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1. Regio- and stereoselective C-H oxidation of free fatty acids is achieved by an enzyme
catalyst just at the expense of H,0; in aqueous buffer at room temperature leading
to water as the only co-product. Due to the developed variant in this study bearing
43 mutations, substrate concentrations up to 150 mM were used leading to the
optically enriched a-hydroxylated fatty acids in high isolated yield.

2. The stability, expressibility and activity of the enzyme catalyst was increased to a
practical level reaching TONS of 48000, which is the highest number reported for
ahydroxylases.

3. The numbers now have reached values of interest for application. The concept is
probably unbeatable as just H,0; is the oxidant and H,O the co-product and a
biodegradable enzyme is used as catalyst in buffer. Next steps may be process
engineering which is outside the scope.
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Enzymes of the CYP152 family have the potential to upgrade fatty acids to a-hydroxy acids by regio- and stereoselective
hydroxylation using hydrogen peroxide as the oxidant and forming water as the sole by-product. To achieve such
transformations with relevant productivity, a high tolerance towards hydrogen peroxide is required. By designing a minimal
library targeting oxidation-prone residues with high solvent exposure and introducing mutations to improve
expression/stability identified by a computational strategy (PROSS), the hydrogen peroxide tolerance of the CYP152
peroxygenase POsp, Was improved up to four-fold. Of the 12 generated enzyme variants, V3-P04 demonstrated the most
pronounced improvements across the investigated parameters, exceeding the parent in terms of hydrogen peroxide
tolerance, expression yields, and specific activity for the a-hydroxylation of octanoic acid. The superior performance of
variant V3-P04 was further underlined in preparative-scale experiments for the functionalisation of heptanoic acid (50 mM),

octanoic acid (150 mM), nonanoic acid (100 mM), and 9-decenoic acid (75 mM) where it reached turnover numbers
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unmatched by the wildtype enzyme of up to 48,333.
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Introduction

C—H Functionalisation enables the introduction of handles at
non-activated carbons, directly accessing target molecules
whose synthesis would otherwise require multiple steps.'-3
Although
functionalisation approaches have been described, targeted

numerous transition metal-catalysed
activation of a single C—H bond continues to be challenging for
these catalysts.* One strategy for selective C—H bond activation
is the introduction of molecular recognition elements that force
an orientation between substrate and ligand in which a single
C—H bond remains accessible for catalysis.>” This is especially
optimised in the active sites of enzymes? leading to remarkable
regio-, chemo-, and stereo-selectivity.>? Among the most
extensively studied enzyme classes capable of performing C—H
functionalisation reactions are cytochromes P450 (CYPs), which
can catalyse the monooxygenation of aliphatic (sp3) and aryl
(sp?) C—H bonds.'®23 CYPs have shown to be outstanding
catalysts for the selective oxyfunctionalisation of complex
organic molecules, making them powerful tools, particularly for
late-stage functionalisation.® 2422 However, their dependence
oxygen, for electron donation

on molecular cofactors

[NAD(P)H], and often auxiliary proteins for electron relay
complicates their use on preparative scale.?®3! These
limitations may be circumvented by exploiting a shortcut in the
catalytic cycle of CYPs, the so-called peroxide shunt pathway,
for which hydrogen peroxide (H.0,) can act as oxygen- and
electron donor enabling the formation of the reactive Fe(IV) oxo
species, thereby circumventing the need for additional
cofactors or auxiliary proteins, and forming water as the sole by-
product.?: 3234 While most CYPs require prior engineering to
effectively utilise hydrogen peroxide, some have been reported
to natively act as peroxygenases, such as unspecific
peroxygenases (UPQOs)?* 3437 or CYP152s.3% 3% The use of
hydrogen peroxide is advantageous in terms of process cost and
complexity. However, H;0;-mediated enzyme inactivation,
caused either by oxidation of sensitive amino acid residues or
by degradation of the porphyrin ring (haem-bleaching), can
impair catalytic performance.° This has been identified as a key
issue when working with peroxygenases and different
strategies have been employed to reduce peroxide-mediated
deactivation. For instance, maintaining low hydrogen peroxide
concentrations throughout the reaction, either by continuous
feeding or in situ generation of the oxidant, has proven
successful for mitigating catalyst inactivation.*'->7 Alternatively,
enhancing enzyme durability through engineering can lead to
improved stability and tolerance toward certain reagents.
Targeting residues within the active site pocket of
peroxygenases was shown to be a viable strategy for enhancing
the hydrogen peroxide stability of both CYPs and UPQOs.>® >°
Similarly, studies focusing on introducing peroxygenase activity
by engineering the active site or access tunnel of non-native
peroxygenases have reported that the introduced mutations
also affected the H,0,-stability of the generated variants.33 0 |n
a different approach, all methionine residues of the enzyme
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P450gm-3 were replaced with their less oxidation-prone
analogue norleucine.®! Although inactivation was not reduced
for the resulting variant, the replacement did lead to an
enhancement in peroxygenase activity.

In previous studies, the P450 peroxygenase from Sphingomonas
paucimobilis (POsps, CYP152B1)62-64 proved an excellent catalyst
for the regioselective a-hydroxylation of fatty acids, achieving
high optical purity (ee up to >99%).6> However, stability in the
presence of H,O, was suggested to be a limiting factor. By
improving stability toward H,0, — e.g., through engineering of
oxidation-sensitive residues — without altering the enzyme’s
high selectivity, the generation of a more durable and efficient
catalyst for the selective synthesis of a-hydroxy fatty acids was
envisioned, which would allow to reduce the amount of catalyst
needed.

Results and discussion
Structure-guided variant design

To generate a variant of POspy with improved hydrogen
peroxide stability, oxidation-prone residues with high solvent
exposure were selected for mutation. For this purpose, the per-
residue solvent accessible surface area (SASA) was calculated
for all cysteine-, methionine-, and tyrosine residues present in
the protein (Figure 1, complete list in Table $1).56 The three
feasible residues with the highest SASA values — namely Y356,
Y214, and C260 — were selected for mutation. C361 was
excluded as it acts as proximal ligand coordinating to the haem-
iron. The targeted amino acids were replaced by less oxidation-
sensitive residues, leading to the design of one single variant
[POspa c260n (identifier: V1)] and two triple variants [POspq v214av
c260H v3sev (identifier: V2), POspq v214q c260H v3560 (identifier: V3)].
Wildtype enzyme and variants were heterologously expressed
in E. coli with a GST tag and purified by affinity chromatography.
To determine whether the introduced mutations improved the
enzyme stability toward hydrogen peroxide, the peroxygenases
were incubated for two hours with 20 mM H,0; in potassium
phosphate buffer [100 mM, pH 7.4, 15% (v/v) glycerol]. Residual
peroxide was afterwards removed by addition of catalase, and
remaining intact enzyme was determined by measuring
cysteine-coordinated Fe-haem centres via CO-difference
spectroscopy.®’ Indeed, all three variants showed a significantly
higher percentage of intact enzyme compared to the parent, for
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Figure 1: Solvent accessible surface area (SASA) for cysteine-, methionine-, and tyrosine
residues in POspq calculated using PyMOL [Protein Data Bank (PDB): 3AWM]. The ten
residues with the highest solvent exposure are shown as spheres. Residues selected for
mutation are highlighted in teal. *Proximal cysteine residue required for catalysis.

which 52% of unaltered enzyme was detected after the
treatment (Table 1). The best result was obtained with the triple
variant V3, which preserved 88% of intact reaction centres. This
represents an inactivation of only 12% at the conditions used,

a-Hydroxylation of 1a ®
POgp, Variants (0.2 uM)
pH 7.4, buffer (100 mM KPi)

[0}
5% (viv) ethanal, 25 °C, 20 min |
OH

H,0, H,0 (S)-2a
5mM

Scheme 1: a-Hydroxylation of octanoic acid (1a) to (S)-2-hydroxyoctanoic acid [(S)-2a] by
POspq-variants.

corresponding to a four-fold improvement compared to the
parent enzyme, for which 48% inactivation was observed under
the same conditions. V1 and V2 behaved comparable to each
other, showing an approximately two-fold improved stability
under the assay conditions employed. To determine if the
introduced mutations affected the catalytic performance of
POsps, the a-hydroxylation of octanoic acid (1a) as a model
substrate was investigated (Scheme 1, Table 1). Specific
activities for the oxidation of 1a were gratifyingly mostly
comparable to the wt for V3 and V1. Furthermore, the two triple
variants displayed slightly lower optical purity for the formation
of (S)-2a, reaching 97% ee compared to 98-99% of the wt.
Although hydrogen peroxide

Table 1: Characterisation of POsp, Wt and variants V1-3 based on hydrogen peroxide stability, expression yields, and specific activity and stereoselectivity for the a-hydroxylation of

lato 2a.
Variant Identifier Mutations Remaining intact enzyme [%]! Expression Yield [mg]®! Spec. Activity [U/mg](c] ee 2a [%]!
wt - 52+2 9.1 2.8+0.2 99+0.2(S)
V1 C260H 781 9.1 3.0+0.3 98+ 0.3 (S)
V2 Y214V/C260H/Y356V 792 5.1 23+0.1 97+1.6(S)
V3 Y¥214Q/C260H/Y356Q 88+2 4.3 2.8+0.3 97+0.3(S)

a Remaining, relative intact enzyme concentrations after two-hour incubation in the presence of 20 mM H,0; in potassium phosphate buffer [100 mM, pH 7.4, 15% (v/v)
glycerol], 25 °C, 400 rpm. Triplicate determination. ® Amount of purified protein obtained from cultivation in 660 mL LB-medium. ¢ Reaction conditions: 0.2 uM
peroxygenase, 50 mM 1a, and 5 mM H,0; in KPi buffer [100 mM, pH 7.4, 5% (v/v) ethanol], in 2 mL microcentrifuge tubes for 20 minutes at 25 °C and 400 rpm. Triplicate
determination. ¢ Determined by GC using a chiral phase for a reaction with 10 mM substrate, 3 UM peroxygenase, continuous H,0,-addition (1.5 eq, 100 mM stock
solution, 12.5 pL/h, over 12 h), in KPi-buffer [1 mL, 100 mM, pH 7.4, 5% (v/v) ethanol] inside 1.5 mL glass GC-vials under shaking (400 rpm, 21 °C, 15 h).
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Figure 2: (A) PROSS Designs 02-04 of POspo With mutated residues highlighted as spheres. Iterative design process is indicated by different coloured spheres (teal = added mutation,
grey = mutation taken over from previous design). (B) Graphical representation of POspq variant scoring based on H,0,-stability, expression yields, specific activity for the
functionalisation of 1a, and stereoselectivity for the formation of 2a (Performance score, Table 2).

Table 2: Characterisation of combined POspq variants.

PROSS o " Remaining intact Rel. Expression Spec. Activity Performance
Entry ] Variant identifier ) ee 2a [%]!4

Design enzyme [%)][!] Yield [%)]®] [U/mg]tc] scorel®l
01 V1-P02 67+1 134 28+0.1 97+2.3(S) 1.96
02 02 V2-P02 47+1 117 2.1+ 0.1 96+2.0(S) 0.61
03 V3-P02 63+3 133 3.4+ 0.3 97+ 0.8 (S) 2.38
04 V1-P03 77+1 113 2.4+0.1 96+1.9(S) 1.74
05 03 V2-P03 57+3 145 2.6+£0.1 99 +0.1(S) 2.32
06 V3-P03 6814 99 3.4+0.1 98 +0.2 (S) 2.43
07 V1-P04 55+2 161 2.8+£0.1 98+ 0.3 (S) 2.27
08 04 V2-P04 64+1 142 2.5£0.0 98+ 0.8 (S) 2.11
09 V3-P04 74+1 121 3.7+ 0.1 97+1.5(S) 2.85

3 H,0,-Stability: Remaining relative intact enzyme in the presence of 20 mM H,0; in potassium phosphate buffer [100 mM, pH 7.4, 15% (v/v) glycerol], 25 °C, 400 rpm
after two-hour incubation. Triplicate determination. ® Rel. amount of purified protein obtained from cultivation in 660 mL LB-medium compared to the wt. ¢ Reaction
conditions: 0.2 uM peroxygenase, 50 mM 1a, 5 mM H,0, in KPi buffer [100 mM, pH 7.4, 5% (v/v) ethanol], in 2 mL microcentrifuge tubes at 25 °C, 400 rpm, 20 minutes.
Triplicate determination. 4 Determined by GC using a chiral phase after derivatisation to its methyl ester. ¢ Overall score based on partial scores assigned for each of the

four investigated parameters.

stability was improved substantially by targeting solvent-
exposed, oxidation-sensitive residues for mutation, it was
noticed that the soluble expression levels were impaired for the
two triple variants V2 and V3. Thus, the gain achieved by
improved stability was diminished by the lower expression
level, which was addressed in a next step.

Improvement of heterologous expression using PROSS

To address the issue of reduced soluble expression, the
sequence of POsp, Was submitted to the Protein Repair One-
Stop Shop (PROSS) webserver provided by the Weizmann
Institute of Science.®® PROSS is a computational strategy
designed for the automated and unsupervised generation of
enzyme variants with improved melting temperatures and,
crucially for us, higher soluble bacterial expression. The
algorithm first identifies feasible mutations for every position in
the target protein by eliminating amino acids that are rare in the
natural diversity for a given position. Then, Rosetta
computational mutation scanning is used to determine which of

the feasible mutations lead to a reduced energy (AAG)
compared to the wildtype. Finally, potentially stabilising
mutations are combined using Rosetta combinatorial sequence
design. To avoid loss of activity/selectivity, amino acid residues
within the enzyme’s active site and access tunnel were excluded
from mutation. Output designs were generated in an iterative
fashion, whereby every subsequent design contained all
mutations of the previous one (Figure 2, A). Thus, Design 02 had
30 mutations, Design 03 three more, and Design 04 additional
seven mutations. The output designs 02 to 04 were selected
according to the provided guidelines and combined with
mutations introduced in the first round (Table 2; e.g., variant V1
combined with PROSS design P02 is variant V1-P02). Indeed,
soluble expression levels could be recovered or even improved
beyond wildtype expression. These new combined variants
were again evaluated regarding hydrogen peroxide stability and
specific catalytic activity (Table 2). Values for specific activity
were found to be between 2.1 to 3.7 U/mg and interestingly
also highest for V3-derived variants. To deduce the overall best-

Please do not adjust margins
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performing catalyst from all the collected data, partial scores
(sp) were assigned for each of the four investigated parameters
(H20,-stability, expression yield, specific activity for oxidation of
1a, and stereoselectivity for formation of 2a). These partial
scores were then summed up to give an overall score
(performance score, s) for each variant [Figure 2, B; additional
details are provided in the Supplementary Information (SI)]. The
highest score was reached by variant V3-P04, which
outperformed the wildtype enzyme in terms of H,0,-stability
(74 + 1%), expression yields (121%), and specific activity (3.7 £
0.1 U/mg).

Analytical-scale a-hydroxylation of medium-chain fatty acids

Two variants were chosen for the subsequent experiments,
namely variant V3, which showed the highest hydrogen
peroxide tolerance under the conditions employed, and variant
V3-P04, which performed best when considering all parameters
investigated. These two were evaluated for the analytical-scale
biotransformation of octanoic acid 1a at varied substrate
concentration and compared to the wt (Table 3). Reactions
were performed at 50, 75 and 100 mM substrate concentration
in a fed-batch setup; thus, hydrogen peroxide was added
continuously throughout the reaction using a syringe pump
(1.5 equivalents over 12 h). At 50 and 75 mM of substrate, the
parent enzyme (wt) as well as both variants reached completion
(>99% conv.). At 100 mM 1a, variant V3-P04 reached the
highest conversion, showing improved performance compared
to the parent (116% of the wt). Although H,0,-stabiltiy was
substantially improved for variant V3, V3 reached conversions
comparable to the parent enzyme. Running the
oxyfunctionalisation for medium-chain fatty acids 1b-d (Table
4), a similar trend was observed for 1c and 1d, whereby V3-P04
outperformed the wildtype at increased substrate loading. For
these substrates, variant V3 reached lower conversions
compared to the parent. Regarding the functionalisation of 1b,
all three investigated peroxygenases reached comparable
conversions irrespective of substrate loading.

Table 3: a-Hydroxylation of 1a to 2a with selected POspq variants at varied substrate
concentration.

Substrate . Conv.ll  1b + 2blb! 2a eez,ld

Variant
[mM] [%] [%] [%] [%]

wt >99 8 92 98 (S)

50 V3 >99 3 97 97 (S)

V3-P04 >99 6 94 97 (S)

wt >99 3 97 96 (S)

75 V3 >99 2 98 96 (S)

V3-P04 >99 4 96 96 (S)

wt 74 1 73 96 (S)

100 V3 73 1 72 96 (S)

V3-P04 86 2 84 95 (S)

Reaction conditions: 3 uM peroxygenase, 50-100 mM 1a, continuous H,0-
addition (1.5 eq, 200-400 mM stock solution, 31 uL/h, over 12 h), in KPi-buffer [1
mL, 100 mM, pH 7.4, 5% (v/v) ethanol] inside 1.5 mL glass GC-vials under shaking
(400 rpm, 21 °C, 15 h). Duplicate determination. # Conversion and composition
determined by GC using calibration after derivatisation with BSTFA-TMCS. ®
Overoxidation products. ¢ Determined by GC using a chiral phase after
derivatisation to its methyl ester.

4| J. Name., 2012, 00, 1-3
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Table 4: Conversions [%] for the analytical-scale a-hydroxylation of :U‘Je»d wigh se nc[ted
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o POgpq Variants o]
R \/\A)J\ 7N R M
OH OH
H,0,  H,0 OH
1b-d 2b-d
b R=-CH, ¢ R=-CHy-CHy-CHy d R =-CH,-CH,-CH=CH,
Conv [%]E!
X Substrate Loading
Substrate Variant
50 mM 75 mM 100 mM
wt 66 44 27
1b V3 64 38 26
V3-P04 53 45 22
wt >99 >99 24
1c V3 >99 70 5
V3-P04 >99 >99 58
wt >99 44 9
id V3 >99 29 1
V3-P04 >99 66 15

Reaction conditions: 3 uM peroxygenase, 50-100 mM 1b-d, continuous H,0,-
addition (1.5 eq, 300-400 mM stock solution, 21-31 uL/h, over 12 h), in KPi-buffer
[1 mL, 100 mM, pH 7.4, 5% (v/v) ethanol] inside 1.5 mL glass GC-vials under shaking
(400 rpm, 21 °C, 15 h). Duplicate determination. # Conversion determined by GC
using calibration after derivatisation with BSTFA-TMCS.

To further elucidate the variants’ behaviour in high oxidative-
stress environments, biotransformations were performed in
batch at 25 and 50 mM 1a, adding one equivalent of H,0; at the
onset of the reaction (TableS2). In this case, substrate
conversions were significantly impaired, and neither variant
managed to exceed the parent enzyme. This shift in
performance can be explained by catalyst inactivation caused
by haem-degradation, which involves the reaction of haem
compounds Il and Il with additional molecules of hydrogen
peroxide, ultimately resulting in the formation of biliverdin
under the release of haem-bound iron.*% 6. 70 Enzyme
inactivation due to haem degradation is therefore likely more
severe in a batch setup, where effective H,0; levels are higher.
This indicates that our approach of targeting oxidation-sensitive
residues with high solvent-exposure did not mitigate peroxide-
mediated haem-degradation, and continuous oxidant addition
(or generation) remains necessary for reaching high
productivities. Additionally, when investigating the H,0»-
mediated enzyme inactivation, we consciously chose a
simplified setup in the absence of substrate to avoid the
contribution of multiple parameters to the deactivation. This
might explain discrepancies between the inactivation data and
the variants’ performance in the analytical-scale
biotransformations, as the carboxylic acid substrate is involved
in the activation of hydrogen peroxide in CYP152
peroxygenases.

In the fed-batch reactions with 1a, we observed a minimal but
reproducible decrease in optical purity measured as ee of about
2% (e.g., 98% to 96%) with increasing substrate loading (Table
3). Additionally, besides the desired a-hydroxylated product (S)-
2a, low amounts of heptanoic acid 1b and 2-hydroxyheptanoic

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2: Over-oxidation of 2a by POsp, variants. Peroxygenase-mediated oxidation of 2a to 3a followed by formation of 4a under the release of a molecule of water and finally

decarboxylation to 1b in the presence of H,0,.

Table 5: E-Values of selected POspq variants for the over-oxidation of 2a.

Variant Conv. [%] ee 2a [%]1! E-Valueld
wt 63 82 (5) 7
V3 63 85 (S) 8
V3-P04 67 76 (S) 5

Reaction conditions: 3 uM peroxygenase, 10 mM rac-2a, continuous H,0; addition
(1.5 eq, 133 mM stock solution, 12.5 uL/h, over 12 h), in 1 mL KPi buffer [100 mM,
pH 7.4, 5% (v/v) ethanol] inside 1.5 mL glass GC-vials under shaking (400 rpm,
21°C, 15 h). Triplicate determination. * Conversion and composition determined
by GC using calibration after derivatisation with BSTFA-TMCS. ® Determined by GC
using a chiral phase after derivatisation to its methyl ester. ¢ Determined from
conversion and ee using the ENANTIO online tool (http://biocatalysis.uni-
graz.at/biocatalysis-tools/enantio).

acid 2b
formation of 1b may be explained by peroxygenase-catalysed
over-oxidation of 2a to the corresponding geminal diol 3a,
followed by dehydration leading to the a-keto acid 4a, and
finally — by decarboxylation in the presence of H,0, — to the
shorter-chain fatty acid 1b (Scheme 2).7'73 Due to the
difference in ee observed at higher substrate loading, we
suspected that the POspo-mediated over-oxidation of 2a may
display an enantiopreference for the conversion of the minor
formed (R)-enantiomer, leading to an improvement of the
optical purity of (S)-2a, the main enantiomer formed in the
hydroxylation, at extended time. To determine whether the
peroxygenase-mediated over-oxidation of the a-hydroxy acid
2a is responsible for this change in ee, rac-2a was investigated
as substrate (Table 5). Indeed, the three enzymes tested
showed a preference for the oxidation of (R)-2a with E-values of
5-8, explaining the varied values of optical purity observed for
the functionalisation of 1a (Table 3). Thus, the optical purity of
the o-hydroxylation product (S)-2a is improved by the
subsequent stereocomplementary oxidation of (R)-2a in a
cooperative cascade achieving an increase of ee of 2a over time.
To explain the low enantioselectivity of POsp, for the over-
oxidation of 2a, molecular docking of both enantiomers of 2a in
the active site of POspq Was performed using rigid receptor
docking in Glide (Figure 3). For both (S)-2a and (R)-2a two
distinct poses were observed. In all cases, the ligands
coordinated with R241 through hydrogen bonding and salt
bridges. R241 is located above the enzyme’s reaction centre and
is conserved within members of the CYP152 family, where it is
involved in both substrate binding/positioning and the
activation of hydrogen peroxide. Here, hydrogen bonding with
R241 occurred either exclusively with the ligands’ carboxylate

were detected in biotransformations of 1a. The

This journal is © The Royal Society of Chemistry 20xx

groups (Figure 3, A and C) or with both the carboxylate- and a-
hydroxy groups of 2a (Figure 3, B and D). Furthermore, in all four
poses, hydrogen bonding between the a-hydroxy group of 2a
and the oxygen of the simulated reactive Fe(lV) oxo species
(compound ) was observed. Since over-oxidation of 2a requires
homolytic cleavage of the C,.—H bond (followed by OH rebound
formally leading to oxygen incorporation and the formation of
3a), the Co-proton of 2a needs to be in proximity to the reactive
Fe(IV) oxo species for catalysis to occur. Regarding (S)-2a, only
one of the two observed poses can be envisioned to lead to a
productive orientation where C—H bond cleavage can occur
(Figure 3, A). Whereas, in the case of (R)-2a, both observed
ligand orientations could lead to over-oxidation due to the
proximity of the Cy proton to the oxygen of compound 1 (2.9 and
3.2 A, respectively; Figure 3, C and D). This difference in binding
between the two enantiomers of 2a in the active site of POspq
may indicate the moderate enantioselectivity of the enzyme for
oxidation of (R)-2a.

y g =
c ke[ s

1
P242 32A1
I

Figure 3: Molecular docking of (S)-2a (A and B) and (R)-2a (C and D) in the active site of
POspq (PDB: 3AWM) using rigid receptor docking with Glide. Ligands are highlighted in
teal. Hydrogen bonding is indicated by yellow dotted lines, salt bridges are indicated by
purple dotted lines, and aromatic hydrogen bonding is indicated by light blue dotted
lines. Distances between the Cq-proton of 2a and the oxygen of compound | are shown
in blue. Docking scores are given in kcal/mol for each entry.
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Figure 4: Reaction progression for the preparative-scale oxyfunctionalisation of medium-chain fatty acids using V3-P04. (A) Formation of 2a over time (150 mM loading of 1a). (B)
Formation of 2b over time (50 mM loading of 1b). (C) Formation of 2c over time (100 mM loading of 1c). (D) Formation of 2d over time (75 mM loading of 1d).

Preparative-scale oxyfunctionalisation of medium-chain fatty
acids

Preparative-scale biotransformations were performed for fatty
acids 1a-d (Table 6). Reactions were conducted at 20 mL scale
and substrate concentrations were selected based on results
obtained in analytical-scale experiments (Table 4), except for
1a, for which it was noticed that elevated concentrations of up
to 150 mM were suitable. Hydrogen peroxide was fed
continuously to the reaction, and reaction progress was
monitored over time for a better understanding of the
performance of the catalyst (Figure 4). For substrates 1a, 1c,
and 1d, the rate of product formation matched the rate of
addition of hydrogen peroxide during the first eight hours of
feeding. At this time, most of the substrate was consumed, and
reaction rates started to decrease. This indicates that feeding
rates were well-matched to the catalyst, leading to immediate

Table 6: Preparative-scale biotransformations of medium-chain fatty acids with V3-P04.

Substr. Conv.[ Isol. Yield
Substrate  conc. [mM] [%] TON ee [%]b! [mg]
la 150 97 48,333 94 (S) 385 (80%)
1b 50 56 9,333 89 (S) 36 (25%)
1c 100 >99 33,333 95 (S) 302 (87%)
1d 75 >99 25000  94(S) 253 (91%)

Reaction conditions: 3 UM peroxygenase, 50-150 mM 1a-d, continuous H,0»-
addition (1.2-1.5 eq, 250-600 mM stock, 500 uL/h, over 12 h), in 20 mL KPi-buffer
[100 mM, pH 7.4, 5% (v/v) ethanol] inside a 100 mL round-bottom flask using
stirring (400 rpm, 21 °C, 24 h). @ Conversion and composition determined by GC
using calibration after derivatisation with BSTFA-TMCS. © Determined by GC using
a chiral phase after derivatisation to its methyl ester.

6 | J. Name., 2012, 00, 1-3

consumption of the H,O; added. It further suggests that under
the conditions used, uncoupling phenomena are not an issue for
V3-P04.74 7> The oxyfunctionalisation of 1la, performed at a
substrate loading of 150 mM, reached almost completion (97%
conversion) after 24 hours, which corresponds to a turnover
number (TON) of 48,333 for the POspq variant V3-P0O4. This
significantly exceeds previously reported values for the

wildtype enzyme, highlighting the improved performance of V3-
P04 at high substrate loading. Furthermore, the reaction course
shows that incubation times could be further reduced with V3-
P04, since the reaction was completed after 12 hours.
Transformations for 1c and 1d reached completion after
24 hours and the a-hydroxylated products were obtained with
high isolated yields (87-91%) and in high optical purity [ee 94-
95% (S)]. Interestingly, the functionalisation of 1b required a
lower H,0; addition rate (using a lower concentration of H,03)
compared to the other substrates, but still the catalyst was
unable to match the half H,0, addition rate of 1c (Figure 4B).
This lead most likely to an accumulation of non-transformed
H,0, which subsequently resulted in enzyme inactivation and a
drop in reaction rate after six hours, with a final conversion of
56% after 24 hours. All isolated products were obtained in high
optical purity [ee 89-95% (S)]. The absolute configuration for
alcohol (S)-2a was deduced by comparison of elution order on a
chiral phase with previous reports.®® The absolute configuration
of (S)-2b, was determined by comparison of the specific optical
rotation of the isolated product with literature.’® For the C9:0
hydroxylated product (S)-2c, we determined the specific optical
rotation {[a]p?> = +4.32° (c = 3.15, CHCl3)} as well, but noticed
that the sign was opposite to literature reports {[a]p?* = -3.48°

This journal is © The Royal Society of Chemistry 20xx
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(c = 3.16, CHCIl3)}.”” However, the literature report refers to
another paper’8 for the optical rotation, which does actually not
include the target molecule 2c¢ at all. We argue that the optical
rotation values for the (S)-enantiomers of a-hydroxylated fatty
acids (C6, C7, C8, C10) measured in chloroform are exclusively
reported with positive signs.”® 7982 Furthermore, all optically
enriched (S)-products obtained in this study show the same
elution order on GC using a chiral phase.”® 7982 Finally, an
inversion of the stereoselectivity of POspq just for C9:0 is
unlikely; it should be the same as for C8:0 and C10:1. From the
three indications (optical rotation, elution order, enzyme
stereospecificity), we therefore conclude that the major
enantiomer of 2c isolated in the preparative experiment is also
(S)-configured. The absolute configuration of (S)-2d, bearing a
terminal C=C double bond, was determined by chemical
reduction of the isolated product to its saturated analogue and
comparison of elution order on a chiral phase with literature
reports.®®

Comparison with other synthetic approaches

a-Hydroxy fatty acids are relevant compounds for the
pharmaceutical, cosmetic, and polymer industry, making their
selective generation from low-cost, readily available fatty acids
highly desirable.?* 83 84 While chemical methods often suffer
from insufficient selectivity, some chemical approaches for the
a-hydroxylation of fatty acids, or more generally carboxylic
acids, have been reported. For instance, by activation of the
carboxylate group of a fatty acid substrate, employing a strong
base such as lithium diisopropylamide (LDA), and subsequent
addition of oxygen, the corresponding a-hydroxy acid can be
formed.8> Alternatively, hydroxylation of an a-chlorination
intermediate has been successful for the selective synthesis of
a-hydroxy fatty acids.® Initial a-chlorination can be achieved by
employing, for instance, trichloroisocyanuric acid (TCCA). Other
chemical strategies for the a-oxidation of carboxylic acids utilise
the formation of an enediolate intermediate that is
subsequently oxidised using a free radical such as TEMPO
(2,2,6,6-tetramethylpiperidine  1-oxyl).8”> 8 While these
chemical strategies for the synthesis of a-hydroxy acids can
offer sufficient regioselectivity, they yield the desired products
exclusively in racemic form. Biocatalytic approaches are
attractive alternatives to more traditional chemical processes
for the selective hydroxylation of carboxylic acids, and in
particular  fatty acids. Regarding the direct C-H

oxyfunctionalisation of saturated fatty acids, CYRs. have.been
widely employed as this is often their na&lird] BeaVit:= AR S
case, hydroxylation in terminal positions (w-1 to w-3) has been
predominantly reported, even though their high stability makes
terminal C—H bonds particularly challenging.?* 8% 8 |n-chain
hydroxylation is rarer, but has been described, for instance, in
the oxyfunctionalisation of decanoic acid to 5-hydroxydecanoic
acid using a class VII CYP.?° The formation of such in-chain
hydroxylation products is of particular interest as they can be
further converted to their corresponding lactone derivatives.
Both terminal and in-chain hydroxylation of saturated fatty
acids have also been described for UPOs.>1 %0 91 Regarding the
biocatalytic a-hydroxylation of saturated fatty acids, members
of the CYP152 family show the highest potential. They act as
peroxygenases, thus requiring H,0; as the only reagent, thereby
avoiding the need for additional cofactors or electron transfer
partners. Of all CYP152 members described, POspq shows the
highest regio- and stereoselectivity for the formation of a-
hydroxy acids. In comparison to our previous study,®> we have
now improved the stability of the enzyme to be able to reach a
15% higher TON (48,333), which means that about 15% less
catalyst is needed to reach similar product formation as
reported before, which subsequently means that fewer
reagents are required for its production. The here reported
variant of POsp,, V3-P04 clearly outperforms the parent enzyme
for the oxyfunctionalisation of 1a and enables the efficient
functionalisation of other medium-chain fatty acids at high
substrate loadings (=75 mM). For a closer comparison of the
current biocatalytic approach to chemical processes, green
chemistry metrics were determined, and key reaction
parameters were highlighted (Table 7). The E-Factor
(Environmental Factor), which provides information on the
amount of waste produced in a process, and the Atom
Economy, describing the relative mass of reactants of a given
reaction that are incorporated into the final product, were
considered suitable green metrics for this purpose. For each
literature reference the reaction yielding the highest amount of
a-hydroxylated carboxylic acid product was selected (see
Scheme S3 in the Supplementary Information). Furthermore, it
should be noted that for entries 3 and 4 the final products are
the TEMPO-substituted acids, not the free a-hydroxy acids.
Ideally, when calculating the E-Factor, the whole process up to
the isolation of the final product should be considered.

Table 7: Comparison of synthetic approaches for the preparation of a-hydroxy acids from carboxylic acids.

Page 8 of 12

Entry Substrate Reactants Stepsl?! Temp. [°C]D! Yield [%) E-Factorld Atom Economy!® Ref.
1 Cc8:0 V3-P04, H,0, 1(1) 21 80 71.1 89.9 This work

2 C18:0 LDA, O, 2(1) -78 47 2104 56.6 85

LiNEt,, Licl,
3lel C7:0 2(1) -78 51 74.5 50.9 87
Fe cat.l, TEMPO
2-(p-tolyl)acetic
4t p acyi; Fe cat.", TEMPO 1(1) 60 97 17.3 99.7 88
5 C18:0 TCCA, KOH/H,0 2(2) 80 68 30.0 79.1 86

lalTotal amount of reaction steps. Number of individual steps where intermediate isolation is required is given in parentheses. PIRequired reaction temperature (the
temperature deviating most from ambient is given in the case multiple temperatures applied in the process). [ICalculated based on Equation S4 (see Sl). [Calculated
based on Equation S5 (see Sl). [{IData provided for these entries refers to the formation of the TEMPO-substituted products and not the free a-hydroxy acids. fliron
catalyst. For entry 3: Ferrocenium hexafluorophosphate ([Fc]PFs), for entry 4: Iron acetate [Fe(OAc),] + phenanthroline ligand.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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However, as in some cases insufficient details were provided in
literature for work up- and purification steps, only components
employed in the actual reactions were considered for
calculations (further details are provided in the Supplementary
Information). The here presented a-hydroxylation of fatty acids
achieved the best Atom Economy for the reactions that lead to
the a-hydroxylated product (Entry 1). Formerly, a higher atom
economy is only reached in the process leading to the TEMPO-
adduct (entry 4).88 Furthermore, although the E-Factor of 71.1
in our reaction is higher than in entries 4 and 5,888 the bulk of
the formed waste is in our case just water (95%). The here
presented process achieved the second highest yields, requires
only a single reaction step, and employs ambient reaction
temperatures, making it less energy demanding. And finally,
and probably rather important, the enzymatic reaction is the
only one leading to the desired product in enantiomerically
enriched form.

Conclusions

Combining rational structure-guided design targeting oxidation-
sensitive surface-exposed amino acids with a computational
tool to improve expressibility, a variant of POsp, was generated
that significantly outperformed the wildtype enzyme for the
regio- and stereoselective a-hydroxylation of naturally
occurring, medium-chain fatty acids. In the evaluation of the
variants, multiple parameters had to be considered, such as the
stability against H,0,, the specific activity, the expressibility,
and the optical purity of the product. Additionally, the catalyst
showed a complementary stereoselectivity for the oxidation of
the a-hydroxy acid, thus the product of the first step, which led
overall to a cooperative follow-up reaction, leading to an
improvement of the ee of the a-hydroxy acid.

The catalyst developed paves the way to efficient synthesis of
optically enriched a-hydroxy acids in buffer just at the expense
of H,0; as oxidant.
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