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1. Introduction

Quantum chemical modeling of enantioselective
sulfoxidation and epoxidation reactions by indole
monooxygenase VplndAlf

 Shiging Zhang, (2 °° Fufeng Liu, 2 Hao Su (" and

*bc

Qinrou Lj,
Xiang Sheng

Indole monooxygenases (IMOs) are enzymes from the family of Group E monooxygenases, requiring flavin
adenine dinucleotide (FAD) for their activities. IMOs play important roles in both sulfoxidation and
epoxidation reactions. The broad substrate range and high selectivity of IMOs make them promising
biocatalytic tools for synthesizing chiral compounds. In the present study, quantum chemical calculations
using the cluster approach were performed to investigate the reaction mechanism and the
enantioselectivity of the IMO from Variovorax paradoxus EPS (VpIndAl). The sulfoxidation of methyl phenyl
sulfide (MPS) and the epoxidation of indene were chosen as the representative reactions. The calculations
confirmed that the FADoop intermediate is the catalytic species in the VpIndAl reactions. The oxidation of
MPS adopts a one-step mechanism involving the direct oxygen-transfer from FADoon to the substrate
and the proton transfer from the —OH group back to FAD, while the oxidation of indene follows a step-
wise mechanism involving a carbocation intermediate. It was computationally predicted that VpIndAl pre-
fers the formation of (S)-product for the MPS sulfoxidation and (1S,2R)-product for the indene epoxidation,
consistent with the experimental observations. Importantly, the factors controlling the stereo-preference
of the two reactions are identified. The findings in the present study provide valuable insights into the
VplIndAl-catalyzed reactions, which are essential for the rational design of this enzyme and other IMOs for
industrial applications. It is also worth emphasizing that the quantum chemical cluster approach is again
demonstrated to be powerful in studying the enantioselectivity of enzymatic reactions.

their capacities in catalyzing the enantioselective sulfoxidation
and epoxidation reactions.' The broad substrate scope and high

The synthesis of chiral compounds is one of the most attractive
fields within the scientific community. The generally low effi-
ciency and low yield in obtaining enantiomerically enriched
chemicals pose challenges to asymmetric synthesis. Employing
enzymatic reactions emerges as an effective and environmentally
benign strategy to overcome the limitations of traditional asym-
metric synthesis methods.'® Indole monooxygenases (IMOs), a
subclass of Group E monooxygenases, were identified in nature
to catalyze the oxidation of indole and styrene in their degrada-
tion pathways.””® These enzymes attract much attention owing to
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enantioselectivity of IMOs further increase their potential as
biocatalytic tools for synthesizing chiral products.'*

IMOs are members of the flavoprotein monooxygenase
(FPMO) family, relying on the cofactor flavin adenine dinucleotide
(FAD) for their catalytic abilities."> The typical catalytic cycle for
FPMOs includes the activation of O, forming a flavin-OO(H)
intermediate and incorporating an oxygen atom into the
substrate.">*' In contrast to more studied members of the
FPMO family, such as Baeyer-Villiger monooxygenases (BVMOs)
and p-hydroxybenzoate hydroxylase (PHBH),'>” IMOs have
received comparatively less attention. To promote the application
of IMOs, it is crucial to conduct further investigations into the
specific reactions catalyzed by these enzymes and to explore the
factors responsible for the stereoselectivity in detail.

Recently, an IMO from the bacterium Variovorax paradoxus
EPS (VpIndA1) was identified'” and the crystal structures of
VpIndA1 were subsequently reported in various forms.'® Struc-
ture analysis showed that the binding pocket comprises a
number of nonpolar residues such as Phe50, Phe191, Phe201,
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Fig.1 Active site of the wide-type VpIndAl in complex with the FAD
cofactor (PDB: 7Z4X).

Leu174, and Phe385.'® Additionally, two ionizable residues
(Glu218 and Asp300) that directly interact with each other are
also found in the vicinity of the active site (Fig. 1).

The VpIndA1l was demonstrated to be capable of converting
methyl phenyl sulfide (MPS) to the (S)-enantiomer of methyl
phenyl sulfoxide (MPSO) in the sulfoxidation reaction and convert-
ing indene to the (1S,2R)-enantiomer of indene oxide (IO) in the
epoxidation reaction.'>'® The reactions were proposed to follow the
generally accepted catalytic cycle of FPMOs, wherein the dioxygen
is activated to form a peroxide intermediate with flavin."* Based
on the molecular mechanics (MM) force field calculations, the
stereo-preferences of VpIndA1l were rationalized by the geometric
arrangements and the binding energies of different modes of the
substrate.'® Advantageous variants were then designed for
improved substrate acceptance and stereoselectivity."®

Although the FPMO-catalyzed reactions have been exten-
sively studied by using different experimental techniques,'®*
there remains a debate regarding the protonation state of the
peroxide in the intermediate after the activation of dioxygen by
flavin. Namely, it is not clear that the catalytically relevant
species is a flavin C4a-hydroperoxide (FADgon) or a flavin C4a-
peroxide (FADoo-) intermediate. By using the double-mixing
stopped-flow technique, it was demonstrated that both species
are involved in the reaction of the cyclohexanone oxidation
catalyzed by cyclohexanone monooxygenase (CHMO), but only
the FADoo- is capable of oxygenating cyclohexanone.' In
contrast, on the basis of the rapid acid quench in conjunction
with the stopped-flow absorbance and fluorescence, it was
suggested that the intermediate participating in the styrene
epoxidation by styrene monooxygenase (SMO) is FADoop.>° The
involvement of this intermediate in the catalysis was also
proposed for the hydroxylation reactions catalyzed by other
FPMOs.>">* For VpIndA1, the focused FPMO in the present

16522 | Phys. Chem. Chem. Phys., 2024, 26, 16521-16528

View Article Online

PCCP

study, the catalytically relevant species in the reaction, remains
an open question. Furthermore, VpIndA1l exhibits high stereo-
selectivity toward various substrates."' However, the origins of
the enantioselectivity of VpIndA1 are obscure.

Various computational chemical methods, such as the
hybrid quantum mechanics/molecular mechanics (QM/MM)
method, the molecular dynamics (MD) simulation, and the
quantum chemical cluster approach, have been used to model
FPMO-catalyzed reactions.?*™®” Herein, the cluster approach is
employed to investigate the enantioselective sulfoxidation and
epoxidation reactions catalyzed by VpIndA1l. This method has
been validated as a powerful tool in studying the enantioselec-
tivity of widely distributed enzymes.**' As the addition of O,
to FAD has been established to be rapid both experimentally
and computationally,'®*>?3 the current study specifically delves
into the oxidation processes of MPS and indene after the
activation of O, by FAD (Scheme 1). For the resulting peroxide
intermediate, both protonated and deprotonated states are
considered. Importantly, the enantioselectivities of VpIndA1l
toward MPS and indene are perfectly reproduced by the calcu-
lations, and the factors favoring the formation of the (S)-
enantiomer of MPSO in the sulfoxidation reaction and the
(1S,2R)-enantiomer of 10 in the epoxidation reaction are ratio-
nalized by detailed analysis on the optimized structures of the
transition states and intermediates.

2. Computational methods
2.1 Technical details

All the calculations in the current study were performed by
using the Gaussian16 C.01 program®* with the B3LYP-D3(BJ)
density functional method.**® Geometry optimizations were
carried out with the 6-31G(d,p) basis set. At the same level as
geometry optimization, the single-point energies using the
SMD solvation model*® with ¢ = 4 were calculated to estimate
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Scheme 1 The VpindAl-catalyzed reactions investigated in the present
study: (a) the enantioselective sulfoxidation of methyl phenyl sulfide (MPS)
and (b) the enantioselective epoxidation of indene.
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the effect of surroundings. Frequency calculations were per-
formed to obtain zero-point energies (ZPEs) and to characterize
the nature of the intermediates and transition states (TSs),
ensuring the presence of only positive frequencies for intermedi-
ates and only one imaginary frequency for TSs. The animations
illustrating the vibrations corresponding to the imaginary
frequency are provided in the Supplementary files. Intrinsic
reaction coordinate (IRC) analysis was conducted to validate
that the TSs connect the right local minima (Fig. S17 and S18,
ESIt). Single-point calculations with the large basis set
6-311+G(2d,2p) were carried out to obtain more accurate electro-
nic energies, which were then corrected for SMD solvation and
ZPE corrections. The obtained final energies are reported in the
present study. All the figures of the optimized structures were
prepared by using Open-Source Pymol (https://pymol.org/).

2.2 Active site model

The active site model of the enzyme bound with the cofactor
and substrate was designed based on the structure of wide-type
VpIndA1 crystallized with FAD (PDB ID: 7Z4X).'® The substrate,
MPS for the sulfoxidation reaction or indene for the epoxida-
tion reaction, was manually incorporated into the respective
model, and the FAD was modified to its FADyo- or FADgon
form. The residues making up the binding sites of FAD and
substrate are included in the active site model (Ser45, Ser46,
Cys48, Phe50, Ile75, Leu172, Leul74, Val189, Phe191, Phe201,
Phe203, Val216, Glu218, Asp300, Pro301, Ile302, Thr303, Gly304,
GIn305, Asn308 and Phe385), as schematically drawn in Fig. 2.

According to the results from the constant pH molecular
dynamics (CpHMD) simulations and the PROPKA sever, the
Glu218 residue was modeled in the protonated state and the
Asp300 residue was modeled in the ionized form (see the details
in the ESIt). In the present study, different protonation states
were considered for the peroxide intermediate after O, activation
by FAD, which is the starting structure for the investigation of
mechanism and enantioselectivity. Specifically, the two examined
species are C(4a)hydroperoxide (FADoon) and C(4a)-peroxide
(FADoo-). The chirality of C(4a) was determined by analyzing
the crystal structure (PDB ID: 7Z4X),"® wherein the hydroperoxide/
peroxide group is oriented toward the binding pocket of the
substrate. For the model with FADooy and FADoo-, the overall
charge of the system is —1 and —2, respectively. The active site
model comprises 351 atoms or 350 atoms for the system with MPS
depending on the protonation state of the peroxide intermediate,
and 345 atoms or 344 atoms for the system with indene.

The FADoo-/FADoon and amino acids were truncated in the
cluster model, and the hydrogen atoms saturating the trun-
cated carbon were added manually. The truncated carbon and
some associated hydrogen atoms were fixed during the geome-
try optimization processes to avoid unrealistic deviation from
the crystal structure (see the fixed atoms in Fig. S1, ESIf).
To ensure that the most favorable pathway is reported, geome-
tries with different conformations of the substrate and active
site residues were optimized for all the species along the
reaction pathways and the lowest-energy one was reported for
each species.

This journal is © the Owner Societies 2024
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Fig. 2 The schematic representation of the active site model for the
enzyme bound with FADgo-/FADoon and MPS.

3. Results and discussion

As mentioned above, the protonation state of the peroxide in the
intermediate after the activation of dioxygen by flavin remains
uncertain. Considering this ambiguity, both the protonated
(FADoon) and deprotonated (FADoo-) forms of the peroxide
intermediate were considered in the investigation of the mecha-
nism and enantioselectivity of VpIndA1l toward MPS. Interest-
ingly, calculations starting with FADo oy perfectly reproduced the
experimental results, specifically favoring the (S)-MPSO enantio-
mer of the product (Fig. 3 and 4). Conversely, the computation-
ally predicted outcome based on FADqo-, yielding (R)-MPSO, is
inconsistent with the experimental observation (Fig. S2, ESIt). In
the case of indene, the computational results starting from
FADoon and FADgo- both reproduced the trend of the experi-
mental stereoselective outcome; however, the pathway with
FADgoy exhibits a lower barrier compared to that with FADgo-
(Fig. S3, ESIT). It can thus be concluded that it is more possible
for the protonated FADoon to be the catalytically involved
species in the catalysis. In the following section, the calculation
results of the reactions stemming from FADqoy are discussed in
detail and the results starting with FADqo- are briefly presented.

3.1 Binding mode of MPS in the active site of VpInA1

To achieve the lowest-energy binding mode, a large number of
structures with different conformations of the active site residues
and substrates in the active site were optimized and their energies
were compared (Fig. 3 for the lowest-energy structures and Fig. S4
for the others, ESIT). The obtained structures can be classified
into two types depending on the direction of the MPS phenyl
group pointing toward, named ‘‘Phenyl-left” mode and “Phenyl-
right” mode. The phenyl ring faces toward Phe50 in the “Phenyl-
left” mode (Fig. 3a) and toward Phe201 in the “Phenyl-right”
mode (Fig. 3b). Depending on how the methyl group of MPS faces
the peroxide in the FADooy intermediate, either S- or R-products
will be preferred. For each mode, it was found that the methyl
group of MPS can be located at different positions, which decides

Phys. Chem. Chem. Phys., 2024, 26, 16521-16528 | 16523
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Fig. 3 Optimized structures of the lowest-energy E:MPS complexes with the “Phenyl-left” mode (a) and with the “Phenyl-right” mode (b). The subscript
S (in E:MPSs and E:MPSg) and the subscript R (in E:MPSg and E:MPSg) denote the configurations of the respective products originating from this ES
complex. The energies, which are provided in parentheses in kcal mol™, are relative to E:MPSs. For clarity, most of the hydrogen atoms are omitted in the

figure. Selected distances are given in A.

whether the re or the si face to be attacked by the peroxide in the
following oxidation process. For example, in the ‘“Phenyl-left”
mode, the binding of the methyl group in the vicinity of 11e302
leads to the peroxide group being located at the si face of the
sulfur, and the binding in the vicinity of Phe203 results in the
peroxide group being at the re face, for which the oxygen-transfer
from the peroxide gives S- and R-products, respectively.

A number of enzyme-substrate complexes with relatively low
energies were considered for the studies of the sulfoxidation
mechanism and enantioselectivity. It was shown that the path-
ways starting from all the considered structures with ‘Phenyl-
right” mode are associated with prohibitively high barriers and
this mode is thus not productive (Fig. S5, ESIt). In contrast, the
pathways with the “Phenyl-left” mode were calculated to have
reasonable barriers. The lowest-energy structures for the com-
plexes leading to the formation of R- and S-products (called
E:MPS;, and E:MPSg, respectively) are shown in Fig. 3a. These
two structures show high similarities in the hydrogen bond
networks between FAD and the active site residues (Ser46 and
Asn308). However, in E:MPSg, the methyl group of MPS is
located close to Ile302, while in E:MPSg, it orients toward
Phe203, leading to an unfavorable steric hindrance. This results
in a higher energy of E:MPS than E:MPSg by 1.7 kcal mol .

3.2 Mechanism and enantioselectivity of VpInA1l toward MPS

As mentioned above, a number of starting structures were
considered for the following study on the oxidation mechanism

16524 | Phys. Chem. Chem. Phys., 2024, 26, 16521-16528

and selectivity. The calculations showed that the VpInA1-catalyzed
sulfoxidation is a concerted process that involves the attack of the
—OH group of the FADg oy at the sulfur of MPS, leading to the S-O
bond formation and the O-O bond cleavage. Simultaneously, the
proton of ~OH transfers back to FAD, giving FADoy in the enzyme-
product complexes. This concerted mechanism is consistent with
the previous proposal on the other enzymes from the same
family.>**>*® We also attempted to obtain an intermediate with-
out involving the proton transfer, in which case the reaction
would follow a stepwise mechanism. However, upon optimiza-
tion, the proton spontaneously transfers from the -OH group
back to FAD. The calculated energies of the lowest-energy transi-
tion states (TSs) corresponding to the formation of (S)-MPSO
(MPS-TSg) and (R)}-MPSO (MPS-TSg) are 7.3 kcal mol™' and
16.3 keal mol ', respectively, relative to E:MPSg (Fig. 4a). Namely,
the formation of the (S)-product is much more favored by the
reaction compared to the (R)-enantiomer. This trend is indeed
consistent with the experimentally observed stereopreference for
S-enantiomer with a measured ee value of higher than 99%.
Other optimized TS structures with higher energies are provided
in Fig. S6, ESL{ The resulting enzyme-product complexes
(E:MPSOg and E:MPSOy) have energies of —43.4 kcal mol " and
—33.3 keal mol ™" relative to E:MPSg for the S- and R-enantiomers,
respectively (Fig. S7, ESIt).

By scrutinizing the optimized structures of MPS-TSg and
MPS-TSg, the key factors influencing the enantioselectivity of
VpInAl are unveiled. First, it should be emphasized that the

This journal is © the Owner Societies 2024
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phenyl group of the substrate is restricted in the binding pocket
by the n-m interactions with surrounding aromatic residues
(Phe50, Phe191, Phe201 and Phe385) and consequently occupies
similar positions in MPS-TSg and MPS-TSs. However, the methyl
group exhibits distinct orientations and can thus develop different
interactions with nearby groups in two transition states. In MPS-
TSg, unfavorable steric hindrances are identified between the
methyl group of the substrate and the flavin group of the cofactor,
as well as the Phe203 residue (Fig. 4b for the optimized structures
and Fig. S8 (ESIt) for the schematic representation). Furthermore,
the transferring -OH group experiences greater stabilization in
MPS-TSg than in MPS-TSg, as evidenced by the shorter distance of
the hydrogen bond with the backbone carbonyl group of Pro301 in
the former (1.74 A) than the latter (1.99 A). It is interesting to note
that in PpStyA, a styrene monooxygenase (SMO) from Pseudomonas
putida that exhibits R-enantiopreference toward MPS, the substrate
binding pocket is mainly composed of less bulky residues (see a
structural comparison in Fig. $9, ESIt),*""** allowing the substrate
to dynamically adjust its conformation during the reaction. Speci-
fically, the equivalent position of Phe203 in VpInAl is found to be
occupied by a small amino acid isoleucine. These differences
provide additional support for the rationale behind the enantios-
electivity of VpInA1l toward MPS.

3.3 Mechanism and enantioselectivity of VpInA1l toward indene

Following the strategy in the study of the sulfoxidation reaction, a
number of structures with different orientations of indene were

This journal is © the Owner Societies 2024

considered in the calculations to ensure that the lowest-energy
binding mode was obtained. Similar to that for MPS, the binding
modes of indene to VpInAl can also be classified into two types:
“Phenyl-left” mode and “Phenyl-right” mode, in which the phenyl
ring of indene faces toward Phe50 and Phe201, respectively (Fig.
S10 and S11 for optimized structures, ESIt). Depending on how
the methylene group of indene orientates, the binding modes can
lead to the formation of either (15,2R)- or (1R,2S)-I0. Taking the
“Phenyl-left” mode as an illustration, when the methylene group
of indene is directed toward Phe203, it leads to the formation of
(1S,2R)}10, whereas an orientation toward Ile302 yields (1R,2S)-10.

Similar to the sulfoxidation reaction catalyzed by VpInAl,
the lowest-energy E:indene,z,s complex, which results in
the formation of (1R,25)-10, falls into the “Phenyl-left” type
(Fig. S10, ESIT). The calculated energy of E:indene;s,, leading to
the other enantiomer (15,2R)-10 is 0.9 keal mol ™" higher than that
of E:indene;z 5. Structure analysis showed that the two complexes
have comparable hydrogen bond networks within the active site.
However, the difference in the orientation of the methylene group
of indene in the two structures leads to an undesirable steric
hindrance between the methylene group and nearby residues in
E:indene;s,5, which is not present in E:indene,g 5. Again, similar
to the sulfoxidation reaction, the pathways of indene epoxidation
with the “Phenyl-right” mode are associated with prohibitively high
barriers (Fig. S12, ESIT) and this mode is not productive here either.

The calculations reveal that the indene epoxidation cata-
lyzed by VpInAl follows a stepwise mechanism involving a

Phys. Chem. Chem. Phys., 2024, 26, 16521-16528 | 16525
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carbocation intermediate. Specifically, the reaction pathway
initiates with the -OH group of FADqoon attacking the C—C
bond of indene, forming a carbocation intermediate, succeeded
by a proton transfer from the -OH group back to FAD. Accord-
ing to the calculations, the proton transfer is a barrier-less
process and the final product has an energy of ca. 20 kcal mol ™"
lower than that of the intermediate, indicating that the carbo-
cation intermediate will rapidly convert to the final product
once formed. The lowest-energy TSs resulting in the formation
of (1R,2S)-product (indene-TS, g »s) and (1S,2R)-product (indene-
TS;s.2x) have energies of 16.6 kcal mol ™" and 13.4 keal mol ",
respectively, relative to E:indene, g s (Fig. 5, see other optimized TS
structures in Fig. S13, ESIt). Namely, the pathway leading to the
(15,2R)-product is 3.2 kcal mol ™" lower than that of the (1R,2S)-
product. Experimentally, the (1S,2R)-enantiomer was indeed the
preferred product with an ee value of 35%. The computational
trend is thus in agreement with the experimental results.

Experimentally, the Phe191Met/Phe201Leu/Ile302Val mutant
exhibited an increased stereo-selectivity with an ee value of
99.80%."® Using the same active site model and methodology
mentioned above, the reaction pathways of this mutant were also
studied (Fig. S16 for the optimized structures, ESIt). The calcu-
lated energy difference between the two TSs increases from
3.2 keal mol ™" for the wide-type enzyme to 7.2 kcal mol™" for
the mutant, reproducing thus the experimental trend. These
results emphasize the robust capabilities of the quantum
chemical cluster approach in elucidating the enantioselectivity
of enzymatic reactions.
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It is worth noting that the trends observed in the energies of
E:indene and E:IO in the pathways leading to two enantiomers
are reversed compared to the TSs that dictate the enantiopre-
ference of the reaction. Therefore, relying solely on the energies
of E:indene and E:IO for rationalizing the enantioselectivity
of VpInAl is misleading. This highlights the importance of
investigating the entire reaction pathway to accurately pinpoint
the factors controlling selectivity. Similar conclusions have also
been drawn from the quantum chemical studies on other

enzymes.*>**

4. Conclusions

The broad substrate range and high selectivity of indole mono-
oxygenases (IMOs) make them valuable candidates for asymmetric
synthesis. Nevertheless, the unclear reaction mechanisms, along
with the ambiguous origin of the enantioselectivity, have hindered
their industrial applications. In the present work, the sulfoxidation
and indene epoxidation catalyzed by the IMO from Variovorax
paradoxus EPS (VpIndAl), an enzyme from the family of IMOs,
are studied by using the quantum chemical cluster approach.
The calculations show that the protonated FADgoy rather
than the deprotonated FADoo- is the catalytically relevant
species in the VpIndAl-catalyzed reactions. For both methyl
phenyl sulfide (MPS) and indene substrates, the preferred
binding mode is that the phenyl ring on the substrate is
orientated toward Phe50. Mechanistic investigations reveal
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(a) Mechanism of the VpInAl-catalyzed indene epoxidation and (b) the optimized structures of indene-TS;z »s and indene-TS;s 2r. The energies,

provided in parentheses in kcal mol™, are all referenced relative to E:indene;g »s. (c) The calculated energy profiles for the VplnAl-catalyzed indene
epoxidation, in which the pathways leading to the formation of (1R,2S)- and (1S,2R)-10 are shown in black and red, respectively. For clarity, most of the

hydrogen atoms are omitted in the figure. Selected distances are given in A.
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distinct pathways for the substrate oxidation by VpInAl. The
oxidation of MPS follows a one-step mechanism, consisting
of the direct oxygen transfer from FADgoy to the substrate,
accompanied by proton transfer of the -OH group back to FAD.
In contrast, the oxidation of indene proceeds via a stepwise
mechanism involving a carbocation intermediate. Upon analyz-
ing the optimized structures of the corresponding transition
states, it can be concluded that the aromatic residues within
the active site, especially Phe203, play significant roles in
controlling the enantioselectivity of VpIndAl.

The details of the reaction mechanisms obtained in the
present study provide valuable information on the IMO-
catalyzed reactions. It holds considerable significance in facil-
itating the systematic design of enzyme variants with tailored
properties. The current study also emphasizes the robust
capabilities of the quantum chemical cluster approach in
elucidating the reaction mechanism and selectivity of enzymes.
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