with no fixed distance cutoff applied during the
classification process.
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reaction remains entropically favorable, as discussed below
(Section 3.3.2), preventing the relative stability of this TS (21.9
kcal/mol) from becoming excessively high. Additionally, the
TSs share similar electronic characteristics. During the H-
abstraction step, one electron transfers from the substrate to the
a2u-type orbital of Cpd I. As shown in Figure 5b, despite
differences in the stabilities of the TSs, their spin density values
on the porphyrin ring remain nearly identical, highlighting
minimal differences in electronic structure. H-abstraction leads

to the formation of an intermediate (3) containing a substrate
radical. The relative stabilities of the intermediates across
different pathways are observed to approximately correlate with
the relative stabilities of their corresponding TSs.
In the ω-1S pathway, a product complex (PC, 5) forms

without encountering a rebound barrier following the
intermediate, exhibiting a low energy of −48.7 kcal/mol,
which indicates substantial thermodynamic stability. Similarly,
the ω-1R and ω-2R pathways yield stable PCs with energies of

Figure 4. (a−c) Illustration of the three distinct binding configurations (ω: a,ω-1: b,ω-2: c) of arachidonic acid within the active site of CYP2E1. (d)
Time evolution of the distances between the carbon atoms (ω,ω-1,ω-2 sites) of arachidonic acid and the oxo moiety of the CYP2E1 Cpd I during the
MD simulation. (e) Population distribution of the distances presented in (d). The horizontal axis represents the distances between the carbon atom
(ω, ω-1, or ω-2 site) of arachidonic acid and the oxo moiety of the Cpd I. (f) Population distribution of the distances between the ω-1R and ω-1S
hydrogen atoms and the oxo moiety. The horizontal axis represents the distance between the ω-1R or ω-1S hydrogen atom and the oxo moiety. (g)
Population distribution of the distances between the ω-2R and ω-2S hydrogen atoms and the oxo moiety. The horizontal axis represents the distance
between the ω-2R or ω-2S hydrogen atom and the oxo moiety. All distances are reported in Ångstroms (Å).
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−47.4 and −47.9 kcal/mol, respectively. In contrast, the ω
pathway produces a PC at −39.6 kcal/mol, noticeably higher in
energy compared to other pathways, likely due to the primary
nature of the resulting alcohol. Notably, the ω-2S pathway,
which has the highest H-abstraction barrier, also features a
significant rebound barrier for product complex formation. The
instability of the TSs for both steps in this pathway is attributed
to unfavorable geometric strain arising during the reaction at this
site. These findings are consistent with the experimental
observation of a 100% (R)-enantiomer at the ω-2 site.29

3.3.2. Origins of Regio- and Enantioselectivity in the
CYP2E1-Catalyzed Hydroxylation.Variations in energy profiles
across different pathways highlight the high sensitivity of
CYP2E1’s catalytic efficiency and selectivity to the molecular
geometry of the substrate within the active site. The notably
lower energy barriers in the ω-1S, ω-2R, and ω-1R pathways
likely result frommore favorable substrate positioning within the
active site, contributing to selective product formation. To
elucidate the origins of the regio- and enantioselectivity, we

Figure 5. (a) Free energy profiles (kcal/mol) for arachidonic acid hydroxylation by CYP2E1. (b) QM/MM-optimized structures of key H-abstraction
TSs. The length unit is Å. Each TS geometry is presented alongsideMulliken group spin density and charge data for the QM atoms, obtained using the
ONIOM-EE(B3LYP/def2-TZVP:MM) method. The most energy-favorable pathway is presented in red. These data are shown for the following
groups: Fe (heme iron); O (oxo group); porphine; SCH3; and FFA (free fatty acid).

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.5c00115
J. Chem. Inf. Model. 2025, 65, 2080−2092

2086

https://pubs.acs.org/doi/10.1021/acs.jcim.5c00115?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.5c00115?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.5c00115?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.5c00115?fig=fig5&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.5c00115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


further conducted a theoretical analysis of the H-abstraction
TSs. The ONIOM-based G value is decomposed into five terms

G E E E E GQM disp MM pol corr= + + + + (2)

where EQM refers to the gas-phase energy of the QM atoms,
while EMM and Epol denote the MM energy term and the
polarization energy term, respectively.

E E EMM MM,real MM,model= (3)

E E E2(EE) 2(ME)pol = (4)

Here, E2(EE) and E2(ME) represent ONIOM-EE and
ONIOM-ME energies obtained from single-point energy
calculations using the def2-TZVP basis set. The relative free
energy (ΔG) of H-abstraction TS with respect to RC is
decomposed into five constituent terms

G E E E E GQM disp MM pol corr= + + + + (5)

The results of the energy decomposition analysis (Figure 6)
reveal that ΔEQM is the primary determinant of the reaction

barriers. Both ω-1S andω-2R, identified as reactive sites, exhibit

relatively low ΔEQM values. Additionally, stabilization due to

ΔEMM is relatively high for the ω-1R and ω-1S pathways,
indicating favorable nonbonded interactions in these pathways.
Variations in ΔEdisp can be attributed to the distinct approaches
of the substrate to Cpd I and the differences in the interaction
strengths of hydrogen atoms at various positions. Specifically,
hydrogen atoms at different sites on the arachidonic acid
molecule approach Cpd I with slightly different orientations,
influencing the dispersion forces involved. Furthermore, during
reactions at different sites, arachidonic acid undergoes varying
degrees of displacement, influencing substrate interactions with
the surrounding protein environment and thereby altering the
ΔEMM term. The ΔGcorr term is the smallest for the ω TS, as the
ω position, being at the terminal end of the arachidonic acid
molecule, renders the TS at this position more flexible than
others. This structural flexibility provides an entropic advantage.
Additionally, ΔGcorr tends to become more positive�and thus
more destabilizing�when ΔEMM is more negative. This occurs
because, when the substrate is stabilized through nonbonded
interactions, the TS geometry becomes more congested,
reducing structural flexibility. As a result, greater stabilization
due to ΔEMM is often offset by a corresponding destabilizing
ΔGcorr. However, this offset effect is less pronounced in theω-2S
pathway, where ΔEMM + ΔGcorr is significantly positive,
indicating entropically unfavorable nature. Overall, ΔEQM is
identified as the dominant factor influencing barrier heights,
highlighting the importance of substrate positioning in
determining product selectivity, even with substantial flexibility
of arachidonic acid.
We further examined the protein environment surrounding

the reacting substrate (Figure 7). Hydrophobic residues play a
key role in stabilizing the TSs. Specifically, Phe207 and Thr303
serve as critical anchors for the substrate. For theω,ω-1R,ω-1S,
ω-2R, and ω-2S sites, the distances between the carbon atom at
the ω position and the terminal methyl of the ethyl group of the
Ile115 side chain are 3.82, 3.75, 3.76, 3.59, and 4.00 Å,
respectively, highlighting the proximity of this residue to the
terminal methyl. The somewhat larger values for theω andω-2S
TS structures suggest greater substrate displacement during H-
abstraction, partially disrupting this favorable interaction.

Figure 6. Comparison of different energy terms comprising ΔG (in
kcal/mol) for the H-abstraction TSs.

Figure 7. H-abstraction TSs for the reactions at the (a) ω, (b) ω-1R, (c) ω-1S, (d) ω-2R, and (e) ω-2S sites. (f) Sequence alignment between
hCYP2E1, P450BM3 (CYP102A1, which hydroxylates fatty acids at the CH2 groups in the ω-1/ω-2/ω-3 positions of the hydrophobic tail), P450spα
(CYP152B1, which hydroxylates fatty acids in an α-regioselective manner, where α is the CH2 position adjacent to the carboxylate), and P450BSβ
(CYP152A1, which hydroxylates fatty acids with β regioselectivity).
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Moreover, we observed that in the ω-1S and ω-2R TSs, the
methyl carbon of the Ala299 side chain is positioned close to
arachidonic acid, at distances of 3.81 and 4.03 Å, respectively,
suggesting an additional stabilizing contribution that results in
more negative ΔEMM values. This finding is significant, as while
the roles of residues Phe207 and Thr303 in enhancing the
catalytic activity of CYP2E1 are well-documented for their roles,
the role of Ala299 has received less attention in the
literature.33,36 Notably, sequence alignment reveals that
Ala299 is conserved across various fatty acid P450 hydroxylases
(Figure 7f). These results highlight a previously unrecognized
role of Ala299 in facilitating substrate binding and enhancing the
catalytic efficiency of CYP2E1.
3.4. Comparative Analysis of CYP2E1 with P450BM3

and P450SPα. P450BM3, another fatty acid hydroxylase,
performs regio- and enantioselective hydroxylation of fatty
acids in a manner distinctly different from CYP2E1. In P450BM3,
the ω-1, ω-2, ω-3 methylene groups of the fatty acid substrate
can be hydroxylated by Cpd I, whereas the primary
hydroxylation site for CYP2E1 is the ω-1 position.99,100 What
factors determine the product selectivities of these P450s, both
of which act as stereoselective hydroxylases?
The primary factor distinguishing the function of P450BM3

from CYP2E1 lies in their differing modes of substrate binding.
Figure 8 illustrates the structures of H-abstraction TSs for
P450BM3, P450SPα, and human CYP2E1, with first two structures
derived from previous studies.37,39 Since the referenced
structures only included partial ligand coordinates, we
supplemented them using ligand structures available in PDB
entries 1JPZ and 3AWM.101,102 The added portions are shown
in gray in Figure 8. In P450BM3, the active-site residue Phe87,
positioned between the heme plane and the substrate’s tail,
induces an upward curling of the tail through steric effects. This
interaction pushes the ω end of the fatty acid substrate away
from the iron(IV)-oxo moiety of Cpd I, allowing the ω-1, ω-2,
and ω-3 CH2 groups to approach Cpd I more easily.
Consequently, the hydroxylation products at the ω-1, ω-2,
and ω-3 CH2 groups are distributed in the ratio of
36:30:34%.37,100 Phe87 also plays a critical role in enantiose-
lectivity by interacting with the fatty acid substrate. During the
pro-S hydrogen abstraction, the substrate is drawn downward
and tilts toward Phe87, leading to increased steric repulsion.
This orientation raises the energy barrier for the TS compared to
the pro-R hydrogen abstraction.37

In CYP2E1, Ile115, analogous to Phe87 in P450BM3,
contributes to stabilizing the TSs. Unlike phenylalanine,
isoleucine in CYP2E1 lacks a phenyl ring to create steric

hindrance, instead modulating regioselectivity through varia-
tions in nonbonded van der Waals interactions. Ile115 forms
weaker interactions with the ω position but establishes stronger
interactions at the ω-1 position. Additionally, Ala299 in
CYP2E1 plays a pivotal role in enantioselectivity. The
interaction between Ala299 and the substrate is strongest in
the ω-1S TS, whereas in other states (ω, ω-1R, and ω-2S),
Ala299 contributes minimally to the ligand−protein interaction.
Unlike P450BM3 or CYP2E1, the carboxylate group of fatty

acid substrates in P450SPα forms a salt bridge with an arginine
residue in the active site. This interaction positions the α-CH2
group of the substrate near Cpd I, promoting regioselective α-
hydroxylation. The pro-RTS experiences greater distortion than
the pro-S TS due to partial disruption of the salt bridge with
Arg241 and stronger repulsive interactions in the pro-R state.
These factors result in a significantly higher energy barrier for
the pro-R TS, thereby favoring pro-S C−H activation.39

In addition to the mechanisms described for P450SPα,
P450BM3 and CYP2E1, P450 OleT offers another intriguing
perspective on fatty acid metabolism.103,104 Unlike the
hydroxylase activity observed in P450SPα, P450 OleT, a member
of the CYP152 family, primarily catalyzes the decarboxylation of
long-chain fatty acids to form terminal alkenes.103 Lin and de
Visser, using DFT calculations, demonstrated that the diversity
in product distribution is closely linked to the presence of
substituents at the Cα and Cβ positions of the substrate.105

Reinhard et al., through QM/MM calculations, showed that the
Asn242Arg/Arg245Asn double mutant of P450 OleT modifies
the active-site architecture, altering substrate orientation and
thereby affecting reactivity and selectivity. This mutation
reduces α-hydroxylation activity and increases the production
of decarboxylation products.106

The influence of key active-site residues on substrate
activation is a defining feature across a variety of P450s, as
demonstrated in the examples discussed above.37,39,106,107

These residues, often unique to each P450 type, play pivotal
roles in shaping the geometry and electronic properties of the
active site, thereby directly impacting the enzyme’s catalytic
specificity and efficiency. Consequently, the product selectivity
of P450s is largely governed by the configuration of the active
site and its critical residues, which orient substrates in specific
ways. Through evolutionary refinement of their active-site
architectures, different P450 members have developed func-
tional diversity, particularly in substrate specificity and product
selectivity.

Figure 8. Schematic representation of residues controlling the regioselectivity of fatty acid oxidation by P450BM3 (left), P450SPα (middle), and
hCYP2E1 (right).
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4. CONCLUSIONS
MD simulations and QM/MM calculations provided valuable
insights into the mechanism of regio- and enantioselective fatty
acid hydroxylation by human CYP2E1. TheMD results indicate
that hydrogen atoms at the ω-1S and ω-2R positions are closer
to the reactive oxygen atom, suggesting potential sites of higher
reactivity. According to QM/MM results, the ω-1S transition
state has the lowest energy barrier, indicating the most favorable
hydrogen abstraction, consistent with experimentally observed
enantioselectivity. Additionally, a previously unrecognized role
of Ala299 in the binding and catalysis of fatty acid substrates was
identified. Comparisons between CYP2E1 and the other fatty
acid hydroxylases, P450BM3 and P450SPα, revealed that these
enzymes display distinct hydroxylation profiles due to differ-
ences in substrate binding and active site interactions. The
observed conformational differences, along with energy
decomposition analysis, underscore the importance of substrate
positioning in determining the regioselectivity and enantiose-
lectivity of fatty acid hydroxylation. The ability to engineer
P450s with enhanced regio- and stereoselectivity holds
significant promise for synthetic biology and pharmaceutical
chemistry. By identifying specific factors governing transition-
state stability�particularly the effect of substrate positioning�
this work establishes a foundation for the rational design of
P450s tailored for industrial and therapeutic use.
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