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Chapter 1. Summary

H20: is a relatively ‘green’ oxidant because its by-products are only H20. In recent years,
an increasing number of enzymatic synthesis methods based on H202 have been estab-
lished. H202-driven reactions are usually applied as an alternative to NAD(P)H-dependent
reactions to avoid complicated cofactor regeneration systems.

The aim of this thesis was to develop H202-driven peroxizymes-catalysed reactions. Four
approaches were studied: (1) UPO-ADHs combinations for the synthesis of enantiomeri-
cally pure (R)- and (S)-phenylethanol derivatives; (2) UPO-catalysed selective oxidation
of silane to silanol; (3) VCPO-catalysed oxidative decarboxylation of glutamic acid to the
corresponding nitrile at semi-preparative scale; (4) The investigation of the formate oxi-

dase (AoFOx)-driven H202 generation system.

In Chapter 3, UPO-catalysed hydroxylation of ethylbenzene could only produce (R)-phe-
nylethanol exclusively. We therefore developed a bienzymatic reaction to produce not only
(R)- but also (S)-phenylethanols with the combination of a peroxygenase and complemen-
tary alcohol dehydrogenases. The results obtained are promising (10 samples, >91% ee).
Reaction conditions for this one-pot two-step system would require further study and op-

timisation.

In Chapter 4, a peroxygenase-catalysed hydroxylation of organosilanes is reported. Aae-
UPO enabled efficient conversion of a broad range of silane starting materials in attractive
productivities (up to 300 mM ht) and catalyst usage (up to 84 st and more than 120,000
catalytic turnovers). As this enzymatic Si-H oxyfunctionalisation route is a completely new
application of UPQOs, there are still some limitations that need further research and inves-

tigation.

In Chapter 5, the chemoenzymatic oxidative decarboxylation of glutamic acid to the cor-
responding nitrile using the vanadium chloroperoxidase (CiVCPO) has been investigated.
1,630,000 turnovers and kcat of 75 st were achieved using 100 mM glutamate. The semi-
preparative enzymatic oxidative decarboxylation of glutamate was also demonstrated.

Product inhibition was identified as a major limitation.

In Chapter 6, the formic acid oxidase (AoFOx) driven H202 generation system was used

to drive the AaeUPO-catalysed hydroxylation of ethylbenzene derivatives. The investi-



Chapter 1. Summary

gation of factors such as formate and enzyme spiking, pH, oxidase concentration, co-
solvent, Oz supply and production inhibition did not solve the premature ending of the
reaction. In our opinion, the nature of the electronic donor for AoFOx could be the break-

through.

The results of this thesis contribute to the application of H202-driven peroxyzymes. The
achievements and challenges noted in the thesis will promote the future implementation

and popularisation of enzymatic oxyfunctionalisation reactions.
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Samenvatting

H20: is een relatief "groene" oxidant omdat alleen de bijproducten H20 gevormd worden.
De laatste jaren zijn er een toenemend aantal enzymatische synthesemethoden op basis
van H20: ontwikkeld. H202-gedreven reacties worden gewoonlijk toegepast als een alter-
natief voor NAD(P)H-afhankelijke reacties om ingewikkelde cofactor regeneratiesystemen

te vermijden.

Het doel van dit proefschrift is om H202-gedreven peroxyzym gekatalyseerde reacties te
ontwikkelen. Vier benaderingen werden bestudeerd: (1) UPO-ADHs combinaties voor de
synthese van enantio-zuivere (R)- en (S)-fenylethanol derivaten; (2) UPO-gekatalyseerde
selectieve oxidatie van silaan tot silanol; (3) Semi-preparatieve VCPO-gekatalyseerde oxi-
datieve decarboxylering van glutaminezuur tot zijn overeenkomstige nitril; (4) Onderzoek

van het (AoFOXx)-gedreven H202-generatie systeem.

In hoofdstuk 3, werd met de UPO-gekatalyseerde hydroxylering van ethylbenzeen alleen
(R)-fenylethanol geproduceerd. Dit was niet voldoende. Een nieuwe bi-enzymatische re-
actie werd ontwikkeld om tegelijkertijd (R)- en (S)-phenylethanolen te produceren met de
combinatie van een peroxygenase en een alcohol dehydrogenase. De verkregen resulta-
ten zijn veelbelovend (10 monsters, >91% ee), maar de reactiecondities voor de “één-pot

twee-staps”-systeem vereisen een verdere studie en optimalisatie.

In hoofdstuk 4, wordt een peroxygenase-gekatalyseerde hydroxylering van organosi-
lanen beschreven. Een efficiénte omzetting met AaeUPO is mogelijk met een breed scala
aan silaan uitgangsmaterialen dat resulteert tot een aantrekkelijke productiviteit (tot 300
mM h-1) en katalysatorgebruik (tot 84 s*) en een turnover van meer dan 120,000. Aange-
zien deze enzymatische Si-H-oxyfunctionaliseringsroute een volledig nieuwe toepassing
van UPQO's is, zijn er nog enkele beperkingen die verder onderzoek en bestudering be-

hoeven.

In hoofdstuk 5, wordt de chemo-enzymatische oxidatieve decarboxylering van glutami-
nezuur naar zijn overeenkomstige nitril met behulp van vanadium chloroperoxidase
(CiVCPO) onderzocht. Een turnover van 1,630,000 en een kcat van 75 s werd bereikt
met 100 mM glutamaat. Er werd aangetoond dat de semi-preparatieve enzymatische oxi-
datieve decarboxylering van glutamaat mogelijk is. Productremming werd geidentificeerd

als een belangrijke beperking.
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Samenvatting

In hoofdstuk 6, werd formaat oxidase (AoFOx) aangedreven H202 generatie systeem
gebruikt om de AaeUPO-gekatalyseerde hydroxylering van ethylbenzeenderivaten te sti-
muleren. Factoren zoals formaat, enzym spiking, pH, oxidase concentratie, co-solvent, en
O2-toevoer waren geen oplossing voor het voortijdig beéindigen van de reactie. Naar onze
mening zou de aard van de elektronische donor voor AoFOx een doorbraak kunnen be-

tekenen.

De resultaten van dit proefschrift leveren een bijdrage voor de toepassing van H202-ge-
dreven peroxyzym reacties. De resultaten en uitdagingen in dit proefschrift zullen de toe-

passing en popularisering van enzymatische oxyfunctionaliseringsreacties bevorderen.
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Chapter 2. Introduction

Biocatalysis is an attractive tool in chemical transformations because of its specific selec-
tivity and mild reaction conditions.! The use of enzymes has spread to the production of

food, pharmaceuticals, biodiesel, polymers and other commodities.?

Especially the oxyfunctionalisation of organic molecules remains a challenge in organic
chemistry, as chemical catalysts commonly lack selectivity, resulting in a (more or less)
intricate mixture of products. Oxidoreductase exhibit specific selectivity, giving them an

unrivalled advantage in catalysing selective C-H bond oxyfunctionalisation.

2.1. Selective oxyfunctionalisation reactions catalysed by P450 monooxygenases

and peroxygenases — a bright future for sustainable chemical synthesis.

R,
HO T R o R
m L A I
R OH
0
O /'\/
N.,H\y_N
N-TesN

\O/©:N’>_S N= Compound |

/ 0O

OH
OH
H J
N O

Efo

0. _CO,H OH
- JO M o .
HOVHHQJ\OH

Figure 1. Compound | as an active catalyst within P450 monooxygenase and peroxygenase for selective
oxygen functionalisation reactions.
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Chapter 2. Introduction

Oxyfunctionalisations comprise chemical transformations inserting oxygen atoms into
(non-activated) C-H-, C-C-, C=C-bonds or onto heteroatoms. The general inertness of
these bonds requires potent oxygen-transfer reagents such as high-valent metal-oxo com-
plexes or organic peroxides. These reagents, however, are challenged by low selectivity
resulting in complex product mixtures and isolation of the desired product can be tedious
and time- and resource-intensive. Interestingly, many of the aforementioned oxy-function-
alising agents are ‘biomimetic’ i.e. they are inspired by natural catalysts such as iron- or
flavin-dependent monooxygenases.®* The fundamental difference between ‘chemical’
and enzymatic oxyfunctionalisation catalysts lies in the environment around the oxyfunc-
tionalising catalyst. In case of chemical catalysts, this space is populated by simple lig-
ands and solvent whereas enzymes provide a well-defined cavity (active site) that not only
controls the orientation of the starting material towards the catalyst but also participates
in the catalytic mechanism. Hence, it is not astonishing that monooxygenases usually ex-

cel over their ‘chemical’ counterparts in terms of catalytic performance and selectivity.

Cytochrome P450 monooxygenases have been at the centre of attention for decades® but
are increasingly challenged by so-called unspecific peroxygenases (UPOs).%7 In this in-
troduction we aim at providing a comparison between both enzyme classes with respect
to their practical applicability based on recent scientific literature comparing their ad-
vantages and disadvantages.

Mechanistic similarities and differences between P450 MOs and UPOs

Both enzyme classes make use of Compound | (Cpdl, Scheme 1C) as the active reagent
to insert an oxygen atom into their substrates. However the mechanism, via which Cpdl
is formed, differs significantly between both enzyme classes. P450 monooxygenases uti-
lise molecular oxygen as a source of oxygen atom and activate it reductively (Scheme
1A). The reducing equivalents required for this reduction are obtained from a nicotinamide
cofactor (NAD(P)H) via more or less complex electron transport chains.8® NAD(P)H itself
is applied in catalytic amounts for economic reasons and regenerated in situ by the enzy-

matic oxidation of a stoichiometric co-substrate. Peroxygenases are much simpler as they
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Chapter 2. Introduction

directly utilise reduced oxygen in the form of hydrogen peroxide or organic hydroperoxides
(Scheme 1B).

e

A: P450 Monooxygenase electron transport chain

Cosubstrated NAD(P)* Mediator"® Sub-H+ 0
DAV V£ S A Vst
IDehydrogenase| [Reductase | | Monooxygenase |
Coproduct® 4/\ NAD(P /\ Medlator‘”‘ \* Prod-O + H,0

I
!
!
|
. Oxygen Dilemma X
complex electron transport chan.~~~~~ s--------------ooo T

(B: Peroxygenase reaction scheme ) C: Compound |
R-O,H \ / Sub-H
Peroxygenase N..||:ely.N
A/\L =t
R-OH Prod-O

A - /

Scheme 1. Comparison of substrate oxidation via Compound | (C) formation in cytochrome P450 monoox-
ygenases (A) and peroxygenases (B).

A comparison based on performance indicators

Evaluating the environmental impact of a given (catalytic) reaction is a complex task for
which many factors have to be taken into account. Nevertheless, we believe that already
some simple indicators such as catalyst turnover number (TN) and product concentration
already give a reasonable indication of the economic and environmental attractiveness of

a given catalytic reaction.

The importance of product concentration/yield is rather obvious: highly diluted reaction

mixtures not only use the production infrastructure insufficiently but also result in high
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Chapter 2. Introduction

amounts of solvent wastes and necessitate additional (time-, resource- and energy-inten-
sive) downstream processing operations to obtain the product of interest (Figure 2A).
Also, it should be taken into account that energy required for heating/cooling, mixing etc.,
is mostly spent on the solvent. Consequently, maximisation of the product concentration
is mandatory from both an economic and environmental point-of-view. As shown in Figure
2C, the majority of recent P450- and peroxygenase-publications deal with highly diluted
reaction mixtures with product concentrations below 10 mM corresponding to the solvent
(i.e. aqueous buffer) representing more than 99% of the reaction mixture. However, while
in the case of P450 monooxygenases, the highest product concentrations reported so far
lie around 50-60 mM,%11 the situation is more promising in the case of peroxygenases
with increasingly more examples of hon-aqueous applications reported, culminating in 360
mM as the highest product concentration so far. A particularly attractive feature of perox-
ygenases is that they can be applied under non-aqueous reaction conditions, thereby cir-
cumventing the low solubility issue of many reagents of interest in agueous media.*?-6
Nevertheless, in both cases significant improvements in final product titres are mandatory.
Fortunately, the tools (such as multi-phase reactions and other non-conventional reaction
media) principally exist'’'8 and are waiting to be implemented more in biocatalytic oxy-

functionalisation chemistry.

High catalyst turnover numbers (i.e. number of catalytic cycles) are desirable from an
economic point-of-view to minimise the cost contribution and environmental impact of the
catalyst on the final product (Figure 2B). According to Woodley et al.1® a minimal turnover
number for an enzyme (produced on a large scale) of roughly 3,000, 20,000 and
1,000,000 can be estimated to achieve acceptable cost contributions for pharmaceuticals,
fine chemicals and bulk chemicals, respectively (Figure 2B). Furthermore, it should be
kept in mind that the catalyst preparation causes environmental impact by consuming re-
sources and energy.?%2* As shown in Figure 2D, the majority of both, P450 monooxygen-
ase- and peroxygenase TNs fall more into the range of pharma- and fine-chemicals.
Again, however, only with peroxygenases higher TNs approaching those required for the

synthesis of bulk chemicals have been reported yet.
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Figure 1. Performance indicators for biocatalytic oxyfunctionalisation reactions. A: Solvent (water) wastes
generated with varying product concentrations; B: Influence of biocatalyst TN on its contribution to the final
product (assumptions made: Mw(Enzyme) = 50 kDa, Enzyme price: 1000 € kg, Mw(Product) = 150 g mol-
1); C and D: results of a literature analysis covering 91 peroxygenase reactions and 53 P450 monooxygen-
ase reactions.

Substrate scope/engineering and recombinant expression

Today, a variety of different P450s and variants thereof are known and available for or-

ganic chemist.?223 Currently, online databases include more than 300,000 P450 se-
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Chapter 2. Introduction

quences from all parts of the tree of life underlining the enormous diversity of P450 bio-
catalysts.?* Furthermore, enzyme engineering has proven an efficient tool to tailor P450
monooxygenases to the substrate scope-, selectivity- or stability needs of organic chem-
ists.?225 Scheme 2 gives some examples of engineered P450 BM3 to selectively hydrox-
ylate complex starting materials at user-defined positions, thereby overcoming its natural

selectivity.?®

CO,H
CO,H 2

var B4
NADPH + NADP" + s
02 Hzo
Q/ [P450 BM3| O/\ O/
NADPH + NADP™ +
or o | AZAVIRIBFILATE F87V/A328F

m/;»m m

NADPH + NADP* + A328R
0, H,O

P450 BM3

NADPH + NADF‘* + 0
H,0

KSA-2 KSA-5 WIFI-WC WWV-WQW

Scheme 2. Selected examples of tailored P450 (BM3) selectivity achieved via enzyme engineering.2® hy-
droxylation of a) ibuprofen,?” b) limonene,?2° ¢) phenylacetone,*® d) testosterone.3%%?

With peroxygenases we currently cannot access such a wealth of diversity. Though prin-
cipally thousands of putative peroxygenase genes have been identified33, only a handful
of them have so far been functionally expressed and initially characterised.® Future char-
acterisation studies will reveal whether peroxygenases are competitive in covering the

broad substrate spectrum and diverse product selectivities of P450 enzymes.
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Chapter 2. Introduction

Currently, the chemical space of selective oxyfunctionalisation accessible via P450
monooxygenases is enormous and approaches truly rational design. Compared to this,
peroxygenase-catalysis still largely relies on wild-type enzymes, limiting their synthetic
applicability.

Recombinant expression systems are crucial for both, cost-efficient production of biocat-
alysts and their engineering. Especially prokaryotic P450 monooxygenases can nowa-
days be expressed in simple bacterial expression systems such as Escherichia coli, put-
ting the basis for mutant libraries and large-scale production.>34 Comparable, robust and
simple expression systems for peroxygenases are still lacking today, which complicates
the functional expression of larger libraries.®353¢ The enzyme titres achievable for both
heme enzymes are in the range of 0.5-7.5 umol L (corresponding to approx. 25-375 mg
L1),35-37 which, compared to typical enzyme vyield achievable with recombinant E. coli
systems (often significantly above 5-10 g L!) leaves room for improvement. Nevertheless,
E. coli-based expression systems appear more favourable for enzyme production than
Pichia simply for the dramatically reduced fermentation times (2-3 days compared to ca.

2 weeks).

Cosubstrates/Coproducts

As redox reactions, oxyfunctionalisation reactions require stoichiometric cosubstrates.
P450 monooxygenases require molecular oxygen and reducing equivalents for their cat-
alytic mechanism whereas peroxygenases rely on hydrogen peroxide or organic hydrop-
eroxides (Scheme 1). Envisioning larger scale applications of either enzyme class, the
cosubstrate/coproduct selection has a significant impact on the economics and environ-

mental footprint of the process.

In case of P450 monooxygenases, glucose is a popular sacrificial electron donor because
the corresponding regeneration enzyme is very active, easy to express and recycles both
NAD and NADP cofactors.3® Issues related to this approach however are: low atom effi-

ciency as only one out of the six available carbon atoms is actually oxidised, glucose being
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Chapter 2. Introduction

edible and the high viscosity of aqueous solutions containing high concentrations of glu-
cose. Therefore, the large-scale applicability of glucose dehydrogenase is questionable.
A few other relevant cosubstrates are listed in Table 1. Overall, a broad range of practical
in situ NAD(P)H regeneration systems are available today. They enable lab-scale appli-
cations of P450 monooxygenases and industrial applications for the synthesis of fine
chemicals and active pharmaceutical intermediates but show little potential for larger scale

implementation for cost and waste reasons.

To promote peroxygenase reactions, stoichiometric supply with H202 or organic hydrop-
eroxides is needed. As H20: also inactivates the enzymes either controlled dosage or in

situ generation of H202 via Oz reduction is generally applied (Table 1).3°
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Table 1. Examples for P450 monooxygenase- and peroxygenase- in situ regeneration systems.

Coproduct®™ \/r NAD(P)H Sub-H + O
N/ ’

[Dehydrogenase| Monooxygenase
Cosubstrate¢ /\ NAD(P)* 4/\ Prod-O + H,O
Cosubstrate / coproduct Dehydrogenase Waste refs
[9 mol-inape)H]
Glucose / Gluconolactone GDHH 176 40-43
Formic acid / CO, FDHIE 44 44,45
Isopropanol / Acetone ADH® 58 46
Ha/ H* Hasel® - 4748
Coproduct™ H,0, Sub-H

Catalyst | Peroxygenase|
Cosubstrate™d O, H,O Prod-OH

Cosubstrate / coproduct Catalyst / energy source  Waste ref
[g mol? h.0.]

MeOH / CO» AlcOx, FDM, FDH, NAD, 14.7 49,50
FMN / hvia
FOx®

H2O / O2 TiO2/ hv 32 (0y) 51
-/ plasma 52
-/ 59Co or 238U >
Bi;Tes / heat >4
BiOCI / ultrasound %

e/ ‘none’ Cathode ‘none’! 56-59

Ho/ H* Haseld - 60

[a] GDH: glucose dehydrogenase, FDH: formate dehydrogenase, ADH: alcohol dehydrogenase, Hase: hy-
drogenase, AlcOx: alcohol oxidase, FDM: formaldehyde dismutase, NAD: nicotinamide adenine dinucleo-
tide; FMN: flavin mononucleotide; [b] depending on the CO: footprint of the electricity used.
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As mentioned above, large-scale applications of monooxygenases or peroxygenases
have to rely on readily available, easy to handle, cost-effective and low waste-generating
energy sources to promote the biocatalytic oxyfunctionalisation reaction. Electrochemical
regeneration using emission-free electrical power would represent an environmentally at-
tractive solution to the ‘regeneration issue’. First trials were reported in the late 1990s by
Vilkner and coworkers.®* Unfortunately, ever since then there has not been fundamental
improvements in the productivity and robustness of direct or indirect electrochemical re-
generation of P450 monooxygenases. Possibly the direct cathodic reduction of Oz (an-
other embodiment of the Oxygen Dilemma) poses too large technical hurdles to be solved
at more than a proof-of-concept level. In contrast, this direct cathodic O2 reduction to H20:2
offers, in case of peroxygenases, a promising approach for scalable and robust reaction

schemes.56:59

Hydrogen represents another promising, waste-free cosubstrate. With the advent of O:-
tolerant hydrogenases®? now also Hz-driven P450 monooxygenase*’*® and peroxygen-
ase-driven®® oxyfunctionalisation reactions are coming into reach. This approach, how-
ever, is still in its infancy and necessitates further development to be able to judge its

practicability.

Finally, water-derived reducing equivalents would be an elegant method to regenerate
P450 monooxygenases and peroxygenases. The thermodynamic and kinetic inertness of
water oxidation, however, necessitates external energy sources and catalysts. In case of
monooxygenases, natural photosynthesis appears to be the most promising route en
route to a water-driven oxyfunctionalisation chemistry.®3-6¢ The energy repertoire for in
situ H202 generation from water and O2 to drive peroxygenases is somewhat broader
ranging from visible light>%:67-¢8 via y-radiation (e.g. from nuclear waste),>3 cold plasma®?
to waste-heat.>* Also wastes such as microplastics or lignin can serve as alternative elec-
tron donors.%® Again, the early stage of development of the aforementioned approaches

makes it difficult to predict if they are applicable on large-scale.
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Conclusions and outlook

P450 monooxygenases and peroxygenases bear an enormous potential for selective
chemical oxyfunctionalisation chemistry. Both enzyme classes exhibit specific ad-

vantages and disadvantages over the other.

Practical application of peroxygenases is much simpler than that of P450 monooxygen-
ases as complex and vulnerable regeneration systems can be avoided simply by adding
H20: (or organic hydroperoxides) or utilising one of the various in situ H202 generation
systems. As a consequence, turnover numbers reachable with peroxygenase-catalysts
appear to exceed those of P450 monooxygenases, which gives the first an advantage in
terms of cost-contribution of the enzyme catalyst to the final product. Also the application
of peroxygenases in non-agueous reaction systems appears more straightforward (yet),

which is important to reduce solvent wastes and increase the productivity of the reactions.

P450 monooxygenases, on the other hand, excel in terms of recombinant expression and
ease of setting-up larger mutant libraries. As a consequence, many P450 monooxygenase
mutants with tailored selectivity are available whereas this number is much smaller in case
of peroxygenases. Overall, right now, it is not possible to define a ‘clearly more promising’

enzyme class.

UPO-catalyzed hydroxylation of ethylbenzene could only produce (R)-phenylethanol, this
was not sufficient. This motivated us to find a way to produce (R) and (S)-phenylethanol
at the same time. Chapter 3 demonstrates the details.

The reactions that can be catalysed by UPO are mainly related to the oxidation of C-H
bonds. Arnold et al. used P450 to catalyse the oxidation of Si-H motivated us to consider
whether UPO could also be applied to the oxidation of Si-H bonds, as described in Chap-
ter 4.

2.2 Vanadium-dependent haloperoxidases

Vanadium-dependent enzymes have a different active site structure as heme enzymes,

which can protect them from the oxidative inactivation by H202.7%-"> Vanadium-dependent
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haloperoxidases (VCPOs) are quite stable. It can maintain activity in organic solvents for
several weeks.”7? Its thermal stability is very high, with VCPO from Curvularia inaequalis
reaching a denaturation midpoint temperature of 90 °C. Moreover, their stability to H202

is also impressive, as they can withstand up to 0.5 M H202.7°

H
Gly—N OH
N\ O.
N\ \\\
O0—V.
Yo
- |
X-0 NH," N H20,
Lys (/ /
HN
His
2H [9)
H,O 2
Gly—N OH
X
Gly—N OH / \\ | \\O
\ o \ Y |
\\ | . \\| /O—Y\O
/O—Y\O /0 :
// |I NH3+ N
NH3* N Lys (/ /
Lys (/
/ HN
HN His
His
X-

Figure 3. Simplified halide oxidation mechanisms of haloperoxidases.’®

The catalytic mechanism of vanadate-dependent haloperoxidases (VCPO) is that the en-
zyme oxidises halogen ions (X) to their corresponding hypohalous acids in the presence
of H202, after that hypohalites usually diffuse freely into the reaction system and react with
the substrate, that means the subsequent halogenation reaction is not related to the en-
zyme (Figure 3). Therefore, the major shortcoming of using this enzyme for halogenation

is lack of regio- or regio- or stereoselectivity.
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H,0, + X —— CNCPO |—» H,0 + O

Halogenation of activated arenes Halocyclisation reactions

OH % -OH 0 X

> 0
O/ |// OH > 017/
X Z
Halohydroxylation of alkenes Oxidative decarboxylation
R" R' NH > P =N

R A y g N P * R0 or v

R X R R™ “CO,H

R' RII

Achmatowicz reaction

&/ > m
@ P
OH HO™ ©

Scheme 3. Selected reactions performed by CiVCPO."®

In recent years, a certain amount of reactions have been developed using CiVCPQO.”277-
80 However, research in this area is still in its early stages. The reported reactions are
generally limited to a low substrate loading (<5 mM). This was motivated us to develop a

approach for higher substrate loading and scale-up preparation in Chapter 5.

2.3 Enzymatic driven H202 generation system.

Peroxygenases are effective biocatalysts towards the selective oxyfunctionalisation.”:! Its
high catalytic activity and the ease-of-use are difficult to be replaced by chemical catalysts.
However, in an excess of H202, peroxygenases will be inactivated.®? The H202 system
generate a catalytically effective amount of hydrogen peroxide, this mild H202 addition
way can effectively reduce the inactivation of peroxygenase.>?°" A wide range of H202

generation systems have been set up, including biocatalysis,®*8* photochemistry,5885
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electrochemistry®486 and heterogeneous catalysis®” methods. Of these, biocatalysis offers

certain advantages with regard to environmental issues.

Table 2. Some enzymatic driven H202 generation system

H202 enzyme Substrate By-product Peroxygenase, TTN Ref
substrate

GDH glucose gluconolactone  CfCPO, TTNcrcro: 250000 88
thianosole

PpAOXx methanol formaldehyde  AaeUPO, TTNaaeuro: 100000 50
ethylbenzene

SO sulfite sulfate AaeUPO, TTNso: 77000 84
ethylbenzene TTNaaeuro: 30800

ANChOx choline chlo-  betaine AaeUPO, TTNanchox: 2100 89

ride thianosole TTNazeuro: 150000

Some typical examples are shown in Table 2, these enzymes produce more or less by-

products, which have a certain influence on the reaction system. Recently it has been

reported that formic oxidase from Aspergillus oryzae, which could oxidise formate to CO2

and H202, seems to be a very clean H202 generating system.® Our motivation was to

study the system for further development, as shown in Chapter 6.

In this thesis, four systems related to AaeUPO, CiVCPO and AoFOx have been developed

and studied. The goal was to provide more application possibilities for enzymatic selective

oxyfunctionalisation.
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Chapter 3. A peroxygenase-alcohol dehydrogenase cascade reaction to transform ethylbenzene deriva-
tives into enantioenriched phenylethanols

A Peroxygenase-Alcohol dehydrogenase cas-
cade reaction to transform ethylbenzene deriva-

tives into enantioenriched phenylethanols

In this study, we developed a new bienzymatic reaction to produce enantioenriched
phenylethanols. In a first step, the recombinant, unspecific peroxygenase from Agrocybe
aegerita (rAaeUPQO) was used to oxidise ethylbenzene and its derivatives to the
corresponding ketones (prochiral intermediates) followed by enantioselective reduction
into the desired (R)- or (S)- phenylethanols using the (R)-selective alcohol dehydrogenase
(ADH) from Lactobacillus kefir (LKADH) or the (S)-selective ADH from Rhodococcus ruber
(ADH-A). In a one-pot two-step cascade, 11 ethylbenzene derivatives were converted into
the corresponding chiral alcohols at acceptable vyields and often excellent

enantioselectivity.

This chapter is based on

Xiaomin Xu, Hugo Brasselet, Ewald Jongkind, Miguel Alcalde, Caroline E. Paul and
Frank Hollmann

ChemBioChem 2022, 23, e202200017. DOI: 10.1002/chic.202200017
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3.1 Introduction

Oxyfunctionalisation reactions (i.e. the insertion of O-atoms into C-H-, C=C-bonds) repre-
sent a central theme in organic synthesis and particularly in the manufacture of pharma-
ceutically active ingredients® and the quest for efficient (economically viable and environ-
mentally acceptable) syntheses continues. The synthesis of chiral 1-phenylethanol deriv-
atives for example has been the focus of various research groups. Chiral, a-functionalised
benzene derivatives are found in approximately 15% of the 2020 top selling small mole-
cule drugs? and various synthetic routes such as the enantioselective reduction of prochi-
ral acetophenone derivatives3# or the (dynamic) kinetic resolution of racemic 1-phenyleth-
anols®® have been established. Envisioning ethylbenzene derivatives as starting materi-
als (i.e. obtaining chiral 1-phenylethanols through selective benzylic hydroxylation), heme-
dependent enzymes appear to be the catalysts of choice.®'® One shortcoming of current
enzymatic enantioselective hydroxylation, however, is a lack of enantiocomplementary
oxygenases, often limiting access to only one enantiomer. Inspired by recent contributions
from the groups of Flitsch'! and Kroutil*> we envisioned a bienzymatic cascade to give
access to both enantiomers of 1-phenylethanol and its derivatives. Particularly, we pro-
pose to combine peroxygenase-catalysed oxyfunctionalisation yielding prochiral ketones
followed by enantioselective alcohol dehydrogenase-catalysed reduction to the corre-
sponding alcohols. In particular, we used the recombinant, evolved peroxygenase from
Agrocybe aegerita (rAaeUPQ)*3-16 for the benzylic oxidation via (R)-1-phenylethanol (de-
rivatives) to the acetophenones of interest. To catalyse the stereoselective ketoreduction
reaction we used either the (R)-selective alcohol dehydrogenase from Lactobacillus kefir
(LKADH)'’ or the (S)-selective alcohol dehydrogenase from Rhodococcus ruber (ADH-A)
(Scheme 1).1819
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la b ¢ d e f g h i ]

Scheme 1. Envisioned bienzymatic cascade to access both enantiomers of phenylethanols from non-func-
tionalised ethylbenzenes. The first step comprises a peroxygenase from Agrocybe aegerita, rAaeUPO-cat-
alysed double hydroxylation to the prochiral acetophenones followed by stereoselective reduction to (R)-
phenylethanol (catalysed by the alcohol dehydrogenase from Lactobacillus kefir, LKADH) or to the (S)-alco-
hol (catalysed by the alcohol dehydrogenase from Rhodococcus ruber, ADH-A).

3.2 Results and Discussion
3.2.1 Selection of ethylbenzene derivatives converted by rAaeUPO.

In a first set of experiments we established the ‘thorough oxidation’ of various ethylben-
zene derivatives to the corresponding acetophenone derivatives (Table 1). Expectedly,
the first oxidation step proceeded highly enantioselectively yielding the (R)-phenylethanol
derivative. Generally, the starting materials tested were smoothly converted into the cor-
responding ketone products with the exception of p-iodo- 1e and p-methoxyethylbenzene
1f (Table 1). In case of sluggish oxidation rates, increasing the rAaeUPO-concentration
resulted in complete oxidation e.g. of p-iodoethylbenzene le to the corresponding ketone
product. Unfortunately, the mass balance was generally not closed, which can be at-
tributed to either the experimental setup allowing for evaporation of the volatile reagents
or the poor solubility of several reagents that led to quantification issue (see Supporting

Information).

It should be mentioned that the reaction conditions chosen in these experiments, particu-

larly the enzyme concentration and H20:2 feeding strategy have not been optimised neither
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for space-time-yields nor for enzyme utilisation. However, already under these non-opti-
mised conditions turnover numbers for the peroxygenase up to 42,300 (corresponding to

approx.100 gproaXgraaeuro™t) have been achieved.

Table 1. Selection of ethylbenzene derivatives converted by rAaeUPO.

a4 H,0, H20, 2a-1
Starting material Starting material 1 Alcohol [mM] Ketone 2 [mM]

[mM]

la 0 0 358+15

1b 0 0 41+4.2

1c 0 0 46.4+ 2.6

1d 0.4+0.2 04+04 42.3+32.7

le 20.3+£175 0.7+0.1 18.5+10.7

lel 0 0 46.6 £ 4.5

1f 0 30.7+£4.0 11.5+£15

19 05105 0 21.8+1.9

1h 0.7+0.7 22+13 349+31

1i 76138 7103 29.8+0.9

1j 1.1+£0.2 21+05 336+1.1
Reaction conditions: [substrate 1] = 50 mM, [rAaeUPQ] = 2 uM, buffer: 50 mM KPi pH 7 containing
10% v/v acetonitrile, 25 °C, H202 dosing rate: 20 mM h1, reaction time: 6 h. Experiments were per-
formed as duplicates. @ [rAaeUPQ] = 6 uM.
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3.2.2 Enantioselective reduction of acetophenone

Next, we validated the possibility of enantioselective reduction of acetophenone with
LkADH and ADH-A (Figure 1). For reasons of simplicity, we chose for a substrate-coupled

NAD(P)H regeneration approach using isopropanol as sacrificial reductant.

———ADH |—>
TN
OH

0
P{ M LkaADH: 94% conv., >99% (R)

ADH-A: 84% conv., >99% (S)

Figure 1. Stereoselective reduction of acetophenone using two enantiocomplementary ADHs. Conditions:
[acetophenone] = 15 mM, [NAD(P)H] = 0.1 mM, 10% v/v 2-propanol, [MgClz] = 2 mM, LKADH/ADH-A: 50
ML cell free extract or 20 mg lyophilised cells, 50 mM KPi buffer pH 7, 30 °C, 600 rpm, 24 h.

Having established the individual components of the envisioned cascade, we further com-
bined both enzymatic steps in one pot. In a first try, we tested both enzymatic steps con-
currently (one-pot one-step) using ethyl benzene as starting material. At first sight, the
cascade was successful producing significant amounts of the desired phenylethanol (Ta-
ble 2). However, a closer inspection of the optical purity of the alcohol products revealed
a poor ee value of the (ADH-A-derived) (S)-phenylethanol 3a of 19% ee. We observed a
significant amount of rAaeUPO-derived (R)-phenylethanol had not been thoroughly oxi-
dised to the ketone, thereby contaminating the ADH-A-derived (S)-enantiomer product. A
plausible explanation for the decreased rAaeUPO-activity is the presence of isopropanol
in the reaction, which competes with phenylethanol for rAaeUPO-catalysed oxidation
thereby slowing down the oxidation steps of the cascade. Furthermore, the accumulating
acetone decreases the thermodynamic driving force for the ADH-catalysed reduction step.
Apparently, the oxidative and reductive partial steps are not compatible for a one-pot one-

step procedure.
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Table 2. Results from the one-pot one-step system.[@

ADHs Phenylethanol 3a [mM] ee [%]
LKADH 11.3+0.1 98 (R)
ADH-A 151+1.2 19 (S)

[a] Reaction conditions: [ethylbenzene 1a] = 50 mM, [NAD(P)H] = 0.1 mM, 10% v/v 2-proponol, [MgClz]
=2 mM, [rAaeUPQ] = 2 uM, LKADH or ADH-A = 50 pL cell-free extract, H202 dosing rate: 10 mM h!
(10 h), 50 mM KPi buffer pH 7, 30 °C, 600 rpm. Data presented are averages of triplicate experiments.

3.2.3 One-pot two-step procedure

We therefore directed our attention to a one-pot two-step procedure, in which first the
rAaeUPO-catalysed conversion of ethylbenzenes to the corresponding acetophenone de-
rivatives occurs, followed by the ADH-catalysed reduction to the chiral alcohols. Con-
cretely, in a first phase the rAaeUPO-catalysed ethylbenzene (50 mM) oxyfunctionalisa-
tion was conducted for 6 h with a H202-addition rate of 20 mMht. This was followed by
the addition of the ADH catalysts together with isopropanol (as sacrificial reductant) and
incubation overnight. A first experiment combining rAaeUPO with ADH-A (Figure 2) gave
promising results converting initial 55 mM of ethylbenzene into 1-phenylethanol (35.8 mM
final concentration).
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Figure 2. Representative time course of the bienzymatic one-pot two-step cascade converting ethylbenzene
lato (S)-phenylethanol 3a. Reaction conditions: [ethylbenzene 1a] = 50 mM, [rAaeUPO] = 2 uM, buffer: 50
mM KPi pH 7 containing 10% (v/v) of acetonitrile, 25 °C. The reaction was initiated by addition of H202 (20
mM h1), after 6 h H202 addition was stopped and the reaction mixture was supplemented with [NAD(P)H]
= 0.1 mM, [MgClz] = 2 mM, 10% v/v 2-proponol, ADH-A (100 pL cell free extract) and incubated overnight.
Experiments were performed as triplicates.

As this strategy proved to be successful, we further applied it for the conversion of the
starting materials evaluated previous (vide supra). As shown in Table 3, the majority of
ethylbenzene starting materials 1 was successfully converted into the corresponding (R)-
or (S)-phenylethanols 3 at reasonable yields and generally good optical purities (Table 3).

One notable exception was the o-methoxy derivate 1i where in both cases low alcohol
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Table 3. Results from the one-pot two-step conversion of ethylbenzene derivatives 1a—j to the corre-
sponding phenylethanols 3a—j.
0] OH
| N N N
P rAaeUPO \‘—> |// 7-\‘ > |//
1a-j R 2a+j R 3a+
2 H202 2 Hzo OH O
ADH-A LKADH
Starting material
Alcohol 3 [mM] ee [%] Alcohol 3 [mM] ee [%]
la 36.2+2.6 >99 (S) 40.1+£1.0 >99 (R)
1b 38.6+3.2 >99 (S) 36.7+3.3 >99 (R)
1c 23.9+115 98 (S) 34.0+8.5 >99 (R)
1d 36.7+£0.6 >99 (S) 38.2+0.8 >99 (R)
le® 335+6.7 >99 (S) 309+1.2 >99 (R)
1f 37.9+0.8 >99 (R) 37.6+1.17 >99 (R)
1g 24.6+4.8 >99 (S) 13.1+1.9 >99 (R)
1lh 27+13 >99 (S) 35.8+54 91(R)
1i 5.2+0.1 >99 (R) 54+0.3 >99 (R)
1j 47.7+4.9 92 (S) 51.7+0.9 >99 (R)
Reaction conditions: [substrate 1] = 50 mM, [rAaeUPO] = 2 uM, buffer: 50 mM KPi pH 7 containing
10% v/v of acetonitrile, 25 °C, H20: dosing rate: 20 mM h%, reaction time: 6 h. For the second step the
reaction mixture was complemented with [NAD(P)H] = 0.1 mM, [MgClz] = 2 mM, 10% v/v 2-propanol,
LKADH or ADH-A (100 pL cell-free extract), and incubated overnight. Experiments were performed as
triplicates. @ [rAaeUPO] = 6 uM.

concentrations of the (R)-alcohol were observed. Although a better understanding of the
issue with this substrate necessitates further experiments, it may be assumed that the
LkADH and ADH-A exhibited low to no activity towards the ketone intermediate 2i.2° We
currently cannot explain the (R) enantiomeric reduction product for the p-methoxy deriva-
tive 3f with ADH-A.
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3.2.4 E-factor analysis

Overall, we have established a bienzymatic cascade reaction to obtain both enantiomers
of a range of phenylethanol derivatives. To assess the environmental impact of the reac-
tion and to identify the bottlenecks of the current reaction system we performed an E-

factor analysis?! of the reaction (at the example of p-chloroethylbenzene 1c, Figure 3).

The wastes generated in the current setup correspond to approx. 262 kgwastexkg tproduct,
of which 99% are caused by the (co-)solvents. Non reacted starting material and ketone
intermediate contribute to less than 0.5% (E-factor contribution of 0.37 kgxkg™), and the
contribution of the catalysts (rAaeUPO, ADH-A, NAD: approx. 0.02 kgxkg™) or of the
buffer salts are negligible. Evidently a simple E-factor analysis does not give a complete
picture as it neglects the pre-history of the reagents and catalysts used as well as energy
requirements?? and therefore can only give a first indication about the real environmental
impact. Nevertheless, the dominance of (co-)solvents points out in which direction further
improvements are necessary. First, the product concentration needs to be increased dra-
matically.?® Fed-batch strategies adding the reagents over time appear particularly suita-
ble to obtain high concentrations. Possibly, this will require higher concentrations of the
cosolvent (acetonitrile or environmentally more acceptable alternatives)?* to reduce the
water consumption. In this way, the reaction system will also meet the requirements for-
mulated by Huisman and co-workers for the biocatalytic synthesis of APIs.?> Isopropanol
also contributed significantly to the E-factor (21 kgxkg™ corresponding to 8% of the overall
E-factor). Considering that the isopropanol’s main function was to shift the equilibrium of
the ADH-catalysed reduction reaction, smarter, irreversible regeneration systems for the
reduced nicotinamide cofactor?® or switching to enzyme-coupled regeneration ap-

proaches?’ appear attractive to reduce this contribution.
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Figure 3. E-Factor analysis of the bienzymatic conversion of p-chloroethylbenzene 1c to (S)-p-chloro-
phenylethanol 3c.

3.3 Conclusions

Overall, we have established a biocatalytic access to complementary chiral phenyleth-
anols from simple ethylbenzene derivatives by combining the peroxygenase-catalysed
thorough oxidation of alkyl benzenes to the corresponding ketones, followed by stereose-
lective alcohol dehydrogenase-catalysed synthesis of enantiomerically enriched alcohols.
Further steps will comprise broadening the substrate scope (e. g. to heteroaromatic start-
ing materials) and increasing the substrate loading in order to turn this approach into an
economically and ecologically interesting methodology for the synthesis of fine chemicals
and APIs.
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3.4 Experimental section
3.4.1 General information

Unless otherwise mentioned, all chemicals were purchased from Sigma-Aldrich, TCI-Eu-
rope or abcr GmbH, and used without further purification. Columns and column material

for enzyme purification were purchased from GE Healthcare.

3.4.2 Enzyme preparation

The recombinant PaDal variant of the evolved unspecific peroxygenase mutant from A.
aegerita was expressed in P. pastoris and purified by using following procedures, which

was described in the previous report.1516:20

The alcohol dehydrogenases ADH-A from Rhodococcus ruber and LKADH from Lactoba-
cillus brevis, were recombinantly produced in E. coli (see supplementary information) by
using following procedures, which was described in the previous report.?829

3.4.3 Synthesis of acetophenone derivatives

In a 20 mL glass vial the reaction mixture (6.5 mL total volume) contained 2 yM rAaeUPO,
50 mM substrate, and 10% v/v CHsCN in 50 mM KPi buffer pH 7.0. The reaction started
by addition of H202, which was supplied with a continuous flow rate of 20 mM/h and run
at room temperature (about 20 °C), 600 rpm, 6 h. A ThermoMixer C from Eppendorf was

used for the reactions at a speed of 600 rpm.

3.4.4 Acetophenone reduction by ADHs

In a 1.5 mL GC glass vial the reaction mixture (700 pL total volume) contained 2 mM
MgClz, 0.1 mM NAD(P)H, 50 pL cell-free extract or 20 mg lyophilised cells of LKADH or
ADH-A, 10% v/v 2-propanol and 15 mM acetophenone in 50 mM KPi buffer pH 7.0. The
reaction was run at 30 °C, 600 rpm, overnight. A ThermoMixer C from Eppendorf was

used to control the temperature at 30 °C and speed at 600 rpm.
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3.4.5 One-pot one-step system

In a 1.5 mL GC glass vial the reaction mixture (700 yL total volume) contained 2 uyM
rAaeUPO, 50 mM ethylbenzene, 2 mM MgClz, 0.1 mM NAD(P)H, 10% v/v 2-propanol, 50
ML of ADH-A or LKADH cell-free extract in 50 mM KPi buffer pH 7.0. The reaction was
started by addition of H202, which was supplied with a continuous flow rate 10 mM/h with
10 h, and run at 30 °C, 600 rpm, 24 h. A ThermoMixer C from Eppendorf was used to
control the temperature at 30 °C and speed at 600 rpm.

3.4.6 One-pot two-step system

In a 20 mL glass vial the reaction mixture (6.5 mL total volume) contained 2 uM rAaeUPO,
50 mM substrates, 10% v/v CH3CN in 50 mM KPi buffer pH 7.0. The reaction was started
by addition of H202, which was supplied with a continuous flow rate of 20 mM/h and run
at room temperature (about 20 °C), 600 rpm. After 6 h, 365 pL of the reaction mixture was
taken into a 1.5 mL glass vial, then 2 mM MgClz, 0.1 mM NAD(P)H, 10% v/v 2-propanol,
100 pL of ADH-A or LKADH cell-free extract was added and run at 30 °C, 600 rpm, over-
night.

Thermomixers were used for controlling temperature and shaking. For each sampling over
time, 100 pL of reaction mixture was extracted with 500 uL ethyl acetate containing 5 mM
n-octanol as internal standard. The extraction was then dried by MgSOa4 and analysed by
achiral and chiral gas chromatography. Details of gas chromatography and temperature

profiles are shown in the Supporting Information.

3.4.7 Analysis procedures
3.4.7.1 Determination of rAaeUPO activity

The volumetric activity was determined via the ABTS-assay at 25 °C. The ABTS-assay

was performed in sodium citrate buffer (50 mM, pH 4.4) containing H202 (2.0 mM), ABTS
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(0.5 mM) and a diluted enzyme solution. The oxidation of ABTS was monitored by ab-
sorption change at 420 nm (€420 = 36.0 mM cm™). Reactions were performed in tripli-

cates.

3.4.7.2 SDS-PAGE

10 pyL Protein samples were diluted with distilled water and mixed with 9.5 pL staining
agent (Laemmli Sample buffer 4x) and 0.5 uL reducing agent (DDT 20x) to a final volume
of 20 L. After heat incubation the samples, 10 yL samples were loaded onto the gel. A
precast gel was used (Criterion™ TGX Stain-Free) with 1x TGS running buffer. 10 pL of
marker solution (Precision Plus ProteinTM Unstained Standard) was applied for every run.
As running conditions, a constant voltage of 200 V and a starting current of 165 mA per

gel with a running time of 45 min were applied.

3.4.7.3 GC measurements

GC measurements were performed on a Shimadzu GC-14A/FID or Shimadzu GC-2010
plus/FID equipped with different columns (see supplementary information). The reactions
were stopped at different time points by addition of ethyl acetate containing n-octanol (5
mM) as internal standard. After extraction and centrifugation, the organic phase was dried
with magnesium sulfate and analysed via gas chromatography. All concentrations re-
ported, are based on calibration curves obtained from authentic and synthesised stand-

ards.
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Supplementary information
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Figure S1. SDS-PAGE of ADH-A and LKkADH cell free extracts used. Line 1 and 8: Marker; lines 2-4: ADH-

A at 3 dilutions; lines 5-7: LKADH at three dilutions.

Table S1. GC analytical data with achiral columns

ilent) (25 mx0.25
mmx1.2 um); carrier
gas: N2

Split 150

1-Phenylethanol
Acetophenone

20°C/min to 200°C
hold 6.0 min

25°C/min to 250°C
hold 1.0 min

Compound GC column Oven temperature | Retention time
program
Ethylbenzene CP-Wax 52 CB (Ag- 135°C hold 4 min 3.56 min ethylbenzene

7.73 min n-octanol (I1S)
9.72 min acetophenone

11.76 min 1-Phenyleth-
anol

1-Chloro-4-ethylbenzene
1-(4-Chlorophenyl)ethanol

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pum); carrier gas: N2

4'-Chloroacetophenone Split 150

165°C hold 9 min

25°C/min to 345°C
hold 1.0 min

3.74 min n-octanol (IS)

3.98 min 1-Chloro-4-
ethylbenzene

7.02 min 4'-Chloroaceto-
phenone
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7.49 min 1-(4-Chloro-
phenyl)ethanol

1-Chloro-2-ethylbenzene
1-(2-Chlorophenyl)ethanol
2’-Chloroacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

110°C hold 3 min

20°C/min to 145°C
hold 5.0 min

20°C/min to 170°C
hold 3.0 min

25°C/min to 345°C
hold 1.0 min

7.72 min 1-Chloro-2-
ethylbenzene

7.90 min n-octanol (I1S)

11.86 min 2’-Chloroace-
tophenone

12.67 min 1-(2-Chloro-
phenyl)ethanol

1-Chloro-3-ethylbenzene
1-(3-Chlorophenyl)ethanol
3’-Chloroacetophenone

CP-Wax 52 CB (Ag-
ilent) (50 mx0.53
mmx2.0 um); carrier
gas: N2

Split 150

180°C hold 12 min

25°C/min to 250°C
hold 1.0 min

1.58 min 1-Chloro-3-
ethylbenzene

1.87 min n-octanol (IS)

4.97 min 3’-Chloroaceto-
phenone

10.27 min 1-(3-Chloro-
phenyl)ethanol

1-Bromo-4-ethylbenzene
1-(4-Bromophenyl)ethanol
4'-Bromoacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

170°C hold 10 min

25°C/min to 345°C
hold 1.0 min

2.93 min 1-Bromo-4-
ethylbenzene

6.49 min n-octanol (IS)

9.90 min 4'-Bromoaceto-
phenone

14.37 min 1-(4-Bromo-
phenyl)ethanol

1-Ethyl-4-fluorobenzene
1-(4-Fluorophenyl)ethanol
4-Fluoroacetophenone

CP-Wax 52 CB (Ag-
ilent) (25 mx0.25
mmx1.2 um); carrier
gas: N2

Split 150

160°C hold 11 min

20°C/min to 220°C
hold 2.0 min

25°C/min to 250°C
hold 1.0 min

3.36 min n-octanol (IS)

4.68 min 1-Ethyl-4-fluoro-
benzene

8.49 min 4-Fluoroaceto-
phenone

9.06 min 1-(4-Fluoro-
phenyl)ethanol

1-Ethyl-4-iodobenzene
1-(4-lodophenyl)ethanol
4-lodoacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

190°C hold 15 min

25°C/min to 345°C
hold 1.0 min

2.75 min n-octanol (I1S)

4.82 min 1-Ethyl-4-iodo-
benzene

8.41 min 4-lodoaceto-
phenone

8.75 min 1-(4-lodo-
phenyl)ethanol

4-Ethylnitrobenzene
1-(4-Nitrophenyl)ethanol
4-Nitroacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

170°C hold 22 min

25°C/min to 345°C
hold 1.0 min

3.48 min n-octanol (IS)

8.50 min 4-Ethylnitroben-
zene
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13.32 min 4-Nitroaceto-
phenone

18.14 min 1-(4-Nitro-
phenyl)ethanol

4-Ethylanisole

1-(4-Methoxyphenyl)etha-
nol

4'-Methoxyacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pum); carrier gas: N2

Split 150

160°C hold 6 min

20°C/min to 205°C
hold 1.5 min

25°C/min to 345°C
hold 1.0 min

4.05 min n-octanol (IS)
4.99 min 4-Ethylanisole

8.35 min 1-(4-Methoxy-
phenyl)ethanol

9.12 min 4'-Methoxyace-
tophenone

2-Ethylanisole

1-(4-Methoxyphenyl)etha-
nol

2-Methoxyacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
um); carrier gas: Nz;

Split 150

180°C hold 10 min

25°C/min to 345°C
hold 1.0 min

3.06 min n-octanol (IS)
3.36 min 2-Ethylanisole

5.74 min 1-(2-Methoxy-
phenyl)ethanol

5.99 min 2-Methoxyace-
tophenone

Isobutylbenzene

2-Methyl-1-phenyl-1-pro-
panol

Isobutyrophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
um); carrier gas: Nz;

Split 150

100°C hold 3 min

25°C/min to 345°C
hold 1.0 min

9.38 min n-octanol (IS)

9.68 min Isobutylben-
zene

Table S2. GC analytical data with chiral columns

Compound GC column Oven temperature | Retention time
program
Ethylbenzene CP-Chirasil-Dex-CB 100°C hold 16 min | 3.49 min Ethylbenzene

1-Phenylethanol
Acetophenone

(Agilent) (25 mx0.32
mmx0.25 pm); carrier
gas: He

Split 150

20°C/min to 140°C
hold 3.0 min

25°C/min to 225°C
hold 1.0 min

10.07 min Acetophenone
14.16 min n-octanol (IS)

18.65 min (R)-1-Phe-
nylethanol
19.10 min (S)-1-Phe-
nylethanol

1-Chloro-4-ethylbenzene
1-(4-Chlorophenyl)ethanol
4'-Chloroacetophenone

CP-Chirasil-Dex-CB
(Agilent) (25 mx0.32
mmx0.25 pm); carrier
gas: He

Split 150

150°C hold 10 min

25°C/min to 225°C
hold 1.0 min

2.70 min 1-Chloro-4-
ethylbenzene

2.95 min n-octanol (I1S)

4.52 min 4'-Chloroaceto-
phenone

7.54 min (R)-1-(4-Chloro-
phenyl)ethanol
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8.08 min (S)-1-(4-Chloro-
phenyl)ethanol

1-Chloro-2-ethylbenzene
1-(2-Chlorophenyl)ethanol
2’-Chloroacetophenone

CP-Chirasil-Dex-CB
(Agilent) (25 mx0.32
mmx0.25 pm); carrier
gas: He

Split 150

150°C hold 10 min

25°C/min to 225°C
hold 1.0 min

2,73 min 1-Chloro-2-
ethylbenzene

2.96 min n-octanol (I1S)

3.76 min 2’-Chloroaceto-
phenone

6.89 min (R)-1-(2-Chloro-
phenyl)ethanol

7.73 min (S)-1-(2-Chloro-
phenyl)ethanol

1-Chloro-3-ethylbenzene
1-(3-Chlorophenyl)ethanol
3’-Chloroacetophenone

CP-Chirasil-Dex-CB
(Agilent) (25 mx0.32
mmx0.25 um); carrier
gas: He

Split 150

150°C hold 10 min

25°C/min to 225°C
hold 1.0 min

2.77 min 1-Chloro-3-
ethylbenzene

2.96 min n-octanol (I1S)

4.12 min 3’-Chloroaceto-
phenone

7.31 min (R)-1-(3-Chloro-
phenyl)ethanol

7.68 min (S)-1-(3-Chloro-
phenyl)ethanol

1-Bromo-4-ethylbenzene
1-(4-Bromophenyl)ethanol
4'-Bromoacetophenone

CP-Chirasil-Dex-CB
(Agilent) (25 mx0.32
mmx0.25 pm); carrier
gas: He

Split 150

135°C hold 8 min

25°C/min to 225°C
hold 1.0 min

2.37 min 1-Bromo-4-
ethylbenzene

3.66 min 4'-Bromoaceto-
phenone

3.92 min n-octanol (IS)
5.99 min (R)-1-(4-Bromo-
phenyl)ethanol

6.41 min (S)-1-(4-Bromo-
phenyl)ethanol

1-Ethyl-4-fluorobenzene
1-(4-Fluorophenyl)ethanol
4-Fluoroacetophenone

CP-Chirasil-Dex-CB
(Agilent) (25 mx0.32
mmx0.25 um); carrier
gas: He

Split 150

160°C hold 10 min

25°C/min to 225°C
hold 1.0 min

2.72 min n-octanol (I1S)

2.97 min 1-Ethyl-4-fluoro-
benzene

5.02 min 4-Fluoroaceto-
phenone

8.03 min (R)-1-(4-Fluoro-
phenyl)ethanol

8.48 min (S)-1-(4-Fluoro-
phenyl)ethanol

1-Ethyl-4-iodobenzene
1-(4-lodophenyl)ethanol
4-lodoacetophenone

CP-Chirasil-Dex-CB
(Agilent) (25 mx0.32
mmx0.25 um); carrier
gas: He

Split 150

175°C hold 8 min

25°C/min to 225°C
hold 1.0 min

2.31 min n-octanol (I1S)

2.89 min 1-Ethyl-4-iodo-
benzene
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5.00 min 4-lodoacetophe-
none

6.848 min (R)-1-(4-lodo-
phenyl)ethanol

7.08 min (S)-1-(4-lodo-
phenyl)ethanol

4-Ethylnitrobenzene
1-(4-Nitrophenyl)ethanol
4-Nitroacetophenone

CP-Chirasil-Dex-CB
(Agilent) (25 mx0.32
mmx0.25 um); carrier
gas: He

Split 150

180°C hold 13 min

25°C/min to 225°C
hold 1.0 min

2.31 min n-octanol (IS)

3.31 min 4-Ethylnitroben-
zene

4.97 min 4-Nitroaceto-
phenone

9.88 min (R)-1-(4-nitro-
phenyl)ethanol

10.54 min (S)-1-(4-nitro-
phenyl)ethanol

4-Ethylanisole

1-(4-Methoxyphenyl)etha-
nol

4'-Methoxyacetophenone

CP-Chirasil-Dex-CB
(Agilent) (25 mx0.32
mmx0.25 um); carrier
gas: He

Split 150

110°C hold 3 min

20°C/min to 130°C
hold 3.0 min

20°C/min to 170°C
hold 3.0 min

25°C/min to 225°C
hold 1.0 min

5.48 min 4-Ethylanisole
6.25 min n-octanol (I1S)

10.39 min 4'-Methoxy-
acetophenone

11.23 min (R)-1-(4-Meth-
oxyphenyl)ethanol

11.38 min (S)-1-(4-Meth-
oxyphenyl)ethanol

2-Ethylanisole

1-(2-Methoxyphenyl)etha-
nol

2-Methoxyacetophenone

CP-Chirasil-Dex-CB
(Agilent) (25 mx0.32
mmx0.25 um); carrier
gas: He; Split 150

110°C hold 3 min

20°C/min to 130°C
hold 3.0 min

20°C/min to 180°C
hold 5.0 min

25°C/min to 225°C
hold 1.0 min

5.22 min 2-Ethylanisole
6.57 min n-octanol (IS)

10.83 min 2-Methoxyace-
tophenone

12.95 min (R)-1-(2-Meth-
oxyphenyl)ethanol
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GC-MS chromatograms
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Figure S2. GC-MS mass spectrum 1-(4-iodophenyl)ethanol.
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Figure S3. GC-MS mass spectrum 1-(4-nitrophenyl)ethanol.
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Peroxygenase—catalysed selective oxidation of

silanes to silanols

A peroxygenase-catalysed hydroxylation of organosilanes is reported. The recombinant
peroxygenase from Agrocybe aegerita (AaeUPQO) enabled efficient conversion of a broad
range of silane starting materials in attractive productivities (up to 300 mM ht) and catalyst
usage (up to 84 s and more than 120,000 catalytic turnovers). Molecular modelling of
the enzyme-substrate interaction puts a basis for the mechanistic understanding of Aae-

UPO selectivity.

Manuscript in preparation
Xiaomin Xu, Yejia Mao, Mireia Martinez, Sergi Roda, Martin Floor, Victor Guallar,

Caroline E. Paul, Miguel Alcalde and Frank Hollmann
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4.1 Introduction

Silanols represent an important product class in organic chemistry as precursors for sili-
cones, as catalyst components or in medicinal chemistry.1? Syntheses of the state-of-the-
art typically start from already functionalised silanes such as chloro- or alkoxysilanes via
hydrolysis and producing significant amounts of salt waste-products (Scheme 1a).23 Less
waste-intensive methods involving dehydrogenative,*1? 02315 or H202'61°-dependent
oxidation of non-functionalised silanols are rare (Scheme 1b,c). Even less common are
biocatalytic methods for the conversion of silanes.?%?2 Recently, Arnold and coworkers
succeeded in evolving a cytochrome P450-BM3 variant which dramatically increased cat-

alytic activity towards a range of organosilanes (Scheme 1d).2°

a) hydrolysis of chlorosilanes

R3Si-Cl + H,0 » R;Si-OH + HC

b) dehydrogenative oxidation of silanes

R3Si-H + H,0 Cat'r » R;Si-OH +H, + SiR3.__.SiR3

0O

c) oxygen-driven oxidations

RySi-H + (H,)O, Cat}—» RsSiOH + SiRs. SRy +H,0

d) P450 moncoxygenase-catalysed oxidation of silanes

R;Si-H + NADPH + O, P450|— = R3Si-OH + H,0

Scheme 1. Synthetic routes to silanols.

Inspired by these pioneering works, we asked ourselves whether so-called unspecific per-
oxygenases (UPOs) may also be suitable catalysts for this type of transformation. Partic-

ularly, we investigated the UPO from Agrocybe aegerita (AaeUPQ)?%3-?6 as silane oxyfunc-
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tionalisation catalyst. UPOs are attractive alternatives to established P450 monooxygen-
ases as they enable drastically simplified, NAD(P)H-independent reaction schemes using

simple H20:2 as stoichiometric oxidant (Scheme 2).?’

a) P450-monooxygenase-catalysed hydroxylation

Cosubstrate \ / NADP* R3Si-OH + H,O
Regeneration x
Enzyme P450-MO
Coproduct < NADPH /\ R3Si-H + O,

b) UPO-catalysed hydroxylation

H,O R;Si-OH
H,0, /\\ R;Si-H

Scheme 2. Comparison of P450-monooxygenase-(a) and peroxygenase-(b) catalysed hydroxylation of
silanes to silanols.

4.2 Results and Discussion
4.2.1 Time course

In a first experiment, we performed the H202-dependent hydroxylation of dimethylphen-
ylsilane (1a) to the corresponding dimethylphenylsilanol (1b) catalysed by AaeUPO (Fig-
ure 1). Because of the poor water solubility of 1a, 30% (v/v) of acetonitrile was added,
which was feasible due to the extraordinary solvent tolerance of AaeUPQ.?® Using 1 uM
of AaeUPO and a H20:2 feeding rate of 10 mMxh2, full conversion of the starting material
was achieved within 5 h of reaction time, corresponding to an excellent total turnover
number and turnover frequency for AaeUPO of 40,000 and 2.2 s, respectively. No by-
product formation was observed. Control reactions in the absence of AaeUPO or using
thermally inactivated AaeUPO did not yield detectable conversion of la.
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| OH
Si— Si—
\ — AaeUPO |—~ \
+ H,0, + H,0
1a 1b

50

concentration / mM

time/h

Figure 1. AaeUPO-catalysed hydroxylation of dimethylphenylsilane (1a) to dimethylphenylsilanol (1b). Con-
ditions: [1a] = 50 mM, [AaeUPQ] = 1 uM, buffer: 50 mM KPi pH 7.0 containing 30% (v/v) of acetonitrile,
25 °C, 600 rpm, H202 feeding-rate: 10 mMxh (from a 1 M stock).

4.2.2 Substrate scope

Encouraged by the promising results obtained with dimethylphenylsilane (1a), we further
explored the scope of the AaeUPO-catalysed hydroxylation of organosilanes to several
commercially available starting materials (Figure 2). Overall, a broad range of orga-
nosilanes was converted by AaeUPO. Sterically demanding organosilanes such as 4a
and 5a turned out to be relatively poor substrates which is in line with the active site ar-
chitecture of AaeUPO.
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H (I)H
I .
Si- —rAaeUPO[—— _Si~R
"R R R,
R1 R3 2 / 1 )
H,0, H,O
(1-9)a 2 (1-9)b
(I)H
o SiHd OH
i |
o~ O
\
1b 2plal 3b
GC: > 99%! GC: > 99%[P.dl GC: 98%!°!
NMR: > 999%!c] NMR: > 999%c.dl NMR: 98%!cl
(I)H
i X
(é)'H S|’I | — (PH
| | N Si—
H \
4bl?] 5b 6b
GC: 2%!P] GC: n.c.l’! GC: n.c.lP!
NMR: 1%lc] NMR: n.c.[ NMR: n.c.[]
EH EH | §H
I\ [ . .
S _—Si___Si—
O N ) 7o\
7plel 8blel 9b
GC: 26%!P! GC: 77%!®] GC: > 99%!P!
NMR: 3%lc] NMR: 18%!c] NMR: > 99%!c!

Figure 2. Substrate scope of AaeUPO-catalysed hydroxylation of organosilanes. Yields are given as aver-
ages of duplicate runs (see the Supporting Information for further details). General conditions: [organosilane]
=50 mM, [AaeUPO] = 1 uM, buffer: 50 mM KPi pH 7.0 containing 30% (v/v) of acetonitrile, 25 °C, 600 rpm.
The reaction was initiated by adding H202 (10 mMxh? from a 1 M stock), 5 h. [a] negative controls gave
similar results to the enzymatic reactions; [b] GC-results; [c] in situ NMR-results; [d] including the (sponta-
neous dimerisation product; [e] C-H hydroxylation product detected; n.c.: no conversion detected.
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It should be noted that in case of 2a and 4a, the result of the enzymatic conversion was
almost identical to the result of the negative control (in the absence of enzyme under
otherwise identical conditions). Hence, for these two substrates no significant contribution
of AaeUPO to the conversion can be assumed. Also, 5a turned out to be a poor substrate,

in line with the sterically rather constraint active site of AaeUPO.

It is interesting to note that the chemo/regioselectivity was not perfect with all substrates.
With 2a, approx. 50% of the product formed was identified as dimer, most probably stem-
ming from a spontaneous monomer/dimer equilibrium. In case of 7a and 8a, considerable

amounts of the a- or B-hydroxylation product (C-H-bond hydroxylation) was observed.
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4.2.3 Protein Energy Landscape Exploration (PELE) simulations

0 Triethylsilane
T
@ Si(H) - ClI (O) distance

@ C(H)-CI(0O) distance
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T
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1
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1
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Catalytic H - Cl (O) distance (A)

Cyclohexyldimethylsilane

T
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o

=50

2 4 6 8 10 12 14
Catalytic H - CI (O) distance (A)

Figure 3. Selectivity results. Scatter plot of the substrate diffusion (left) and representative bound poses
(right) for triethylsilane (A; 8a), benzyldimethylsilane (B; 3a); and cyclohexyldimethylsilane (C; 7a) com-
pounds on the AaeUPQ’s active site. Plots show the catalytic distance (in A) between the reactive oxygen
in Cl and the silicon (purple) or carbon (orange) hydrogens, against the enzyme-substrate interaction en-
ergy; notice that only the shortest distance between these two atoms is shown for each PELE pose. The
vertical dashed line marks a threshold for the catalytic distance. The grey area highlights the 20% lowest
percentile regarding interaction energy. The inner histogram plot represents the number of accepted PELE
poses of the mentioned grey area in different bindings of the catalytic distances.
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To obtain further insights into the molecular basis for the selectivity of the AaeUPO-cata-
lysed silane hydroxylation, Protein Energy Landscape Exploration (PELE) simulations?®
were performed. The distance between the heme compound | (Cl) oxygen and silicon-
bound hydrogens (Figure 3 and Figure S1) were chosen as reactive coordinates. Simula-
tions indicate that steric effects in both the channel and active site explain most selectivi-
ties observed in the in enzymatic conversions. For instance, the only difference between
4a and 5a is a methyl group, an extra volume that hinders the access to the active site,
as seen in PELE simulations where no poses below 4 A were found for the bulkier sub-
strate, in contrast to the smaller one (Figure S1). In addition, notice the correlation be-
tween the low yield percentage with the very few catalytic points observed for 4a (in gen-
eral large yields correspond to a significant number of catalytic poses, Figure S2). Con-
cerning 6a, while the energy profiles indicate a less pronounced funnel shape, when com-
pared to la, we still observed a significant number of catalytic poses. The lack of activity,
however, can be explained if turning to electronic effects, rather than steric ones. The
pyridine group pKa is sensitive to the particular environment; quantum mechanical calcu-
lations predict a pKa value of 6.15£0.493 in water (¢ = 80) and 10.68+1.300 in DMSO (¢
= 48). Besides the dielectric constant reduction in proteins (¢ = 3.24+0.04),%° AaeUPOSs’
active site presents a highly charged oxygen atom from CI, resulting in 6a most likely
being protonated. Hence, the H-atom abstraction will be highly hindered by the positive
charge of the substrate, explaining why 1a reacts while 6a does not; a QM/MM H-atom
abstraction scan shows a difference of ~5 kcalxmol* between them, and a ~7 kcalxmol?

between the protonated and deprotonated species in 6a (Figure S3).

Finally, at the modelling level, two reaction coordinates were defined for substrates show-
ing additional reactivity towards carbon atoms, aiming to differentiate between carbon vs.
silicon oxidative selectivity. As it can be seen, 3a has more catalytic poses for the silicon-
bound hydrogen compared to 8a and 7a (Figure 3). Hence, higher regioselectivity for the
hydroxylation of the Si atom is expected in 3a. In contrast, both 7a and 8a seem to prefer

to bind the carbon-bound hydrogen catalytically.
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4.2.4 Reaction conditions investigation

Next, we investigated the effect of H2O2 dosage on the rate and robustness of the Aae-
UPO-catalysed hydroxylation of 1a (Figure 4). With a dose rate of up to ca. 250 mM h
the initial product formation rate increased linearly with the increasing feed rate of H20x.
The slope in this linear region was around 0.78, indicating that approx. 22% of the H20:2
supplied was not used productively for product conversion. Most likely the known catalase
activity of AaeUPQO accounts for this observation.3! The highest product formation rate
observed in these experiments was 303 mM h! corresponding to a superb catalytic per-
formance of AaeUPO of approx. 84 catalytic turnovers per second (ca. 109 U mg). Quite
expectedly, further increase of the H202 addition rate resulted in a decrease of the overall
reaction rate, which most likely can be attributed to the irreversible, oxidative inactivation

of the catalytic heme site of AaeUPO.

1
>

300

250

1
>

200

150

1
>

100

50 | 4

product formation rate [mM x h1]

I
O !‘ T T T T 1
0 200 400 600 800 1000
H,O, dose rate [mM x h-1]

Figure 4. Influence of H202 addition rate on the rate of the conversion of 1a to 1b. Conditions: [dime-
thylphenylsilane, 1a] = 50 mM, [AaeUPO] = 1 pM, buffer: 50 mM KPi pH 7 containing 30% (v/v) of acetonitrile,
25 °C, 600 rpm. The reaction was initiated by addition of H.O2 (0-1000 mM h from a 1 M stock)
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With future preparative-scale applications in mind we further investigated the influence of
starting material- and product-concentration on the activity of the biocatalyst (Figures S8
& 9). While the activity of AaeUPO was hardly influenced by concentrations of 1a up to
500 mM, there seemed to be a mild inhibitory effect of the silanol product 1b with AaeUPO
activity steadily decreasing in the presence of increasing concentrations of 1b. Moreover,
the volatility of the reagents, especially 1a, represented a challenge to achieve a closed

mass balance (Figure S4-6).

In future upscaling experiments, we will focus on the two liquid phase system approach
wherein la will be applied as second, water immiscible phase and serve as substrate
reservoir and product sink. Already a preliminary experiment using this approach gave
very promising results (Figure S7) and product concentrations (1b) of up to 121 mM, cor-

responding to more than 120,000 catalytic turnovers of AaeUPO.

4.3 Conclusions

Overall, in this study, we have demonstrated the potential of peroxygenases for the bio-
catalytic oxyfunctionalisation of organosilanes. Compared to recently reported P450
monooxygenase catalysts, AaeUPO excels not only in terms of simplicity of the reaction
(simple H20:2 addition instead of in situ NADPH regeneration and O addition) but also by
its very high catalytic activity. Substrate induced fit binding simulations provide a good
understanding of the selectivity/activity patterns, which will put the basis for tailored Aae-

UPO variants and optimised reaction schemes will enable practical synthetic schemes.

4.4 Experimental section
4.4.1 Enzyme preparation

Recombinant expression and purification of the evolved unspecific peroxygenase mutant
from A. aegerita in P. pastoris was performed following a previously described proce-

dure.?4
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4.4.2 Silanol production

In a 20 mL glass vial the reaction mixture (4 mL total volume) contained 1 uM AaeUPO,
50 mM substrate, and 30% v/v CHsCN in 50 mM KPi buffer pH 7.0. The reaction started
with the addition of H202, which was supplied with a continuous flow rate of 10 mM/h and
run at room temperature (about 20 °C), 600 rpm, 5 h. Thermomixer were used for control-
ling temperature and shaking. 100 pL of the reaction mixture was extracted with 500 pL
ethyl acetate containing 5 mM n-octanol as internal standard for each sampling over time.
The extraction was then dried by MgSO4 and analysed by achiral gas chromatography.
Details of gas chromatography and temperature profiles are shown in the supplementary

information. The error bars represent the standard deviation of duplicate experiments.

4.4.3 Two liquid phase systems

In a 4 mL glass vial, 1 mL 50 mM KPi buffer pH 7.0 contained 1 uM of AaeUPO as the
aqueous phase; In the meanwhile, 1 mL dimethylphenylsilane as the organic phase. H20:2
was added into the aqueous phase through a syringe pump with a 5 mM/h feeding rate
(from a 1 M stock); the solution was mixed at 600 rpm with a magnetic stirrer. Samples
were taken from the organic phase; 20 uyL of the samples were diluted into 180 pL ethyl
acetate containing 5 mM n-octanol as an internal standard. The extraction was then dried
by MgSO4 and analysed by achiral gas chromatography.

4.4.4 Enzyme activity assay

To evaluate the activity of AaeUPQO, the standardised assay for the AaeUPO-ABTS assay
was used. ABTS assay was performed in sodium citrate buffer (50 mM, pH 4.4) containing
H202 (2.0 mM), ABTS (0.5 mM) and a diluted enzyme solution. The oxidation of ABTS
was monitored by absorption change at 420 nm (g420 = 36.0 mM* cm?). For inhibition of
testing, the enzyme was incubated with different inhibitor concentrations before being

tested. Reactions were performed in triplicates.
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4.4.5 GC measurement

GC measurements were performed on a Shimadzu GC-14A/FID or Shimadzu GC-2010
plus/FID equipped with different columns. The reactions were stopped at different time
points by adding ethyl acetate containing n-octanol (5 mM) as internal standard. After
extraction and centrifugation, the organic phase was dried with magnesium sulfate and
analysed via gas chromatography. All concentrations reported are based on calibration
curves obtained from authentic and synthesised standards

4.4.6 NMR spectra

'H NMR spectra were recorded on a Varian 400 (400 MHz) spectrometer in CDCls or 10%
D20. Chemical shifts (ppm), multiplicity (brs= broad singlet, s = singlet, d = doublet, t =

triplet, g = quartet, m = multiplet), coupling constant (Hz), integration are given.

4.4.7 Protein preparation for in silico analysis.

The apo AaeUPO structure (PDB ID: 50XU) was prepared and protonated at pH 7.0, the
pH at which the experimental assays were performed, using the Protein Preparation Wiz-
ard.® In all cases, structural water molecules were included in the models. The heme
group was modelled as the two-electron-oxidised compound C-I. A docking with Glide®3
was performed in order to place the ligands in the vicinity of the heme group for the PELE
simulations. Substrates were built with the 2D Sketcher of the Schrddinger Suite and later

on minimised.

4.4.8 Protein Energy Landscape Exploration (PELE) simulations

PELE was used to analyse the substrate specificity of AaeUPO. PELE is a Monte Carlo
(MC)-based algorithm coupled with protein structure prediction methods.3*3° The software
begins with the heuristic sampling of the different microstates of the ligand (by applying

small rotations and translations to it). The flexibility of the protein was also considered by
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applying normal modes through the anisotropic network model (ANM) approach. After
perturbing the whole system, side chains of the residues close to the ligand were sampled
to avoid steric clashes. Finally, a truncated Newton minimisation with the OPLS2005 force
field was performed® and the new microstate was accepted or rejected based on the
Metropolis criterion. The Variable Dielectric Generalised Born Non-Polar (VDGBNP) im-

plicit solvent model®” was used to mimic the effect of water molecules around the protein.

4.4.9 QM and QM/MM calculations

All guantum mechanical calculations were performed using the Schrédinger Suite (Jaguar
for QM and QSite for QM/MM).37:38 In both cases, the calculations are at the DFT/B3LYP
level of theory. The QM/MM scan calculation used the 6-31G** basis set, except for the
Fe atom in the heme group where the LACVP* basis set was used. On the other hand,
the pKa prediction used the 6-31G* basis set for the geometry optimisation of the proto-
nated and deprotonated states and the cc-pVTZ(+) basis set for accurate single-point en-

ergies of the optimised geometries.
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Figure S1. Substrate diffusion and binding of the different silanes on rAaeUPO’s active site. Plots of dis-
tances between the reactive oxygen in Cl and the silicon hydrogen of the different substrates versus the
corresponding interaction energies are shown (as density and energetic representations). Also, the poses
of the substrates’ lowest interaction energies (with the heme iron and oxo represented as sticks and the
substrate as CPK filing) are shown on the right panels, together with the Cl oxygen - silicon hydrogen dis-
tance (in A).
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Figure S2. Linear regression plot between NMR’s experimental yield and the relative abundance of catalytic
poses (in the 20% lowest percentile regarding the interaction energy) of all the substrates (1a — 9a). This
relative abundance refers to the number of accepted PELE steps in a catalytic position (under 4A and 20%
best interaction energy) divided by the total number of accepted PELE steps. The coefficient of determina-
tion (R?) is displayed in the graph.
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Figure S3. QM/MM H-atom abstraction scan results. Plot representing the scan iteration versus the
AQM/MM energy (QM/MM energyiteration n - QM/MM energyiteration 0) (left). Pose of the final step in the H-atom
abstraction scan calculation in the tested substrates (right).
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Figure S4. Volatility test of blue: dimethylphenylsilane (1a) and red: dimethylphenylsilanol (1b). Conditions:
[1a] = 50 mM, [1b] = 50 mM, buffer: 50 mM KPi pH 7 containing 30% (v/v) of acetonitrile, 25 °C, 600 rpm,
H20: feeding-rate: 10 mMxh! (from a 1 M stock).
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Figure S5. Volatility test of blue: dimethylphenylsilane (1a) and red: dimethylphenylsilanol (1b). Conditions:
[1a] = 50 mM, [1b] = 50 mM, buffer: 50 mM KPi pH 7 containing 50% (v/v) of acetonitrile, 25 °C, 600 rpm,
H20: feeding-rate: 10 mMxh! (from a 1 M stock).
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Figure S6. Volatility test of blue: dimethylphenylsilane (1a) and red: dimethylphenylsilanol (1b). Conditions:
[1a] = 50 mM, [1b] = 50 mM, buffer: 50 mM KPi pH 7 containing 80% (v/v) of acetonitrile, 25 °C, 600 rpm,
H20: feeding-rate: 10 mMxh (from a 1 M stock).
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Figure S7. Time course of the AaeUPO-catalysed hydroxylation of 1a in a 2LPS approach. Red: dime-
thylphenylsilanol (1b).
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Figure S8. Influence of dimethylphenylsilane on the activity of AaeUPO. ABTS assay conditions:
[ABTS]=0.5 mM, [H202]=2.0 mM, 50 mM sodium citrate buffer (pH 4.4). The reaction was started with the
addition of 1 yM AaeUPO that was pre-incubated for 5 min with different amounts of dimethylphenylsilane.
The error bars represent the standard deviation of triplicate experiments.
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Figure S9. Influence of dimethylphenylsilanol on the activity of AaeUPO. ABTS assay conditions:
[ABTS]=0.5 mM, [H202]=2.0 mM, 50 mM sodium citrate buffer (pH 4.4). The reaction was started with the
addition of 1 uM AaeUPO that was pre-incubated for 5 min with different amounts of dimethylphenylsilane.
The error bars represent the standard deviation of triplicate experiments.
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Towards preparative chemoenzymatic production

of 3-cyanopropanoic acid from glutamate

The chemoenzymatic oxidative decarboxylation of glutamic acid to the corresponding
nitrile using the vanadium chloroperoxidase from Curvularia inaequalis (CiVCPO) as
HOBr generation catalysts has been investigated. Product inhibition was identified as a
major limitation. Nevertheless, 1,630,000 turnovers and a kcat of 75 s were achieved
using 100 mM glutamate. The semi-preparative enzymatic oxidative decarboxylation of
glutamate was also demonstrated.

This chapter is based on
Xiaomin Xu, Andrada But, Ron Wever and Frank Hollmann

ChemCatChem., 2020, 12, 2180-2183. DOI: 10.1002/cctc.201902194
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5.1 Introduction

The production of biobased chemicals requires the removal of (oxygen) functionalities
from biomass-derived compounds.'~® This is also the case of the oxidative decarboxyla-
tion of amino acids in the production of biobased nitriles. The oxidative decarboxylation of
glutamic acid (Glu) — the most abundant amino acid in biomass’ — generates the corre-
sponding nitrile, 3-cyanopropanoic acid (CPA). CPA is a potential starting material for a

range of products such as acrylonitrile, succinonitrile or pharmaceuticals.

The oxidative decarboxylation of amino acids can be mediated by hypobromite (HOBr). In
order to minimise undesired oxidative side reactions, using HOBr in low concentrations is
advisable. For this, next to some chemocatalytic,® or electrochemical methods® also an

enzymatic approach has been developed (Scheme 1).10:11

O O

o
HOWOH —— CVCPO/Br f—~ Ho)K/\\\
NH; N

H,O 2H,0 . .
Glutamic acid 2-2 +020 3-cyano propanoic acid
(Glu) 2 (CPA)

Scheme 1. Oxidative decarboxylation of glutamic acid yielding 3-cyanopropanoic acid using the vanadium-
dependent chloroperoxidase from Curvularia inaequalis (CiVCPO) and catalytic amounts of bromide.

High selectivity (>99%) and full conversion of glutamic acid into 3-cyanopropanoic acid
were observed for the enzymatic procedure,®*! the substrate loadings, however, were as
low as 5 mM, which is neither economically feasible nor environmentally acceptable.*?
Increasing the substrate concentration is an important task to demonstrate that highly se-

lective catalysts like enzymes can be used at a preparative scale.*®

The aim of this research was to scale up the conversion of glutamic acid into 3-cyanopro-
panoic acid by increasing the substrate loadings. The highly active and robust enzyme
vanadium chloroperoxidase from Curvularia inaequalis (CiVCPO),#1%> was used in this

endeavour.
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5.2 Results and Discussion
5.2.1 First set reactions

As a starting point, we increased the initial L-glutamic acid concentration five-fold higher
than in previous experiments,®!! H.0O2 was added over time to the reaction mixture using
a syringe pump. Pleasingly, we observed full conversion of the starting material into the
desired CPA within approximately 5 h of reaction time (Figure 1).

concentration / mM

time/h

Figure 1. The conversion of glutamic acid (Ml ) into 3-cyanopropanoic acid (4 ), mole balance (X). Reaction
conditions: [glutamic acid] = 25 mM, [NaBr] = 0.5 mM, [CiVCPQ] = 55 nM, H20.-dosage: 12 mMxh-! (from
a 0.5 M stock solution, considering the final volume), 20 mM sodium citrate buffer (pH 5.6), room tempera-
ture (22 °C). The error bars represent the range of minimum duplicate experiments.

It should be noted that adding stoichiometric amounts of H202 from the beginning of the
reaction had a rather detrimental effect on the product formation.%'! Under otherwise
identical conditions, only half of the product was formed (Figure S1). In contrast to heme-
dependent haloperoxidases, this phenomenon is not due to an inactivation of the biocat-
alyst but rather the result of an undesired reaction of H202 with HOBr yielding singlet
oxygen (*O2, vide infra).1® The biocatalyst performed 450,000 catalytic cycles correspond-
ing to an average turnover frequency over 5 h of 25 s'1. Even though these numbers are
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convincing, they still somewhat fall back behind the catalytic potential of CiVCPO.1* We
therefore systematically investigated several reaction parameters influencing the overall

rate of the oxidative decarboxylation reaction.

5.2.2 H202 dosage rate

First, we varied the addition rate of H202 (Figure 2a) and observed a linear correlation
between H202 dosage rate and overall product accumulation rate up to a H202 dose rate
of 40 mMxh-1. Higher dosing rates did not significantly increase the overall productivity.
Consequently, the H20: yield decreased from 95% at 12 mMxht to 34% at 12 mMxht
(Figure 2b).
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Figure 2. a) The correlation between the addition rate of H202 and the formation rate of the product (CPA).
Reaction conditions: [glutamic acid] = 25 mM, [NaBr] = 0.5 mM, [CiVCPO] = 55 nM, H202-dosage: from a
0.5 M stock solution (¢) and from a 1 M stock solution (), 20 mM sodium citrate buffer (pH 5.6), room
temperature (22 °C). b) The yield in H202 as a function of the addition rate of H20..

The decrease H20:2 yield with increase in H202 addition rate we attribute to the above-
mentioned undesired side reaction (Equation 1).17

H,0, + OBr ——spontaneous — Br + H,0 + 102

Equation 1. The formation of singlet oxygen by the spontaneous reaction between H202 and OBr.

In fact at a H202 addition rate of 100 mM, this reaction was so dominant that bubble for-
mation was observed in the reaction vessel. Therefore, we limited the H202 addition rate
to 39 mM h? for further experiments. Under these conditions, an average TF(CiVCPO) of

more than 63 s was calculated.
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5.2.3 concentration of the co-catalyst Br-

Next, we varied the concentration of the Br- co-catalyst (Figure 3). Interestingly, it turned
out that the initially chosen 0.5 mM was already the optimal value as previously reported.*°
Lower concentrations resulted in reduced product formation rates while higher Br- con-

centration seemingly did not influence the reaction rate.

12

d[CPA)/dt mM h-
N (0] (00} 5

N
I

0 | .

0 50 100 500 1000
[NaBr] / uM

Figure 3. The influence of the concentration of NaBr on the overall CPA formation rate. Reaction conditions:
[glutamic acid] = 25 mM, [CiVCPQ] = 55 nM, H20-dosage: 39 mMxh from a 1 M stock solution, 20 mM
sodium citrate buffer (pH 5.6), room temperature (22 °C).

5.2.4 Substrate loading

Next, the concentration of the glutamate in the reaction mixture was further raised to 100
mM. For reasons of solubility, we used sodium glutamate instead of glutamic acid (ensur-
ing the pH of the final reaction mixture was 5.6 as in previous experiments). This switch
had no significant influence on the rate of the reaction (Figure S2). Increasing the gluta-
mate concentration to 100 mM gave excellent conversion rates and almost complete con-

version (96%) of the starting material into the desired product (Figure 4).
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100

75

50

cocentration / mM
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time/h

Figure 4. Scale up of the oxidative decarboxylation of sodium glutamate ( )llb CPA ( ). @odium glutamate]
=100 mM, [NaBr] = 5 mM, [CiVCPQ] = 55 nM, H202-dosage: 39 mMxh from a 1 M stock solution, 20 mM
sodium citrate buffer (pH 5.6), room temperature (22 °C). The error bars represent the range of duplicate
experiments.

In these experiments, CiVCPO performed excellent 1,630,000 turnovers at an average
TF of 75 s1. Noteworthy, the H202 yield was also on average 80%. The latter observation
may be attributed to an increased rate of the (desired) reaction between OBr and gluta-
mate over the (undesired) reaction with H202. Further increase of the glutamate concen-
tration, however, did not lead to the anticipated improvements (Figure S3). On the con-
trary, lower amounts of product (after prolonged reaction times) were obtained compared
to the amounts shown in Figure 4. For example, using 500 mM glutamate resulted in only
31 mM of CPA after 24 h reaction.

5.2.5 Substrate/Product inhibition

We suspected substrate inhibition to account for this and therefore determined the
CiVCPO activity in the presence of different concentrations of glutamate (Figure 5). To

our surprise, increasing glutamate concentrations showed limited influence on the activity
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of CiVCPO,; even in the presence of 500 mM glutamate, its activity in the MCD assay was

reduced by only 23%.

Next, the possibility of CiVCPO inhibition by the product, 3-cyanopropanoic acid, was in-
vestigated (Figure 6). With increasing CPA concentration, the observed activity of
CiVCPO decreased. In the presence of 75 mM CPA, the enzyme activity was reduced by
50%, whereas in the presence of 200 mM, the enzyme lost almost entirely its activity in
the MCD assay. It can be concluded that CPA, the product of oxidative decarboxylation,
significantly inhibits CiVCPO. Possibly, CPA coordinates to the prosthetic vanadate,
thereby preventing the coordination of H20:2 to initiate the catalytic cycle but further studies

will be necessary to fully elucidate the inhibitory mechanism.
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Figure 5. Influence of sodium glutamate (NaGlu) on the activity of CiVCPO. Assay conditions: [MCD]= 50
UM, [H202]= 1 mM, [NaBr]= 0.5 mM, [NasVOas]= 100 uM, 50 mM sodium citrate buffer (pH 5), T= 25 °C, 290
nm. The reaction was started with the addition of 0.8 nM CiVCPO that was pre-incubated for 5 min with
different amounts of NaGlu. The error bars represent the standard deviation of triplicate experiments.
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Figure 6. Inhibition of CiVCPO by 3-cyanopropanoic acid (CPA). Assay conditions: [MCD]= 50 uM, [H20:2]=
1 mM, [NaBr]= 0.5 mM, [NasVOa4]= 100 pM, 50 mM sodium citrate buffer (pH 5), T= 25 °C, 290 nm. The
reaction was started with the addition of 0.8 nM CiVCPO that was pre-incubated for 5 min with different
amounts of CPA. The error bars represent the standard deviation of triplicate experiments.

5.2.6 Semi-preparative reaction

Lastly, the oxidative decarboxylation of Glu by CiVCPO was performed at a semi-prepar-
ative scale. From a 200 mL reaction scale (100 mM Glu), 0.827 g CPA (42% isolated yield,
96% pure) was obtained after 5 h reaction with 100 nM CiVCPO. CPA was isolated by
extraction in organic solvents, however, the extraction efficiency was low (see Experi-
mental section). Based on the isolated yield, 420,000 turnovers were performed which is
less than in the small scale (Figure 4), however, CPA remained in the aqueous phase
even after the second extraction. The isolated yield is in agreement with previously re-
ported chemical reaction with NaOCI/NaBr (43%),*® but higher selectivity towards the ni-
trile was obtained by using CiVCPO. Derivatisation to the corresponding ester or amide
would certainly increase the efficiency of the extraction as demonstrated previously.!®
Also, continuous liquid-liquid extraction appears to be a promising method to increase the

isolated yield. It is worth mentioning that the semi-preparative reaction was performed
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without additional buffer (therefore less waste), and instead of the substrate, sodium glu-

tamate was used as a buffer (where the pH was adjusted to pH 5.6 with H2SO4).

5.3 Conclusions

In conclusion, we demonstrate that the chemoenzymatic oxidative decarboxylation of glu-
tamate is indeed a possible alternative to the established chemical and the new catalytic
methods. The product inhibition and the isolation of the product are currently the main
bottlenecks of this reaction which could be solved by selective in situ solid-phase extrac-
tion or by using a packed bed reactor with immobilised VCPO. Product isolation could be
circumvented by direct conversion of CPA to a more hydrophobic product. Furthermore,
this preparative scale opens the route towards the oxidative decarboxylation of other

amino acids with different side chain functionalities and their corresponding nitriles.

5.4 Experimental section
5.4.1 Chemicals

L-glutamic acid (99.5% pure), sodium L-glutamate monohydrate (99% pure), NaBr (99.0%
pure), H202 (50%, wt-%), citric acid, NasVOa (99.0% pure), MCD (monochlorodimedone),
HCIO4 (70% pure) and H2S04 (95-97% pure) were purchased from Sigma-Aldrich, 3-cy-
anopropanoic acid (95% pure) was provided by Interchim Uptima.

5.4.2 Enzyme preparation

Vanadium chloroperoxidase from Curvularia inaequalis (CiVCPQO) was obtained from het-
erologous expression in recombinant Escherichia coli and purified by heat treatment (see
below).

CiVCPO production. CiVCPO was obtained from heterologous expression in recombi-
nant E. coli following a modified procedure.-6 Two 50 mL pre-precultures of LB medium
containing 100 ug/mL of ampicillin were inoculated with 5 yL E. coli TOP10 pBADgIIIB
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VCPO glycerol stock.'® and incubated overnight at 37 °C and 180 rpm. Further, two
precultures of 200 mL and 500 mL were inoculated with pre-preculture. The overexpres-
sion was carried out in a 15 L stirred tank fermenter. 13 L of TB medium containing 100
pg/mL of ampicillin was inoculated with 200 mL of pre-culture (ODeoo = 4.08) to an OD of
approx. 0.05 and incubated at 37 °C and 180 rpm. At ODeoo = 1.0 (approx. 3 h), 15 mL
20% L-arabinose was added to reach a final inducer concentration of 0.02%. After induc-
tion, the culture was incubated for an additional 24 h at 25 °C and 180 rpm. The wet
bacterial pellets obtained after centrifugation were washed with 50 mM Tris/H2SO4 buffer
pH 8.2 and stored at -20 °C until processed as described below.

CiVCPO purification. About 30 g of wet cells were thawed on a hot water bath and re-
suspended in 50 mM Tris/H2S0O4 buffer pH 8.2 (0.5 g cells per mL). A spatula tip of DNase
was added to the re-suspended cells, which were disrupted by sonication. The obtained
suspension was centrifuged (10,000 rpm, 20 min), and the supernatant was incubated for
2x20 min at 70 °C (20 min were counted after the solution reached 70 °C). Each heat
treatment was followed by centrifugation (10,000 rpm, 20 min) to remove the denatured
proteins. The supernatant was concentrated and desalted by exchanging the buffer 4
times with Tris/H2S0Oa4 buffer (50 mM, pH 8.2 + 100 uM NasVOa) using Amicon membrane
filters (30 kDa cut-off). The concentrated enzyme solution was stored at -20 °C in small
aliquots (0.5 mL) until further use. The purity of the preparation was determined by SDS-
PAGE comparing the band intensities by Image Lab™ software (version 6.0.1). The stock
enzyme solution (approx. 10 mL) had a specific activity (based on monochlorodimedone
assay) of 177 U/mg protein, a protein concentration of 2.85 mg/mL of which 78% CiVCPO
and a CiVCPO concentration of 33 yM.

5.4.3 Enzymatic reaction conditions

In a 4 mL glass vial, a solution (2 mL starting volume) containing 0.5 mM NaBr, 55 nM
CiVCPO, different concentrations of glutamic acid or sodium glutamate monohydrate in
20 mM sodium citrate buffer (pH 5.6) was prepared. The reaction was started by the ad-
dition of H202, which was added with a continuous flow rate (see captions of figures) at

room temperature (about 22 °C). The reaction was quenched by adding Na2S20s. For
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each time point, a separate reaction vial was prepared. The conversion of Glu and the

formation of CPA were analysed by two different HPLC methods (see below).

5.4.4 Enzyme activity assay

To assess CiVCPO activity, a standardised assay reported previously was used.?° In
short: in a disposable UV plastic cuvette a solution (1 mL) containing 50 yM monochloro-
dimedone (MCD), 1 mM H202, 0.5 mM NaBr, 100 yM NazVO4 in 50 mM sodium citrate
(pH 5.6) was prepared. The absorbance of MCD solution was followed at 290 nm, 25 °C.
The reaction was started with the addition of CiVCPO. The enzyme activity was calculated
using a molar extinction coefficient for MCD of 20 mM* cm*. For the inhibition tests, the
enzyme was incubated before the assay with different concentrations of inhibitor, for 5

min, at room temperature.

5.4.5 Semi-preparative reaction conditions

In a 500 mL round-bottom flask, an aqueous solution (200 mL deionised water) containing
100 mM monosodium glutamate monohydrate (3.78 g, 20 mmol) and 0.5 mM NaBr, was
adjusted at pH 5.6 with a 2 M H2S0O4 solution. Next, 100 nM CiVCPO was added, and the
reaction was started by the addition of H202 50 mM/h (10 mL of 1 M stock/h) by a syringe
pump at room temperature (about 22 °C). After 5 h, the product was isolated by extraction

in ethyl acetate and diethyl ether.

5.4.6 Product extraction from the semi-preparative reaction

The reaction mixture was acidified with H2SO4 at pH 3, saturated with NaCl and extracted
with ethyl acetate (2x100 mL). The collected organic layers were dried over MgSO4, and
the solvent was evaporated. The *H NMR showed 3-cyanopropanoic acid as the main
product (612 mg, 31% isolated yield, 96% purity). The 'H NMR (water suppression) of the
agueous phase revealed the presence of unextracted nitrile. To increase the yield, an-

other extraction was performed. For this, the aqueous phase was further acidified to pH 1
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with H2SOa4, extracted with diethyl ether (3x70 mL), dried over MgSOQOs, and the solvent
was evaporated and analysed by NMR. An additional 215 mg of 3-cyanopropanoic acid
was isolated (97% pure based on NMR). Overall, 827 mg off-white oily solid (96-97% 3-
cyanopropanoic acid, 42% isolated yield) was obtained.

5.4.7 Analysis

HPLC. Glutamic acid samples were analysed after appropriate dilution (0.05-5 mM range)
in MQ water by a HPLC (Shimadzu) comprising LC-20AD pump, SIL-20AC HT au-
tosampler, SPD-10A VP UV/Vis detector, and a CTO-20AC temperature-control unit. The
column used was a Crownpak CR(+)/CR(-) column (150%x4.0 mm, Chiral Technologies)
with HCIO4 (pH 1.5, 10 °C, 0.5 mL/min, 210 nm). Retention time glutamic acid 13.1 min.

3-cyanopropanoic acid samples were analysed after appropriate dilution (0.1-100 mM
range) in MQ water by a HPLC (Shimadzu) comprising of an LC-20AT pump, SIL-20A HT
autosampler, RID 10A detector and a CTO-20A temperature-control unit. Detection was
achieved by a refractive index detector set at 40 °C. The column used was an organic
acid column CARBOSep CoreGel 87H3 (7.8x300 mm, Transgenomic) with H2SO4 (10

mM, 60 °C, 0.75 mL/min). Retention time 3-cyanopropanoic acid 14.1 min.

The yield in H202 (%) was calculated with the following formula: yield = [CPA]t=x / ([H202]t=x
/ 2)x100, where [CPA]i=x is the concentration of CPA at time x and [H202]i=x is the concen-

tration of H202 added up to time x.

NMR. NMR spectra were recorded using an Agilent 400 MHz (*H, 9.4 Tesla) spectrometer
operating at 399.67 MHz for 'H at 298 K. Water suppression was performed by using a
PRESAT pulse sequence. 3-cyanopropanoic acid: *H NMR (400 MHz, D20): § = 2.81-
2.78 (t, 2H), 6 = 2.76-2.74 (t, 2H); 13C NMR (400 MHz, D20): 6 = 174.9, 120.7, 29.3, 12.4.
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Figure S1. The conversion of 5 mM glutamic acid into CPA by continuous addition of H202 (4 ) and by
addition of H20: all (12 mM) at the beginning of the reaction (M ). Reaction conditions: [glutamic acid] = 5
mM, [NaBr] = 0.5 mM, [CiVCPO] = 55 nM, H202-dosage: 12 mMxh? (from a 0.5 M stock solution), 20 mM
sodium citrate buffer (pH 5.6), room temperature (22 °C). The error bars represent the range of duplicate
experiments.
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Figure S2. The conversion of 25 mM glutamic acid (¢ ) and sodium glutamate @) into 3-cyanopropanoic
acid. Reaction conditions: [glutamic acid/sodium glutamate] = 5 mM, [NaBr] = 0.5 mM, [CiVCPO] = 55 nM,
H>0>-dosage: 39 mMxht (from a 1 M stock solution), 20 mM sodium citrate buffer (pH 5.6), room tempera-
ture (22 °C). The error bars represent the standard deviation of triplicate experiments.
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Figure S3. The conversion of sodium glutamate (different concentrations) into 3-cyanopropanoic acid. Re-
action conditions: [NaBr] = 0.5 mM, [CiVCPO] = 55 nM, H202-dosage: 39 mMxh-! (from a 1 M stock solution),
20 mM sodium citrate buffer (pH 5.6), room temperature (22 °C).
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Figure S4. *H NMR of isolated 3-cyanopropanoic acid.
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Figure S5. 3C NMR of isolated 3-cyanopropanoic acid.
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Peroxygenase-catalysed enantioselective hy-
droxylation of ethylbenzene derivatives driven by

formate oxidase

The innovative formic acid oxidase from Aspergillus oryzae (AoFOX) is an attractive cata-
lyst for the generation of H202 with the oxidation of formic acid to COz. In this study, the
AoFOx was used to drive the rAaeUPO-catalysed hydroxylation of ethylbenzene deriva-
tives. The combined enzyme system demonstrated a promising catalytic performance, a
turnover number of 115,000 for both AoFOx and rAaeUPO was obtained. However, the
investigation of factors such as formate and enzyme spiking, pH, oxidase concentration,
co-solvent, O2 supply and production inhibition did not solve the premature ending of the
reaction. In our opinion, the nature of the electronic donor for AoFOXx could be the break-

through.

Manuscript in preparation

Xiaomin Xu, Caroline Paul, Frank Hollmann
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6.1 Introduction

Chirality is very important for the targeted efficiency of many drugs.! Biocatalysts are in-
creasingly applied to the manufacture of chiral intermediates as enzyme-catalysed reac-
tions are selective and usually carried out under mild conditions,>* which avoid the an-
noying problems of racemization, isomerization and compound rearrangement under ex-

treme reaction conditions.®

Unspecific peroxygenases from Agrocybe aegerita (rAaeUPQO) can catalyse the enanti-
oselective hydroxylation of ethylbenzene into (R)-1-phenylethanol. As a heme-dependent
enzyme, one of the main limitations of UPOs is a lack of resistance to H202. In order to
make such H202-sensitive enzymes practical, biochemists are continuously trying to find
a proper H20:2 generation system.® Formic acid oxidase from Aspergillus oryzae can oxi-
dise formic acid to H202 and CO: without any byproducts,’ representing a cleaning and
promising H202 generation method. The aim of this study was to convert ethylbenzene
derivatives to the corresponding (R)-1-phenylethanol derivatives using the AoFOx-UPO

combinatorial system and to investigate its reaction limitations.

6.2 Results and Discussion
6.2.1 Substrate scope

We first evaluated the substrate scope of rAaeUPO fuelled by AoFOx (Table 1). Pleas-
ingly, nearly all of the ethylbenzene derivatives 1-15a tested could be converted to the
corresponding alcohols 1-15b under the combination of AoFOx and rAaeUPO, with the
exception of the tert-butyl substituted substrate 14a. Moreover, according to previous re-
ports,’”~° while rAaeUPO converts ethylbenzene to (R)-1-phenylethanol, it also over-oxi-
dises (R)-1-phenylethanol into the corresponding ketone. Thus, a proportion of acetophe-
none derivatives 1-15c were also produced in this series of substrate range reactions
(Table 1).
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Table 1. Substrate scope of the enantioselective hydroxylation of ethylbenzene derivatives with AoFOx
and rAaeUPO.H
(_)H
N Ry —rAaeUPO — Rz —over-oxidation—> O)J\ﬁ
| v R4R3 / N | [ = R
Ry 1152  H202 H20 Ry q.45p Ri 145c¢
HCO,H 7 AoFOx CO,
O,

Substrate a Alcohol® [mM] b ee [%] Ketone [mM] ¢ TON
©/\ la 18.3 99 14 21,200
/©/\ 2a 8.6 99 4.6 17,800

cl

CI\©/\ 3a 10.2 99 4.2 18,560
@f\ 4a 7.2 99 5.1 17,440

cl
/©/\ 5a 4.3 99 25 9,190

Br

Br\@/\ 6a 7.1 99 4.1 15,240
©\/\ 7a 6.0 99 3.1 12,060

Br
J@A 8a 1.7 99 8.4 18,500

|
/©/\ 9a 14.0 99 23 18,580

F

10a 15.1 99 1.6 18,290
o
1lla 0.6 99 14 3,310
O/
/©/\ 12a 12.4 99 2.6 17,510
O,N
©\/\ 13a 6.4 96 1.7 98,00
NO,
m l4a 0 - 0 0
15a 1.2 n.dd 0.9 3,000
[a] Reaction conditions: [substrate] = 50 mM, [rAaeUPO] = 1 uM, [AoFOx] = 1 uM, [formate] = 250 mM,
[ACN] = 10% v/v, 100 mM KPi buffer (pH 6.0), 25 °C, 600 rpm, 24 h. [b] The concentrations of 6-8a,10-
12a alcohol products were calculated using the calibration curves of the corresponding ketone. [c] TON
= [product])/[enzyme]. [d] n.d = not determined. Data presented are an average of triplicates.
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The AoFOx-UPO combinatorial system showed promising catalytic performance. Encour-
aged by the above results, a series of experiments were conceived to further understand

this system and increase turnover numbers.

6.2.2 Exploring factors influencing the overall reaction

We selected p-chloroethylbenzene as a model substrate for further investigation of the
AoFOx-UPO combinatorial system. As shown in Figure 1, 21 mM of p-chlorophenyleth-
anol and 47 mM of p-chloroacetophenone with a turnover number of 115,000 for both
AoFOx and rAaeUPO has been obtained.
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Figure 1. Time course of p-chloroethylbenzene hydroxylation. red: p-chloroethylbenzene, blue: p-chloro-
phenylethanol, grey: p-chloroacetophenone. Reaction conditions: [p-chloroethylbenzene] = 100 mM, [for-
mate] = 250 mM, [rAaeUPO] = 1 uM, [AoFOx] = 1 uM, 100 mM KPi buffer (pH 6.0), 25 °C, 600 rpm, 144 h.
The error bars represent the standard deviation of duplicate experiments.

Initially, the reaction proceeded smoothly with a satisfying reaction rate. However, after 5
h, the concentration of each component remained constant, with a decrease in the p-
chloroethylbenzene after three days most likely due to evaporation. Interestingly, rAae-

UPO is known to continuously catalyse the oxidation of ethylbenzene for more than 24 h
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with H20:2 feeding.!® To further understand why the catalytic reaction stopped after 5 h,
we attempted to investigated possible reaction parameters and their influence on the over-

all reaction.

It should be noted that, due to the volatility of the substrates and products, the following

results have more or less of mass balance issues.

6.2.2.1 Effect of the enzyme spiking

One possible reason may be poor stability of one of the enzymes. To confirm that the
reaction contained sufficient amounts of active enzymes, we performed experiments by

spiking the reaction mixtures with fresh enzyme after 5 h (Figure 2).

70
s 60 A
E 50 -
c
% 40 A
2 30 - . . I I
3
c 20 -
3
10 H
0 .
normal 5h, + 1 uM 5h, + 1 uM 5h, + 1 uM
rAaeUPO AoFOx rAaeUPO, 1 pM
AoFOx

Figure 2. Effect of enzyme addition. red: p-chloroethylbenzene, blue: p-chlorophenylethanol, grey: p-chlo-
roacetophenone. Reaction conditions: [p-chloroethylbenzene] = 100 mM, [formate] = 250 mM, [rAaeUPQ]
=1 uM, [AoFOx] = 1 uM, 100 mM KPi buffer (pH 6.0), 25 °C, 600 rpm, after 5 h, the reaction mixture was
supplement with 1 uM rAaeUPO, 1 pM AoFOx, or 1 uM rAaeUPO and 1 pM AoFOx, all of the samples were
incubated overnight. The error bars represent the standard deviation of duplicate experiments.

Interestingly enough, none of the spiking experiments increased the overall product for-
mation. Reactions did not seem to restart after the fresh enzymes was added, therefore
another factor must be influencing the premature ending of the reaction.
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6.2.2.2 Effect of pH

We postulated the pH of the reaction may be the problem, with the formation of carbonate
CO3?* during the reaction that may affect the pH. We therefore used up to 500 mM of
buffer to ensure that the pH of the reaction remain stable at pH 6. However, from the
results in Figure 3, with different buffer concentrations, product formation was the same
over 24 h.

100 1~
80 A

60 -

concentration / mM

100 250 500
[KPi buffer] / mM

Figure 3. Effect of pH. red: p-chloroethylbenzene, blue: p-chlorophenylethanol, grey: p-chloroacetophe-
none. Reaction conditions: [p-chloroethylbenzene] = 100 mM, [formate] = 100-250 mM, [rAaeUPO] = 1 uM,
[AOFOx] = 1 uM, 100 mM KPi buffer (pH 6.0), 25 °C, 600 rpm, 24 h. The error bars represent the standard
deviation of duplicate experiments.

6.2.2.3 Effect of the oxidase concentration

The next possible reason would be H202, because H20:2 is known to irreversibly inactivate
rAaeUPO. The concentration of oxidase-AoFOx determined the H202 generation rate.

Therefore, we performed a series of experiments at various oxidase concentrations.
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Figure 4. Effect of the H202 concentration. a) p-chlorophenylethanol (left, square), b) p-chloroacetophenone
(right, diamond). green: 0.1 yM AoFOx, orange: , purple: 1 uM AoFOx, yellow: .

Reaction conditions: [p-chloroethylbenzene] = 100 mM, [formate] = 250 mM, [rAaeUPO] = 1 uM, [AoFOx] =
0.1-2 uM, [ACN] = 10% v/v, 100 mM KPi buffer (pH 6.0), 25 °C, 600 rpm, 24 h. The error bars represent the
standard deviation of duplicate experiments.

As shown in Figure 4, there is certainly a positive effect of the concentration of AOFOx on
reaction initial rate. However, regardless of the concentration of AoFOx, the reaction al-
ways stopped within 5 h. So the concentration of oxidase cannot explain why the reaction

stops at 5 h.

6.2.2.4 Effect of the co-solvent

Next, we wondered if the substrate solubility may be the issue. The use of co-solvents in
biocatalysis can enhance the solubility of hydrophobic substrates in aqueous phase,
which may promote the reaction.'® Therefore, a range of experiments in the presence of

acetonitrile were performed.
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Figure 5. Effect of the co-solvent. a) no co-solvent, b) acetonitrile as co-solvent. blue: (R)-p-chloro-
phenylethanol, grey: p-chloroacetophenone. Reaction conditions: [p-chloroethylbenzene] = 100 mM, [for-
mate] = 250 mM, [rAaeUPO] = 1 uM, [AoFOx] = 1 uM, [ACN] = 10% v/v, 100 mM KPi buffer (pH 6.0), 25
°C, 600 rpm, 24 h. The error bars represent the standard deviation of duplicate experiments.

Interestingly, there was a pronounced change, wherein the acetonitrile co-solvent did not
influence the amount of (R)-p-chlorophenylethanol but reduced the amount of the over-
oxidised product p-chloroacetophenone (Figure 5), which may be due to a change in ki-
netic parameters.'® However, we still could not find an explanation for the reaction stop-

ping at 5 h.

6.2.2.5 Effect of O2

Next, we suspected that it could be a problem of insufficient Oz supply, as AOFOx requires
Oo. It is possible that with the reaction proceeding, the Oz in reaction vial was consumed

and its concentration decreased, which may have made the reaction unable to proceed.
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Figure 6. Effect of the Oz supply. red: p-chloroethylbenzene, blue: p-chlorophenylethanol, grey: p-chloro-
acetophenone. Reaction conditions: [p-chloroethylbenzene] = 100 mM, [formate] = 250 mM, [rAaeUPO] =
1 uM, [AoFOx] = 1 uM, [ACN] = 10% v/v, 100 mM KPi buffer (pH 6.0), 25 °C, 600 rpm, 24 h.

Therefore, in the following experiments, we adopted two ways to increase Oz supply. The
first was to decrease the reaction volume from 200 puL to 100 uL in the same vial, so that
the O2 supply per unit volume of the reaction was doubled. The second approach was to
use a balloon filled with pure Oz connected to the reactor through a tube to supply O2 for
the reaction. As can be seen in Figure 6, both methods to increase O2 supply had no effect

on the product formation over 24 h.

6.2.2.6 Effect of formate spiking

Then, it was assumed that after 5 h, the concentration of formate in the reaction was not
sufficient enough and cause the reaction to stop. We therefore proceeded the experiment

by spiking the reaction mixture with fresh formate after 5 h.
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Figure 7. Effect of formate spiking. red: p-chloroethylbenzene, blue: p-chlorophenylethanol, grey: p-chloro-
acetophenone. Reaction conditions: [p-chloroethylbenzene] = 100 mM, [formate] = 250 mM, [rAaeUPO] =
1 UM, [AoFOx] = 1 uM, 100 mM KPi buffer (pH 6.0), 25 °C, 600 rpm, after 5 h, the reaction mixture was
supplement with 250 mM formate, all of the samples were incubated overnight. The error bars represent
the standard deviation of duplicate experiments.

From Figure 7, none of the spiking experiments increased the overall product formation.
The addition of a fresh formate did not promote the reactions. Formate concentration also

did not seem to be the main reason for the reactions stopping after 5 h.

6.2.2.7 Effect of ketone inhibition

Next, we investigated the issue of product inhibition of the enzyme. The final consideration
was the possibility products would inhibit enzyme. For this purpose, 50 mM of p-chloro-
acetophenone was added to the hydroxylation of ethylbenzene. It is noteworthy that, the

addition of p-chloroacetophenone did not affect the behaviour of the enzymes (Figure 8).
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Figure 8. Effect of ketone inhibition. blue: (R)-phenylethanol, grey: acetophenone, a) normal, b) with 50 mM
p-chloroacetophenone. Reaction conditions: [ethylbenzene] = 100 mM, [p-chloroacetophenone] = 50 mM,
[formate] = 250 mM, [rAaeUPQ] = 1 uM, [AoFOx] = 1 uM, 100 mM KPi buffer (pH 6.0), 25 °C, 600 rpm, 6 h.
The error bars represent the standard deviation of duplicate experiments.

Since p-chlorophenylethanol can be oxidised by rAaeUPO, adding p-chlorophenylethanol
to ethylbenzene reaction may affect the results. We have not yet discovered a suitable

method to test p-chlorophenylethanol inhibition.

6.2.2.8 Effect of carbonate inhibition

Does the carbonate formed during the reaction inhibit the enzyme activity? A range of

carbonate concentrations were tested for their influence on AoFOx and rAaeUPO activity.
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Figure 9. Influence of K2COs on the activity of rAaeUPO. ABTS assay conditions: [ABTS]= 0.5 mM, [H202]=
2 mM, [K2COs] = 0-250 mM, 50 mM sodium citrate buffer (pH 4.4), T = 25 °C, 420 nm. 1 yM of enzyme was

pre-incubated for 5 min in K2COs solutions. The error bars represent the standard deviation of triplicate
experiments.

=
o
o

I I I I )

residual activity %

120
S _
> 100
>
@®©
< 60 -
S
S
‘o 40 A
o

20 A

0 T T T T 1
0 5 50 100 250

[K,CO,4] / mM

Figure 10. Influence of K2.COs on the activity of AoFOx. ABTS assay conditions: [ABTS] = 1 mM, [sodium
formate] = 100 mM, [Horseradish peroxidase] = 10 U, [K2COgz] = 0-250 mM, 50 mM acetate buffer (pH 4.5),
T=25°C, 420 nm. 1 uM of enzyme was pre-incubated for 5 min in K2COs solutions. The error bars represent
the standard deviation of triplicate experiments.

As can be seen from Figures 9-10, the upside is that the effect of carbonate on enzyme

activity was not significant. Therefore carbonate is probably not the reason for the reaction
stopped within 5 h.
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6.2.2.9 Effect of the electron donor

Formate oxidase (AoFOXx) can use methanol (MeOH) or formate as the electron donor,®
thus we considered whether it was the electron donor that affected the reaction.

a) MeOH b) MeOH + formate
125 - 125
S 100 | 2 100 -
E =
§ 51 g 75
g g .
e 50 - S 50
(] [&]
(&) c
= o
S 25 - o 25~ .
0 24 48 72 96 120 0 6 12 18 24

time/h time/h

Figure 11. Effect of the electron donor. red: p-chloroethylbenzene, blue: p-chlorophenylethanol, grey: p-
chloroacetophenone. Reaction conditions: [p-chloroethylbenzene] = 100 mM, [MeOH]= 10% v/v, [rAaeUPO]
=1 uM, [AoFOx] = 1 uM, 100 mM KPi buffer (pH 6.0), 25 °C, 600 rpm, 120-150 h. The error bars represent
the standard deviation of duplicate experiments.

Figure 11 can provide some information. When methanol was used as the electron donor,
the reaction rate was relatively slow (TON 950 h1), but it could last for approximately 75
h. When both formate and MeOH were present, the reaction stopped at 5 h. It seems that
there was a competitive relationship between formate and MeOH, with AoFOx preferen-

tially using formate, and this can be supported by the kinetic parameters of AoFOx.2

Therefore, it is reasonable to suspect that by using formate as an electron donor, the
catalytic rate of AOFOx was relatively fast, but its stability was poor. By using MeOH as
an electron donor, the catalytic rate of AoFOx would be slow, but its stability would be

better.
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6.3 Conclusions

In conclusion, the AoOFOx-UPO combination system showed promising catalytic perfor-
mance in the hydroxylation of ethylbenzene derivatives. However, the reaction usually
stopped at 5 h. The investigation of factors such as formate and enzyme spiking, pH,
oxidase concentration, co-solvent, Oz supply and production inhibition did not solve our
confusion very well. Finally the discussion of electron donor for AOFOx gave us a guideline

for the subsequent direction of effort.

Scheme 1. Possible factors that have been investigated circled in dashed red.
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6.4 Experimental section
6.4.1 General information

Unless otherwise mentioned, all chemicals were ordered from Sigma-Aldrich, TCI-Europe,
or abcr GmbH and had been used without further purification. From GE Healthcare were

purchased columns and column material for enzyme purification.

6.4.2 Enzyme preparation

The recombinant PaDal variant of the evolved unspecific peroxygenase mutant from A.
aegerita was expressed in P. pastoris and purified using the protocols mentioned in the

previous publication.'1-13

Formate oxidase from Aspergillus oryzae RIB40 (AoFOx) was manufactured recombi-

nantly in E. coli BL21(DE3), which was described in recent publications.”8

6.4.3 Enantioselective hydroxylation of ethylbenzene derivatives

200 pl of a reaction mixture containing 100 mM KPi buffer pH 6.0, 1 uM rAaeUPO, 1 yM
AoFOx, 50 mM substrate, 250 mM formate, and 10% v/v CH3sCN were placed in a 1.5 ml
glass vial. The reaction proceeded for 24 h at room temperature (25 °C) and 600 rpm.

Reaction conditions were controlled using ThermoMixer C from Eppendorf.

6.4.4 Analysis procedures
6.4.4.1 Determination of rAaeUPO activity

The intrinsic activity was measured using an ABTS assay at 25 °C. The ABTS-assay was
undertaken in a sodium citrate buffer (50 mM, pH 4.4) containing H202 (2.0 mM), ABTS
(0.5 mM), and a diluted enzyme solution. Absorption change at 420 nm (420 = 36.0 mM™!

cmt) was used to track the oxidation of ABTS. The reactions were done in triplicates.
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6.4.4.2 Determination of AoFOx activity

An ABTS assay was used to determine the essential activity of AoFOx. The ABTS assay
was conducted using 50 mM of acetate buffer at pH 4.5 or phosphate buffer at pH 6.0
containing 1 mM of ABTS, 10 U mL of HRP (horseradish peroxidase), 100 mM of for-
mate, and different concentrations of AOFOXx. The reactions were monitored using an UV-
Vis spectrometer at 420 nm (€420 = 36.0 mM* cm™?) at a temperature of 25 °C. 1 U of HRP
is equivalent to the oxidation of 1 umol ABTS per minute at pH 6.0, 25 °C.

6.4.4.3 GC measurements

On a Shimadzu GC-14A/FID or Shimadzu GC-2010 plus/FID equipped with various col-
umns, GC measurements were conducted (see supplementary information). At different
time intervals, the reactions were terminated by adding ethyl acetate containing 5 mM of
n-octanol as an internal standard. Having followed extraction and centrifugation, the or-
ganic phase was dried with magnesium sulphate and analysed using gas chromatog-
raphy. All given concentrations are derived from calibration curves established from au-

thentic and synthetic standards.
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Supplementary information

Table S1. GC analytical data with achiral columns

Compound GC column Oven temperature Retention time
program
Ethylbenzene CP-Wax 52 CB (Ag- | 135°C hold 4 min 3.56 min ethylbenzene
ilent) (25 mx0.25 R . o :
phenylethanol mmxL1.2 um): carrier ﬁgldcgrgnrgic;]ZOO C 7.73 min n-octanol (I1S)
acetophenone gas: N2 ' 9.72 min acetophenone
; 25°C/min to 250°C .
Split 150 hold 1.0 min 11.76 min phenylethanol

p-chloroethylbenzene
p-chlorophenylethanol
p-chloroacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pum); carrier gas: N2

Split 150

165°C hold 9 min

25°C/min to 345°C
hold 1.0 min

3.74 min n-octanol (I1S)

3.98 min p-chloroethylben-
zene

7.02 min p-chloroaceto-
phenone

7.49 min p-chloro-
phenylethanol

m-chloroethylbenzene
m-chlorophenylethanol

m-chloroacetophenone

CP-Wax 52 CB (Ag-
ilent) (50 mx0.53
mmx2.0 um); carrier
gas: N2

Split 150

180°C hold 12 min

25°C/min to 250°C
hold 1.0 min

1.58 min m-chloro-
ethylbenzene

1.87 min n-octanol (IS)

4.97 min m-chloroaceto-
phenone

10.27 min m-chloro-
phenylethanol

o-chloroethylbenzene
o-chlorophenylethanol
o-chloroacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

110°C hold 3 min

20°C/min to 145°C
hold 5.0 min

20°C/min to 170°C
hold 3.0 min

25°C/min to 345°C
hold 1.0 min

7.72 min o-chloroethylben-
zene

7.90 min n-octanol (1S)

11.86 min o-chloroaceto-
phenone

12.67 min o-chloro-
phenylethanol

p-bromoethylbenzene
p-bromophenylethanol
p-bromoacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

170°C hold 10 min

25°C/min to 345°C
hold 1.0 min

2.93 min p-bromoethylben-
zene

6.49 min n-octanol (IS)

9.90 min p-bromoaceto-
phenone
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14.37 min p-bromo-
phenylethanol

m-bromoethylbenzene
m-bromophenylethanol

m-bromoacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

170°C hold 10 min

25°C/min to 345°C
hold 1.0 min

3.39 min m-bromoeth-
ylbenzene

4.62 min n-octanol (IS)

8.38 min m-bromoaceto-
phenone

9.04 min m-bromo-
phenylethanol

o-bromoethylbenzene
o-bromophenylethanol
o-bromoacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

170°C hold 10 min

25°C/min to 345°C
hold 1.0 min

3.39 min o-bromoethylben-
zene

4.48 min n-octanol (IS)

7.47 min o-bromoaceto-
phenone

8.20 min o-bromo-
phenylethanol

p-iodoethylbenzene
p-iodophenylethanol
p-iodoacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

190°C hold 15 min

25°C/min to 345°C
hold 1.0 min

2.75 min n-octanol (I1S)

4.82 min p-iodoethylben-
zene

8.41 min p-iodoacetophe-
none

8.75 min p-iodophenyleth-
anol

p-fluoroethylbenzene
p-fluorophenylethanol
p-fluoroacetophenone

CP-Wax 52 CB (Ag-
ilent) (25 mx0.25
mmx1.2 yum); carrier
gas: N2

Split 150

160°C hold 11 min

20°C/min to 220°C
hold 2.0 min

25°C/min to 250°C
hold 1.0 min

3.36 min n-octanol (IS)

4.68 min p-fluoroethylben-
zene

8.49 min p-fluoroacetophe-
none

9.06 min p-fluoro-
phenylethanol

p-ethylanisole
p-methoxyphenylethanol

p-methoxyacetophe-
none

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

160°C hold 6 min

20°C/min to 205°C
hold 1.5 min

25°C/min to 345°C
hold 1.0 min

4.05 min n-octanol (IS)
4.99 min p-ethylanisole

8.35 min p-methoxy-
phenylethanol

9.12 min p-methoxyaceto-
phenone

o-ethylanisole
o-methoxyphenylethanol

0-methoxyacetophe-
none

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: Nz;

Split 150

180°C hold 10 min

25°C/min to 345°C
hold 1.0 min

3.06 min n-octanol (IS)
3.36 min o-ethylanisole

5.74 min o-methoxy-
phenylethanol
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5.99 min o-methoxyaceto-
phenone

p-nitroethylbenzene
p-nitrophenylethanol
p-nitroacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

170°C hold 22 min

25°C/min to 345°C
hold 1.0 min

3.48 min n-octanol (IS)

8.50 min p-nitroethylben-
zene

13.32 min p-nitroacetophe-
none

18.14 min p-nitro-
phenylethanol

o-nitroethylbenzene
o-nitrophenylethanol
o-nitroacetophenone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: Nz;

Split 150

190°C hold 3 min

20°C/min to 215°C
hold 4.5 min

30°C/min to 345°C
hold 1.0 min

2.87 min n-octanol (I1S)

4.33 min o-nitroethylben-
zene

5.99 min o-nitroacetophe-
none

6.16 min o-nitrophenyleth-
anol

o-ethylnaphthalene
o-naphthylethanol
o-acetonaphthone

CP-Sil 5 CB (Agilent)
(25 mx0.25 mmx1.2
pm); carrier gas: N2

Split 150

160°C hold 5 min

20°C/min to 220°C
hold 10.0 min

25°C/min to 345°C
hold 1.0 min

3.87 min n-octanol (IS)

9.00 min o-ethylnaphtha-
lene

12.54 min o-naphthyleth-
anol

12.86 min o-acetonaph-
thone

Table S2. GC analytical data with chiral columns

Compound

GC column

Oven temperature
program

Retention time

ethylbenzene
phenylethanol
acetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
pum); carrier gas:
He

Split 150

100°C hold 16 min

20°C/min to 140°C
hold 3.0 min

25°C/min to 225°C
hold 1.0 min

3.49 min ethylbenzene
10.07 min acetophenone
14.16 min n-octanol (IS)

18.65 min (R)-1-phenyleth-
anol

19.10 min (S)-1-phenylethanol

p-chloroethylbenzene
p-chlorophenylethanol
p-chloroacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
pum); carrier gas:
He

Split 150

150°C hold 10 min

25°C/min to 225°C
hold 1.0 min

2.70 min p-chloroethylben-
zene

2.95 min n-octanol (IS)

4.52 min p-chloroacetophe-
none
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7.54 min (R)-p-chloro-
phenylethanol

8.08 min (S)-p-chloro-
phenylethanol

m-chloroethylbenzene
m-chlorophenylethanol
m-chloroacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
um); carrier gas:
He

Split 150

150°C hold 10 min

25°C/min to 225°C
hold 1.0 min

2.77 min m-chloroethylben-
zene

2.96 min n-octanol (IS)

4.12 min m-chloroacetophe-
none

7.31 min (R)-m-chloro-
phenylethanol

7.68 min (S)-m-chloro-
phenylethanol

o-chloroethylbenzene
o-chlorophenylethanol
o-chloroacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
pm); carrier gas:
He

Split 150

150°C hold 10 min

25°C/min to 225°C
hold 1.0 min

2,73 min o-chloroethylben-
zene

2.96 min n-octanol (IS)

3.76 min o-chloroacetophe-
none

6.89 min (R)-o-chloro-
phenylethanol

7.73 min (S)-o-chloro-
phenylethanol

p-bromoethylbenzene
p-bromophenylethanol
p-bromoacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
um); carrier gas:
He

Split 150

135°C hold 8 min

25°C/min to 225°C
hold 1.0 min

2.37 min p-bromoethylben-
zene

3.66 min p-bromoacetophe-
none

3.92 min n-octanol (IS)
5.99 min (R)-p-bromo-
phenylethanol
6.41 min (S)-p-bromo-
phenylethanol

m-bromoethylbenzene
m-bromophenylethanol

m-bromoacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
pum); carrier gas:
He; Split 150

110°C hold 3 min

20°C/min to 140°C
hold 3.0 min

20°C/min to 170°C
hold 5.0 min

25°C/min to 225°C
hold 1.0 min

5.95 min m-bromoethylben-
zene

6.09 min n-octanol (IS)

9.51 min m-bromoacetophe-
none

12.84 min (R)- or (S)-m-bro-
mophenylethanol

o-bromoethylbenzene
o-bromophenylethanol
o-bromoacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
pm); carrier gas:
He; Split 150

110°C hold 3 min

20°C/min to 135°C
hold 3.0 min

6.0 min o-bromoethylbenzene
6.29 min n-octanol (IS)

9.33 min o-bromoacetophe-
none
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20°C/min to 165°C
hold 5.0 min

25°C/min to 225°C
hold 1.0 min

13.41 min (R)- or (S)-o-bro-
mophenylethanol

p-iodoethylbenzene
p-iodophenylethanol
p-iodoacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
um); carrier gas:
He

Split 150

175°C hold 8 min

25°C/min to 225°C
hold 1.0 min

2.31 min n-octanol (IS)
2.89 min p-iodoethylbenzene
5.00 min p-iodoacetophenone

6.848 min (R)-p-iodo-
phenylethanol

7.08 min (S)-p-iodophenyleth-
anol

p-fluoroethylbenzene
p-fluorophenylethanol
p-fluoroacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
pm); carrier gas:
He

Split 150

160°C hold 10 min

25°C/min to 225°C
hold 1.0 min

2.72 min n-octanol (IS)
2.97 min p-fluoroethylbenzene

5.02 min p-fluoroacetophe-
none

8.03 min (R)-p-fluoro-
phenylethanol

8.48 min (S)-p-fluoro-
phenylethanol

p-ethylanisole
p-methoxyphenylethanol
p-methoxyacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
pm); carrier gas:
He

Split 150

110°C hold 3 min

20°C/min to 130°C
hold 3.0 min

20°C/min to 170°C
hold 3.0 min

25°C/min to 225°C
hold 1.0 min

5.48 min p-ethylanisole
6.25 min n-octanol (IS)

10.39 min p-methoxyaceto-
phenone

11.23 min (R)-p-methoxy-
phenylethanol

11.38 min (S)-p-methoxy-
phenylethanol

o-ethylanisole
o-methoxyphenylethanol
o-methoxyacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
um); carrier gas:
He; Split 150

110°C hold 3 min

20°C/min to 130°C
hold 3.0 min

20°C/min to 180°C
hold 5.0 min

25°C/min to 225°C
hold 1.0 min

5.22 min o-ethylanisole
6.57 min n-octanol (IS)

10.83 min o-methoxyaceto-
phenone

12.95 min (R)-0-methoxy-
phenylethanol

p-nitroethylbenzene
p-nitrophenylethanol
p-nitroacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
um); carrier gas:
He; Split 150

180°C hold 10 min

25°C/min to 225°C
hold 1.0 min

2.31 min n-octanol (IS)
3.31 min p-nitroethylbenzene
4.97 min p-nitroacetophenone

9.88 min (R)-p-nitrophenyleth-
anol

10.54 min (S)-p-nitro-
phenylethanol
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o-nitroethylbenzene
o-nitrophenylethanol
o-nitroacetophenone

CP-Chirasil-Dex-
CB (Agilent) (25
mx0.32 mmx0.25
um); carrier gas:
He; Split 150

180°C hold 13 min

25°C/min to 225°C
hold 1.0 min

2.31 min n-octanol (IS)
2.74 min o-nitroethylbenzene
3.84 min o-nitroacetophenone

5.94 min (R)-o-nitrophenyleth-
anol

6.23 min (S)-o-nitrophenyleth-
anol
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With environmental problems becoming increasingly serious, biocatalysis, an environ-
mentally friendly method for chemical synthesis, is gaining attention.! Biocatalysis has
developed rapidly in recent years; growing numbers of enzymes are being discovered and
applied, like the glucose isomerase, penicillin G acylase,? lipases,® and protease® etc. The
capacity of enzymes to catalyse transformations with high reaction rates and selectivity
under mild conditions while producing high-quality/purity products, making the concept of
"green chemistry" into reality.®> Oxidoreductases are considered very promising catalysts
in organic synthesis as they can catalyse selective oxyfunctionalisation avoiding protect-
ing group chemistry and complex synthetic routes. However, there are just very few ex-
amples of oxidoreductases applications on industry scale.®” The introduction of H202-
driven peroxyzymes, such as unspecific peroxygenase (UPO) and vanadium-dependent
haloperoxidase (VCPO),® provides many opportunities for the application of oxidoreduc-

tases.

In this thesis, we investigated a variety of potential applications for vanadium-dependent
haloperoxidase from Curvularia inaequalis (CiVCPO) and unspecific peroxygenases from
Agrocybe aegerita (rAaeUPO), as well as the associated enzymatic H202 regeneration
systems. With the purpose of making some contributions to the application of enzymatic
oxyfunctionalisation. The approach proposed has been divided into the following four sec-

tions:

Expanding the product scope of rAaeUPO-Chapter 3.
Innovative applications of rAaeUPO-Chapter 4.
Preparative-scale application of CiVCPO-Chapter 5.

A\

AoFOx-driven H202 generation system—Chapter 6.

1. Expanding the product scope of AaeUPO

UPO can catalyse many types of selective oxyfunctionalisation reactions, for instance, the
oxidation of C-H, C-C, or C=C bonds.® In particular, the enantioselective hydroxylation of
ethylbenzene catalysed by UPO has received much attention. However, this reaction only

produces (R)-phenylethanol with an overoxidation product-acetophenone. A valuable

122



Chapter 7. Conclusion and outlook

point to note is that, with enough H202, ethylbenzene can be entirely converted to aceto-
phenone—a very good raw material to produce chiral molecules. Therefore we designed
this UPO-ADHSs cascade of reactions. By adding a couple of different selective ADHs, we
obtained not only (R)-phenylethanol but also (S)-phenylethanol. 10 pairs of enantiomeri-
cally pure phenylethanol derivatives (>91% ee) were produced by using this cascade sys-
tem. In comparison to the same period of photo-chemo-enzymatic systems?°, our UPO-

ADHs system has advantages in terms of product concentration and purity (Table 1).

Table 1. The advantages of the project compared to the same period of photocatalytic systems.°

Advantages Photons-UPO system UPO-ADHSs system
Product concentration <7 mM ~50 mM
(S)-1-phenylethanol 93% ee 99% ee
(R)-1-phenylethanol 99% ee 99% ee

The results obtained are promising, but the reaction system is not mature, and there is
still the possibility of improvement. The one-pot one-step, for example, does not work

here, probably because:

1. ACN as a co-solvent in AaeUPO reaction may inhibit ADHS.

2. 2-propanol as co-substrate and co-solvent in the reaction of ADHs is possibly in-
hibited the activity of AaeUPO.

3. The reaction rates of AaeUPO and ADH are not in synchrony, with the accumula-
tion of acetophenone intermediates that may cause the inactivation of ADHs.

4. The H202 added into the reaction system for AaeUPO may have influenced the

activity of ADHs as well.

All of the above are issues that | think need to be solved in the future.
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2. Innovative application: UPO catalysed Si-H oxyfunctionalisation

In contrast to the abundant enzymatic C-H selective oxyfunctionalisation reactions, the
enzymatic Si-H bond oxyfunctionalisation reactions are uncommon. In fact, the possibility
of using enzymes for organosilicon chemistry and producing new silicon-based materials
is very valuable.!* Arnold’s first use of heme enzyme-P450 monooxygenase to oxidise
silane to silanol inspired us.'? The second approach is to use the unspecific peroxygenase
AaeUPO, also a heme enzyme, for the first time in the selective oxyfunctionalisation of
silanes. Nine silanes were investigated and 120 mM of dimethylphenylsilanol was ob-

tained. 120 mM is a relatively high-level product concentration in the field of biocatalysis.

Table 2. The advantages of UPO compared to P450 in catalysing Si-H oxyfunctionalisation.*?

Improvement P450 AaeUPO
Product concentration <2 mM 121 mM

Turnovers 19,100 120,000

Keat (s7) 0.2 84

It is very pleasing that we achieved such impressive results with AaeUPO for this first use,
demonstrating that this enzymatic Si-H bond oxyfunctionalisation approach has great po-
tential in application. As shown in Table 2, UPO seems more efficient in catalytic efficiency
and product concentration than P450. However, we have to point out that this enzymatic

Si-H oxyfunctionalisation route is not mature enough and also has many limitations:

1. This method does not always work, some silanes do not react, and some silanes
obtained C-H-bond hydroxylation products. Molecular modelling calculation, and
directed evolution to design a more suitable enzyme for those substrates may be
the solutions.

2. During the reaction, we also found that the stability of UPO in the 2LPS system is
difficult to keep long (<48 h), even with a low H202 addition rate (5 mM/h), so protein
engineering and enzyme immobilisation to produce the UPO that can maintain ac-

tivity in the reaction system are also the directions to be pursued.
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3. There are many similarities between silicon and carbon. Enzymes that can catalyse
transformations of C-H, C-C, and C-S bonds may also catalyse the transformations
of Si-H, Si-Si, and Si-S bonds. So expanding the substrates scope of UPO cata-
lysed Si-H oxyfunctionalisation reaction and developing more enzymatic organosil-

icon chemistry methods are also worth a try.

3. Preparative-scale application: CiVCPO-catalysed oxidative decarboxylation

Following the study of the expanded and innovative application of enzymes, we moved
on to reaction conditions optimisation and scale-up preparation. The third approach
demonstrates the scale-up preparation of CiVCPO-catalysed oxidative decarboxylation of

glutamic acid.

Earlier work by But et al. using CiVCPO established a clean oxidative decarboxylation that
resulted in an nitrile.13-%> Following this work, we investigated the reaction limitations and
semi-scale preparation (827 mg of 3-cyanopropanoic acid (CPA) was isolated with 96-
97% purity. As seen in Table 3, this approach has made some improvements compared
to previous results, which indicates CiVCPO is a potentially powerful tool in the production

of 3-cyanopropanoic acid.

Table 3. Improvements in this project compared to previous reports.*®

Improvement Before After
I Substrate concentration | 5mM | 100 mM |
Reaction scale 2mL 200 mL
Turnovers 91,000 1,630,000
Keat 255 755"

However, the limitation of this study is that the product 3-cyanopropanoic acid has a sig-
nificant inhibition to CiVCPO. Such inhibition is the problem that needs to be solved if we
want to increase the product concentration. In my opinion, three approaches can be con-

sidered:
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1. Designing an in situ product separation reactor.
2. Immobilising enzymes to make them reusable.
3. Using protein engineering to develop a stronger VCPO that can withstand highly

substrate concentrations.

4. Formic oxidase-driven H202 generation system.

Peroxygenase has a well-known shortcoming: poor stability against H202.16 Many en-
zyme-driven H202 generation systems have been developed for this reason. Our ap-
proach attempts was to use the AoFOXx (formic acid oxidase)-driven H202 generation sys-
tem to guide AaeUPO-catalysed ethylbenzene derivatives hydroxylation. We extended
the substrate scope of the previously developed AoFOx/AaeUPO system,'’1® 15
ethylbenzene derivatives were tested (ee value of (R)-alcohol: >95%). p-chloroethylben-
zene was selected as the model substrate, and the reaction limitations were investigated.
21 mM of (R)-p-chlorophenolethanol and 47 mM p-chloroacetophenone with a turnover
number of 115000 for both AoFOx and AaeUPO was obtained.

We investigated factors such as formate and enzyme spiking, pH, oxidase concentration,
co-solvent, Oz supply and product inhibition, etc, that might affect the reactions. We have
been unable to find a specific reason for the reaction to stop at 5 h. These data were
recorded as a reference for following researchers in the hope that the reason can be found

and solved in the future.

Is this H202 generation system genuinely green? The E factor developed in enzyme pro-
duction and reactions seems to be very high; water from fermentations and reactions is
the main reason. Therefore, optimising the reaction conditions of AoFOx/AaeUPO to
achieve a higher product concentration and a lower amount of waste in order to decrease

the E factor could make this in situ system more attractive.
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5. Final conclusion

Although biocatalytic oxyfunctionalisation is a promising transformation route, the chemi-
cal industry has not yet widely adopted it.*2° One main reason is the lack of stable and
efficient biocatalysts to be used in practical synthesis. In this thesis, we have evaluated
our catalysts in terms of extended applications of substrates scope, innovative applica-
tions of reaction types and semi-scale preparation, taking biocatalytic oxyfunctionalisation
a small step closer to becoming a mature tool in chemical synthesis. We hope that in the

near future, these very promising catalysts will come into regular use in chemical industry.
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