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ABSTRACT: Unspecific peroxygenases (UPOs) perform oxy-
functionalizations for a wide range of substrates utilizing H,O,
without the need for further reductive equivalents or electron
transfer chains. Tailoring these promising enzymes toward
industrial application was intensely pursued in the last decade
with engineering campaigns addressing the heterologous expres-
sion, activity, stability, and improvements in chemo- and
regioselectivity. One hitherto missing integral part was the targeted
engineering of enantioselectivity for specific substrates with poor
starting enantioselectivity. In this work, we present the engineering
of the short-type MthUPO toward the enantiodivergent hydrox-
ylation of the terpene model substrate, f-ionone. Guided by
computational modeling, we designed a small smart library and
screened it with a GC—MS setup. After two rounds of iterative protein evolution, the activity increased up to 17-fold and reached a
regioselectivity of up to 99.6% for the 4-hydroxy-f-ionone. Enantiodivergent variants were identified with enantiomeric ratios of
96.6:3.4 (R) and 0.3:99.7 (S), respectively.
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Unspecific peroxygenase engineering towards ...

H INTRODUCTION thermo-,"* pH-,13 and solvent-stabilities;'* and shifts in chemo-
and regioselectivities.'”"*™'® Contrary to what their name
suggests, UPOs often inherently exhibit excellent chemo-,
regio-, and enantioselectivities for a range of substrates.'”
However, the engineering of UPOs for the oxyfunctionaliza-
tion of specific substrates with initially poor enantioselectivities
in a targeted manner remained elusive. A recent untargeted
approach using the FuncLib algorithm led to impressive shifts
in enantioselectivity."®

Our objective was to address the existing limitations and
demonstrate the successful engineering of a UPO toward the
enantioselective conversion of a selected substrate with low
inherent enantioselectivity.

Particularly challenging targets for enantioselectivity engi-
neering are terpenes and terpenoids. They are the largest group
of natural products with approximately 80,000 different
reported structures."” They occur mainly as secondary plant
metabolites and display outstanding pharmacological bio-

Oxyfunctionalyzation reactions are of tremendous importance
in the field of synthetic chemistry, as they give access to new
synthetic strategies, especially in late-stage functionalizations of
complex molecules." Nature offers an abundance of enzymes
for catalyzing oxyfunctionalization reactions.”” The most
prominent and well-known class of enzymes in this field are
the cytochrome P450 monooxygenases (P450s). P450s display
a huge versatility of substrate-binding pockets and, thus, a
tremendous substrate scope while maintaining high selectiv-
ity.”* Two decades ago, a new enzyme class with similar
properties emerged: the unspecific peroxygenases (UPOs)
with fungal origin.”~" UPOs are inherently stable, secreted
enzymes that catalyze reactions outside the regulated cell
environment.® In contrast to P450s, they do not utilize
molecular oxygen but hydrogen peroxide, in which the oxygen
is already pre-reduced. This averts the necessity of cofactors
such as NAD(P)H and a complex electron transport chain.
Limited access to protocols for UPO production was formerly
a huge drawback. Recent work gave access to the heterologous
production of UPOs in fast-growing host organisms usin§
protein engineering,” signal peptide,® and promoter shuffling.
Engineering efforts at the mature protein led to UPO
variants with improved peroxygenase/peroxidase ratios;'’
increases in activity (TON and k,/K,,);'" improvements in
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Scheme 1. Enzymatic Hydroxylation of f-Ionone
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activity, making them attractive for medical and chemical
industries. Their great structural diversity offers many
opportunities for different regio- and enantioselective oxy-
functionalization reactions.

There have been several impressive engineering efforts of
P450s toward terpenes and steroids. The engineering of
P450py;; was demonstrated toward the enantiodivergent
hydroxylation of five different steroid substrates with selectivity
values between e.r. of 14:86 and 0:100. The variants showing
this significant improvement in enantioselectivity were
obtained through a directed evolution campaign with three
rounds of CASTing. The library design was, hereby, based on
molecular dynamics (MD) simulations and mutability land-
scaping.”’ Another work reported the engineering of P450yy;
toward the regio- and stereoselective hydroxylation of the
diterpenoid p-cembrenediol. The engineering campaign was
based on the insertion of rational mutants and three sequential
rounds of site saturation mutagenesis. The obtained variants
were able to hydroxylate the C9 and C10 position, respectively,
with regioselectivities up to 100% and a diastereometric ratio
of 89:11 for C9 and 74:26 for C10.”

One interesting group of terpenoids are ionones—also
known as rose ketones. They are highly valued compounds in
the fragrance industry; the annual production of f-ionone
amounts to 4000—8000 tons.”” They further function as
building blocks for the synthesis of many carotenoids and

8964

retinol (vitamin A).”> Numerous pharmacological effects are
described for ionones and their derivatives including
anticancer, chemopreventive, cancer-promoting, melanogene-
sis, anti-inflammatory, and antimicrobial actions.”* 3-hydroxy-
P-ionone displays anti-cancer properties inhibiting progression
and inducing apoptosis of SCC15 cells.” 5,6-epoxy-f-ionone
inhibits the tumor-promoting agent 12-O-tetradecanoylphor-
bol-13-acetate (TPA) even more effectively compared to
parent compound f-ionone.*® 4-Hydroxy-f-ionone derivatives
proved to be potent inhibitors of prostate cancer cell
proliferation (LNCaP, MDA-PCa-2b, C4-2B, and 22Rvl)
and full antagonists of the wild-type androgen receptor (AR)
and various clinically important mutated ARs.”’

Initial studies on the enzymatic oxyfunctionalization of f-
ionone have been carried out (Scheme 1). The hydroxylation
of @- and fB-ionone performed by several UPOs led to a diverse
range of hydroxylation and epoxidation products.”® The
hydroxylation of f-ionone has also been pursued using various
P450s.””~*" First, P450 engineering efforts showed an up to
280-fold increased product formation rate toward a- and f-
ionone hydroxylations, however, enhancing the enantioselec-
tivity proved challenging.”” Enantioselective 4-hydroxy-j-
ionone formation has been achieved both through enzymatic
kinetic resolution®” and by CYP2B6, which was recombinantly
expressed inTrichoplusia ni cells.”

https://doi.org/10.1021/acscatal.3c00702
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Scheme 2. fi-Ionone (1) Oxygenation by wt MthUPO Showing the Different Oxygenated Derivatives”
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“the regioselective distribution of the products for different enzyme variants can be found in Table S9.

With the maturation of computational modeling methods
for the study of biocatalysts, new avenues are opening up for
the generation of ever smaller and more intelligent protein
library designs.*

In the present work, we engineered new UPO variants to
enantioselectively access C4 hydroxylated stereoisomers of -
ionone. We applied a computational-aided engineering
approach based on substrate-bound (restrained-) MD
simulations to explore near-attack conformations (NACs) of
the selective hydroxylation and characterized relevant binding
modes of the model substrate f-ionone. This led to the
identification of relevant residues for the substrate positioning
and, hence, the design of a small smart library to alter the
active site pocket of MthUPO. In this way, we could direct the
selectivity of the oxyfunctionalization toward enantioselective
R/S C4 hydroxylation. The screening was performed by the
previously developed multiple injection in a single exper-
imental run (MISER) GC—MS method'*'%** focusing on
activity increase. In the MISER setup, 96 samples are injected
into the GC within one experimental run. Product
quantifications are performed solely in the MS via different
m/z ratios without the need for substrate/product separation,
allowing an injection frequency of up to 30 s and, hence, a GC
analysis of one microtiter plate within 48 min. The best
variants were rescreened with a chiral GC—MS to determine
enantioselectivities. This enabled the engineering of two highly
active and enantiodivergent MthUPO variants for (R/S)-4-
hydroxy-f-ionone formation in two rounds of computationally
guided enzyme evolution.

B RESULTS AND DISCUSSION

Identification of the f-lonone Hydroxylating UPO
MthUPO. We commenced with a pre-screening of five UPO
enzymes to determine starting activities and selectivities,
thereby, focusing on hydroxylation over epoxidation reactions
(Table S4). We selected MthUPO as an enzyme, as it displayed
a regioselectivity of 88% for the main hydroxylation at the C4
position yielding 4-hydroxy-f-ionone (2), and a turnover
number (TON) of approximately 2300. Further side products
were f-ionone-5,6-epoxide (S,6-epoxy-f-1, 4), 7,11-epoxyme-
gastigma-5(6)-en-9-one (EME, 6), 2-hydroxy-f-ionone (2-
OH-f-1, 8), and 3-hydroxy-f-ionone (3-OH-f-1, 7, Scheme 2).
Wild-type (wt) MthUPO reached an enantiomeric ratio of
76:24 with a preference for (R)-4-hydroxy-f-ionone (2).

Development of an Engineering Strategy Based on
Computational Modeling. The screening of different
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variants is often the most time-consuming step within a
directed evolution campaign. Refined methods for creating
small and smart mutant libraries have been developed to
address this issue, including the combinatorial active-site
saturation test (CAST),SS’R’6 iterative saturation mutagenesis
(ISM),?” or focused rational iterative site-specific mutagenesis
(FRISM).”® Inspired by these strategies, we utilized a
computational-aided directed evolution strategy. This ap-
proach combined in silico analysis and experimental screening
using the MISER GC—MS method.'*'** The final aim was to
engineer enantiodivergent enzyme variants that allow the
selective formation of (R/S)-4-hydroxy-f-ionone products.

An accurate computational protein model was generated to
reproduce the experimental observations for wt MthUPO-
catalyzed oxyfunctionalization of f-ionone. We combined
density functional theory (DFT) calculations and MD
simulations to characterize its reactivity pattern. DFT
calculations were carried out using a truncated model, which
includes the heme pyrrole core, a methyl thiolate to mimic the
Cys axial ligation, and the f-ionone substrate (see Supporting
Information for details). These data served to explore the
intrinsic reactivity of f-ionone toward heme compound I. The
transition states (TSs) were modeled for epoxidations and C—
H activations of all non-equivalent C—H positions. The C—H
activation was modeled as a hydrogen-atom transfer (HAT),
which corresponds to the rate-limiting step of the hydrox-
ylation reaction. As expected, calculations indicated that the
epoxidation at cyclic double bond is energetically more
favorable than the HAT C—H activation at the vinylic C4
position by only a few kcal'mol™" (Figures 1 and S2). Other
inactivated C—H positions exhibit higher HAT barriers.

To assess the accessible catalytically relevant binding modes
of the substrate when bound in the active site and to study the
catalyst control exerted by the enzyme considering its
conformational landscape, we performed MD simulations
with the f-ionone bound in wt MthUPQ’s active site. The
MD simulations in this step were performed using a previously
generated computational model of wt MthUPO."" Optimal
geometric parameters required for C—H activation via HAT
and epoxidation were taken from DFT model-optimized TSs
(Figures S3 and S4).

MD simulations with the bound substrate indicated that -
ionone can explore NACs that could effectively lead to C—H
activation via HAT at C4, C2, C10, C11, and C12 positions
(Figures S3 and S4). The epoxidation conformations, however,
barely explored NACs.

https://doi.org/10.1021/acscatal.3c00702
ACS Catal. 2023, 13, 8963—-8972
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TS C5 epoxidation (q) 18.5
TS C8 epoxidation (d) 201
TS C2-HAT (q) 24.2

TS C3-HAT (q) 26.3

TS C4-HAT (d) 19.4
TS C10-HAT (q) 25.8
TS C11/12-HAT (q) 30.9
TS C13-HAT (d) 20.3

Figure 1. Intrinsic reactivity of f-ionone explored using a truncated
computational model (“theozyme”, i.e., theoretical enzyme). DFT
calculated C—H activation via HAT and epoxidation TSs for all non-
equivalent positions of f-ionone. Epoxidation of the cyclic double
bond and a,f-alkene and hydroxylations at vinylic C4 (cyclic) and
C13 (methyl) positions are intrinsically the most favored oxidation of
P-ionone in the absence of any catalyst control. See Figure S2 for
additional details. Energies are given in kcal-mol™".

Even though the C—O bond formation at CS leading to
epoxide formation is energetically preferred over the HAT at
the C4 position (DFT optimized lowest TS, Figure 1), we
experimentally observed only scarce amounts of epoxide
product formation (Table S9).

This is in agreement with the fact that the C—O bond
formation TS requires a very tight approach of the substrate to
the catalytic Fe=0 moiety (TS CS epoxidation, Figure 2).
This required NAC for epoxidation is sterically hindered in the
active site of MthUPO and cannot be efficiently explored by f-
ionone—as revealed by MD simulations. On the other hand,
the NAC required for C4 HAT is easily accessible for f-ionone

(TS C4-HAT, Figures 2 and SS). This leads to a hampered
epoxide formation while binding modes that allow the
energetically most favored hydroxylation at position C4 are
easily explored.

Taking all this together, computations described the catalyst
control exerted by the wt MthUPO on the selectivity
oxyfunctionalization of f-ionone, reproducing the experimental
observations, and provided a sound model to serve as the
starting point for our semi-rational engineering strategy.

We attempted to improve our starting activity before
focusing on shifting the enantioselectivity by screening an in-
house MthUPO library, which was obtained during a previous
enzyme engineering campaign toward NBD hydroxylation
(Figure S6). The most active variant F631 was selected as the
parent variant for the engineering campaign displaying a 4.5-
fold higher product formation rate than wt MthUPO with
similar regio- and enantioselectivities.

To restrict the accessible binding modes of f-ionone and,
thus, control the stereoselectivity of the C4 hydroxylation, we
aimed to design focused libraries based on computational
predictions. To identify positions for the mutagenesis, MD
simulations were performed with MthUPO F63I in which f-
ionone is forced to explore NACs for an effective C4—H HAT,
mimicking DFT model TSs geometries (Figure 3A). Geo-
metric restraints were included during the MD trajectories
(restrained-MD simulations) in which the pro-R or pro-S C4—
H positions—in independent trajectories—were forced to be
at short distance to the Fe-oxo catalytic species (Figure 3A, see
Supporting Information for details). These restrained-MD
simulations provided structural descriptions of the arrange-
ment of the active site that is required for accommodating f-
ionone in a pro-R and pro-S NAC, respectively (Figure 3B). It
is crucial to acknowledge that MthUPO F63I already
demonstrated the ability to catalyze C4—H activations,
although the efficiency was limited, suggesting the presence

(side view)

LSGJ

TS C5 epoxidation (q)
AG*=18.5 kcal-mol-!

(top view)

wt MthUPO
Active site volume analysis

o

(side view)

TS C4-HAT (d)
AG*=19.4 kcal-mol-!

y 126 § I 130

(top view)

Figure 2. (Center) Characterized active site cavity of wt MthUPO from holo state MD simulations. Representative structure of the most populated
cluster (estimated form backbone RMSD analysis) obtained from five independent replicas of 1000 ns MD trajectories each (total of S000 ns of
accumulated simulation time)."* DET optimized, lowest in energy, TS geometries for: (Right) C4—H hydrogen atom transfer; and (Left) C5—C6
epoxidation. See Figures 1 and S2 for additional details. Energies are given in kcal-mol™, and key distances in A. f-Ionone could easily bind in the
available space in the active site in a catalytically relevant binding mode that resembles the NAC required for C4—H activation, but not for C5—C6
epoxidation. This is due to steric requirements and the shape of the active site cavity.
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Figure 3. Schematic description of the computational-aided protein engineering protocol followed in this work. Red and green circles represent f-I
substrate when bound in the active site cavity within different conformations. Complete descriptions of position selection for rounds 1 and 2 of
protein engineering can be found in Figures S8 and S10, respectively.

of these incipient catalytically relevant binding modes that have
yet to be fully exploited.

These simulations further revealed which active site amino
acids exhibit strong interactions with the substrate, thus,
affecting its binding mode. We reasoned that selecting
positions as mutagenic spots that show strong steric
interactions with the substrate during these restrained-MD
simulations would give access to new variants with reshaped
active sites. These new active sites are expected to better
accommodate f-ionone in desired reactive conformations due
to complementarity while destabilizing other alternative
binding modes, thus inducing a shift in both regio- and
enantioselectivity (Figure 3C). Following this reasoning, a total
of eight positions (L56, L60, F631, L86, F154, A161, L206, and
M210) were initially selected based on restrained-MD analysis
(Figure S8) and estimated substrate—residue interactions
(estimated from MM-GBSA calculations, Figure S7). Amino
acid positions that were determined to have a key role in
proper substrate positioning (G157) or in H,0, activation
(H88 and E158) were not considered for mutagenesis.

Because targeted active site reshaping for enantioselectivity
shifts might involve the reorientation of the substrate in the
catalytic pocket, we hypothesized that mutating pairs of
residues at the same time might facilitate this substrate
reorientation due to cooperative effects.’ Cooperativity, i.e.,
epistasis, between residue pairs can occur through direct
interaction between residues but often also between distal
indirect interactions.”” These potential cooperative non-
additive effects would be considered by including amino acid
pairs for double saturation mutagenesis instead of saturation of
single positions at a time.>**! We, hence, designed a set of 10
residue-pairs of proximal and—in terms of active site
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arrangement—also distal amino acid pairs combining
previously selected active site residues (Figures 3C, a complete
description of position selection can be found in Figure S8).

The MthUPO active site is mainly composed of hydrophobic
amino acids. The hydrophobic character was kept by
employing a reduced amino acid alphabet consisting of Ala,
Leu, Ile, Val, and Phe. For position M210, Met was also
included (Figure 3D). This also reduces the number of
possible variants for each double-saturation screening down to
25 (30 if position M210 is included). The screening is
performed with a 3.5-fold oversampling leading to a library
coverage of 97%. Inclusion of position M210 results in a 2.9-
fold oversampling and 94% coverage."”

The screening was carried out in 96-well microtiter plates
using the multiple injection in a single experimental run
(MISER) (Figure 3E) setup,'”'® allowing the determination of
enzyme variant’s activity but not its enantioselectivity. We
reasoned that reshaping the active site results in an increased
activity and simultaneously affects their enantioselectivity, as
demonstrated multiple times before.*’

Development of Enantiodivergent MthUPO Variants
in Two Rounds of Directed Evolution. In the first round,
ten different double saturation pairs were screened (Table SS),
adding up to more than 900 variants. The best variants showed
increased activities of 2.0-fold under screening conditions
compared to the parental variant MthUPO F631 (Figure S15).
With this first focused protein library, already impressive
enantioselectivity improvements were detected (Table 1).

The best for the (R)-enantiomer formation showed an e.r. of
96.6:3.4 and a 4.3-fold improved activity of 28,000 TONs
(MthUPO Fé63], L206A, coined R1A, Figure 4). In the same
relatively small library, variants with inverted enantioselectivity
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Table 1. Enantioselectivity after One Round of Protein
Engineering

entry new mutations er.
MthUPO F631 (parent) 70.7:29.3
1 L206A 96.6:3.4
2 163L, L206A 95.2:4.8
3 LS6lI, M210F 85.2:14.8
4 L206F 82.0:18.0
S 163L, L206F 81.3:18.8
6 L206V 80.5:19.5
7 Lseél, M210 79.5:20.5
8 Ls56V, Al1611 29.4:70.6
9 163V, F1541 12.0:88.0
10 L60F, Al1611 11.5:88.5
11 163V, F154L 7.3:92.7
12 L60F, A161V 3.3:96.7

could also be identified. The best showed an e.r. of 3.3:96.7 for
the S-enantiomer and 20,000 TONs (MthUPO L60F, F631
A161V, coined R1B).

Both variants were selected as parental variants for a second
round of directed evolution (Figure S21).

Building upon the methodology established in the first
iteration, we performed similar computational modeling. MD
simulations, in this case without any restrain on f-ionone, were
carried out to characterize and analyze the variants R1A and
R1B (Figures S9 and S11). These simulations were used to
design pairs of residues for library construction and subsequent
screening, following the above-described protocol (Figures 3,
S10, and S12).

In the second round, ten different double saturation pairs
were screened with the parental variant R1A and eight different
double saturation pairs with the parental variant R1B (Tables
S6 and S7). The best variants based on R1A showed only a
marginal increase in activity and no improved enantioselectiv-
ity. Based on these observations, we concluded that the
evolutionary pathway had come to a local minimum and
identified the best variant for (R)-4-hydroxy-fB-ionone
formation as MthUPO F63], L206A (R1A). This variant
showed a high TON of 28,000 and an enantiomeric ratio of
96.6:3.4.

The best variant based on the S-selective variant R1B,
however, displayed a substantial improvement. MthUPO L60F,
F631, A161V, and F154L (R2B) displayed a 2.0-fold activity
improvement to a TON of 41,000 and an er. of 99.7:0.3
(Figures 4 and S15, Table 2). The regioselective abundance of
the main product also increased during the enzyme engineer-
ing campaign from 88% (MthUPO wt expressed in
Saccharomyces cerevisiae) to 99.2% (R1A) and 99.6% (R2B)
(Table S9).

Table 2. Enantioselectivity after Round 2B of Protein
Engineering

entry new mutations er.
MthUPO L60F, F631, A161V (parent) 3.3:96.7
1 F154L 0.3:99.7
2 F1541 0.5:99.5
3 F154V 0.4:99.6
4 F1541, M210L 0.5:99.5
S F154L, M210L 0.4:99.6
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With the best engineered variant in hand, we repeated the
enzymatic reactions in a scale-up experiment to give access to
larger amounts of the hydroxylated product and demonstrate
its utility. We were able to obtain 34 mg of (S)-4-hydroxy-§-
ionone (55%)-utilizing variant, R2B, as a catalyst. We further
obtained 51.1 mg (R)-4-acetoxy-f-ionone (37.0%) after
hydroxylation of the substrate through variant R1A and
subsequent derivatization to determine the specific optical
rotation.

Both enzyme variants were purified and their transition
temperature (T, determined (Table S13). Both variants
showed a decreased transition temperature from initial 58.1 °C
(wt MthUPO) to 53.7 °C (R1A) and 52.9 °C (R2B). To gain
insights into the kinetics of the variants, the apparent catalytic
parameters K, and k. were determined for the substrate NBD
(5-nitro-1,3-benzodioxole) and the co-substrate H,O, (Table
S14 and Figure S22). Both variants show an improved
apparent k. /K, (1.9—4-fold) for both substrates relative to
the wildtype (NBD: 1.9 x 10* M~! 57!, H,0,: 1.3 X 10* M}
s™!). Especially, variant R2B revealed a strong improvement of
the apparent k., toward both NBD (33.8 s™*) and H,0, (67.1
s™!) in comparison with wt MthUPO (k. 7.1 s'). This is
consistence with our previous work, demonstrating the
beneficial influence of the mutations L60F and F63I for the
NBD conversion."*

) )
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@
200004 75:25 ¢
+ + 5
10000+ =
- o
(@) 0~ k50:50 .2
= wt F631 F63I L6OF L60F 5
L206A F631 F631 £
A161V  F154L o
A161V £
L25:75 S
c
o
I Turnover number + + o100
+ e.r

Figure 4. Bar chart showing TON within 1 h of allylic hydroxylation
of f-ionone by different MthUPO variants. Turnover data are mean +
s.d. of measurements in triplicates. TON (teal bars) determined by
GC—MS, and enantiomeric excess (red cross) determined by chiral
GC—MS (Figure S20).

Molecular Basis of the Highly Enantioselective
Variants R1A and R2B. Finally, we performed computational
modeling to rationalize the molecular basis for the
enantiodivergence exhibited by RI1A and R2B engineered
variants. MD simulations with f-ionone bound in the active
site. of RIA and R2B—without including any geometric
restraints during simulations—were carried out. MD simu-
lations revealed the anticipated hydrophobic and steric
interactions that control the binding modes for f-ionone and
its orientation relative to the catalytically active Fe-oxo
(Compound I) species.

MD simulations for R1A variant showed that f-ionone
explores a major binding mode, in which only the pro-R C4—H
is well oriented in a catalytically relevant NAC toward
Compound I for HAT (Figures SA and $9). This catalytically
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Figure S. f-lonone-binding modes characterized from MD simulations in (A) variant R1A (F631/L206A4, in red) and (B) variant R2B (L60F/
F631/F154L/A161V, in green). See Supporting Information for additional details.

relevant binding mode is stabilized due to the space generated
by the initial F631 mutation, which is next to the region where
C4 is oriented in the active site. The newly introduced L206A
mutation reduces the steric hindrance, and it enables placing
the a,f-unsaturated ketone group of the substrate and, thus,
accommodating the S-ionone allylic chain in this region of the
active site (Figure SA). Within this favored binding mode of -
ionone, the pro-R C4—H bond is in a preorganized reactive
conformation to promote a selective, pro-R HAT.

An opposite f-ionone positioning is observed in the R2B
variant, where only the pro-S C4—H can explore reactive
conformations relative to the Fe-oxo species (Figures SB and
S13). Unrestricted MD simulations revealed that when pg-
ionone is bound in R2B’s active site, it preferentially explores a
binding mode in which the a,f-unsaturated ketone group is
oriented toward F154L position while keeping the six-
membered ring in a similar position in the active site, as
observed in R1A. This binding mode is favored by the A161V
mutation that, together with the L206 residue, introduces
bulkiness at this region of the active site. This sterically
disfavors the positioning of the a,f-unsaturated ketone group
in this area of the active site—contrary to R1A. The a,f-
unsaturated ketone group is, thus, oriented toward the
opposite side of the binding pocket where the F154L mutation
is creating more empty space for accommodating this allylic
substituent of f-ionone. The L60F mutation reduces the
accessible space in that inner region of the active site, sterically
disfavoring the positioning of the dimethyl and methyl -
ionone ring substituents there. All these factors synergistically
favor the orientation of pro-S C4—H in a NAC toward the Fe-
oxo species to selectively react via HAT.

These computational insights are in perfect agreement with
the experimentally observed properties of the highly
enantioselective variants, R1IA and R2B.
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B CONCLUSIONS

The presented work revealed the first substrate-targeted
engineering of an UPO toward enantioselective C—H
hydroxylation, starting from a poor enantioselectivity. Based
on in silico predictions of the positioning for the substrate in
the active site, excellent activities as well as regio- and
enantioselectivities could be achieved by introducing very few
mutations. In only two rounds of mutagenesis and the
screening of 1600 variants, it was possible to evolve the wild-
type MthUPO with poor er. of 76:24 (R/S) toward the two
enantiodivergent variants MthUPO F631, L206A (e.r. 96.6:3.4,
(R)-selective) and MthUPO L60F, F63I, F154L, A161V (e.r.
0.3:99.7, (S)-selective). In addition to high enantioselectivity,
both variants also showed excellent regioselectivities with more
than 99.2% and the activity increased up to 17-fold achieving
TONSs of 41,000.

The active site of MthUPO seems to be particularly well-
suited for selectivity engineering approaches due to its high
hydrophobicity. This leads to two advantages: (i) significant
high affinity toward different aliphatic substrates and (ii) the
possibility of using a substantially reduced amino acid alphabet,
exclusively consisting of hydrophobic amino acids, for active
site reshaping while keeping the hydrophobicity and lowering
the screening effort dramatically.

Further engineering of regio- and enantioselective function-
alization of terpenes, terpenoids, linear- or branched hydro-
carbon chains could be performed, similar to the presented
work with the model substrate f-ionone.

Our MISER screening method based on GC—MS analysis
offers a broad substrate flexibility, only limited to volatile,
thermal stable molecules. This is an advantage in contrast to
systems in which only chromogenic substrates can be
examined. Even with the MISER approach, the screening
remains the time-limiting factor; hence, the generation of a
small smart library is still of utmost importance for reducing
the overall engineering time. This is where the advantages
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offered by in silico analysis will be even more relevant in the
future.

The present work paves the way toward the rapid
engineering of UPOs for enantioselective conversion of
terpene derivatives and other substrates and, hence, solves
one of the last remaining challenges in UPO research.
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