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Cytochrome P450 monooxygenases are an extensive and unique class of enzymes, which
can regio- and stereo-selectively functionalise hydrocarbons by way of oxidation
reactions. These enzymes are naturally occurring but have also been extensively applied
in a synthesis context, where they are used as efficient biocatalysts. Recently,
a biosynthetic pathway where a cytochrome P450 monooxygenase catalyses a critical
step of the pathway was uncovered, leading to the production of a number of products
that display high antitumour potency. In this work, we use computational techniques to
gain insight into the factors that determine the relative yields of the different products.
We use conformational search algorithms to understand the substrate stereochemistry.
On a machine-learned 3D protein structure, we use molecular docking to obtain
a library of favourable poses for substrate—protein interaction. With molecular
dynamics, we investigate the most favourable poses for reactivity on a molecular level,
allowing us to investigate which protein—substrate interactions favour a given product
and thus gain insight into the product selectivity.

Introduction

Biocatalysis involves the exploitation of the power and availability of naturally
occurring catalysts, which can be modified to generate a wide diversity of
synthetic products with high selectivity and yield via greener pathways.* One very
important component of research into biocatalysis is involved with the identifi-
cation of novel enzymes and reaction cascades,” with the enzymes then being
modified or engineered to tune the reactivity in the desired way, by using some
combination of rational design informed by the expected mechanism and
evolutionary selection approaches. For many catalytic processes, especially those
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with complex regioselectivity and stereoselectivity profiles, experiments can only
give limited mechanistic insight, and this often requires extensive work.
Computational modelling procedures anchored on key experimental data provide
an alternative source of detailed atomistic insight into reaction mechanisms, and
thereby provide a deeper understanding of the origin of selectivity.*” This
multidisciplinary and synergistic approach can be used to underpin rational fine-
tuning of a biocatalytic system.

Computational approaches, however, also have significant shortcomings.
Detailed atomistic studies are time consuming and do not provide quantitative
predictions of rate constants or selectivity, so that the results of such studies
seldom agree more than qualitatively with observed reaction outcomes. Explo-
ration of reactivity for alternative substrates or for enzyme mutants represents
considerable additional work, and given the low accuracy of computation, suffers
from low predictivity. It can, however, often yield qualitative insight that ratio-
nalises observed changes in reactivity.® Accordingly, alternative computational
approaches based on machine learning can be used to predict such structure-
reactivity patterns, though in this case, accurate results rely on the availability of
large amounts of experimental data.” "’

Given the diversity of bioactive natural compounds with potent medicinal
properties, the production of polyketide natural products has been the subject of
much chemical and medical research,™*> and these are also of great interest for
biocatalysis. In vivo, polyketides are synthesised by a family of large, multidomain
enzymes known as polyketide synthases (PKSs).**** Among other types,***° type I
PKSs are structured like a multimodule assembly line, with each module con-
taining a set of catalytic domains required to incorporate one carboxylic acid
building block of the polyketide."”*® A similarly structured family of multidomain
enzymes are the non-ribosomal peptide synthetases (NRPSs), which produce
a variety of non-ribosomal peptide natural products, many of which also have
interesting medicinal properties.’>?® In addition, there are as many as 3339
known biosynthetic pathways that contain both PKS and NRPS units,** allowing
complex and highly specific products to be made. Nowadays, many of these
products are made by exploiting the power of these multidomain enzymes
directly, effectively using them as biocatalysts.*®

In particular, a novel PKS/NRPS gene cluster (P. baetica a390T) was recently
identified during an in silico screening of Pseudomonas spp.”® This gene cluster
directs the biosynthesis of a number of oximidine products, which have been
found to be powerful antitumour agents even on the nanomolar concentration
scale.”*?¢ The roles of the core biosynthetic genes have been studied in great
detail in ref. 22, but the exact nature of how the tailoring enzyme determines the
relative yield of the different oximidine products remains unclear, hampering
tuning for biocatalytic purposes. The tailoring enzyme central to the production
of the oximidine products is a putative cytochrome P450 (CYP450), OxiK, which
gives rise to rather selective oxidation, producing the oximidines shown in Fig. 1.
Understanding the factors that lead to selectivity for these products (as opposed
to the many potential oxidation products that are not formed), and that determine
the competition between formation routes leading to each of them, is important
for being able to tune the products formed by the novel PKS/NRPS cluster.

Both atomistic and machine-learning computational methods have been used
to predict selectivity for CYP450-substrate systems.”” Such predictions are often

70 | Faraday Discuss., 2024, 252, 69-88 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00004h

Open Access Article. Published on 28 febbraio 2024. Downloaded on 14/03/2026 12:52:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions

OxiK

102/202

deoxy-oximidine (1) oximidine | (2) (24%) 17Z-oximidine Il (3) (17%) oximidine IV (8) (17%) oximidine V (5) (42%)

Fig.1 Reactions catalysed by OxiK leading to formation of oximidine products 2—-5 from
reactant 1. To complete the reaction, products 3 and 5 require only 1 equivalent of O,, and
products 2 and 4 require 2 equivalents of O, and form in 2 steps. Estimated yields based on
analytical data from ref. 22 are also given.

expressed in terms of the site of metabolism (SoM), or in terms of predicted
enzyme inhibition, or even in terms of expected substrate-substrate interactions.

Turning first to the machine- learning approaches, which are often imple-
mented in rather ‘black-box’ software packages, these are designed to make quick
predictions of reaction outcomes. They make use of datasets derived from
atomistic calculations and from experiments,”*?* allowing SoMs for a given
substrate to be proposed. Most of the existing tools of this type use datasets based
on observed properties of human drug-processing CYP450s, reflecting the
considerable practical importance of metabolism predictions within the drug
development process. Accordingly, selectivity in biosynthetic bacterial CYP450s,
such as OxiK, is not expected to be well described by these methods.

Turning now to atomistic modelling of reactivity, SoMs can be rationalised
using a variety of techniques, including (but not limited to): quantum
mechanics (QM), molecular mechanics molecular dynamics (MM MD), and
hybrid QM/MM. Using atomistic modelling, the activation energies associated
with the complete catalytic cycle of CYP450 have been elucidated.***® Among
others, atomistic modelling of CYP450s also allows the nature of transition
states, degree of enzyme stabilisation, and spin-density contributions to be
understood. In many cases, bacterial CYP450s have also been investigated using
atomistic modelling, with the most well-known example being P450cam.?**7*
In principle, any CYP450 can be studied using an atomistic approach, although
generating meaningful predictions via calculations and simulations is time
consuming and requires user experience and care. Small changes in predicted
activation free energies for competing pathways lead to large changes in pre-
dicted yields, given the exponential dependence of rate constants on free-energy
barriers. Given the intrinsic large errors in atomistic modelling approaches,
this means that computation of this type is better suited to qualitative ration-
alisation of observed selectivity profiles rather than to quantitative
prediction.*"*?

Atomistic modelling strategies require 3D structures of both the substrate and
the enzyme involved. With careful application of conformational search tech-
niques coupled with some experimental data, substrate structure prediction can
be performed reasonably easily. However, obtaining the enzyme structure
requires an X-ray crystallography study or some other similar high-quality struc-
tural determination. This requirement was, until recently, not easily satisfied. For
human CYP450s, many (though not all) of the proteins corresponding to the 57
CYP450 genes have been studied using X-ray crystallography.*® However, for
bacterial or fungal P450s, there is a huge mismatch between the number of
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known sequences and the number of available protein structures. Recently, the
quality of computationally-predicted structures using machine-learning 3D
structure predictors, such as RoseTTAFold and AlphaFold, has experienced
spectacular improvement,**** such that reasonable CYP450 3D structures can
now be obtained without the need for experiments. In its current form, the highly-
popular AlphaFold does not include predicted coordinates for non-amino acid
components such as the heme-group cofactor found in CYP450s. However, this
limitation can be overcome through the use of complementary modelling tools,
such as AlphaFill and FoldSeek.***

In this paper, we wish to explore the level of insight into the mechanism and
selectivity of a bacterial CYP450, OxiK, that can be obtained using relatively
straightforward computational structural modelling techniques. Specifically, we
use machine-learning-based enzyme structure prediction tools (in this case,
AlphaFold combined with AlphaFill for the heme cofactor) together with molec-
ular docking and molecular dynamics to assess the enzyme structure and the
enzyme-substrate positioning, ultimately to understand the observed selectivity
in Fig. 1. We wish to assess the ability of such approaches to yield insights needed
for the biocatalysis design process.

Computational details

Protein structure preparation

The AlphaFold structure of OxiK was downloaded from the AlphaFold Protein
Structure Database (entry AOA2NODV48),*® and the heme group was incorporated
using the AlphaFill web tool.** In all cases, the heme group was modelled as
hexacoordinate Por-Fe(iv)=0, known as compound I in CYP450 monooxygenase
catalytic cycles.* Hydrogens were added to the substrate and the porphyrin ring
using the ‘reduce’ program from the AmberTools23 package.*® The protein’s most
probable protonation state at pH 7.4 was determined using the H++ web-
server,”**> and hydrogens were added accordingly. Any discussion of the protein
topology below is referencing the topology as generated here.

Sequence overlapping

Using the FASTA sequence of OxiK, a BLAST sequence alignment search of
sequences with experimental structures in the Protein Data Bank was performed.*
In this search, any non-bacterial hits were filtered out, and in order to make the
number of hits manageable, any hits with a BLAST score < 40 were also filtered out.
On each of the hits, a root-mean-square displacement (RMSD) alignment was
performed against the AlphaFold/AlphaFill OxiK structure using PyMOL.>*

Conformational search

Conformational analyses were performed using the XTB extended tight-binding
method together with metadynamics simulations as implemented in CREST.***®
The conformational search was initialised with a 3D structure that was built by hand,
where the experimentally determined stereochemistry was adhered to. The GFN2-XTB
parameterization of the XTB method, with generalized born with surface area (GBSA)
implicit treatment of water solvent, was used throughout.*” Analysis of the conformers
was performed using the visual molecular dynamics (VMD) graphics package.*®
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Substrate parameter generation

The oximidine substrate was described with the GAFF2 forcefield.* Partial
charges were determined using the restrained electrostatic potential (RESP)
fitting method using py_resp.py from AmberTools23.*° The geometry of the
substrate was optimised with the GFN2-xTB Hamiltonian, with GBSA implicit
solvation in chloroform, prior to RESP fitting.”” The electrostatic potential was
generated at the HF/6-31G* level of theory using Gaussian16.**

Molecular docking

Molecular docking of deoxy-oximidine into the AlphaFold/AlphaFill structure was
performed using the AutoDock Vina 1.2.0 software package.®>*® No flexibility was
allowed in amino acid side-chains, but some flexibility was allowed for the ligand,
in the form of torsional coordinate changes for some of the single bonds of the
ligand. Based on the established rigidity of the ring system in the conformational
search, no such changes in torsional angles were allowed within this ring. On the
other hand, due to the high degree of flexibility found in the chain, all heavy-atom
single-bond torsions within the chain were allowed to rotate freely. All docking
procedures used charges generated herein for the substrate, charges for the heme
group and Cys406 generated by Shahrokh et al.,** and the remaining protein with
the default charges using the improved AutoDock AD4 forcefield, as implemented
in AutoDock 1.2.0.%

Molecular dynamics

The system (protein and substrate) was placed in a cubic box and solvated with
water and sodium ions until neutral. The distance from the protein to an edge of
the box was at least 15 A. The ff19SB force field was used to describe protein
residues, the OPC model was used for water and the Li and Merz 12-6 ionic
forcefield for the sodium ions.***” Parameters for the heme group and Cys406
were taken from Shahrokh et al® Substrate parameters generated herein, as
described above, were used.

The same equilibration procedure was used for all generated substrate
positions (Table S27). First, the positions of the solvent atoms were minimised,
followed by a minimisation of the whole system. This was followed by heating
under constant volume from 0 to 300 K during 20 ps, with constraints applied to
all non-solvent atoms. Then the system was equilibrated to a pressure of 1 bar,
first for 10 ps using a CPU and then for 1 ns with a GPU. This was followed by
a series of equilibration runs under constant volume, with the constraints on the
protein gradually released. For each substrate orientation, a 100 ns NVT
production run was performed. Throughout, periodic boundary conditions were
used together with the particle mesh Ewald algorithm and a 10 A real-space
cutoff for short-range interactions.®® Temperature was maintained using a Lan-
gevin thermostat, and pressure with an isotropic Berendsen barostat. All
molecular dynamics (MD) runs employed a 2 fs time step, with the SHAKE
algorithm.® Mean interaction energies between the ligand and the protein were
computed at 250 regularly-spaced snapshots drawn from the final 50 ns of the
MD simulations.
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Results
Structural validation

In order to validate the usage of AlphaFold for structure prediction of bacterial
CYP450s, the obtained structure was compared to experimental structures for
related bacterial proteins, identified using a BLAST sequence alignment search
between structures in the Protein Data Bank and the sequence of OxiK. A complete
table containing the results of this alignment procedure is given as Table S1.f There
were a number of hits with good BLAST scores, and we note a direct correlation
between the RMSD versus the AlphaFold OxiK structure and the BLAST score. In
simple terms, a BLAST score is a function of two main components: the alignment
of similar or identical residues, and the quantity of gaps that needed to be intro-
duced to align the sequences.”®”® A number of the structures show good BLAST
scores of >70 and have accompanying RMSD values of <3.0 A (see Fig. 2a). Of course,
this similarity in the overall fold is not unusual given that the AlphaFold model will
implicitly have been trained on these structures, but it is nevertheless encouraging
with regards to the global quality of the AlphaFold structure of OxiK. We see no
clear correlation between the RMSD and apo/holo conformers of the enzyme, which
is not unexpected given the established rigidity of the binding core of the CYP450
family of enzymes.”* The highest-scoring match (BLAST score: 85.9; RMSD (A):
1.857) was found for PDB entry 7WZL, which is a recently crystallised high-
resolution structure of CYP450 184A1 from Streptomyces avermitilis.”

As mentioned above, the overall fold of the AlphaFold structure is expected to
be quite accurate, but there are several key structural features of CYP450s that
should be found in the binding core and that in principle could not be inaccu-
rately predicted by AlphaFold. Critically, a heme group must be present to aid in
the catalytic cycle, but as mentioned above, this is not added by AlphaFold in its
current implementation. We have added the heme group using the tool AlphaFill.
By backbone alignment with the highest BLAST score bacterial CYP450 crystal
structures, we find the addition of the heme group has taken place where expected
(see Fig. 2b). The heme group addition is further verified by the location of the
propionate side-chains, which are known to have a key role in heme biochem-
istry.” The propionates are placed in close proximity to the expected accompa-
nying Arg residues (Arg68 & Arg404), thus neutralising the local charge density.

(o]

©

Fig. 2 (a) Backbone alignment of AlphaFold entry AOA2NODV48 (green) and PDB entry
7WZL (red); (b) heme environment with important neighbouring residues for the aligned
structures; 7WZL is in red, and AlphaFold entry AOA2NODV48 uses the indicated atomic
colours. Colours: green, carbon; red, oxygen; blue, nitrogen; yellow, sulphur; orange, iron;
white, hydrogen.
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We do, however, note that one of the propionate side-chains is unusually close to
Arg404, but this contact was closely monitored during the MD simulations and
was found to quickly relax without any ensuing structural perturbation. In
CYP450s, a thiolate cysteine proximally coordinated to the heme group functions
as an electron donor, where it aids CYP450 reactivity.” In the structure we have
generated, we find that Cys406 is within coordination distance to the heme iron
(see Fig. 2b). An additional structural feature that aids in stabilisation of heme-
thiolate coordination is a number (which may range from 1 to 3) of backbone
peptide-bond hydrogen donors to the coordinated thiolate cysteine.” In our
structure, we find one clear candidate for hydrogen-bond donation in Ala408, and
another potential hydrogen bond donor in Ala409. Following MD simulations, we
see a similar behaviour, where Ala408 shows a clear hydrogen bond, whereas
Ala409 is a potential hydrogen bond donor. Another overwhelmingly conserved
feature among almost all CYP450s is that a Thr residue should be present in the
binding pocket, where it participates in proton delivery, leading to O, bond
scission and ultimately formation of compound 1.7*7® In the structure we have
generated, we find a potential candidate for this role in Thr273 (see Fig. 2b).

Substrate conformations

In order to evaluate the lowest-energy conformers of the substrate, a conforma-
tional search, restricted to structures having the stereochemistry identified by
NMR spectroscopy in ref. 22, was performed. Using the default energy window of
6 keal mol ™, as implemented in CREST, we find a total of 289 conformers. Among
these conformers, the greatest variability is observed for the side-chain. This
flexibility is visually evident but was verified by measuring the high variance in
two dihedral angles joining the ring system and the chain, defined as £ C14-C15-
C16-C17 and £ 021-C15-C16-C17, respectively (Fig. S1t). The high flexibility is
not unexpected given that the first carbon of the chain is not part of a conformer-
defining feature, such as a double bond. We note that the observed oxidation
products do not involve oxidation of the side-chain, so that prediction of its
structure is not critical for the studies performed here, though for other
substrates, the situation could well be different in this regard.

One very important feature of the substrate structure concerns the stereo-
chemistry at C15, and hence of the 021 ester oxygen. The relative position of the
ester group and the plane defined by the aromatic ring C1-C6 can play an
important role in determining selectivity. We find that all 289 of the predicted
conformers display the same relative orientation of this ester group and the
aromatic ring. This consistency along all conformers means that the 12-
membered ring system of the substrate is predicted to have quite a high
conformational rigidity. This allows some of the observed stereochemistry of the
products shown in Fig. 1 to be explained.

The computed 3D structure of deoxy-oximidine allows rationalisation of one
intriguing structural feature of the product oximidine V (product 5). Formation of
oximidine V presumably occurs in three steps: hydrogen abstraction from C14,
formation of the C13-C14 trans-configured double bond, and addition of
a hydroxyl group on C12.7° The stereochemistry of the added alcohol group cannot
be easily explained as this is dependent on the position of the substrate relative to
the heme group. However, the trans-configuration of the C13-C14 double bond
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can be explained by the high conformational rigidity of the 12-membered ring
system. In every conformer, even prior to desaturation, the dihedral angle of
single bond C13-C14 is such that this bond is predisposed to forming a trans-
double bond upon oxidation, with an average /£ C12-C13-C14-C15 of —120°. This
suggests that the formation of the trans-configured C13-C14 double bond is not
as unexpected as originally presumed,** but rather would have a lower barrier of
formation with respect to the cis-configured equivalent.

Substrate docking

The primary purpose of the molecular docking procedure was to generate a library
of poses that could be selected for further study by molecular dynamics. We
required the set of poses to include structures that involved close proximity
between the heme oxo group and several of the various oxidisable sites within the
substrate. In particular, we wish to study structures that are well-suited for
oxidation of the electron-rich C1-Cé6 aromatic ring or for oxidation of the C10-C11
or C12-C13 double bonds or the allylic C14 (these sites are in close proximity and
will often be referred to below as the C10-C14 site). While the aromatic ring
should a priori be quite reactive towards CYP450s, it is surprising that experi-
ments do not show it undergoing oxidation by OxiK - this is one of the aspects we
wish to understand. It should be noted that the oxidisable sites in the side-chain
(such as the unsaturated bonds) are not observed to be oxidised either, but we
have not explicitly included poses suited for this type of oxidation in our study.
However, we do find a possible role for this side-chain and an explanation for why
it is not oxidised from our MD simulations.

In total, four poses were selected for further analysis via molecular dynamics.
In two of these poses, the aromatic ring was situated close to the heme oxo group,
while in the other two, the C10-C14 region of the twelve-membered ring was close
to it. Note that for stereochemical reasons, the other positions in the twelve-
membered ring cannot easily approach the heme oxo. Of the two poses for
each potential metabolism site, one was chosen to have the substrate side-chain
extending into a channel close to the substrate binding pocket on the distal side
of the heme group, while the other was chosen to have the side-chain within the
binding pocket. Among the set of binding poses satisfying these criteria, the one
with the lowest average distance to the heme oxo group for the relevant possible
metabolism sites was selected.

Molecular dynamics simulations

To explore the substrate interaction further, from the 100 generated docked
structures, we selected two poses where the C10-C14 region is in proximity to the
heme oxo group and two poses where the aromatic ring is close to it (Fig. S27). As
mentioned before, these poses vary based on the positioning of the substrate’s side-
chain. 100 ns molecular dynamics simulations were conducted for each pose.

Substrate interaction

In poses 1 and 2, the entire substrate is positioned within the hydrophobic pocket
on the distal side of the heme group. After some initial fluctuations of the
substrate at the start of the simulations, it stabilised in one predominant
conformation with the side-chain folded back onto the rest of the substrate
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Fig. 3 Protein environment around the substrate in the representative binding poses
during the four MD simulations. Distances are shown in A and represent average distances
along the 100 ns of dynamics of poses 2 and 3 and the last 50 ns of dynamics of poses 1
and 4. The substrate is shown in yellow and the heme group in purple. Colours for protein
residues: cyan, carbon; red, oxygen; blue, nitrogen; yellow, sulphur.

(Fig. 3). The binding pocket mostly consists of hydrophobic residues. Despite the
substrate remaining relatively stable in terms of orientation within the active site,
specific interactions with the protein environment were not observed. Only
potential m-stacking interactions between nearby phenylalanine residues and the
C18-C17 double bond of the substrate’s side-chain in pose 2 are possible.

In the docked structures of poses 3 and 4, the substrate’s ring system is situ-
ated in the distal pocket adjacent to the heme group. However, the side-chain
extends away from this pocket and is positioned inside a channel leading to
the solvent, which was identified already during docking (Fig. 3). The entrance to
this channel from the distal pocket is a narrow window, surrounded by residues
Gly272, Leu268, Thr443, and Ser444. In both MD runs for pose 3 and pose 4, the
side-chain remained extended into this tunnel, which leads towards the solvent.

In the MD run for pose 4, the side-chain remained extended towards the
solvent, but significant rearrangement of the protein environment occurred. The
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narrow opening widened, allowing solvent water molecules to enter the binding
pocket. In contrast, in pose 3, the opening mostly retained its original shape
(Fig. S47). This is consistent with the observed larger fluctuations of the substrate
during the simulation in pose 4 (substrate root-mean-square fluctuations, RMSF,
of 2.6 A), where it passed through several conformations before stabilising in the
second half of the simulation in one conformation. In contrast, the substrate in
pose 3 maintained one predominant conformation with a small RMSF of 0.9 A.

For pose 3, a short hydrogen bond is observed between the amide oxygen of the
substrate’s side-chain and the Thr442 side-chain (average O-O distance of 2.7 A)
throughout the whole simulation (Fig. 3). Similarly, in pose 4, a hydrogen bond
(3.1 A on average) between the amide nitrogen of the substrate’s side-chain and
a threonine side-chain (in this case Thr443) was noted in the final 50 ns of the
simulation (Fig. 3). The extension of the side-chain towards the solvent facilitates
interactions between the O-methyloxime group and charged residues on the
protein surface, as well as solvent water molecules. In pose 3, the chain’s end is
positioned between arginine 143, 147 and 189.

These findings, especially for pose 3, suggest that poses where the side-chain is
extended into the channel leading towards the solvent are more favourable. This
observation also suggests a possible reason for the lack of oxidation of this side-
chain by OxiK, and this motivates our decision in this preliminary work not to
explore the behaviour of docked structures in which the side-chain is positioned
favourably for oxidation. The presence of channels or tunnels in CYP450 enzymes
is not new and they are generally associated with substrate selectivity, presumably
by regulating the accessibility of certain substrates.” ***' There is also evidence
that substrates may extend into the solvent via a channel and give stability to the
holo enzyme form. By way of MD simulations, Zhuang et al. have found that the
enantioselectivity towards a ketoconazole in CYP3A4 is driven in part by extension
of the substrate into the bulk solvent, via a channel.®” This is experimentally
supported by a crystal structure of this ketoconazole-CYP3A4 complex, where the
substrate also extends into the solvent.®® In a similar vein, we have found
a number of crystal structures for bacterial CYP450s with various substrates
bound, showing similar extension into the bulk solvent (pdb-ids: 7GWO0, 5TL8 and
11Z0).**%¢ Together, this suggests that the stability of the substrate associated
with a docking mode where it extends out from the heme pocket into a channel
leading towards the solvent is plausible.

In both poses 3 and 4, the binding pocket mostly consists of hydrophobic
residues: Gly272, Leu268, Thr443, Ser444, Ala265, Phe82, Phe91, Phe87, Met78,
Leu335, Thr92, and Ser89 for pose 3, and Phe82, Phe87, Phe91, Ala265, Leu268,
Ala269, and Thr273 for pose 4. Besides van der Waals contacts, the substrate
engages in w-stacking interactions with neighbouring phenylalanine residues
(Fig. 3). In pose 3, the substrate’s aromatic ring is sandwiched between Phe91 and
Phe82, well within the m-stacking distance.®” In pose 4, the substrate’s aromatic
ring forms a m-stacking interaction with Phe91, while Phe82 and Phe87 poten-
tially interact with the C10-C11 and C12-C13 double bonds. Similar r-stacking
interactions between the enzyme and the drug have been observed for other
CYP450s, for example for human CYP450 2C9 with bound warfarin.®

There are significant differences in the shape of the binding pocket between
pose 3 and pose 4. Fig. 4 depicts the surface of residues within 4 A of the substrate.
The fit of the substrate in pose 3 is better than in pose 4. Notably, in pose 4, an
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entire side of the substrate lacks adjacent protein residues due to the entrance of
solvent water molecules into the binding pocket.

Considering the greater substrate fluctuation, the absence of one aromatic 7-
stacking interaction, and the suboptimal fit within the binding pocket, it appears
that pose 3 is a better model of the likely substrate binding mode than pose 4.

To quantify our observations, we conducted an analysis of average substrate-
protein interactions throughout the MD simulations for each pose, as detailed in
Table 1. The analysis validates the favourability of pose 3, which exhibits van der
Waals (Eypw) and electrostatic (Egg;,) interactions with the protein that lead to
total interaction energies Ey, that are approximately 20 kcal mol ' more
favourable than those observed in other poses. Assuming the solvation energy and
entropy of binding are similar for all binding poses, this would translate into pose
3 having the most favourable free energy of binding.

Reactivity

Analysis of the products in Fig. 1 reveals the existence of three reactive positions:
C14, the C13-C12 double bond, and the C11-C10 double bond. Among them, the
C11-C10 double bond is apparently the least reactive based on the observed
product ratios. C14 is likely the most reactive site, as product 5 likely forms
following an initial hydrogen atom abstraction (HAA) on C14. Notably, all prod-
ucts exhibit reactivity at the C12-C13 double bond, indicating its relative reac-
tivity. Intriguingly, no reactivity of the electron-rich aromatic ring of the substrate
is observed. These trends in reactivity are the ones we wish to understand based
on modelling, with the view to then being able to tune them for biocatalysis.
We evaluated the potential reactivity of the substrate during the course of the
MD simulations in the four poses based on its proximity to the heme oxo group.
In all poses, the substrate consistently maintained close proximity to it (Fig. 3).
In the simulation of pose 1, the distance between the heme oxo group and C10/
C11 consistently fell below 3.5 A, suggesting the potential oxidation of the C10-
C11 double bond. The resulting epoxide would exhibit the same stereochemistry

Fig.4 Shape of the binding pocket during MD simulation of pose 3 (left) and pose 4 (right).
The surface of residues within 4 A of the substrate is shown in blue. The substrate is
represented as sticks in orange. Red spheres are water molecules within 4 A of the
substrate. The hydrogens of the substrate and the water molecules are omitted for clarity.
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Table 1 Mean substrate—protein interaction (excluding solvent) values +2 standard
deviations across 250 snapshots from the final 50 ns of MD simulations for different
substrate poses

Pose Eggy, [keal mol ™) Eypw [keal mol™"] Eior [keal mol ™)
1 —6.47 + 4.83 —43.87 + 4.33 —50.34 £+ 5.89
2 —16.22 £ 5.87 —46.97 £+ 5.87 —63.20 £+ 6.33
3 —30.22 £+ 9.70 —51.71 £ 5.25 —81.93 4+ 11.44
4 —20.08 £ 9.68 —42.71 £+ 6.48 —62.78 4+ 11.40

as assigned to product 4, but based on the structures of the other products, it
seems unlikely that the C10-C11 double bond is the site of initial oxidation. It
seems more likely that product 4 forms from product 3 after initial oxidation of
the C12-C13 double bond.

Pose 2 shows the formation of a stable hydrogen bond between the heme oxo
group and the substrate’s hydroxyl group situated on the C1-C6 aromatic ring
(average distance of 2.9 A). This placed the heme oxo group in proximity to C2, the
carbon ortho to the hydroxyl group, with an average oxo-C2 distance of 3.4 A.

In pose 4, we focused on the stable conformation observed in the last 50 ns of
the simulation. The C1-C6 aromatic ring’s positioning suggested potential
oxidation at C3, the carbon meta to the hydroxy group, with an average oxo-C3
distance of 3.6 A. Additionally, the oxo-C2 distance was on average equal to 4.1
A and occasionally dropped below 3.5 A.

Pose 3 indicated the likely oxidation of the C12-C13 double bond, based on
0x0-C12 and oxo-C13 distances frequently dropping below 3.5 A (3.7 A and 3.6 A
on average, respectively). The resulting epoxide would match the stereochemistry
observed in product 3. Additionally, the direction of approach of the C12-C13
double bond closely resembles the proposed transition state for epoxidation of
cyclohexene by compound I described by Shaik et al.*®

It is interesting that pose 3, the one identified as having the most favourable
interactions with the protein environment, also aligns best with the experimen-
tally observed reactivity of OxiK. The oxidation of the substrate’s side-chain is
prevented by its placement in a stabilising channel leading to the solvent, while
the C1-C6 aromatic ring is held away from compound I by stabilising 7-stacking
interactions and steric constraints imposed by the binding pocket.

While pose 3 elucidates the epoxidation of the C12-C13 double bond observed
in products 2, 3, and 4, it does not account for the formation of the major product
5, likely arising from an initial HAA at C14. The average distance between the oxo
heme group and the closest hydrogen on C14 is 5.3 A, with a minimum distance of
4.4 A, presumably too distant to initiate a reaction. Still, the C12-C13-C14-C15
dihedral angle was on average —124° during the 100 ns of dynamics, which, as
discussed earlier, already predisposes the formation of a ¢trans C13-C14 double
bond, as observed in product 5.

Conclusions

The approach favoured in this work is to use relatively computationally
straightforward techniques to yield qualitative insight into the origin of selec-
tivity in OxiK, taken as an exemplar of the class of CYP450s present in PKS/NRPS
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clusters. The relatively inexpensive computational analyses described here
could potentially be broadened to a range of other CYP450s, or to other
substrates, and could be used to generate a dataset suitable for design of
a predictive model for oxidation in this class of enzymes.

Comparative analysis of the AlphaFold-generated OxiK structure with available
X-ray crystallography structures revealed accurate predictions of both global
structural elements and conserved features within the heme group’s local envi-
ronment. The conformational search of the substrate highlighted the inherent
rigidity of the substrate’s ring system, favouring the potential formation of a trans
C13-C14 double bond, as observed in the major product 5 (Fig. 1). The confor-
mational search predicts large flexibility of the substrate’s side-chain, which was
also observed in the docking procedure. Consequently, it was necessary to filter the
generated structures based on potential reactive sites. Despite this slight compli-
cation, the identification of a channel capable of accommodating the substrate’s
side-chain emerged, potentially stabilising and preventing its oxidation.

MD simulations were conducted on several poses in order to investigate the
experimentally observed preference of the enzyme to carry out oxidation of the
C10-C14 region of the substrate’s 12-membered ring instead of oxidation of the
C1-C6 aromatic ring. The investigation demonstrated that positioning of the
substrate’s side-chain within the aforementioned channel promotes more
favourable interactions with the enzyme compared to its positioning in the
hydrophobic binding pocket, possibly explaining why oxidation of the side-chain
was not observed experimentally. It was also found that a better general fit of the
substrate inside the binding pocket can be achieved if the C10-C14 region is in
proximity to the oxo heme group, as opposed to proximity of the C1-C6 aromatic
ring. The most stable pose favours oxidation of the C12-C13 double bond and
would lead to the formation of product 3 (Fig. 1) with matching stereochemistry.
Notably, m-stacking interactions with Phe82 and Phe91 were identified as
potential contributors to preventing the oxidation of the C1-C6 aromatic ring.
Further investigation is necessary to completely understand the mechanism of
formation of product 5 (Fig. 1).

In summary, the integration of machine-learning-based structure prediction
tools, conformational search algorithms, docking, and short MD simulations
proved effective in providing valuable insights into the selectivity and substrate
binding in this novel bacterial CYP450. While the docking and MD simulation
approach here could not be applied in a high-throughput way and does not yield
immediate quantitative predictions of oxidation selectivity, it does provide
useful qualitative insight into the factors that affect selectivity. Also, even
though the MD simulations are computationally somewhat demanding,
extension to a medium-sized set of other substrates and/or CYP450 enzymes
would certainly be feasible, and the resulting dataset could be used in
conjunction with experimental data to train a model able to predict oxidation
profiles of different bacterial CYP450s.
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