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Chapter 1

Biocatalysis for a green and sustainable
economy: general introduction

This chapter is based on a literature review.



Chapter 1

1.1 The concept of green and sustainable development: towards a

circular economy

The need to overcome the dependency on fossil fuels causes a change in the way
of thinking about the production of platform, commodity and fine chemicals, active
pharmaceutical ingredients (APIs), and materials such as plastics and fibers.
Chemical industries and processes have had a strong impact on society during the
last two centuries, thus leading to a considerable increase in human lifestyle and
comfort. Nevertheless, many chemical processes require the use of hazardous
chemicals which have considerable consequences on our health and our planet,
considering that the produced waste needs to be disposed of properly. The
production of large amount of hazardous waste is common in the chemical
industry. A model example reported by Sheldon et al. is the manufacturing of
phloroglucinol, a highly demanded pharmaceutical intermediate, of which the
synthesis started from 2,4,6-trinitrotoluene. In this case study, the process leads
to forty kg of waste for each kg of product, although the overall yield was 90% over
three steps. Based on the sole yield, this process was considered a selective and
efficient route. In contrast, the large production of chromium containing waste as
well as the formation of other by-products make this process completely
unsustainable if one considers the E-factor and atom efficiency (see below for
definitions). Indeed, the manufacturing process was abandoned in the 1980s due
to the high costs for disposing the toxic waste products. In general, the primary
cause of waste in the chemicals manufacture originates from obsolete
methodologies which require (supra)-stoichiometric quantities of reagents such
oxidants, reductants, acids and bases as well organic solvents such as chlorinated
hydrocarbons.”®> The obvious solution is the application of greener catalytic
options* > in combination with the use of more environmentally friendly solvents
(e.g., aqueous system).®* Ideally, a catalytic process should not generate any
waste. Therefore, the establishment of new catalytic routes for the manufacture of
pharmaceutical active compounds (APIs) and other chemicals is one of the
fundamental solutions for minimizing waste generation.

The following parameters are used in green chemistry:'®> process mass intensity,
reaction mass efficiency,®? effective mass yield,”® and C(arbon) factor.”
Nevertheless, Sheldon and Trost reported the most popular and accepted metrics
for environmental assessment of a process: the Environmental factor (E-factor)> 2
and atom economy (AE).?>?* The former is the ratio between produced waste and
formed product, which also entails solvents, auxiliary materials and the waste
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Biocatalysis for a green and sustainable economy: general introduction

derived from work-up procedures. Conversely, the simplified E-factor (sEF) does
not consider solvents and water. Equation 1.1 shows the most accepted formulas
for calculating the E-factor.'

Im(raw materials)+ fm(reagents)—m(product)

A) SEF =

m (product)

Im(raw materials)+ Em(reagents)+ Im(solvents)+m(water) —m(product)

B) cEF =

m (product)

MW product x 100
Z MW (raw materials)+ XMW (reagents)

C) atom economy =

Equation 1.1. Formula for the calculations of: (A) simplified E-factor (sEF); (B) complete E-factor (cEF)
and (C) Atom economy.

In 1992, Sheldon and co-workers illustrated the relevance of the waste production
in chemical manufacturing (Table 1.1), thereby demonstrating the need for
“greener” synthetic methodologies.?> They showed that industries with a relatively
small plant capacity, such as the pharmaceutical sector, produce even greater
amount of waste. The main concern stands in the application of traditional
technologies and the major challenge remains the development of green, catalytic
alternatives.*®

Table 1.1. Waste contributions in different sectors of the chemical industry (adapted from ref.4).
Plant capacity

Industry section E-factor [tons]
Oil refinery <0.1 106-108
Bulky chemicals <1-5 10%-10°
Fine chemicals 5-50 10%-10*
Pharmaceutical 25->100 10-103

The atom economy is calculated as the ratio of the product molecular mass over
the total molecular masses of reagents contributing to the stoichiometry of the
reaction.?*?* Indeed, the latter allows the prediction a priori of the minimum
amount of waste expected from a certain reaction. Nevertheless, the AE assumes
the stoichiometric use of reagents as well as theoretical yields while excluding
solvents and other auxiliaries that do not show up in the stoichiometric equation.®
In a real process, the actual yield is usually not quantitative. Moreover, reagents

15



Chapter 1

and auxiliaries—applied in large excess—contribute tremendously to the E-factor.
Nevertheless, the use of both metrics is pivotal for the design of greener
processes.’> A typical example of high atom economical process is the catalytic
aerobic (ideally by using air) oxidation of secondary alcohols (in this case a-
methylbenzyl alcohol as a model substrate).?® Traditionally, for this transformation
stoichiometric oxidants such as the Dess-Martin periodinane are used (Scheme
1.1).%

OH
Pd-catalyst

A) + EE———

AE =87%

0
/
OH I=~0Ac

ACO/ OAc
B) >
AE =22%

Scheme 1.1. Comparison of the atom economy of A) catalytic aerobic oxidation?” and B)
stoichiometric oxidation using Dess-Martin periodinane.®

Nowadays, the main focus is on the establishment of more sustainable chemical
productions that start from renewable feedstocks rather than fossil resources, and
eliminate and/or reduce waste production by circumventing the need for
stoichiometric amounts of unsafe materials. Hence, a general solution relies on the
application of the green chemistry parameters.?® Although greener catalytic
approaches have been embraced already by the bulk chemical industries, the
transition process in the pharmaceutical sector proceeds at slower pace.?
Anastas and colleagues defined the concept of Green Chemistry in the 1990s,
setting the ground for a new era in chemical manufacture.3%3! In general, the 12
principles of green chemistry deal with the environmental footprint of chemical
processes, and an overview is given in Table 1.2.3% 33
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Biocatalysis for a green and sustainable economy: general introduction

Table 1.2. The 12 principles of green chemistry

Entry

Principle

Description

1

10

11

12

Waste prevention

Atom economy
Avoid unsafe
chemical synthesis
Safer chemicals
Safer reagents

Power-efficient
processes
Application of
renewable feedstock
Avoid derivatization
Catalysis
Materials
degradation
Pollution prevention

Preventing accidents

Waste prevention rather the disposal or treatment after the
process occurred
Chemical routes that boost atom efficiency
Use of substances which have no critical consequences on
society
Products design retaining high efficacy but less harmful
Eliminate solvents and auxiliaries whenever possible and/or
use innocuous substances
Decrease energy demand in regard of economic and
ecological impact
Renewable feedstocks in alternative to limited resources

Minimize protection/deprotection methods
Catalytic reagents in alternative to stoichiometric ones
Design materials that decompose

Real-time analytics for preventing evolution of dangerous
chemicals
Choose safer chemical processes

Ten out of the twelve principles relate directly to the manufacturing process itself,
while two principles (i.e. 4 and 10) refer to the properties of the target product.
Hence, the green chemistry parameters integrate well with the idea of

sustainability and bio-based circular economy.
Brundtland proposed that the sustainable development model must take into equal

consideration the necessities of current and future communities on our plane

t.34

People, planet and profit are the three main segments that build up the general

idea of sustainability which can be illustrated by a Venn diagram (Figure 1.1

) 35-37

People
Socio-ecological Soci
benefits benefits
Sustainable

development

Profit s e Planet

economical
benefits

Figure 1.1. Venn diagram to visually illustrate the concept of sustainable development (adapted from
ref.1>37),
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Chapter 1

Two main requirements must be fulfilled for a process or technology to be
considered sustainable:3 j) the utilization of natural resources should not lead to
diminish stocks; ii) the produced residues should be promptly incorporated back
into natural environmental processes.’®*® Last but not least, sustainable
technologies must be cost effective over the long term, which may vary depending
on the geographical location. Both chemo- and bio-catalysts have a central function
in designing greener processes; in particular, the contribution of biocatalysis will be
discussed in more details for the scope of this thesis.

Next, the focus will be redirected to the valorization of renewable feedstock as
substitute of fossil supplies.*® The use of biomass would reduce our society’s carbon
footprint. Furthermore, the substitution of current products with environmentally
benign alternatives such as biocompatible and biodegradable plastics is another
advantage.*!

The need for a waste-free circular economy emerged in the last decade and it is at
the core of green manufacturing towards prevention of waste generation. For
example, the valorization of lignocellulose waste is particularly appealing and
adapts with the current tendency towards a circular economy business model. The
concept of circular economy is based on the incorporation of recycling idea already
during process design, such that humankind could potentially harness the highest
value from any raw material.*>** This results in the elimination and/or valorization
of waste by-products, and considers resources efficiency and recyclability during
processes desigh as mentioned above.’ It is undeniable that the linear route of
production has largely contributed to several global crises—for instance climate
change and reduced biodiversity—through the consumption of limited resources
and the discard of potentially valuable material as waste. In general, a circular
economy targets the replacement of this linear “take—make—use—dispose”
approach with circular manufacturing processes,**** by turning discarded goods
into renewable resources for other applications.*> Research on waste as raw
material, comprising municipal waste, industrial by-products and waste biomass,
has led to an important progress in the valorization of renewable resources.* In
this context, green chemistry principles provide a skeleton for performing
sustainable chemistry and developing cleaner products and processes.304>46
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Biocatalysis for a green and sustainable economy: general introduction

1.1.1 The potential of lignocellulose biomass as renewable feedstock for a

bio-based economy

The seventh principle of green chemistry implicitly asserts that humankind must
make use of renewable feedstock at any time that is practically and financially
viable.?® However, the modern chemical industry is still largely based on processes
that rely on finite carbon fossil resources.*” During the past decade, the progressive
depletion of petroleum supplies have spurred both industry and academy to
undertake research projects aimed at finding alternative routes from renewable
resources. In particular, the valorization of waste biomass has received much
attention. Nevertheless, as Sheldon has pointed out, the move towards a bio-based
economy, in which biomass is also used as feedstock, represents one of the biggest
challenges.***8 This transition is hampered mostly because of economic reasons not
only related to the production itself but also on the availability and development of
suitable technologies and infrastructures. Regarding the economical part, the well-
established fossil-based “take-make-use-dispose” chain should also take into
account the costs for waste disposal, resource depletion and environmental
pollution, which are at the moment always considered aside of the process itself.
This misleads to the wrong concept that fossil-based feedstocks are more
economically viable than bio-based ones. Furthermore, the transition will require
the development of efficient technologies that are able to convert lignocellulose
biomass to its main sugar constituents and further to liquid fuels and chemicals.*
This requires hybrid research between biotechnology and chemical
engineering.>%!

First generation biomass (e.g. corn) is not considered a sustainable resource due to
the competition with food supplies. The ideal scenario of using second generation
feedstock implies the valorization of lignocellulose coming from agricultural (e.g.,
rice and wheat straw, corn stover, etc.) and forestry residues.>>>3 Lignocellulose
biomass residues comprise the largest source of carbohydrates and lignin whose
global annual production is estimated to exceed 2 x 10! tons (Table 1.3). This puts
the basis for the second-generation bio-based economy, which would lead
eventually from feeding bio-refineries with agriculture biomass to the production
of bio-fuels, bio-materials as well as commodity chemicals by applying resource-
efficient catalytic processes (Table 1.3).1454-56
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Chapter 1

Table 1.3. Examples of ideal scenario of using second generation biomass feedstocks derived from

agriculture waste (adapted from ref.142°),

Waste biomass
- Rice barks
-Corn and wheat straw

Commodity

Chemocatalysis chemicals

Biocatalysis Bio-fuels

L -Sugar cane residues Bio-materials

Agricultural residues Global manufacturing
from Tons/annum'#?°
Rice 730 x 10°
Wheat 354 x 10°
Sugar cane 180 x 108
Corn 128 x 10°

The food supply chain waste (FSCW), for instance cooking oil, fruits, vegetables
peels and other food residues that are rich in fats, carbohydrates and proteins, as
bio-refineries feedstock received very recently great attention.”’*® In fact, the
processing and consumption of agricultural products, for instance in the
manufacture of food and beverages, result in large volumes of organic waste which
is usually discarded in landfills.>® ¢ Although the main focus of green chemistry is
indeed based on preventing waste generation, there is a great demand for novel
technologies enabling the valorization of unavoidable waste, such as agriculture
residues. This is relevant in the current trend of a circular economy model.

Lignocellulose is the primary constituent of second-generation feedstock. Cellulose
(ca. 40%), hemicellulose (ca. 25%) and lignin (ca. 20%) are the largest portions.*>®!
The remaining 15% is made up of triglycerides, proteins and other vegetable
extracts such as waxes and terpenes. Compared with sucrose or starch,
lignocellulose biomass requires more processing. First of all, it needs to be
depolymerized and partially deoxygenated. This can be accomplished via either
thermochemical processing (e.g., pyrolysis and gasification) or hydrolytic pre-
treatments.®> %2 In the thermochemical processing, pyrolysis of lignocellulose waste
biomass would lead to pyrolysis oils and charcoal, which can be further
hydrogenated to yield lower olefins and/or benzene, toluene and xylenes (BTX).
Furthermore, gasification of the lignocellulose affords synthesis gas (syngas), a
blend of CO and H,. This is further transformed either to methanol and
subsequently to lower olefins, via methanol synthesis, or to liquid fuels via the well-
established Fischer-Tropsch process.®*% More recently, for instance microbial
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Biocatalysis for a green and sustainable economy: general introduction

fermentation technologies (e.g., acetogenic bacteria)® have been commercialized
for bio-fuels and platform compounds from syngas waste derived from steel
mills.%>%” An overview for the thermochemical processing of lignocellulose is

depicted in Figure 1.2.

Lignocellulose
biomass from
agriculture residues

<
s
o,
/r%.
Methanol
surithesis (CO +H,) Charcoal +
CH,0H «———— Syngas 2 el
pyrolysis oils
B = &
& 3z B
T s|3 Q
Hydrocarbons 0 =1 I o
lower olefins 2 gl =
Liquid fuels L
\ Hydrocarbons
Biofuels -lower olefins
(ethanol, butanol) -BTX
Platform chemicals
(acids, diols)

Figure 1.2. Overview of the two pathways for the thermochemical processing of lignocellulose
biomass from agriculture waste to high valuable chemicals. (Scheme is based on ref.*>8),

The alternative hydrolytic methodologies to break down the complex lignocellulose
structure, thus leading to a mixture of cellulose, hemicellulose, lignin and other
residues, require some form of biomass pre-treatment that is usually catalyzed by
diluted mineral acids (or solid acids catalysts as greener solution)® 7° at elevated
temperatures. A well-known process is for example the Organosolv technology in
which the lignocellulose biomass is heated up in a mixture of H,O:EtOH, usually
under acidic conditions. Cellulose is then removed by filtration while distillation of
the EtOH leads to lignin precipitation allowing removal by filtration. The remaining
filtrate contains hemicellulose and other residues.”*”® After these hydrolytic pre-
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Chapter 1

treatments, the further hydrolysis of cellulose and hemicellulose affords the
monosaccharide building blocks pentose and hexose (C5 and C6 sugars).”* Another
strategy for the hydrolytic conversion of lignocellulose biomass entails still some
types of pre-treatment methods,’”> ammonia fiber expansion or steam explosion, in
order to loosen the material’s complex structure and provide more accessibility to
ether and ester bonds.”® In the next step, cellulose and hemicellulose are
hydrolyzed by a mixture of enzymes’’ to a blend of C6 and C5 monomers (process
known as saccharification).”®’® These biomass-derived monosaccharide building
blocks (C5 and C6) can be converted further to biofuels as well as to
commodity/platform chemicals via fermentation processes, chemo-and bio-
catalytic methods or a combination thereof.*> % 8987 For example, hexose and
pentose can be converted to ethanol (biofuel), propanol and butanol by
fermentation and further dehydrated to the reciprocal hydrocarbons (ethylene,
propylene, butenes etc.). Bio-ethanol can also be transformed in other commodity
chemicals such as acetone, acetaldehyde, ethylacetate etc.®°° Furthermore,
biomass-derived C5 and C6 monomers can be converted directly to hydrocarbons.*!
For instance, isobutene® or isoprene®® can be accessed through fermentation using
metabolic engineering (e.g., genetically modified yeast).**°® Alternatively, the
application of a chemocatalytic process (e.g., aqueous phase reforming)®” would
yield a mixture of gasoline, kerosene and aromatic hydrocarbons (BTX) over several
steps. Other relevant chemicals can be accessed by fermentation of biomass-
derived sugars such as adipic acid,?” *® lactic acid, succinic acid,' citric acid, ! 3-
hydroxypropionic acid (3-HPA),%2 1,3-propanediol (1,3-PD0),}%*1%4 2 3-butanediol
(2,3-BDO) and 1,4-butanediol (1,4-BD0),'% which can undergo further conversion
to higher valued chemicals.1%1%7 Moreover, the acid-catalyzed hydrolysis of the C5
and C6 fractions leads to the formation of furfural’® and hydroxymethylfurfural
(HMF).>#199111 The |atter can undergo either oxidation to furan-2,5-dicarboxylic acid

112:116 o1 acidic conversion to levulinic

(FDCA), by chemo-and bio-catalysis methods,
acid (LA).}Y” Both FDCA and LA are highly promising building blocks for various
biopolymers and bioplastics, with Avantium PEF pioneering the field.*84118120 Ap

overview of the hydrolytic processing of lignocellulose is given in Figure 1.3.
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Figure 1.3. Overview of hydrolytic chemo-enzymatic processing for the deconstruction of

lignocellulose biomass into the two main components (lignin and cellulose/hemicellulose) and

subsequent treatments of cellulose to high value added chemicals. (Scheme is based on ref.4>68),
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Hence, the sugar monomers (C5 and C6), coming from the conversion of
lignocellulose biomass, are the major source for replacing fossil-based
hydrocarbons. Apart from the BTX aromatic fractions—that can also be obtained
from such sugars—there is still a pressing need for chemo- and biocatalytic
methods affording aromatic platform chemicals from waste lignocellulose biomass.
In this regard, lignin is the most prominent aromatic polymer in nature.>*!?! The
paper manufacturing process produces tons of lignin as waste.'?%12> Moreover, in
the processing of lignocellulose biomass, lignin is obtained in large portions as co-
product. Nevertheless, this remaining lignin is usually burnt for energy recovery. It
is estimated that the bio-refineries could produce 60 times more lignin than the
amount required to supply energy to the infrastructure itself. Only a single bio-
ethanol production plant could generate ca. 60 x 10° tons per year in the USA by
2022.1%

Lignin is an amorphous polymer, providing structural integrity to the plants.
Coniferyl alcohol, p-coumaryl alcohol and sinapyl alcohol are the three principal
monolignol units followed by the correspondent subunits p-guaiacyl,
hydroxyphenyl and syringyl. These lighin monomers arrange in a random polymeric
network with no repetitive units and different bonding pattern depending on the
plant species (Figure 1.4).%8
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Figure 1.4. Portion of lignin polymer (top); (A) main bonding pattern present in lignin; (B) primary
monolignol units that compose the polymeric structure of lignin and the correspondent subunits
(adapted from ref.%8).
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The different distribution of these units that build up the complex lignin structure
in the various species of plants, either naturally occurring or from genetic
modifications of biosynthetic pathways in plants, gives rise to distinct polymeric
structures of lignin, as shown in Figure 1.5.12% 124132 The greatest challenge in the
valorization of lignin relates to the establishment of new methodologies for the
degradation of these polymeric structures (not discussed in this thesis). Three
important developments occurred in the last decades, which can significantly
contribute in finding (bio)catalytic strategies for the controlled degradation of this
high valuable natural polymer: i) engineering plants feedstock for production of
more homogeneous lignin structures!3 (interruption of monolignol biosynthesis in

128, 134-138

order to modify the subunits ratio), jii) advances in computational

modelling and analytical techniques to elucidate lignin structure for improvements

139-147

in genetic engineering, jiii) upgraded biomass pre-treatments for easier

recovery and follow-up conversion of lignin.?!
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Figure 1.5. Portions of distinct polymeric structures of lignin depending on the distribution of the
primary monolignol units in the various plant species (adapted from ref.12),
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Nevertheless, the main challenge remains the controlled deconstruction of this
complex polymer.}#&14° For example, oxidative depolymerization of lignin can be
accomplished by homogeneous or heterogeneous catalysis.’**'>? Moreover,
thermal treatment such as catalytic pyrolysis can also be a viable methodology for
disruption of the complex lignin structure. First, a bio-oil consisting of a blend of
oxygenated monomers and oligomers is obtained followed by further processing to
yield the targeted aromatic products.'>*1* Gasification of lignin to syngas is also a
viable route for the valorization of this high-value bio-refineries co-product.*® In
nature, lignin depolymerization occurs via the concerted action of several oxidative
enzymes, such as laccases, lignin peroxidase and other promiscuous peroxidases.
These enzymes are predominantly produced by white-rot fungi, but they are also
found in brown-rot fungi and some bacteria (e.g., glyoxal oxidase and aryl alcohol
oxidases). Recombinant enzymatic processes for unlocking lignin value have also
been reported.1>6-166

The ability to modulate the composition of the lignin monomers is advantageous as
it facilitates lignin extraction during pre-treatment of lignocellulose biomass, and
enables the development of efficient biotechnological, chemical and thermal
methods to accomplish depolymerization of this cross-linked phenolic biopolymer
and the further upgrade to high-valued chemicals.'>® 163 167. 168 However, lignin
coming from the paper industry or bio-refineries is very challenging to valorize due
to the harsh conditions used in processing the lignocellulosic biomass that alter the
lignin structure. Nonetheless, a plausible solution can be the initial extraction of
lignin from lignocellulose (e.g. by reductive catalytic fractionation RCF)'®° before
performing the pre-treatment for the separation of cellulose and hemicellulose.'”®
Also alternative strategies have been reported to overcome this challenge.l’? 172
Basically, lignin valorization can occur by either direct utilization of its monomers
or by catalytic upgrading of lignin co-product coming from lignocellulose bio-
refineries.’>! The aromatic nature of lignin provides a broad variety of potential
uses (Figure 1.6):}* for instance, as precursor for bio-based carbon fibers

synthesis,’”*'> for the manufacture of bio-plastics and bio-polymers,’® 177

178

adhesives and binders as well as aromatic compounds, APIs precursors *’* and many

other high valued chemicals.14®176:177.179,180 Njgreover, it can be a source of phenolic

150,181 and a typical example is the industrial production of vanillin.#

derivatives
However, with respect to the developments achieved for the valorization of bio-
based monosaccharide C6 and C5 to high valued chemicals, more research is

needed for the development of highly efficient technologies (combination of
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biotechnology, (bio)chemistry and engineering) for the integration of lignin
valorization in the bio-refineries.

BTX Liquid fuels
Phenols
Vanillic acid API
HHE recursors
derivatives P
Cathecol Substituted
derivatives sinarie
compounds
Lignin
Carbon Bioplastics and
fibers biopolymers
Acetic acid, Ethvl Organic Adhesives
CH, CO HVEne, solvents: and binders
acethylene DMSO,DMS
Poly-
urethanes

Figure 1.6. Overview of potential lignin-derived chemicals and value-added products.

1.2 The role of biocatalysis for a green and sustainable chemistry

Based on the needs for greener processes and to meet a sustainable development,
the use of catalytic methods are good substitutes to the traditional use of
stoichiometric reagents in chemical synthesis. In this regard, biocatalysis has even
more benefits to offer in both environmental and economic terms. 8!8
Interestingly, five green chemistry principles are fulfilled by the intrinsic elevated
chemo-, regio- and stereoselectivity of enzymes. In general, biocatalysis is
considered safe, sustainable and selective. By principle, enzymes are non-
hazardous and non-toxic for both environment and people and are renewable and
biodegradable by nature.'® Biocatalytic reactions are commonly run in aqueous
solutions and less harsh conditions. Moreover, highly selective enzymes can afford
products in elevated purity, hence reducing the amount of solvents conventionally
used for further purifications (e.g., column chromatography). Biocatalysts do not
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usually require activating agents, protection/deprotection steps, thus leading to
processes with greater step economy and more energy utilization than
conventional routes. This translates to less waste along with precluding toxic
metals, auxiliaries and (supra) stoichiometric amount of other reagents.?9%
Furthermore, the use of biocatalytic processes complies with the concept of waste
lignocellulose biomass valorization; as described earlier, enzymes can transform
biological feedstocks (cellulose and lignin) in high valuable compounds.t® It is
expected that the establishment of a bio-based economy will further broaden the
scope of biocatalysis by discovering new enzymatic activities to enable the
performance of new chemical transformations. Although enzymes’ potential in
organic synthesis has been known for a long time, their broad utilization began just
in the 1980s. A major hurdle was the scarce availability of commercialized enzymes,
mainly hydrolases (lipases, esterases and glycosidases).!* Nowadays, the enzymes
toolbox is expanding continuously thus covering much of the known chemical
reactions used in many synthetic pathways. For instance, oxidoreductases (e.g.,
dehydrogenases, oxidases, peroxidases) and (amino)-transferases are two of the
most studied and applied enzymes classes in both academia and industry, and many
examples can be found throughout the literature.’® ¥ Many enzymes display
substrate promiscuity. Even more relevant, these superb catalysts often show
catalytic promiscuity thereby being able to perform different reactions besides
their native catalytic activity.’®>!! This peculiar trait provides the fundamentals for
subsequent developments as exemplified by directed evolution.’®? Indeed, as a
result of advances in modern biotechnology (e.g., recombinant DNA technology,
protein engineering techniques, high-throughput screening),’**'% “tailor-made”
biocatalysts can be designed to meet specific requirements such as substrate
specificity, activity, stability and selectivity,'*® 7 thus broadening the availability of
enzymatic reactions for applications in organic synthesis.’%2% As 3 consequence,
more enzymes are available on the market because they are also produced at more
competitive prices compared to twenty years ago. Moreover, these biotechnology
advances will allow the discovery and generation of new enzymes performing
unnatural transformations.?%

Biocatalytic processes can be performed with i) growing cells (fermentation), in
which the metabolic pathways of growing cells is used; ii) whole resting cells, and
iii) isolated enzymes.2%? Fermentation processes were already used in ancient times
mainly for the production of food as well as beverages (e.g. bread, beer and wine).
Later on, fermentation processes were applied in the preparation of amino acids,
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alcohols, vitamins, hormones and many other bioactive molecules. More recently,
overproduction of metabolites was performed by engineering organism
metabolism for performing unnatural reactions.?®® However, the use of growing
cells for carrying out conversion of external substrates can result in lower reaction
rates due to limitation in substrate diffusion through the cell walls, for instance.
Moreover, the development of fermentation processes requires large financial
investments and time while pharmaceutical industries tend to favor catalysts that
can be stored, and therefore easier to handle.’®”2% |n general, biocatalytic
transformations are preferentially carried out by using recombinant
microorganisms (GMOs, e.g. E.coli) in the form of whole resting cells (fresh and
frozen cells, lyophilized powders, free-cell extract), which produce the desired
overexpressed enzyme.?® Alternatively, the isolated enzymes can also be applied
by performing extraction from the host organism followed by purification.?? The
use of whole cells provides some advantages compared with isolated enzymes; for
instance, protection of the overexpressed enzyme within the cell walls, avoidance
of enzyme purification, easy removal of the cells debris and the aid of cell
metabolism for coenzymes regeneration.?°>2% |n this case, substrate diffusion can
be overcome since cell membrane becomes more permeable due to pre-
treatments such as freeze/thaw or lyophilization.?” The major downsides can
derive from side reactions due to the presence of other enzymes coming from the
host organisms; however, this can be mitigated by overexpression of the desired
enzyme and suppression of the undesired ones.?’® On the other hand, one of the
main advantages of isolated/purified enzymes is the exclusion of contamination
from other enzymes that are present in the host organisms. Nevertheless, whole
cells are ca. 10% cheaper than the purified enzymes. The main costs are associated
with the purification step as well as the need of external cofactor regeneration.?%’
Nonetheless, many efficient cofactor recycling systems were reported in literature
especially in regard of NAD(P)H-dependent enzymes: for instance, formate/FDH
and glucose/GDH.29%211212 Moreover, the use of orthogonal cofactor regeneration
systems enables the removal of byproducts formed during the reactions, thereby
favoring the product formation. An example is the asymmetric synthesis of optically
active amines with aminotransferases, in which alanine is commonly used as amino
donor, hence generating pyruvate as by-product (Figure 1.7).232Y Another
alternative is the use of surface display of the desired enzyme in engineered cells;
this does not require the substrate to cross the cell membrane, however, this
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technology may not be generally applicable especially for cofactor dependent-

enzymes,208 209
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Figure 1.7. Examples of internal and orthogonal co-enzyme/co-substrate recycling systems

Nevertheless, for a truly economic and sustainable process, the enzyme needs to

be recovered and re-used. This can be accomplished by immobilization techniques

of either purified enzymes or the whole host organism carrying the desired

overexpressed biocatalyst. Examples are solid cross-linked enzyme aggregates

(CLEAs), enzymes bound to a carrier materials or encapsulated in polymeric

hydrogels.’®”- 218219 The immobilization of enzymes can reduce catalytic activities.

However, higher stability is often achieved.'® Furthermore, the coupling of

immobilization strategies with continuous flow processes is a further improvement

in regard to the reusability of the biocatalyst. However, this technology requires

more research in order to find full applicability in industrial biocatalysis.

30

220-222



Biocatalysis for a green and sustainable economy: general introduction

1.2.1 Biocatalytic cascade reactions

The fact that enzymes are often compatible and can operate simultaneously at the
same temperature, pressure, pH and reaction media is of high relevance in
asymmetric organic synthesis. This property enables the implementation of
multiple-step processes.??>??* |t also results in the minimization of solvents
consumption as well as reduction of reaction volumes, by avoiding intermediate
isolation and purification. Moreover, cascade reactions have the advantages of
cutting down operation time and costs as well as enabling higher space time
yields.?”® In addition, the removal of the in situ formed intermediates or
coproducts—which may inhibit and/or deactivate the biocatalysts—by applying
orthogonal systems permits to achieve product formation by shifting the

187,216, 226-229 Eingally, the in situ formation of unstable or

thermodynamic equilibrium.
highly toxic intermediates, which are then directly converted in the follow-up step,
confers to these one-pot enzymatic processes a further improvement compared to
conventional multi-step organic synthesis.?®® Another trend concerns the

225231 \wherein the key step is

development of chemoenzymatic cascade reactions,
usually performed by enzymes due to their exquisite chemo-, regio- and
stereoselectivity, followed by chemocatalytic steps such as hydrogenation using
molecular hydrogen.?*?233 Because of the enormous amount of artificial cascade
reactions that are continuously reported, classifications of these multi-step
processes have been proposed, which sometimes lead to
ambiguity.216:225.229.230.233,234 A interesting and linear classification was described by
Rudroff’s group.?3® One-pot cascade reactions consist of any system in which two
or more transformations take place in the same pot involving at least one
catalyst.?? Accordingly, cascades can be performed in two main mode, namely:
sequential and concurrent reactions. The first refers to systems in which two or
more transformations are carried out in the same pot but are separated in time.
Conversely, in the concurrent mode the product of the first reaction is subsequently
converted in the follow up reaction thereby both reactions occur in the same pot
and at the same time. Concurrent cascade reactions can further be classified in
domino and tandem reactions wherein the first are intended when an unstable
intermediate, formed by the initial catalyzed step, undergoes spontaneous
reactions before converting into the most stable product. On the other hand,
tandem (or linear) cascades relate to multiple catalyzed transformations,
concerning enzymes that usually perform individually but are instead combined in
the same pot (Figure 1.8). Nevertheless, systems in which an additional orthogonal
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reaction is used for shifting the reaction equilibrium or for regeneration of a
cofactor, cannot be classified as cascades since only one desired transformation is
effectively occurring. Examples of such orthogonal systems are shown in Figure 1.7.

Domino reactions
S=>[1]=>P

Concurrent mode Cat,

Cat,

S=>[P1]=>[P2]>P3

One-pot cascades
Cat,

Figure 1.8. Tentative classification of one-pot cascade reactions based on the definitions reported by
Rudroff et al.;?33 Cat = catalyst; 1-x = number of catalyst involved from 1 to x; S = substrate; | =
intermediate; P = product; squared brackets indicate an intermediate which is not isolated.

Many multi-enzymatic cascade reactions are reported, which involve a large variety
of enzymes, such as amine dehydrogenases, monooxygenases, peroxidases,
hydrolases, aminotransferases, alcohol dehydrogenases, imine reductases etc. For
instance, Li and coworkers developed a network of whole cells enzymatic
transformations of alkenes to highly valuable chemicals by engineering E. coli
strains co-expressing the required biocatalysts in modules.??>24” A smart way to
perform multi-step enzymatic one-pot conversions is via the so called hydrogen-
borrowing cascades which uses the first oxidative step for providing the required
reducing equivalent in the second reductive step through interconnected
coenzyme regeneration.?*®22 Mutti and coworkers described the application of

211, 253-255 and

these enzymatic redox-neutral processes in the synthesis of amines
nor(pseudo)ephedrine isomers.?® A large number of one-pot biocatalytic reactions
have been reported throughout these years for the synthesis of high valuable

compounds,187:213,216,224,229-231,234,242,249,257-266 Eyamples are shown in Figure 1.9.
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Figure 1.9. Examples of one-pot multi-enzymatic reactions for the synthesis of high valuable
compounds: A) concurrent mode domino cascade;?%” 28; B) concurrent mode cofactor-free tandem
cascade;?®® C) concurrent mode tandem cascade (TeSADH = alcohol dehydrogenase variant;

AspRedAm = reductive aminase);*’% 2’ D) sequential mode cascade.?’? (Schemes were adapted from
ref.230, 234)_
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1.3 Biocatalysis in APIs synthesis

The FDA regulations, which oblige the exclusive commercialization of one active
enantiomer as drug, favored the breakthrough towards implementation of
asymmetric enzymatic synthesis for stereoselective processes.?’>?’* In the last
decades, biocatalysis has been integrated into synthetic routes, in particular, in the
pharmaceutical industry in order to perform key steps as the introduction of
stereogenic centers.1*?’>281 Another contribution for this escalation to the use of
enzymes in the pharmaceutical industry came from the possibility to perform
biocatalytic processes in organic media, or more in general in non-aqueous solvent

5y5tem,282 283

at elevated temperatures®®® allowing higher substrates solubility and
easier recovery of products. The ACS Institute of Green Chemistry has released a
guide of crucial research areas aimed to incorporate the green chemistry principles
in the manufacture of pharmaceuticals.?®* Sheldon et al. gave an integrated outline
of enzymes within these processes.’®” As shown in Table 1.4, biocatalysis integrates
very well in the process of developing greener methodologies but much more still
needs to be investigated. The enzymatic synthesis of optically active amines, by
reductive amination of prochiral ketones or by functional group manipulation
starting from alcohols, and the synthesis of chiral alcohols, by reduction of the
correspondent carbonyl compounds, are particularly popular due to the abundant
presence of these functionalities in APIs. Many enzymes involved in these
transformations have been amply studied, such as transaminases and alcohol
dehydrogenases but also amine dehydrogenases, monoamine oxidases and other
related enzymes. Furthermore, kinetic resolution has been extensively
incorporated in the manufacture of APIs.285286.287.288 gome examples of enzymatic
key steps involved in the synthesis of pharmaceuticals as well as enzymatic routes

leading to valuable building blocks and drugs intermediates are depicted in Figure
1'10.14,187,202,285,289-293
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Table 1.4. Key research areas in the pharmaceutical industry and biocatalysis contribution (adapted
from ref. 187 and 284)

Key research areas for greener processes in the
pharmaceutical industry

Class of enzymes related to
research area

Versatile methods which use non-precious and
sustainable metals

Enzymes sometime use cheap
and sustainable metals

Catalytic methodologies for amide and/or peptide
formation

Proteases, lipases; nitrile
hydratases

Predictable site-selective C-H activation employing
greener oxidants

Oxidoreductases

Reduction of amide bond without using LiAlH; and
diborane

Amide reductases are
unknown (yet)

Functionalization of alcohols

Hydrogen-borrowing
enzymatic cascades

Catalytic immobilization techniques avoiding
significant loss of activity

Enzymes immobilization
techniques

Asymmetric hydrogenation of unfunctionalized
compounds (olefins,enamines,imines)

Ene-reductases; Imine
reductases

Improvement of fluorination/trifluoromethoxylation

methods

Known C-H fluorination
enzymes but not yet
commonly applicable

Methods which avoid the use of Ph3PO in the Wittig
reaction

Enzymatic carbonyl
olefination

Greener oxidative processes for C-O and C-N bonds

Peroxygenases, Cytochrome
P450
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1.3.1 Vicinal amino alcohols

Among the various functionality present in APIs, amino alcohols constitute the
active core of several natural products and pharmaceutical active compounds such
as alkaloids, neurotransmitters (e.g., ephedrine, pseudoephedrine, norephedrine,
epinephrine), sphingosine derivatives as sulfobacin B, HIV protease inhibitors as
saquinavir, ritonavir and lopinavir, aminopeptidase inhibitor as bestatin, antibiotics
such as chloroamphenicol, anisomycin etc. (Figure 1.11).2%83%2 Fyrthermore, vicinal
amino alcohols are extensively used in organic chemistry as ligands and chiral

auxiliaries as well as they find applications as chiral building blocks.30% 303
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protein synthesis inhibitor

Figure 1.11. Bioactive molecules with vicinal amino alcohol functionalities.

A variety of chemical methods are known for the synthesis of amino alcohols. The
most acknowledged routes being the Sharpless asymmetric aminohydroxylation of
olefins3%3% and the selective nucleophilic opening of epoxides and/or
aziridines.301:302306:307 \Many more strategies have been reported in the literature
which can mainly be divided in i) direct transformation of substrates carrying the

308310 5r to an

315,

two heteroatoms (e.g., nucleophilic addition to an a-amino carbony

311-313 314

reduction of a chiral a-amino acids,>** a-amino ketones

317).
’

a-hydroxy imine;

316 i) coupling reactions of two molecules each carrying

one heteroatom (e.g., aldol-type reactions;3'¥-32° pinacol-type reactions®??) and iii)

or a-hydroxy imines

single heteroatom addition to a molecule already carrying the other heteroatom

(e.g., alkoxide to a,B-unsaturated amines;3?4326

nitrogen to electrophilic
carbons 322323 ) 302327,328 Neyertheless, toxic and expensive metals associated with
stoichiometric amounts of reagents and hazardous solvent systems are often
required. Moreover, protection/deprotection steps are very often present in these
types of synthetic routes which result then in lengthy and tedious syntheses.
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Figure 1.12. Classification of chemical approaches for the asymmetric synthesis of chiral amino
alcohols (adapted from ref, 302329),

On the other hand, a comprehensive classification for the enzymatic methods for
amino alcohols synthesis cannot be drawn yet. In fact, most of the literature covers
the preparation of targeted amino alcohol structures rather than describing general
synthetic approaches. Anyway, it is possible to give an overview of the enzymes
involved in such transformations and a recent review about biocatalysts for amino
alcohols synthesis was published by Gupta et al3?” Transaminases or
aminotransferases are the most employed enzymes; they perform the transfer of
an amino group to a prochiral ketone via PLP coenzyme.?* This class of enzymes

213,330,331

was applied in the asymmetric amination of a-hydroxyketones and in the
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resolution of racemic amino alcohols.?32333 Nevertheless, many kinetic resolution
strategies were reported employing hydrolases, mainly lipases.33%33> Moreover,
transaminases were also coupled with alcohol dehydrogenases for the asymmetric

336

amino hydroxylation of diketone compounds®® as well as with transketolase

starting from glycolaldehyde and hydroxypyruvate.?¥’33 Reductive amination of a-

39 while

hydroxyketones can also be performed with amine dehydrogenases
alcohol dehydrogenases were used in the reduction of amino/azido carbonyls.
When starting from azido ketones, a chemical hydrogenation step is often used in
combination with an ADH.2323%0 Other applied approaches comprise amino acids
decarboxylation (enzymatically prepared by aldolases)®** and the selective opening
of epoxide catalyzed either by halohydrine dehalogenases with an azide source3*?
or by lipases with an amino compound.?® Furthermore, enzymes involved in the
formation of C-C bonds (e.g., hydroxynitrile lyases and promiscuous hydrolases)
were also integrated in chemoenzymatic approaches for the preparation of amino
alcohols.3*3% Qverall, there is still not a versatile enzymatic methodology to yield
amino alcohols, for instance through direct asymmetric aminohydroxylation of
alkenes. Li's group published the asymmetric aminohydroxylation of aromatic
terminal olefins by an engineered E. coli strain co-expressing four enzymes, namely:
styrene monooxygenase, epoxide hydrolase, alcohol dehydrogenase and
transaminase.?3>237.241 Few years later, Arnold and colleagues described the use of
an engineered hemoprotein for the direct aminohydroxylation of alkenes.’*
Nevertheless, both approaches were applied on targeted products and limited to
aromatic terminal alkenes. A general overview of some chemical and enzymatic
approaches for amino alcohols synthesis is depicted in Figure 1.12-1.13. More
details on certain chemical and enzymatic routes will be discussed in the next

chapters of this thesis.
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Figure 1.13. Overview of enzymatic approaches for the preparation of amino alcohols; SMO = styrene
monooxygenase; TA = transaminase; ADH = alcohol dehydrogenase; TK = transketolase; AmDH =
amine dehydrogenase; EH = epoxide hydrolase; HNL = hydroxynitrile lyase; AIKJ = alcohol
dehydrogenase.

1.4 Thesis outline

The aim of this thesis is the development of biocatalytic cascade reactions for
optically active vicinal amino alcohol’s synthesis with a focus on
phenylpropanolamine scaffolds (nor(pseudo)ephedrine) and phenylethanolamine
isomers. The goal was pursued through the testing of several one-pot cascades
towards the synthesis of the target amino alcohol products and starting from
aromatic olefins. The thesis entails two independent sequential cascades: j) the
asymmetric enzymatic one-pot synthesis of diol substrates starting from aromatic
alkenes and ii) the multi-enzymatic transformation of chiral diols to targeted amino
alcohols. Apart from Chapter 1, which consists in a conceptual road map on the role
of biocatalysis in modern organic chemistry, this thesis comprises five more
chapters. Chapter 2 describes the work on the engineering of a styrene
monooxygenase. The two units of the catalytic system, StyB (the reductase domain)
and StyA (the epoxidation domain) were genetically fused by a 30 amino acids linker
to generate the chimeric Fus-SMO. The enzyme’s catalytic performance and
applicability for the asymmetric synthesis of targeted epoxides were both
evaluated. In Chapter 3, the formal regio-, chemo- and stereoselective synthesis of
two isomers of nor(pseudo)ephedrine was accomplished via the so called
hydrogen-borrowing (HB) cascade. Optically active diols were transformed to the
targeted compounds by coupling alcohol dehydrogenases (ADHs) and amine
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dehydrogenases (AmDHs) in a one-pot fashion. Moreover, the 1,2-
phenylpropanediol substrates could also be enzymatically synthesized starting
from B-methylstyrene via a one pot cascade catalyzed by the above-mentioned
engineered Fus-SMO combined with two stereocomplementary epoxide
hydrolases (EHs). Thus, we were able to obtain all the four diol isomers in
enantiomeric pure form. Due to the lack of (S)-selective AmDHs, the enzymatic
synthesis of the other two isomers of nor(pseudo)ephedrine could be achieved by
coupling ADHs with stereocomplementary w-transaminases (wTAs), as described in
detail in Chapter 4. Similarly, to the HB-bioamination, which is a redox-neutral
cascade because of the internal recycling of the NAD* coenzyme catalyzed by ADH
and AmDH, the ADH/TA system regenerated the required oxidized NAD* coenzyme
via an alanine dehydrogenase (AlaDH). Simultaneously, the pyruvate side product
was converted back to alanine that re-entered the cycle as amino donor in the
aminotransfer reaction. Chapter 5 deals with an extension of the one-pot cascade
reported in chapter 4. In this case, another class of amino alcohol structures were
targeted, namely phenylethanolamine isomers. Both a- and B-amino alcohols could
be obtained, starting from chiral 1,2-phenylethanediol, by either the one-pot
cascade described in chapter 4 or via an orthogonal bioamination cascade. In this
latter case, an alcohol oxidase was combined with an amine dehydrogenase. The
latter enzyme was also part of an orthogonal enzymatic system whereby the NADH
coenzyme, required in the reductive amination step, was recycled. Finally, Chapter
6 is a proof of principle to show the high potential of the cascades discussed so far.
The overall perspective of this work is to show the possibility to further expand the
applicability of these one-pot cascades for giving access to other amino alcohols
structures (e.g., adrenaline and derivatives thereof). Moreover, these cascades may
be further improved by sourcing the olefins substrates—which ultimately are the
starting material to obtain the amino alcohols—from renewable resources (e.g.,
caffeic acids). Nevertheless, no conclusive evaluations can be drawn, yet since more
tests and analysis of the cascade processes are necessary. However, the
engineering of a toolbox of better biocatalysts through the integration of
computational methods and directed evolution is critical in order to enhance the
overall catalytic performance of these cascades.
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Chapter 2

Abstract. the styrene monooxygenase (SMO) system from Pseudomonas sp. is

constituted by the two enzymes StyA and StyB. StyB catalyzes the reduction of FAD
at the expense of NADH. After the transfer of FADH, from StyB to StyA, reaction with
O, generates FAD-OOH that is the epoxidizing agent. The waste of redox equivalents
due to a partial diffusive transfer of FADH,, the insolubility of recombinant StyB and
the impossibility to express StyA and StyB in a 1:1 molar ratio reduce the catalytic
efficiency of the natural system. Herein, we present a chimeric SMO (Fus-SMO) that
was obtained by genetic fusion of StyA and StyB with a flexible linker. E. coli cells
expressing Fus-SMO possess ca. 50% higher activity for the epoxidation of styrene
derivatives than E. coli cells expressing separated StyA and StyB as a combination
of: i) balanced and improved expression levels of reductase and epoxidase units; ii)
intrinsic higher specific epoxidation activity of Fus-SMO in some cases. The
epoxidation activity of purified Fus-SMO was up to 3-fold higher than two-
component StyA-StyB (1:1, molar ratio) and up to 110-fold higher than natural fused
SMO. Determination of coupling efficiency and study on the influence of O, pressure
were also performed. Finally, Fus-SMO and formate dehydrogenase were
coexpressed in E. coli and applied as self-sufficient biocatalytic system for the
epoxidation above 500 mg scale.
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2.1 Introduction

Chiral epoxides are important building blocks in organic synthesis because of their
high versatility and reactivity towards a variety of reagents. Indeed, they can
undergo Sn2 reactions with a large variety of nucleophiles. Furthermore, epoxides
find large applications as intermediates for the synthesis of active pharmaceutical
ingredients, natural products, flavors and fragrances, other fine chemicals and
advanced polymeric materials.x*> Moreover, epoxide moieties are also found in
naturally occurring APIs, such as epothilones,?® a class of potential cancer drugs
(Figure 2.1).
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e
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Figure 2.1. Examples of chemical synthesis involving chiral epoxide as key intermediate (A-C); natural

bioactive compound carrying an epoxide moiety (D)

Chiral epoxides are classically synthesized via asymmetric epoxidation of alkenes
using Ti(O-iPr)s (i.e. Katsuki-Sharpless)?*
Jacobsen),”® which require stoichiometric amounts of a chemical oxidant.

or salen-Mn(lll) complexes (i.e.

Hydrolytic kinetic resolution of racemic epoxides is also possible using chemical

2826 35 well as biocatalytic methods involving hydrolases.>*”3! Other more

32-34

methods
recent methodologies involve iron-based catalysts with hydrogen peroxide or
organocatalysts with an oxidant such as hydrogen peroxide, oxone, hypochlorite
salts, peroxides (e.g. TBHP, mCPBA) or trichloroisocyanuric acid, etc.3>° Despite of
significant research efforts and progresses in the field of chemocatalytic and
organocatalytic asymmetric epoxidation of terminal alkenes such as styrene and

derivatives, achieving elevated stereoselectivity (99% ee or higher) remains still a
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challenge.3>36384151 Hence, the biocatalytic counterpart of this reaction has been
investigated during the past fifteen years using either flavin (FAD) or iron-
dependent monooxygenases.>? Enzymatic epoxidation is particularly attractive as
epoxides are usually obtained with elevated enantiomeric excess (>99%) using
molecular oxygen as oxidant. Among the others, the bi-enzymatic system of the
FAD-dependent styrene monooxygenase (SMO) from Pseudomonas sp. has been
exploited for the production of enantiopure styrene oxide (and derivatives thereof)
in laboratory and pilot-scale production employing fermenting or resting

53-%6 as well as crude enzyme preparations.”” A thorough

recombinant E. coli cells
comparison between the SMO enzymatic process and different chemical
epoxidation processes has shown that the former is the most advantageous when
economic profitability and environmental impact are concomitantly considered.>®
The potential of SMOs in chemical synthesis has also been demonstrated in the
production of chiral vicinal diols, amino-alcohols, a-hydroxy-carboxylic acids and a-
aminoacids through one-pot, concurrent multi-step cascades.>%%?

The current drawback regarding the use of the natural SMO enzymatic system, as
in Pseudomonas sp., is the requirement of two separated enzymes (StyA and StyB)
in order to promote the efficient epoxidation activity.®® Hence, both enzymes are
usually coexpressed in E. coli.>® StyB catalyzes the reduction of FAD to FADH, at the
expense of NADH, whereas StyA utilizes FADH; and O, to generate FAD-OOH in its
active site. The final epoxidation of the styrene substrate, performed by StyA,
regenerates the oxidized FAD upon dehydration (Figure 2.2). The actual mechanism
of this bi-enzymatic process is still matter of debate. Early studies have reported a
pure diffusive transfer of FADH; from StyB to StyA.%* Nonetheless, subsequent in-
depth studies strongly support the existence of a molecular interaction during the
catalytic cycle between StyB and StyA from Pseudomonas sp. as well as other
SMOs.%>%” Published kinetic data show: i) the existence of two competitive
mechanisms (diffusive and channeling) for the transfer of FADH, from StyB to
StyA;®5%7 ji) a variation of the epoxidation activity of StyA in presence of different
types of StyB, wherein the highest rate was observed in combination with the
natural partner.®’
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NADH + H* NAD* 0O,

free diffusion
or channeling

FAD FADH, ~~""""""~ StyA

— + FAD + H,0

1aX=H 2aX=H
1bX=CH3 2bX=CH3
1cX=H,R=CH; 2cX=H,R=CH,

Figure 2.2. Simplified catalytic cycle of the flavin-dependent styrene monooxygenase (SMO). a) Step
1: Reduction of FAD to FADH, catalyzed by StyB and further transfer to StyA, whereby oxidation to
FAD-OOH occurs. b) Step 2: Asymmetric epoxidation of styrene (or derivatives) by StyA with
regeneration of oxidized FAD.

Whilst naturally occurring fused SMOs (StyA2B) have been isolated, the catalytic
activity was from one to two orders of magnitude lower than the bi-enzymatic SMO
system from Pseudomonas sp.®® Interestingly, the epoxidation activity of StyA2B
increased when an additional epoxidase enzyme (StyA1) was included.®” All these
findings reveal that the molecular interaction between the different enzymatic
units has important synergistic effects on the overall catalytic cycle, besides a mere
improved transfer of FADH, from one unit to the other one. However, StyA is
capable of catalyzing the epoxidation also in absence of StyB as long as reduced
FAD is supplied. This property was exploited for the generation of hybrid chemo-
enzymatic and electro-enzymatic systems.®*’! So far, the catalytic efficiency of
these “StyA-hybrid” systems was significantly lower than that of the natural bi-
enzymatic StyA-StyB. This reduced efficiency may be, in part, attributed to the lack
of catalytic activation on StyA effected by StyB. Additionally, it has been shown that:
i) the highest epoxidation activity is obtained when StyA and StyB are combined at
ca. 1:1 ratio and at low FAD concentration (ca. 15 pM)®®5%7 gnd ji) the reduction of
oxidized FAD by StyB is the rate-limiting step.®®’? Obtaining a nearly 1:1 ratio
mixture of recombinant StyA and StyB in E. coli and in active form is still a
challenging task. One issue is the difficult balancing and regulation of the expression
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of both genes. The second, more severe, issue is that recombinant StyB in E. coli is
mainly obtained as insoluble inclusion bodies (i.e. denatured form). In fact, in vitro
experiments always required refolding of the inactive StyB, a lengthy and low-
yielding procedure.4®

Herein, we present a chimeric SMO in which reductive (StyB) and epoxidation (StyA)
enzymatic units are fused with a flexible linker of 30 amino acids’® in order to: i)
solve the insolubility issue of StyB, ii) maximize the epoxidation activity (StyA-StyB
1:1 ratio), iii) improve FADH,; transfer and find an optimum balance with coupling
efficiency (NADH consumption vs. styrene epoxidation). A recent study reported on
the catalytic mechanism of other artificially fused SMOs.”?> Nevertheless, these
chimeric enzymes were either produced in insoluble (i.e. non active) form or
possessed lower catalytic rate for the epoxidation of styrene (ca. 5-fold or less)
compared to the natural system. The reason for this discrepancy compared to the
present work will also be discussed.

2.2 Results and Discussion

2.2.1 Design of the fused SMO and initial tests for activity

The StyA and StyB genes belonging to the bi-enzymatic system of the styrene
monooxygenase (SMO) from Pseudomonas sp. were genetically fused using a
flexible linker” which was constituted by 30 amino acids (section 2.4.3). The gene
construct (Fus-SMO) was designed in the following order: (N-Hise-tag)-(StyA)-
(linker)-(StyB). Positioning the Hisg-tag DNA sequence downstream from the T7
promotor and upstream from the StyA gene confers normally enhanced level of
enzyme expression. The gene of the StyB was positioned at the end of the construct
as this enzyme alone has been always expressed mainly as inclusion bodies (>95%
of inactive enzyme).% E. coli BL21 D3 cells were transformed with the DNA encoding
for the chimeric Fus-SMO enzyme and cells were grown on agar plate. Due to the
different morphologies of the E. coli colonies obtained (i.e. various colors: pink,
blue, white), four of them were selected for further testing of expression, solubility
and activity (Figure 2.3). The generation of pigmented cells stems from the
production of indigo (i.e. blue color) or indirubin (i.e. red) during cultivation, which

is enabled by the overexpressed Fus-SMQ.747®
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Figure 2.3. SDS-PAGE for the expression of Fus-SMO in E. coli BL21 DE3 as host (top); SDS-PAGE for
verifying the soluble part of the expressed Fus-SMO when expression was performed at 25 °C
overnight (bottom). Marker: PageRuler™ Unstained Protein Ladder (ThermoFisher Scientific)

In preliminary experiments, the conversion for the epoxidation of styrene (1a) was
determined after a specific reaction time, using lyophilized E. coli whole cells
overexpressing Fus-SMO in a biphasic system (aqueous buffer/n-decane, (Table
2.1). As reported in literature,® ® the organic phase acts as a reservoir of styrene
and reduces the molecular toxicity of the product styrene oxide. Furthermore, it
prevents the spontaneous opening of the epoxide ring. Interestingly, the quantity
and solubility of the expressed Fus-SMO into the cells seems to not correlate with
a particular pigmentation of the host organism (Figure 2.3), whereas a difference
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in the conversion was observed only in one case for colony 2 (Table 2.1). However,
further optimization of the expression conditions (i.e. IPTG concentration) revealed
that all the E. coli colonies perform the epoxidation equally well, independently
from their pigmentation.

Table 2.1. Conversions [%] of 1a (20 mM) to (S)-2a for the activity test of lyophilized whole cells
containing Fus-SMO with and without the addition of FAD (50 uM).

Entry | colony | conversion of 1a after expression of Fus-SMO at 37 °C for 3 h [%]

- FAD + FAD
1 1 24 24
2 2 7 24
3 3 20 56
4 4 21 50
Entry | colony | conversion of 1a after expression of Fus-SMO at 30 °C for 5 h [%]
-FAD +FAD
5 1 40 22
6 2 39 26
7 3 40 26
8 4 38 23
Entry | colony conversion of 1a after expression of Fus-SMO at 25 °C o.n. [%]
-FAD +FAD
9 1 55 52
10 2 74 99
11 3 53 52
12 4 52 48

The influence of the addition of exogenous FAD was also assayed (50 uM) during
the reaction. Biocatalytic reactions in presence or absence of FAD afforded
statistically analogous results. Hence, E. coli is capable of producing sufficient
amount of cofactor in combination of Fus-SMO to sustain the reaction (Table 2.1).
Nevertheless, for the sake of reproducibility of the results, this whole study was
carried out by adding a minimal amount of FAD to each biocatalytic reaction
because long time storage of E. coli/Fus-SMO (frozen pellets or lyophilized cells)
was possible, but data on the stability of FAD in such conditions were not available.
A glycerol stock solution prepared from the culture obtained from colony 1 was
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used for the continuation of this study. Optimization of the expression conditions
(25 °C, 16 h, IPTG 0.1 mM) and further testing of activity led to the production of
soluble and active Fus-SMO in elevated amount (Figure 2.4).
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Figure 2.4. SDS-PAGE for the expression (left) of Fus-SMO using various concentrations of IPTG and
solubility test (right). Marker: PageRuler™ Unstained Protein Ladder (ThermoFisher Scientific).

As shown in Table 2.2, whole lyophilized E. coli cells carrying the overexpressed Fus-
SMO, under different conditions, revealed good conversions in all tested cases. All
the further studies were carried out by inducing enzyme expression with the
minimum amount of IPTG (0.1 mM) since no significant discrepancy was observed.

Table 2.2. Bio-conversion [%] of 1a (20 mM) to (S)-2a in 4 mL glass vials using lyophilized whole cells
containing Fus-SMO expressed with different IPTG concentrations.

Entry Iyophilized_1 0.1 ml\:l I:TG 0.5 mI\:I I:’)TG 1 mMOIP;I)'G
cells [mg mL?] 2a [%] 2a [%] 2a [%]
1 5 81+7 6919 5519
2 10 >99 8542 >99
3 20 >99 956 >99

Reactions were performed in duplicates; the reported conversion is the average of two measurements

Moreover, as the biocatalytic epoxidation may also be influenced by the availability
of dioxygen in the headspace, different reaction vessels were already considered
(Table 2.3). Quantitative epoxidation of 1a (10 mM) in 1 mL of biphasic reaction
mixture (aqueous buffer/n-decane, 1:1, v v'!) was obtained using 4 mL glass vials as
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reaction vessel. Employing vials with smaller volume (2 mL) led to a maximum of
41% conversion, likely due to insufficient availability of dioxygen. The use of vials
with larger volume (e.g. 20 mL) is possible, although agitation must be carefully set
in order to assure an efficient mixing of the biphasic mixture.

Table 2.3. Bio-conversion [%] of 1a (10 mM) to (S)-2a by the soluble fraction of Fus-SMO expressed
with different IPTG concentrations using a variation of reaction vessels.

2 mL Eppendorf

b 4 mL glass vials 20 mL glass vials
Entry IPTG [mM] tubes
0, 0,
2a [%] 2a [%] 2a [%]
1 0.1 40 >99 50
2 0.5 34 >99 55
3 1 41 >99 54

The bi-enzymatic StyA-StyB system has been often applied in a biphasic system, in
which the organic phase was a high boiling solvent such as hexadecane, bis-(2-
ethylhexyl)phthalate, etc. In preliminary experiments for the reaction in
preparative scale, the difficult final evaporation of the high boiling decane led to a
troublesome and high energy-consuming work-up procedure. More experiments
also showed that it is possible to use low boiling organic solvents, such as n-heptane
or even neat styrene, without affecting the productivity if lyophilised cells are
employed (Table 2.4). Hence, a mixture of aqueous buffer (KPi, pH 8.0, 50 mM) and
n-heptane (1:1 v v'!) was selected for further experiments.
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Table 2.4. Bio-epoxidation of 1a (20 mM) by Fus-SMO (20 mg mL?) in different solvent systems.

KPi Organic Conv. (S)-2a Productivity
Cells Subs.
Entry buffer [mal] [umol] solvent (5)-2a formed [umol (S)-2a/
v/v b mo mg cells
[uL] g " [ull(v/v)  [%]"  [umol] g cells]
hexane
1 500 10 10 (500](50%) >99 >9.9 >0.99
2 1000 20 20 - 6745 13.3 >0.67
styrene
+
3 950 20 435 (50]1(5%) 510 19.6 0.98
4 980 20 20 decane 68+2 13.6 0.68
[20](2%) - ’ '
decane
+
5 960 20 20 [40](4%) 69+3 13.8 0.69
decane
+
6 940 20 20 [60](6%) 69+1 13.6 0.68
decane
+
7 920 20 20 [80](8%) 70+2 14.0 0.70
decane
+
8 900 20 20 [100](10%) 7213 14.4 0.72
decane
5 50% >99 >9.9 >0.99
9 500 10 10 [500](50%)
heptane
10 500 10 10 [500](50%) >99 >9.9 >0.99

leIReactions were performed in duplicates and the reported conversion is the average of two
measurements. The optical purity was measured for selected samples (one per each condition) by
chiral HPLC. In all cases, the enantiomeric excess was >99% (S).

2.2.2 Determination of the coupling efficiency of Fus-SMO

The coupling efficiency of the StyA-StyB system (bi-enzymatic or fused) is defined
as the ratio between the quantity of substrate epoxidated and the reducing
equivalents consumed. Detailed biochemical studies have revealed that the
coupling efficiency is a function of: i) the relative concentration of StyA and StyB, ii)
the substrate concentration and iii) the FAD concentration.®® A coupling efficiency
verging towards one was measured at low FAD concentration (1 uM or less) and a
StyA/StyB ratio of ca. 500. In this condition, StyB produces FADH, in extremely low
concentration (nM range) and it can be quantitatively transferred to StyA. Hence,
StyA produces FAD-OOH that can be almost quantitatively consumed for the
epoxidation of styrene. Therefore, virtually no FADH, is wasted in the generation of
H,0, as by-product. The logic drawback of this specific reaction condition is that the
epoxidation activity is dramatically reduced, making it inapplicable for synthetic
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purposes. Therefore, the challenge is to maximize the coupling efficiency without
affecting the overall epoxidation activity. We hypothesized that our Fus-SMO may
have improved coupling efficiency at reaction conditions that are suitable for a high
epoxidation rate. In the synthetic set-up reported in this work, NAD* was applied in
catalytic amount (1 mM) and recycled by a formate dehydrogenase from Candida
boidinii (Cb-FDH) and HCOONa. A set of experiments were performed in which the
equivalents of HCOONa (i.e. the ultimate source of reducing equivalents) were
gradually increased from 0 to 5. As depicted in Figure 2.5, only four equivalents of
formate were required in order to reach full conversion of 1a (20 mM). However,
20% conversion of 1a was observed even without any addition of HCOONa. The
hypothesis is that some endogenous enzymes from the E. coli lyophilized cells (10
mg mL?) can somehow regenerate, in part, the NADH cofactor. Taking into account
this background activity, the remaining 80% conversion of 1a was driven by only 4
equivalents of HCOONa corresponding to a remarkable estimated coupling
efficiency of ca. 20%. The product (S)-2a was obtained in enantiopure form (ee
>99% S).
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Figure 2.5. Conversion of 1a (20 mM) to (S)-2a at varied concentration of HCOONa as final hydride
donor. The bio-transformations were performed in a biphasic system KPi (pH 8.0, 50 mM)/n-heptane
(1:1 v v%, 1 mL total reaction volume) containing E. coli/Fus-SMO lyophilized cells (10 mg mL?), NAD*
(1ImM), FAD (50 uM), HCOONa (0-100 mM) and Cb-FDH (10 puM). The mixtures were incubated at 30
°C, 180 rpm for 24 h. Conversions are the average of two independent sets of experiments, both in
duplicate (for all dataset including standard deviations see section 2.4.6). The enantiomeric excess
was determined by chiral HPLC to be >99% (S).
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2.2.3 Influence of the dioxygen pressure

Preliminary investigation has shown that the availability of dissolved molecular
oxygen might become the limiting factor for the biocatalytic epoxidation by Fus-
SMO under particular reaction conditions (data not shown). It has been reported
that the activity of some oxygenases can be strongly enhanced by using pure O in
the headspace at atmospheric pressure or even under pressure.”””’”® In order to
assess properly the biocatalytic performance of our Fus-SMO, we carried out a
comparative study with the original bi-enzymatic StyA-StyB construct (pSPZ10) by
Panke and coworkers.>® The pSPZ10 plasmid containing the styA and styB genes
encoding for the SMO bi-enzymatic system of Pseudomonas sp. strain VLB120 was
kindly donated by Prof. Sven Panke.>337°

Expression of StyA-StyB with pSPZ10 plasmid was initially performed in E. coli
JM101 according to literature. The expression in E. coli Arctic Express cells was also
tested, as this strain is capable of improving expression of insoluble proteins such
as StyB and this strain was not commercially available at the time of Panke’s study.
Although expression of soluble StyA was significantly superior in E. coli JM101
(Figure 2.6), the tests of conversion vs time with lyophilized cells of E. coli JIM101
and E. coli Arctic Express provided similar results (Table 2.5). This observation
corroborates the assumption that the inefficient expression of soluble StyB in the
bi-enzymatic system is the limiting factor.

c c
Rel .0
- -~
5] o
= = @ »
Eg . Eo R
P = g 0 A& % v Q0
2 88 8 8 2 535 £ e 3535
o = B o S 9 3 0 = 9@ 3 ©
= ©T & &= T £ 5 2 L = S 4
a £ 2 a £ 2 3 £ 2 23 3 £
? - - -
chaperonin—» . i

46 kDa —» -g - - - -— <— 46 kDa
- = 3 & -— T H
- » -

18 kDa —p g t <«— 18kDa

' s —

i o . - A —
Arctic JM101 JM101 Arctic
Express Express

Figure 2.6. SDS-PAGE for the expression of pSPZ10-StyAStyB in E. coli IM101 and Arctic Express cells.
The SDS-PAGE was visualized using a gel imaging system from Biorad which does not visualize proteins
lacking of tryptophan residues (chaperonin from Arctic Express cells). Marker: PageRuler™ Unstained
Protein Ladder (ThermoFisher Scientific); MWstya = 46 kDa and MWs;,g = 18 kDa
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Table 2.5. Results for the bio-catalytic conversion of 1a (10 mM) to (S)-2a for the comparison of E.
coli JIM101 and Arctic Express cells as host organism for the expression of pSPZ10-StyAStyB.

entry cells JM101 2a [%][®]  Arctic Express 2a [%] !
1 wet fresh cells (180 mg mL?) 37+1 72+13
2 frozen pellet (130 mg mL?) 78+<1 95+<1
3 lyophilized whole cells (20 mg mL?) 90+2 95+<1

lelReactions were performed in duplicates and the reported conversion is the average of two
measurements.

Finally, the rates of the epoxidation reaction using E. coli BL21 DE3/Fus-SMO
(5 mg mL?) and E. coli JIM101/pSPZ10(StyA-StyB) (5 mg mL™) were compared by
measuring the conversion after 20 min (linearity range for conversion vs. time),
under the optimized reaction conditions (section 2.4.7), using styrene (50 mM) as
substrate. As the coupling efficiency of both SMOs system is not perfect, formation
of H,0, during the reaction is expected. Hence, catalase (2 uM) was added. A set of
experiments was conducted under air and O, at atmospheric pressure (pre O bar) as
well as under pressurized O (prei 1 to 4 bar). A pressurized closed system (Figure
2.7) might increase the concentration of O, in the liquid phase and kinetically
enhance the O; transfer from the gas phase to the liquid phases.

B

Figure 2.7. The oxygen chamber used in this study.

Figure 2.8 shows that the addition of catalase had a significant influence on the rate
of the epoxidation. Independently from the composition and pressure of the gas
phase as well as the type of SMO construct, reactions in presence of catalase were
accelerated. The chimeric Fus-SMO system performed always better than the bi-
enzymatic StyA-StyB system in presence of catalase at any composition and
pressure of the gas phase. The maximum rate was obtained with Fus-SMO with
pure O, at atmospheric pressure (25+2% conversion) with a productivity of 37.5
MMoroduet h™®. Under the same conditions the bi-enzymatic StyA-StyB gave a
productivity of 25.5 MMproauer h™®. Supplying O, under pressure was in general
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detrimental for the reaction. The influence of pressure in enzyme catalysis is still a
not fully understood phenomenon.®%8 According to Le Chatelier’s principle and the
Eyring equation, an increase of pressure enhances the rate (k) of chemical reactions
that have a negative activation volume (AV*).2* Considering that typical AV* values
for enzymatic reactions are in the range of +50 cm™ mol?, the variation of the
reaction rate constant (Ak) would be less than 1% within the pressure range of our
study (pabs from 1 to 5 bar).8% 8% On the other hand, variation of pressure can have
a profound effect in the enzyme structure and, therefore, activity. However, various
studies evidenced that significant structural changes in enzyme structure occur at
very high pressure, typically above 1 kbar.8%8>88% Hence, both mentioned effects
can be neglected in this study as O, was supplied at low pressure (max paps 5 bar).
Thus, we can speculate that the increased O; pressure in the system may result in
an increased formation of FAD-OOH, which cannot be entirely utilised for the
epoxidation of styrene. Enhanced rate formation of FAD-OOH generates more H,0;
that is deleterious for enzyme activity. The addition of catalase can only in part
counteract this process as shown in Figure 2.8.
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absolute oxygen pressure / bar
I Fus-SMO [ Fus-SMO + catalase StyA-StyB [ | StyA-StyB + catalase

Figure 2.8. Conversion [%] of 1a (50 mM) by lyophilized whole cells of E. coli BL21 DE3 expressing Fus-
SMO (5 mg mL?) and E. coli JIM101 expressing pSPZ10 (StyA-StyB) (5 mg mL). Reactions were carried
out in glass vials introduced in a sealed pressurized chamber (Figure 2.7). The bio-transformations
were performed in a biphasic system KPi (pH 8.0, 50 mM)/n-heptane (1:1 v v}, 1 mL total reaction
volume) containing NAD* (1mM), FAD (50 uM), HCOONa (250 mM, 5 eq.) and Cb-FDH (10 uM).
Catalase was added in selected experiments (2 uM). The mixtures were incubated at 30 °C, 200 rpm
for 20 min. Two independent experiments were carried out, both in duplicate. Error bars represent
the standard deviation.
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Finally, the higher catalytic activity of the E. coli/Fus-SMO cells compared to the
E. coli cells expressing the bi-enzymatic StyA-StyB was further confirmed in a study
in which the conversion of styrene was monitored over time (10, 20 and 30 min;
section 2.4.8). E. coli/Fus-SMO cells showed a ca. 50% increased catalytic activity
compared to E. coli cells expressing the bi-enzymatic StyA-StyB (Figure 2.9).
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E. coli BL21 DE3/ E. coli JM101/pSPZ10-

Entry Time [min] Fus-SMO StyAStyB
1 10 10.8+1.7 6.8+1.8
2 20 24.5+1.7 17.740.8
3 30 30.042.5 20.142.8

Figure 2.9. Time study for the conversion of 1a (50 mM) by E. coli BL21 DE3/Fus-SMO (5 mg mL?) and
E. coli IM101/pSPZ10-StyA-StyB (5 mg mL?). Time range was 0, 10, 20 and 30 minutes. Reactions were
carried out in 40 mL glass vials (in a sealed chamber flashed with pure molecular oxygen). The bio-
transformations were performed in a biphasic system KPi (pH 8.0, 50 mM)/n-heptane (1:1vv?, 1 mL
total reaction volume) containing NAD* (1 mM), FAD (50 uM), HCOONa (250 mM, 5 eq.) and Cb-FDH
(10 uM). The mixtures were incubated at 30 °C, 200 rpm up to 30 min. Two independent experiments
were carried out and both as duplicate; hence, the reported conversions are the average of 4
measurements. Error bars represent the standard deviations.
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2.2.4 Self-sufficient whole cells system for the epoxidation of styrene and
derivatives

Aiming at enhancing the practical applicability, a whole cell system was created by
expressing simultaneously Fus-SMO and Cb-FDH in E. coli BL21 DE3 as host
organism. Under the optimized conditions for the co-expression (i.e. 0.1 mM IPTG
at 25 °C for 16 h), the expression for both enzymes in soluble form was observed
(Figure 2.10).
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Figure 2.10. SDS-PAGE for the co-expression of Fus-SMO and FDH. Marker: PageRuler™ Unstained
Protein Ladder (ThermoFisher Scientific).

Preliminary tests demonstrated that lyophilized whole cells containing co-
expressed Fus-SMO and Cb-FDH were highly active for the epoxidation of 1a and
1b (Table 2.6). It is known from literature that the typical activity of Cb-FDH for the
recycling of NADH at the expense of formate is ca. 180 U umolenyme™.%° Hence,
cofactor regeneration is not the rate limiting step. Moreover, the perfect
stereoselectivity of Fus-SMO was retained (S)-2a ee >99%; (1S,25)-2b ee >99% and
de >98%).

Table 2.6. Results for the biotransformation of 1a (20 mM) and 1b using lyophilized whole cells
containing co-expressed Fus-SMO and Cb-FDH.

Entry Product Conversion [%] ee [%] de [%]
1 (5)-2a >99 >99 n.a.
2 (15,25)-2b 75 >99 >98

n.a. = not applicable

Then, we monitored the progress of the conversion of 1a and 1b (50 mM) over time
under the optimized reaction conditions (Figure 2.11 and section 2.4.9).
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Lyophilized whole cells containing Fus-SMO and Cb-FDH (5 mg mL?) converted
27.1+1.2% of 1a at 50 mM scale within the first 30 min under air. The epoxidation
ran smoothly reaching 93.8+1.3% conversion after 6 h. By prolonging the reaction
time, the bio-catalytic system achieved 99% conversion. The epoxidation of 1b
showed a similar trend, albeit it proceeded at a lower rate. The reason must be
attributed to the lower intrinsic reactivity of SMO towards 1b, as previously shown
in Table 2.6. However, a maximum of 90.4+1.4% conversion into (1S5,25)-2b was
obtained when starting with substrate 1b (Figure 2.11).
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Figure 2.11. Progress of the conversion over the time for the epoxidation of 1a and 1b (50 mM) using
lyophilized whole cells wherein Fus-SMO and Cb-FDH where co-expressed in E. coli BL21 DE3 (5 mg
mL2). Reactions were carried out in sealed 20 mL glass vials under air at atmospheric pressure. The
bio-transformations were performed in a biphasic system KPi (pH 8.0, 50 mM)/n-heptane (1:1vv?, 1
mL total reaction volume) containing NAD* (1 mM), FAD (50 uM), HCOONa (250 mM, 5 eq.) and
catalase (2 puM). Two independent experiments were carried out, both in duplicates. Error bars
represent the standard deviation (section 2.4.9).

We also investigated the possibility to increase the substrate concentration from
50 mM up to 1 M for the epoxidation of 1a and 1b in analytical scale (total volume
1 mL) using the E. coli BL21 DE3/Fus-SMO/Cb-FDH (5 mg mL?) co-expressed system
in 20 mL reaction vessels. The results from this study confirmed that nearly
guantitative conversion can be achieved at 50 mM substrate concentration
applying the current reaction conditions and technical set-up. In fact, the repetition
of the epoxidation of 1a and 1b (50 mM) afforded the related products with 98+1
and 9613 conversions, respectively. Increasing the substrate concentration resulted
in a progressive decrease of the conversion (Table 2.7).
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Table 2.7. Conversion [%] of 1a (50 mM up to 1M) and 1b (50 mM up to 1 M) to enantiopure 2a and
2b by lyophilized cells of co-expressed Fus-SMO and Cb-FDH in 20 mL glass vials

Entry ~ Substrate 2a [%] 2a [mM] 2b [%] 2b [mM]
[mM]
1 50 98+1 49+1 9613 4831
2 75 7442 56+2 7541 5641
3 100 59+ 59+1 6a<1 6a<1
4 150 43+1 65+2 5242 7942
5 170 3442 58+3 51<1 87+1
6 200 20+<1 5841 4742 93+3
7 250 241<1 504<1 304<1 9841
8 500 11#<1 5442 1341 6543
9 1000 5+<1 4841 5+<1 5043

Reactions were performed as duplicates; hence, the reported conversion is the average of 2 values.
Error is expressed as the absolute difference between the two measurements.

The productivity of the system (i.e. mmol of epoxide product obtained) was partially
influenced by the substrate concentration and it depended on the substrate tested.
The highest productivity for the epoxidation of 1a was observed at 150 mM
substrate concentration, leading to the formation of 65£2 mM of (S)-2a (Table 2.7,
entry 4). Instead, the highest productivity for the epoxidation of 1b was observed
at 250 mM substrate, leading to the formation of 98+1 mM of (15,25)-2b (Table 2.7,
entry 7). In addition, we demonstrated that the productivity of the system—
applying the current reaction set-up—was not limited by the volume of the gas
headspace. In fact, increasing the volume of the reaction vessels up to 100 mL did
not improve conversions and productivities (Table 2.8).

Table 2.8. Conversion [%] of 1a (50 mM up to 1M) and 1b (50 mM up to 1M) to enantiopure 2a and
2b by lyophilized cells of co-expressed Fus-SMO and Cb-FDH in 100 mL Erlenmeyer flask

Entry ~ Substrate 2a [%] 2a [mM] 2b [%] 2b [mM]
[mM]
1 50 9613 28:1 6814 3412
2 75 524<1 394<1 5448 4016
3 100 41+1 4141 5447 5447
4 150 31+<1 47+<1 40+1 61+1
5 170 2041 5042 39+<1 66+<1
6 200 24%<1 4941 3242 65+3
7 250 2041 5043 21#<1 53+<1
8 500 1241 5845 1342 67+11
9 1000 5+<1 4742 74<1 66+2

Reactions were performed as duplicates; hence, the reported conversion is the average of 2 values.
Error is expressed as the absolute difference between the two measurements.
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Finally, we investigated the influence of different modes of dioxygen supply on the
rate of the biocatalytic epoxidation. Hence, experiments were conducted applying
either a sealed system with a large volume of air in the headspace or a system with
continuous flow of pure dioxygen (bubbling at ca. 1 mL min). In both cases, the
other reaction parameters were the same: E. coli cells co-expressing Fus-SMO and
Cb-FDH (5 mg mL™?), styrene (50 mM), catalase (2 uM), NAD* (1 mM), FAD (50 uM)
and HCOONa (5 eq.) in a stirred mixture of aqueous buffer (25 mL, KPi, pH 8.0) and
n-heptane (25 mL) in round-bottom flasks (section 2.4.9). The difference in the rate
of formation of styrene oxide for the two systems was indeed minimal (ca. 10%),
with the system consisting of air in the headspace performing better (Figure 2.12).
In general, we conclude that sufficient dioxygen supply (independently from the
mode) as well as efficient mixing of the biphasic reaction mixture are crucial
parameters for sustaining elevated epoxidation rate for longer times.
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Figure 2.12. Comparing different modes of dioxygen supply: seal system with air headspace (black
line) and continuous flow (grey line)

2.2.5 Epoxidation on preparative scale
The bio-catalytic epoxidation using lyophilized whole cells containing co-expressed
Fus-SMO and Cb-FDH was performed on preparative scale for both substrates 1a
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(50 mM, 521 mg) and 1b (50 mM, 591 mg). The reactions were run in a biphasic
system KPi (pH 8.0, 50 mM)/n-heptane (1:1 v v}, 200 mL total reaction volume),
under the optimized reaction conditions (section 2.4.10). A large reaction vessel
was used in order to assure a sufficient supply of molecular oxygen for the reaction
as well as an efficient mixing of the biphasic reaction mixture.

The epoxidation of 1a afforded quantitative conversion (Table 2.9, entry 1). The
organic phase was separated from the aqueous buffer and the n-heptane was
evaporated, affording 509 mg of (S)-2a (equal to 85% isolated yield) in very high
chemical purity (99% measured by GC-FID) as well as optical purity (ee >99 % S).
Hence, further purification of (S)-2a obtained from the evaporation of the organic
phase was not required. The remaining aliquot of product (S)-2a (ca. 12%) was
recovered upon extraction from the aqueous reaction phase. In this case, the purity
was determined to be 94%. The by-product was 2-phenyl-ethanol as reported in
literature for the natural StyA-StyB enzymatic system.> 5> 5758 63 The epoxidation
of 1b afforded the product (15,25)-2b (Table 2.9, entry 2) in >99% conversion. In
this case, the purities of the isolated product from the n-heptane reaction phase
and from the extraction of the aqueous phase were similar (ca. 95%). 603 mg of
(15,25)-2b (90% isolated yield) were obtained with elevated diastereomeric (de
>98%) and enantiomeric excess (ee >99%).

Table 2.9 Upscaling for the bio-catalytic synthesis of (S)-2a-and (15,25)-2b using lyophilized whole cells
containing co-expressed Fus-SMO and Cb-FDH (5 mg mL%); 200 mL total reaction volume (n-
heptane/KPi buffer, 1:1 v v'?).

Fus-SMO/O,

@)
©/\/x Cb-FDH/HCOONa (5 eq.)/NAD*(1mM) ©/*<px
KPi buffer/heptane (1:1 v v')
X=H1a X=H (S)-2a
X =CH31b X =CHs; (15,2S)-2b
Entry Substrate Conversion [%] Yield [%] ee [%] de [%]
[mM]
1 1a (50) >99 850l1+12 >99 -
2 1b (50) >99 90! >99 >98

o] This isolated yield represents the amount of pure product that was isolated from the simple
evaporation of the n-heptane as reaction phase. No further work-up was required. The remaining
amount of product (ca. 12%) was recovered after extraction from the aqueous reaction phase.
However, purity was lower (ca. 94%) due to the generation of 2-phenyl-ethanol as the by-product. !
In this case, the purities of the isolated product obtained from the n-heptane reaction phase and from
the extraction of the aqueous phase were similar. Thus, the aliquots were combined and the total
yield was reported.
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2.2.6 Determination of the activity of purified Fus-SMO and comparison
with literature data of bi-enzymatic StyA-StyB

As chimeric Fus-SMO was created with an N-terminal Hise-tag, the purification was
easily performed by Ni?* affinity chromatography (section 2.4.11). We carried out
initial determinations of the enzymatic activity of Fus-SMO for the epoxidation of
1a at different pH values. Data of activity showed negligible differences in the range
between 6.5 and 9 (data not shown). Therefore, we selected Tris-HCI buffer (50
mM, pH 8.5) for further determination. The determination of the epoxidation
activity of Fus-SMO was performed according to the general procedure reported by
Otto et al.%* and Tischler et al.®® for the same experiment with bi-enzymatic StyA-
StyB. In this way, the new data of epoxidation activity of Fus-SMO can be compared
with the data reported in literature for the two-component StyA-StyB system.
Figure 2.13 shows that the specific activities of Fus-SMO and StyA-StyB system are
essentially identical for the epoxidation of styrene (1a). However, Fus-SMO showed
more than 3-fold increased activity compared to the StyA-StyB system for the
epoxidation of para-methylstyrene (1c). We chose substrates 1a and 1c because
data of epoxidation activity for two-component StyA-StyB were available in
literature. Besides the retained or improved epoxidation activity of Fus-SMO, we
point out another important aspect: the conditions for the maximum epoxidation
activity of the two-component StyA-StyB is very complicated to reproduce in vitro
and nearly impossible in a cell as a 1:1 mixture of StyA and StyB is required (also
considering the insolubility of StyB). In contrast, Fus-SMO permits to set effortlessly
the highest rate both in vitro as well as in a cell. Finally, comparing the epoxidation
activity of our artificial Fus-SMO to natural occurring fused SMOs (StyA2B),®® the
activity of Fus-SMO was ca. 70-fold and 110-fold higher for 1a and 1c, respectively.
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Figure 2.13. Initial activity purified Fus-SMO for the quantitative formation of enantiopure 2a and 2c.
Slope conversion 2a: 14.2+0.8; Slope conversion 2c: 6.6+0.2 Specific activity for the epoxidation of 1a
and 1c with Fus-SMO (this study) in Tris-HCI buffer (pH 8.5, 50 mM), two-component StyA-StyB
(literature data) and natural fused StyA2B (literature data). For experimental details, see section
2.4.12

Influence of FAD loading and NADH recycling system on the initial activity of
purified Fus-SMO

Based on the amount of FAD that is naturally bound to the purified Fus-SMO (ca.
25%), further tests with the purified Fus-SMO system were performed in order to
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investigate the influence of FAD loading as well as the possibility to replace
stoichiometric amount of NADH with catalytic NAD* in combination with the FDH
recycling system. Again, the initial activity of the catalytic system was examined and
styrene 1a was used as model substrate. Four different conditions were tested: in
condition A stoichiometric amount of NAD* and FDH recycling system were used;
condition B, same as condition A but without addition of external FAD; condition C,
same as condition A but with addition of 0.74 eq. of external FAD; condition D, same
as condition A, but with addition of 1.74 eq. of external FAD (for experimental
details see section 2.4.12). As shown in Table 2.10, the addition of FAD is of
fundamental importance for a better performance of the catalytic system and it is
not necessary to be in excess (though it was not detrimental, condition A) in relation
to the amount of enzyme, but it is important to be at least in equimolar ratio with
the enzyme (1:1 FAD:enzyme) as shown in the results with conditions C.
Furthermore, it is possible to avoid using stoichiometric amount of NADH and use
instead NAD* (in this case in stoichiometric amount compared to the substrate,
however, it may be possible to go lower) in combination with the NAD* recycling
system (Cb-FDH and HCOONa). Indeed, under these conditions (both A and C) the
system performed even better than the standard assay reported above in Figure
2.13.

Table 2.10. Initial activity of purified Fus-SMO under various conditions

Conditions A Conditions B Conditions C Conditions D
(NAD* (NAD* recycling (NAD* recycling (NAD* recycling
recycling system and no systemand 0.74 eq.  systemand 1.74
system and 5 external FAD) FAD) eq. FAD)
eq. FAD)
Time 2a [%] Styrene oxide [%] 2a [%] 2a [%]
[min]
0 0 0 0 0
1 17 10 16 16
2 29 18 34 25
3 50 32 46 48
Slope 16.152 10.149 15.926 15.005
R? 0.9876 0.9803 0.9948 0.9667
Activity 108 68 106 100
[min]

Equivalents NAD* based on substrate; equivalents FAD based on enzyme
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2.2.7 Thermostability of Fus-SMO

The melting temperature of the Fus-SMO was measured in two buffers (Tris-HCI
and KPi) at different pH values. Moreover, various additives, such as glycerol, NaCl
and FAD were included in the assay in selected experiments. Consistent results and
spectra were observed in Tris-HCl buffer from pH 7.0 up to 8.0, while at pH 9.0 two
or more peaks were observed; this may indicate protein unfolding. On the other
hand, no reliable results were obtained in KPi buffer. The melting temperature in
Tris-HCl buffer was 35 °C at pH 7.0 and (39 °C at basic pH (from 7.5 to 8.5). Regarding
the influence of the additives in selected experimental conditions, it is not very
clear what the real trend is. Apparently, it seems that the pH is of critical importance
depending on the additives present. In general, at pH 7 FAD addition stabilizes the
enzyme (i.e., melting temperature shifts from 35 °C without any additives to 39 °C),
while the sole addition of NaCl as stabilizer has a lower effect than FAD (i.e., shift
from 35 °C without additives to 37 °C). On the other hand, at pH 7.5 the additives
have no effect on stabilization of the enzyme (i.e., lower Tm observed in all cases)
and the highest T, is detected in absence of additives (39 °C). At pH 8.0, the addition
of NaCl increase further the Tm from 39 °C to 41 °C, but FAD does not have any
effect and a similar trend is observed at pH 8.5. The best conditions so far turned
out to be at pH 8.5 with the addition of NaCl (41 °C). Further experiments disclosed
that both glycerol and FAD are beneficial at pH 7.0, while at higher pH values the
main influence is given by glycerol albeit the addition of NaCl is also beneficial at
higher pH. In summary, the highest Tm was observed in 50 mM Tris-HCI buffer at
pH 8.5 when 100 mM NaCl was added (2 °C higher compared with no addition of
additives) without the need for other additives.

2.3 Conclusions

In this work, we have created a chimeric styrene monooxygenase (SMO) in which
the two enzymatic units (StyA and StyB) are fused via a flexible linker. The fused
SMO allowed for solving a few long-standing problems related to its application in
chemical synthesis. First, the Fus-SMO was expressed mainly in soluble form
whereas recombinant, singular StyB is almost completely insoluble. Second, the
activity of StyA and StyB is now properly balanced as they are produced at an exact
ratio of 1:1. Third, the flexible linker forces StyB and StyA to be close each other in
solution, hence facilitating their contact. Therefore, the channeling transfer of FAD
from StyB to StyA might be favored over the diffusive transfer. These properties
permit to minimize the waste of reducing equivalents during the overall process.
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Moreover, the rates of the biocatalytic epoxidation catalyzed by Fus-SMO was
comparable or superior to the value reported in literature for the two-component
StyA-StyB. Further comparison with naturally occurring fused SMO systems
revealed that our artificial Fus-SMO is about two orders of magnitude more active.
Finally, a recent study showed that another artificially fused SMO had more than 5-
fold lower epoxidation rate compared to our Fus-SMO.”? The different behavior
must be attributed to the different type of linkers used for the fusion. In our work
we have used a longer (i.e. 30 amino acids) and flexible (i.e. containing 70% of
glycine) linker, whereas in ref. 72 the linkers were shorter (i.e. from 3 to 6 amino
acids) and more rigid (i.e. no glycine residues).

When considering the application of the whole cell system, we can conclude that
E. coli cells expressing Fus-SMO possess higher epoxidation activity than E. coli cells
expressing separated StyA and StyB as a combination of: i) balanced and improved
expression levels of reductase and epoxidase units; ii) intrinsic higher specific
epoxidation activity of Fus-SMO.

Another important aspect for future applications in chemical synthesis and
biotechnology is that the Hiss-tagged Fus-SMO can be now easily purified. Single
expression of StyA and StyB and, moreover, tedious and low-yielding refolding of
StyB are no longer required. Hence, Fus-SMO can now also be applied as isolated
enzyme in solution.

Finally, the genes of the Fus-SMO and the formate dehydrogenase (Cb-FDH) were
co-expressed in E. coli and applied as a self-sufficient system for the epoxidation in
more than 500 milligrams scale of two model substrates: styrene and B-methyl
styrene. The epoxide products were isolated in elevated yields and in perfect
diasteromerically and enantiomerically pure form. Hence, Fus-SMO retained the
exquisite stereoselectivity of the parent bi-enzymatic system.

In summary, this work will open new opportunities in organic synthesis for the
exploitation of the asymmetric biocatalytic epoxidation of styrene derivatives.
Furthermore, the same concept might be extended to other multi-enzymatic flavin-
dependent systems in order to extend the substrate scope of the reaction beyond
styrene derivatives.
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2.4 Experimental section
General information. Styrene (1a, 99.5%), (S)-styrene oxide ((S)-2a, >98%), racemic styrene
oxide (rac-2a) and 4-methylstyrene (1c, >99%) were purchased from Fluka Chemicals. trans-

B-Methyl styrene (1b, >97) was purchased from TCl Chemicals. (15,25)-1-phenylpropylene
oxide (1S,25-2b) and (1R,2R)-1-phenylpropylene oxide (1R,2R-2b, 97% purity 99% ee) were
purchased from Sigma Aldrich. All chemicals and solvents were used without further
purification. Nicotinamide cofactor (NAD*) was purchased from Melford Biolaboratories
(Chelsworth, Ipswich, UK). Flavin adenine dinucleotide (FAD) was purchased from TCI
Chemicals. Catalase from bovine liver was purchased by Sigma-Aldrich (lyophilized powder,
>10000 U mg-1 of protein). Catalase was added to the reactions from a stock solution. The
concentration of the catalase in the reaction mixture (ca. 2 uM) was calculated considering
the MW of the monomer (60 kDa) since each monomer contains a catalytic iron site. Cb-
FDH was expressed and purified as described previously.®*

2.4.1 Expression of E. coli IM101 and E. coli Arctic express cells carrying
pSPZ10-StyAStyB

JM101: 800 mL of LB medium supplemented with kanamycin (50 ug mL?) were inoculated
with 15 mL of an overnight culture and grown at 37 °C until an ODggo of 0.6-0.8 was reached.
Enzyme expression was induced with DCPK (0.05% v v!), cells were grown for 16 h at 25 °C
and then harvested by centrifugation.

Arctic express DE3: 800 mL of LB medium supplemented with kanamycin (50 pg mL?) and

gentamycin (20 ug mL?), were inoculated with 15 mL of an overnight culture and grown at
37 °C until an ODggo of 0.6-0.8 was reached. Expression of the proteins was induced by the
addition of DCPK (0.05% v v'!). Cells were grown for 16 h at 15 °C and then harvested by
centrifugation. Results are summarized in Figure 2.6.

2.4.2 Activity test: comparison between E. coli Arctic Express/pSPZ10-
StyAStyB and E. coli JM101/pSPZ10-StyAStyB

Reaction conditions: Fresh, frozen and lyophilized E. coli cells of IM101 and Arctic Express

DE3 containing expressed StyA and StyB (25 °C, 16 h) were subjected to activity tests for the
conversion of 1a (10 mM) to 2a as described below:

(a)JM101

(1) 3.2 g of wet fresh cells obtained from the expression trials (directly used for bio-catalytic
reaction after harvesting of the E. coli culture) were resuspended in 18 mL of KPi buffer (50
mM, pH 7.0, final concentration of wet fresh cells ca. 180 mg mL?). An aliquot of 0.5 mL was
used for each bio-catalytic reaction. (2) Frozen cell pellets were defrosted and the wet cells
were resuspended in KPi buffer to obtain a final cell concentration of ca. 130 mg mL? (50
mM, pH 7.0). An aliquot of 0.5 mL was used for each biocatalytic reaction (3) Lyophilized
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cells (10 mg) were rehydrated in KPi buffer (0.5 mL, 50 mM, pH 7.0) and used for performing
the activity check.

(b) Arctic Express DE3
(1) Fresh cells obtained from the expression test (2.3 g) were resuspended in KPi buffer (50

mM, pH 7; 18 mL, final concentration of wet fresh cells ca. 180 mg mL%). An aliquot of 0.5
mL was used for each test. (2) Frozen cells (2.24 g) were resuspended in KPi buffer (50 mM,
pH 7; 18 mL, final concentration of wet cells ca. 130 mL2). An aliquot of 0.5 mL was used for
each bio-catalytic reaction. (3) Lyophilized cells (10 mg) were rehydrated in 0.5 mL KPi buffer
(50 mM, pH 7.0) and used for performing the activity check.

Bio-catalytic reactions were performed in a biphasic system (1:1, v v buffer/decane) in 4
mL glass vials (final reaction volume 1 mL) in the presence of NAD* (1 mM, 0.1 eq.), HCOONa
(100 mM, 10 eq.) and Cb-FDH (10 uM) for recycling of the NAD cofactor. The concentrations
of coenzyme, co-substrate and recycling enzyme are calculated on the volume of the
aqueous phase. The reactions were initiated by the addition of 1a (10 mM, calculated on
the volume of the organic phase) and incubated at 30 °C and 170 rpm on an orbital shaker
for 16 h. The organic phase reaction mixture (decane) was separated from the aqueous
phase. The aqueous phase was further extracted with EtOAc (2x 500 pL). The combined
organic phases (decane + EtOAc) were dried with MgSO, and the conversions were
measured by GC-FID. The results are reported in Table 2.5.

2.4.3 Expression and activity test for the chimeric fused SMO (Fus-SMO) in
E. coli BL21 DE3

First expression trial of Fus-SMO

The DNA sequence encoding for styA and styB (GenBank: AF031161.1) was optimized for
the expression in E. coli and subcloned in pET28b between Ndel and Xhol to obtain the Hise-
StyA-linker-StyB (MW = 69 kDa) construct (flexible linker AA sequence:
ASGGGGSGGGGSGGGGSGGGGSGGGGSGAS.”

When transforming BL21 DE3 cells with the plasmid, colonies of various colors
(pink/white/blue colors) grew and four of them were picked and subjected to expression
and solubility trials (Figure 2.3). For each colony, 400 mL of LB medium were supplemented
with Kanamycin (50 pg/mL) and inoculated with 8 mL of an overnight culture. The cells were
grown at 37 °C until the cell density reached a value between 0.6 and 0.8 and split into 100
mL aliquots. To each aliquot IPTG was added (1 mM final concentration) and protein
expression was carried out at 37 °C for 3h, 30 °C for 5 h or 25 °C overnight (0.n.). The cells
were harvested by centrifugation, washed with KPi buffer (50 mM, pH 8.0) and lyophilized.
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Preliminary tests with Fus-SMO as lyophilized whole cells for the conversion of 1a to 2a

Lyophilized cells (20 mg) obtained from the expression test were rehydrated in KPi buffer
(50 mM, pH 7.5, 1 mL) in 20 mL glass vials. After that the cofactor NAD* (1 mM, 0.05 eq.)
was added followed by addition of HCOONa (100 mM, 5 eq.) and purified Cb-FDH (10 uM).
Furthermore, FAD (50 uM) was added to selected experiments. The concentrations of
coenzymes, cosubstrate and recycling enzyme are calculated in relation to the volume of
the aqueous phase. Decane (1 mL) was used as biphasic solvent and the biotransformations
were initiated by the addition of 1a (20 mM, calculated on the volume of the organic phase).
The mixtures were shaken at 30 °C and 180 rpm on an orbital shaker for 17 h. The organic
phase (decane) was separated from the aqueous phase. The aqueous phase was further
extracted with EtOAc (2x 500 pL). The combined organic phases (decane + EtOAc) were
dried with MgS0O,4 and the conversions were measured by GC-FID and results are reported
in Table 2.1.

Optimization of the expression using various concentrations of IPTG and testing the activity
of Fus-SMO in BL21 DE3

800 mL of Luria-Bertani Broth were supplemented with kanamycin (50 pg mL?) and
inoculated with 15 mL of an overnight culture of E. coli/pET28b-Fus-SMO (colony 1). The
main culture was grown at 37 °C until the cell density reached an ODgg of 0.6-0.8. Then, the

expression of the protein was induced by the addition of IPTG (0.1, 0.5 and 1 mM,
respectively) and the cells grown for additional 16 h at 25 °C and harvested by centrifugation
(Figure 2.4).

Activity tests were first performed with the soluble fraction. The activities from all the
expression conditions were assayed in order to understand the best condition for
expression. Furthermore, the influence of different reaction vessels on the outcome of the
biocatalytic reaction was also investigated.

Reaction conditions for the conversion of 1a to 2a by the soluble part of expressed Fus-
SMO:
450-500 mg of cells (wet weight) obtained from the expression trials were resuspended in

KPi buffer (pH 7.5, 50 mM, 3 mL) and lysed by sonication (5 sec. on, 10 sec. off, 5 min on
time, 45 % amplitude). The cell debris was removed by centrifugation and only the
supernatant was used for further activity tests as described below. Results are reported in
Table 2.3.

Note: the concentrations of coenzymes, cosubstrate and recycling enzyme are always

calculated on the volume of the aqueous phase, whereas the concentration of the substrate
is referred to the organic phase.
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Reactions performed in Eppendorf tubes (2 mL): To a 350 pL aliquot of the soluble fraction,
NAD* (1 mM, 0.1 eq.), HCOONa (100 mM, 10 eq.), Cb-FDH (10 uM) and FAD (30 uM) were
added (0.5 mL final volume of aqueous phase). Decane (0.5 mL) was used as biphasic solvent

and the biotransformation was initiated by the addition of 1a (10 mM). The reaction was
shaken at 30 °C and 180 rpm on an orbital shaker for 20 h. The organic phase from the
reaction mixture (decane) was separated from the aqueous phase. The aqueous phase was
further extracted with EtOAc (2x 250 pL). The combined organic phases (decane + EtOAc)
were dried with MgSQO, and the conversions were measured by GC-FID.

Reactions performed in 4 mL glass vials: To a 350 L aliquot of the soluble fraction, NAD* (1
mM, 0.1 eqg.), HCOONa (100 mM, 10 eq.), Cb-FDH (10 uM) and FAD (30 uM) were added
(0.5 mL final volume of aqueous phase). Decane (0.5 mL) was used as biphasic solvent and

the biotransformation was initiated by the addition of 1a (10 mM). The mixture was shaken
at 30 °C and 180 rpm on an orbital shaker for 20 h. The organic phase from the reaction
mixture (decane) was separated from the aqueous phase. The aqueous phase was further
extracted with EtOAc (2x 250 pL). The combined organic phases (decane + EtOAc) were
dried with MgSO, and the conversions were measured by GC-FID.

Reactions performed in 20 mL glass vials: To a 700 uL aliquot of the soluble fraction, NAD*
(1 mM, 0.1 eq.), HCOONa (100 mM, 10 eq.), Cb-FDH (10 uM) and FAD (30 uM) were added
(1 mL final volume of aqueous phase). Decane (1 mL) was used as biphasic solvent and the

biotransformation was initiated by the addition of 1a (10 mM). The mixture was shaken at
30 °C and 180 rpm on an orbital shaker for 20 h. The organic phase from the reaction
mixture (decane) was separated from the aqueous phase. The aqueous phase was further
extracted with EtOAc (2x 500 pL). The combined organic phases (decane + EtOAc) were
dried with MgSO, and the conversions were measured by GC-FID.

2.4.4 Reaction conditions for the conversion of 1a to (S)-2a by lyophilized
whole cells containing Fus-SMO

The reactions were performed in 4 mL glass vials, as this type of vessel showed highest
conversion in the preliminary test (see above). Lyophilized cells obtained from the
expression trial using various concentration of IPTG for induction were tested for the activity
towards the conversion of 1a. Also, the amount of lyophilized cells that is needed for the
conversion of 20 mM substrate was investigated. Results are reported in Table 2.2.

Lyophilized cells (2.5, 5 and 10 mg) were rehydrated in KPi buffer (0.5 mL, 50 mM, pH 7.5)
in 4 mL glass vials. After that the cofactor NAD* (1 mM, 0.05 eq.) was added followed by
addition of HCOONa (100mM, 5 eq.), Cb-FDH (10 uM) and FAD (50 uM). The concentrations
of coenzymes, cosubstrate and recycling enzyme are calculated on the volume of the
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aqueous phase. Decane (0.5 mL) was used as biphasic solvent and the biotransformation
was initiated by the addition of 1a (20 mM, referred to the organic phase). The mixture was
shaken at 30 °C and 180 rpm on an orbital shaker for 17 h. The organic phase from the
reaction mixture (decane) was separated from the aqueous phase. The aqueous phase was
further extracted with EtOAc (2x 250 pL). The combined organic phases (decane + EtOAc)
were dried with MgSQO, and the conversions were measured by GC-FID.

2.4.5 Solvent screening: bioconversion of 1a to (S)-2a by lyophilized cells

containing Fus-SMO
For all experiments, cells were used after expression with 0.1 mM IPTG at 25 °C for 16 h.

Note: The concentrations of coenzymes, co-substrate and recycling enzyme are always
calculated on the volume of the aqueous phase, the concentration of the substrate is
referred to the organic phase and results are reported in Table 2.4.

1:1 ratio n-hexane or n-heptane/KPi buffer: Lyophilized whole cells (10 mg) were
rehydrated in KPi buffer (0.5 mL, 50 mM, pH 8) in 4 mL glass vials. After that, the cofactor
NAD* (1 mM, 0.05 eq.) HCOONa (100 mM, 5 eq.), Cb-FDH (10 uM) and FAD (50 uM) were
added. Two organic solvents (n-hexane or n-heptane; 1:1, v v! with the buffer) were tested

as biphasic solvents. Finally, the biotransformations were initiated by the addition of 1a (20
mM). The reactions were shaken at 30 °C and 180 rpm on an orbital shaker for 24 h. The
organic phase from the reaction mixture was separated from the aqueous phase. The
aqueous phase was further extracted with MTBE (2x 250 pL). The combined organic phases
were dried with MgS0O, and the conversions were measured by GC-FID.

KPi buffer: Lyophilized whole cells (20 mg) were rehydrated in KPi buffer (1 mL, 50 mM, pH
8) in 4 mL glass vials. After that the cofactor NAD* (1 mM, 0.05 eq.), HCOONa (100 mM, 5
eq.), Cb-FDH (10 uM) and FAD (50 uM) were added. The biotransformations were initiated
by the addition of 1a (20 mM). The reactions were shaken at 30 °C and 180 rpm on an orbital
shaker for 24 h. The organic compounds were extracted with MTBE (2 x 250 uL), the
combined organic layers were dried over MgSO,4 and the conversions were measured by
GC-FID.

5% styrene or 2-10% decane: Lyophilized whole cells were rehydrated in KPi buffer (50 mM,
pH 8.0) in 4 mL glass vials. Then, the cofactor NAD* (0.1 eq), HCOONa (5 eq.), Cb-FDH (10
uM) and FAD (50 uM) were added. In selected experiments, decane was used (2-10% v v'%;

1 mL total reaction volume) as second phase or styrene (5% v v!; 1 mL total reaction
volume) as neat substrate. The bio-transformations were initiated by the addition of 1a (10
— 20 umol) in the case of decane (2 to 10 % v v') as organic solvent or 1a (435 mM) in the
case of styrene used as neat substrate. The reactions were shaken at 30 °C and 180 rpm on
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an orbital shaker for 24 h. The organic phase from the reaction mixture was separated from
the aqueous phase. The aqueous phase was further extracted with MTBE (2 x 400-500 pL).
The combined organic layers were dried over MgSO4 and the conversions were measured
by GC-FID.

2.4.6 Determination of the required reducing equivalents (i.e. equivalents
of HCOONa) for the bio-conversion of 1a (20 mM) to (S)-2a using

lyophilized whole cells containing Fus-SMO

Lyophilized whole cells of overexpressed Fus-SMO (5 mg, 10 mg mL?) were rehydrated in
KPi buffer (0.5 mL, 50 mM, pH 8) in 4 mL glass vials. NAD* (1 mM, 0.05 eq.), HCOONa (0-100
mM, 0-5 eq.), Cb-FDH (10 uM), FAD (50 uM), n-heptane (0.5 mL) and 1a (20 mM, referred
to organic phase) were added and the reactions were incubated at 30 °C and 180 rpm on
an orbital shaker for 24 h. The concentrations of coenzymes, cosubstrate and recycling
enzyme are calculated on the volume of the aqueous phase. The organic phase from the
reaction mixture (n-heptane) was separated from the aqueous phase. The aqueous phase
was further extracted with MTBE (2x 250 pL). The combined organic phases (n-heptane +
MTBE) were dried with MgS0O, and the conversions were measured by GC-FID (Table 2.11).

Table 2.11. Conversions [%] of 1a (20 mM) to (S)-2a by Fus-SMO (10 mg mL?) and various
concentrations of hydride donor

Entry HCOONa [mM] eq. HCOONa (S)-2a [%]]
1 0 0 2148
2 2 0.1 2213
3 4 0.2 19+1
4 8 0.4 28+1
5 12 0.6 2310
6 16 0.8 3411
7 20 1 3716
8 40 2 6311
9 60 3 93+<1
10 80 4 99+1

110! 100 5 99+<1

o] Reactions were performed in duplicates and the reported conversion is the average of two
measurements. [°! The optical purity of the final product was measured by HPLC on a chiral column
for sample entry 11. The enantiomeric excess was > 99% (S).
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2.4.7 Influence of dioxygen in the headspace on the performance of Fus-
SMO (expressed in E. coli BL21 DE3) and natural StyA-StyB (expressed in E.
coli JM101, plasmid pSPZ10)

Effect of oxygen pressure on the bio-catalytic conversion of 1a (50 mM) in a pressurizable

chamber

Lyophilized E. coli cells containing Fus-SMO or natural StyA-StyB (pSPZ10 plasmid) (2.5 mg;
5 mg mL?) were rehydrated in KPi buffer (pH 8, 50 mM, 0.5 mL) in 20 mL glass vials. The
buffer already contained the required amount of NAD* (1 mM, 0.02 eq.), HCOONa (250 mM,
5 eq.), FAD (50 uM) and Cb-FDH (10 uM). In certain experiments catalase (2 uM) was also
added. The biotransformations were started by addition of n-heptane (0.5 mL) as the
second solvent phase followed by the addition of 1a (50 mM; calculated on the volume of
the organic phase). The mixtures were shaken in a closed chamber (Figure 2.7) on an orbital
shaker (200 rpm) at 30 °C for 20 minutes. The reactions were quenched by freezing in liquid
nitrogen. The organic phase from the reaction mixture (n-heptane) was separated from the
aqueous phase. The aqueous phase was further extracted with MTBE (500 pL). The
combined organic phases (n-heptane + MTBE) were dried with MgSQ,4 and the conversions
were measured by GC-FID (Table 2.12 and 2.13).

Table 2.12. Conversion [%] of 1a (50 mM) to (S)-2a using lyophilized cells containing Fus-SMO (5 mg
mL?) in a closed chamber. Reaction time: 20 minutes.

E. coli BL21 DE3/Fus-

E. coli BL21 DE3/Fus-SMO SMO/catalase®

Entry O, pressure [bar][®! 2a (%]

2a [%]

1 Atmospheric 16.30.6 21.242.9
pressure

2 Saturation with 10.01.0 24.5+1.7
pure O;

3 1 10.8+1.0 20.442.2

4 2 9.142.9 18.6+1.1

5 3 10.0+1.0 17.1+1.4

6 4 7.8+1.8 14.642.9

(2l Experiments were performed in a sealed pressurized chamber; for entry 2 the chamber was
saturated with pure O, before reactions were started; ! final catalase concentration 2 uM;
[IReactions were performed in duplicates and two independent experiments were performed; thus,
the reported conversion is then the average of the 4 values. Errors are expressed as standard
deviation.
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Table 2.13. Conversion [%] of 1a (50 mM) to (S)-2a using lyophilized cells containing natural StyA and
StyB (5 mg mL?) in a closed chamber. Reaction time: 20 minutes.

E. coli JM101/pSPZ10- E. coli JM101/pSPZ10-StyAStyB
Entry O, pressure [bar] StyAStyB /catalasel®!

2a [%] 2a [%]1

1 Atmospheric 11.842.3 14.042.6
pressure

2 Saturation with 13.0:0.1 17.7+0.8
pure O;

3 1 11.8+3.5 12.6+2.0

4 2 8.4+2.1 9.610.4

5 3 8.3+0.7 9.0+0.7

6 4 6.4+1.2 6.310.6

(2l Experiments were performed in a sealed pressurized chamber; for entry 2 the chamber was
saturated with pure O, before reactions were started; ! final catalase concentration 2 uM;
[IReactions were performed in duplicates and two independent experiments were performed; thus,
the reported conversion is then the average of the 4 values. Errors are expressed as standard
deviation.

2.4.8 Final comparison of the catalytic efficiency between the chimeric Fus-
SMO and the natural StyA-StyB system (from plasmid pSPZ10)

Lyophilized E. coli cells carrying Fus-SMO or natural StyA-StyB (plasmid pSPZ10) (2.5 mg; 5
mg mL™) were rehydrated in KPi buffer (pH 8.0, 50 mM, 0.5 mL) in 20 mL glass vials. The
buffer already contained the required amount of NAD* (1mM, 0.02eq.), HCOONa (250 mM,
5 eq.), FAD (50 uM), Cb-FDH (10 uM) and catalase (2 uM). The biotransformations were
started by the addition of n-heptane (0.5 mL) as the second solvent phase followed by the
addition of 1a (50 mM; calculated on the volume of the organic phase). The mixtures were
shaken in a closed chamber on an orbital shaker (200 rpm) at 30 °C for 10, 20 and 30
minutes. The reactions were quenched by freezing in liquid nitrogen. The organic phase
from the reaction mixture (n-heptane) was separated from the aqueous phase. The aqueous
phase was further extracted with MTBE (500 uL). The combined organic phases (n-heptane
+ MTBE) were dried with MgSO,4 and the conversions were measured by GC-FID.

2.4.9 Co-expression of Fus-SMO and Cb-FDH in E. coli BL21 DE3

LB medium (800 mL), supplemented with kanamycin (50 pg mL?*) and ampicillin (100 pg mL°
1), was inoculated with 15 mL of a pre-culture and grown at 37 °C until the cell density
reached an ODgg value of 0.6-0.8. The expression was induced by the addition of IPTG (0.1
mM final concentration) and the cells were grown for further 16 h at 25 °C prior to
harvesting by centrifugation at 4500 rpm. The whole cells were then washed with KPi buffer
(pH 8, 50 mM), lyophilized (ca. 2g dry weight) and stored at -20 °C (Figure 2.10).
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Activity test for the co-expressed cells

Lyophilized whole cells containing Fus-SMO and Cb-FDH (5 mg) were rehydrated in KPi
buffer (pH 8, 50 mM, 0.5 mL) in 4 mL glass vials. NAD* (1 mM, 0.05 eq.), FAD (50 uM),
HCOONa (100 mM, 5 eq.) and heptane (0.5 mL) were added. The biotransformations were
started by the addition of substrate (1a or 1b, 20 mM) and shaken at 30 °C, 180 rpm on an
orbital shaker for 24 h. The concentrations of coenzymes, co-substrate and recycling
enzyme are always calculated on the volume of the aqueous phase, the concentration of
the substrate is referred to the organic phase. The organic phase from the reaction mixture
(n-heptane) was separated from the aqueous phase. The aqueous phase was further
extracted with MTBE (2 x 250 pL). The combined organic phases (n-heptane + MTBE) were
dried with MgS0O, and analyzed by GC-FID and chiral HPLC (Table 2.6).

Time study for the bio-catalytic epoxidation of 1a and 1b (50 mM) to enantiopure (S)-2a
and (15,25)-2b using lyophilized whole cells of co-expressed Fus-SMO and Ch-FDH.

Lyophilized whole cells containing co-expressed Fus-SMO and Cb-FDH (2.5 mg, 5 mg
mL?) were rehydrated in KPi buffer (pH 8, 50 mM, 0.5 mL) in a 20 mL glass vial. NAD*
(1 mM), FAD (50 uM), HCOONa (5 eq.), catalase (2 uM), n-heptane (0.5 mL) and the
substrates 1a (50 mM) or 1b (50 mM) were added. The concentration of cells,
coenzyme and recycling enzyme are calculated on the volume of the aqueous phase,

while the concentration of the substrate on the organic phase. The reactions were
incubated at 30 °C and 200 rpm on an orbital shaker and monitored over time (0.5,
1,2, 3,4,5,6and 24 h). The reactions were quenched by freezing in liquid nitrogen.
The organic phase from the reaction mixture (n-heptane) was separated from the aqueous
phase. The aqueous phase was further extracted with MTBE (500 uL). The combined organic
phases (n-heptane + MTBE) were dried with MgSO,4. The conversions were analyzed by
GC-FID (Table 2.14).
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Table 2.14. Time study for the conversion of 1a and 1b (50 mM) by lyophilized cells of co-expressed
Fus-SMO and Cb-FDH

Entry Time [h] (S)-2a [%] (15,25)-2b [%]
1 0.5 27.1+1.2 17.6+0.5
2 1 51.4+5.3 35.8+1.6
3 2 70.9+3.4 57.4+0.5
4 3 83.4+4.3 68.6+1.8
5 4 86.6+3.4 75.4+3.0
6 5 91.8+2.5 81.1+2.2
7 6 93.8+1.3 82.5+1.6
8 24 98.8+1.2 90.4+1.4

Reactions were performed as duplicates in two independent experiments; hence, the reported
conversion is the average of 4 values. Error is expressed as the standard deviation.

Experiments with increased substrate concentration for the bio-epoxidation of 1a and 1b
(50 mM - 1 M) using lyophilized E. coli cells co-expressing Fus-SMO/Cb-FDH

General procedure. Lyophilized whole cells containing co-expressed Fus-SMO and Cb-FDH
(2.5 mg, 5 mg mL) were rehydrated in KPi buffer (pH 8, 50 mM, 0.5 mL) in a 20 mL glass
vial. NAD* (1 mM), FAD (50 uM), HCOONa (5 eq.), catalase (2 uM), n-heptane (0.5 mL) and
the substrates 1a (from 50 to 1 M) or 1b (from 50 mM to 1 M) were added. The
concentration of cells, coenzyme and recycling enzyme are calculated on the volume of the

aqueous phase, while the concentration of the substrate is calculated on the volume of on
the organic phase. The reactions were incubated at 30 °C and 200 rpm on an orbital shaker
for 24 h. The organic phase from the reaction mixture (n-heptane) was separated from the
aqueous phase. The aqueous phase was further extracted with MTBE (500 uL). The
combined organic phases (n-heptane + MTBE) were dried with MgSO,4. The conversions
were analyzed by GC-FID (Table 2.7).

General procedure. Lyophilized whole cells containing co-expressed Fus-SMO and Cb-FDH
(5 mg, 5 mg mL?) were rehydrated in KPi buffer (pH 8, 50 mM, 1 mL) in a 100 mL Erlenmeyer
flask. NAD* (1 mM), FAD (50 uM), HCOONa (5 eq.), catalase (2 uM), n-heptane (1 mL) and
the substrates 1a (from 50 mM to 1 M) or 1b (50 mM to 1 M) were added. The concentration
of cells, coenzyme and recycling enzyme are calculated on the volume of the aqueous
phase, while the concentration of the substrate is calculated on the volume of the organic
phase. The reactions were incubated at 30 °C and 200 rpm on an orbital shaker for 24 h.
The organic phase from the reaction mixture (n-heptane) was separated from the aqueous
phase. The aqueous phase was further extracted with MTBE (2 x 500 puL). The combined
organic phases (n-heptane + MTBE) were dried with MgSO,. The conversions were analyzed
by GC-FID (Table 2.8).
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Study on the influence of the mode of dioxygen transfer in the biphasic biocatalytic

epoxidation: sealed system with air headspace versus system with continuous flow (i.e.

bubbling) of dioxygen

General procedure for the epoxidation applying a sealed system with air headspace:
Lyophilized whole cells containing co-expressed Fus-SMO and Cb-FDH (125 mg, 5 mg mL?)
were rehydrated in KPi buffer (pH 8, 50 mM, 25 mL) in a 500 mL three necks round-bottom
flask. NAD* (1 mM), FAD (50 uM), HCOONa (5 eq.), catalase (2 uM), n-heptane (25 mL) and
the substrate 1a (50 mM) were added. The concentration of cells, coenzyme and recycling
enzyme are calculated on the volume of the aqueous phase, while the concentration of the
substrate is calculated on the volume of the organic phase. A set of reactions was conducted
at room temperature under magnetic agitation for 30 min, 45 min, 60 min and 24 h. A
vigorous agitation (ca. 700-800 rpm) was set during the reaction in order to obtain an
emulsion without a visible separation between the aqueous phase and the organic phase.
In this way, we can minimize the mass transfer resistance of styrene from the organic phase
to the aqueous phase as well as of styrene oxide in the contrary direction. Thus, any possible
kinetic limitation in the mass transfer of dioxygen from the gas phase to the liquid phases
can be studied under these conditions.

The rate of the epoxidation reaction expressed as mass of styrene oxide produced per
minute is reported in Figure 2.12 (black line).

General procedure for the epoxidation applying continuous flow of dioxygen (bubbling):
Lyophilized whole cells containing co-expressed Fus-SMO and Cb-FDH (125 mg, 5 mg mL?)
were rehydrated in KPi buffer (pH 8, 50 mM, 25 mL) in a 100 mL three necks round-bottom
flask. NAD* (1 mM), FAD (50 uM), HCOONa (5 eq.), catalase (2 uM), n-heptane (25 mL) and
the substrate 1a (50 mM) were added. The concentration of cells, coenzyme and recycling
enzyme are calculated on the volume of the aqueous phase, while the concentration of the
substrate is calculated on the volume of the organic phase. The flow of molecular oxygen
was supplied to the reaction via a needle placed through a septum in one neck of the round-
bottom flask. That permitted the bubbling of pure dioxygen (ca. 1 mL min™) directly into the
reaction mixture. Another small needle was placed through another septum in the flask in
order to prevent any overpressure. A set of reactions was conducted at room temperature
under magnetic agitation for 30 min, 45 min, 60 min and 24 h. A vigorous agitation (ca. 700-
800 rpm) was set during the reaction in order to obtain an emulsion without a visible
separation between the aqueous phase and the organic phase. In this way, we can minimize
the mass transfer resistance of styrene from the organic phase to the aqueous phase as well
as of styrene oxide in the contrary direction. Thus, any possible kinetic limitation in the mass
transfer of dioxygen from the gas phase to the liquid phases can be studied under these
conditions.

The rate of the epoxidation reaction expressed as mass of styrene oxide produced per
minute is reported in Figure 2.12 (grey line).
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General optimized procedure for the bio-catalytic synthesis of (S)-2a and (1S,25)-2b by
lyophilized whole cells co-expressing Fus-SMO and Cb-FDH (analytical scale). Lyophilized
whole cells (5 mg) were rehydrated in KPi buffer (0.5 mL, 50 mM, pH 8) in 4 mL or 20 mL
glass vials, containing NAD* (1 mM), HCOONa (5 eq.), FAD (50 uM) and catalase (2 uM). n-
Heptane (0.5 mL) and the substrate 1a-b (50 mM) were added. The concentration of the
substrate is calculated on the volume of the organic phase. The concentrations of NAD",
HCOONa are calculated on the volume of the aqueous phase. The mixture was incubated at
30 °C and 180 rpm on an orbital shaker. At the end of the reaction, the organic phase was
separated from the aqueous phase. The aqueous phase was extracted with MTBE (2 x 250
uL). The combined organic phases were dried with MgSQO,. The conversions were measured
by GC-FID, whereas the ee and de were measured by HPLC.

2.4.10 Preparative scale bio-catalytic epoxidation

General optimised procedure for the bio-catalytic synthesis of (S)-2a by whole cells co-
expressing Fus-SMO and Cb-FDH (scale up). Lyophilized whole cells containing co-
expressed Fus-SMO and Cb-FDH (500 mg, 5 mg mL) were rehydrated in KPi buffer (pH 8,
50 mM, 100 mL) in a 1 L tri-baffled flask. NAD* (1 mM), FAD (50 uM), HCOONa (5 eq.) and
catalase (2 uM) were added. n-Heptane (100 mL) and the substrate 1a (50 mM, 521 mg,
5.00 mmol) were added. The concentration of cells, NAD* and HCOONa are calculated on
the volume of the aqueous phase. The concentration of the substrate is calculated on the
volume of the organic phase. The reaction was incubated at 30 °C and 200 rpm on an orbital
shaker for 16 h. After completion of the reaction confirmed by GC-FID, the n-heptane phase
was recovered, dried with MgS0O, and evaporated under reduced pressure yielding 509 mg
(85%) of (S)-2a (99% purity by GC-FID; ee >99% by chiral HPLC. Separately, the aqueous
phase was extracted with MTBE (2 x 50 mL); the organic layer was dried with MgSO, and
the solvent was evaporated under reduced pressure, affording the remaining 12% of
product in 94% chemical purity.

General optimized procedure for the bio-catalytic synthesis of (1S, 25)-2b by lyophilized
whole cells co-expressing Fus-SMO and Cb-FDH (scale-up). A similar procedure was
performed as reported above. Lyophilized whole cells containing co-expressed Fus-SMO
and Cb-FDH (500 mg, 5 mg mL?) were rehydrated in KPi buffer (pH 8, 50 mM, 100 mL) in a
1 L tri-baffled flask. NAD* (1 mM), FAD (50 uM), HCOONa (5 eq.) and catalase (2 uM) were
added. n-Heptane (100 mL) and substrate 1b (50 mM, 591 mg, 5.00 mmol) was added. The
concentration of cells, NAD* and HCOONa are calculated on the volume of the aqueous
phase. The concentration of the substrate is calculated on the volume of the organic phase.
The reactions were incubated at 30 °C and 200 rpm on an orbital shaker for 16 h. After
completion of the reaction confirmed by GC-FID, the n-heptane phase was recovered and
evaporated under reduced pressure. The aqueous phase was then extracted with MTBE (2
x 50 mL). In this case, the purity of the product (15,25)-2b was similar in the n-heptane phase
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and in the extracted MTBE phase. Thus, the organic phases were combined, dried with
MgSQO, and the solvent was evaporated. The final yield was 603 mg of (15,2S5)-2b (90%
isolated yield, 95% purity by GC-FID; ee >99% and de >98% by chiral HPLC.

2.4.11 Purification Hisg Fus-SMO

Expression was conducted as previously described in section 2.4.3 (0.1 mM IPTG, 25 °C
overnight).

Wet cells containing Fus-SMO (ca. 12 g) were resuspended in lysis buffer (ca. 65 mL; 50 mM
KH,PO4, 300 mM NaCl, 10 mM imidazole, pH 8) and disrupted by sonication (10 min,
amplitude 45%, pulse on 10 s, pulse off 10 s). The suspension was centrifuged (18000 rpm,
1 h, 4 °C). The supernatant was filtered through a 0.45 um filter and loaded onto a Ni?*
column (5 mL, GE Healthcare) that was previously conditioned with lysis buffer. The column
was washed with washing buffer (50 mM KH,PO,, 300 mM NacCl, 25 mM imidazole, pH 8)
and the protein eluted with elution buffer (50 mM KH,PO4, 300 mM NaCl, 300 mM
imidazole, pH 8). Purity was analyzed by SDS-Page and fractions showing >95% purity were
combined and dialyzed overnight against potassium phosphate buffer (6 L, pH 8, 20 mM).
The enzyme solution was concentrated and the concentration was measured
spectrophotometrically by the method of Bradford (Bovine Serum Albumine standard). 128
mg of protein were obtained from ca. 12 g of wet cells, equal to 3.2 L of culture, without
further optimization. The purified protein shows a yellow color which corresponds to a
natural loading of FAD of ca. 25%. The loading of FAD was analyzed by UV-Vis-spectroscopy
at 450 nm by using the characteristic extinction coefficient of free FAD (e=11300 M cm™).

2.4.12 Typical assay for the determination of the initial activity of purified
Hise Fus-SMO

The epoxidation activity of Fus-SMO with 1a and 1c was measured according to the
procedure reported by Otto et al.% as well as Tischler et al.5® The quantification of the
product formation vs time was performed by quenching samples at different time points
and determining the conversion by GC-FID. A typical sample assay contained (2 mL
Eppendorf tube): Fus-SMO (3 uM), FAD (15 uM), HCOONa (150 mM), catalase (650 U), Cb-
FDH (20 uM), styrene (1a) or 4-methylstyrene (3a) (2 mM, from a 50 mM stock solution in
heptane) in a 1 mL total volume of Tris-HCl buffer (pH 8.5, 50 mM). The mixture was
incubated at 37 °C for 1 min and the reaction was started by the addition of NADH (50 mM).
The samples were shaken at 37 °C, 1400 rpm for 1, 2, 3, 4 and 5 min, respectively. Reactions
were stopped by freezing in liquid nitrogen followed by extraction with MTBE (2 x 500 pL).
The organic phase was separated from the aqueous layer, dried over MgSO, and injected
into GC-FID.
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Influence of FAD loading and NADH recycling system on the initial activity of purified Fus-

SMO: The same assay as described above was used for these tests with some variations as
follow:

CONDITION A: Fus-SMO (3 uM), FAD (15 uM, 5 eq. based on Fus-SMO), NAD* (2 mM, 1 eq.
based on 1a), HCOONa (150 mM), catalase (650 U), Cb-FDH (60 uM), styrene (1a) (2 mM,
from a 50 mM stock solution in heptane) in a 1 mL total volume of Tris-HCI buffer (pH 8.5,
50 mM).

CONDITION B: Fus-SMO (3 uM), NAD* (2 mM, 1 eq. based on 1a), HCOONa (150 mM),
catalase (650 U), Cb-FDH (60 uM), styrene (1a) (2 mM, from a 50 mM stock solution in
heptane) in a 1 mL total volume of Tris-HCI buffer (pH 8.5, 50 mM).

CONDITION C: Fus-SMO (3 uM), FAD (2.22 uM, 0.74 eq. based on Fus-SMO), NAD* (2 mM,
1 eq. based on 1a), HCOONa (150 mM), catalase (650 U), Cb-FDH (60 uM), styrene (1a) (2
mM, from a 50 mM stock solution in heptane) in a 1 mL total volume of Tris-HCI buffer (pH
8.5, 50 mM).

CONDITION D: Fus-SMO (3 uM), FAD (5.22 uM, 1.74 eq. based on Fus-SMOQ), NAD* (2 mM,
1 eq. based on 1a), HCOONa (150 mM), catalase (650 U), Cb-FDH (60 uM), styrene (1a) (2
mM, from a 50 mM stock solution in heptane) in a 1 mL total volume of Tris-HCI buffer (pH
8.5, 50 mM).

2.4.13 Thermostability measurement

The thermostability (melting temperature T, defined as the temperature at which 50% of
the enzyme unfolds) of Fus-sMO was measured in 50 mM Tris-HCI buffer (pH 7.0, 7.5, 8.0,
8.5 and 9.0) as well as in 50 mM KPi buffer (pH 6.0, 6.5, 7.0, 7.5 and 8.0) by differential
scanning fluorometry using a Biorad-7500 QPCR machine. Fluorescence data were collected
as a continuous standard melt curve from 20-90 °C (1% increment, hold 1 min at 20 °C and
1 min at 90 °C), using ROX for reporter and none for quencher. Also, none was selected as
passive reference. A standard sample (20 pL total final volume per well) contained the
following components: Fus-SMO (1 ug), buffer (50 mM), NaCl (100 mM), Sypro Orange (5
times), Glycerol (5% vol/vol), FAD (10.7 uM) and MilliQ.

Note: Buffer, Sypro Orange and Milli-Q were always present in the mixture while all the
other components (additives) were varied as shown in Table 2.15.
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Table 2.15. Conditions tested for the thermostability of Fus-SMO in 50 mM Tris-HCI buffer (pH 7.0,
7.5, 8.0, 8.5, 9.0) and in 50 mM KPi buffer (pH 6.0, 6.5, 7.0, 7.5, 8.0)

Sample 9 10
1 2
Additive 3 4 > 6 7 8 (control) (control)
NacCl + o+ - - - + R + + _
FAD + - + - + + + -
Fus-SMO + 4+ + + + + + + - -
Glycerol - - - - + + + + + -

Table 2.16. Results for the thermostability of Fus-SMO in 50 mM Tris-HCI buffer at different pH
values

Entry FAD NaCl Glycerol pH 7.0 pH7.5 pH 8.0 pH 8.5
1 + + - 39°C 38°C 41°C 39°C
2 - + - 37°C 37°C 41°C 40°C
3 + - - 39°C 37°C 39°C 39°C
4 - - - 35°C 39°C 39°C 39°C
5 - - + 36 °C 35 °C (1%t peak) 40°C 41°C

40 °C (2" peak)

6 + + + 40 °C 39°C 33°C (1%t 41°C
peak)
39 °C (2n¢
peak)
7 + - + 39°C 29 °C 40 °C 41°C
8 - + + 37°C 40 °C 41 °C 41 °C

2.4.14 Analytical methods

GC-FID method A: determination of the conversion Column: Agilent J&W DB1701 (30 m,
250 um, 0.25 um). Carrier gas: H,; Parameter: T injector 250 °C; constant pressure 14.50 psi;

temperature program: 80 °C, hold 6.5 min; gradient 10 °C min up to 160 °C, hold 5 min;
gradient 20 °C min't up to 200 °C, hold 2 min; gradient 20 °C min™* up to 280 °C, hold 1 min

NP-HPLC method B: determination of the enantiomeric excess (ee) and diastereomeric
excess (de) Column: Daicel Chiralcel OD (0.46 cm x 25 cm); HPLC program: constant oven
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temperature 25 °C; eluent composition: isocratic Hexane/lsopropanol 99:1; flow rate: 0.5
mL min!

Table 2.17. Retention time [min] of substrates and products used in this study

Compound Retention time [min] Retention time [min]
GC-FID HPLC
1a 4.9 n.a.
(S)-2a 10.9 15.9
1b 8.9 n.a.
(15,25)-2b 11.9 16.1

n.a = not applicable; The absolute configuration of the products (S)-2a and (1S,25)-2b were identified by
comparison with authentic optically active reference compounds.
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Chapter 3

Abstract. in this work, we present an enzymatic route for the formal regio- and

stereoselective aminohydroxylation of 6-methylstyrene. In the first step, 6-
methylstyrene was converted in all four 1-phenylpropane-1,2-diol stereoisomers in
high isolated yields (78-85%) and excellent optical purities (er 95->99.5% and dr
>99.5%) by combining a fused-styrene monooxygenase (Fus-SMQO) with
stereocomplementary epoxide hydrolases (EHs). In the second step, each 1-
phenylpropane-1,2-diol stereoisomer was converted into either (1R,2R)- or (1S,2R)-
phenylpropanolamine through a regio- and stereoselective enzymatic hydrogen-
borrowing (HB) amination that combined an alcohol dehydrogenase with an amine
dehydrogenase. The HB-amination proceeded with >99% analytical yield, 74%
isolated yield, and high selectivity (er and dr >99.5). The enzymatic route only
consumes dioxygen and one equivalent of ammonia and formate, producing one
equivalent of carbonate as by-product. The biocascade entails highly selective
epoxidation, hydrolysis and hydrogen-borrowing alcohol amination. Thus, 8-
methylstyrene was converted into (1R,2R)- and (1S,2R)-phenylpropanolamine in 59—
63% isolated yields, and up to >99.5 dr and er.
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3.1 Introduction

Chiral 1,2-amino alcohol moieties are found in a plethora of natural products and
active pharmaceutical ingredients (APIs), including antibiotics, anti-asthma drugs,
hormones, alkaloids, enzyme inhibitors, and B-adrenergic blockers. They also find
application as ligands or auxiliaries in asymmetric organic synthesis.>’ In this
context, phenylpropanolamines (PPAs, 5) are particularly interesting as
intermediates or final products due to their pharmaceutical properties. PPAs can be
isolated as a mixture of diastereomers (15,25)-5 and (1R,2S)-5 from the leaves of
Celastraceae and Ephedraceae plant families.®®

OH OH OH
[, L, HO L
NH, HN NH>
nor(ps_eudo)ephedrine (pseudo)ephedrine metaraminol
appetite suppressant, vasoconstrictor, vasoconstrictor,
cardivascular agents bronchodilator, nasal sympathomimetics
decongestant
OH OH OH © X OH
HO L. HO N HN N
HN HN
HO NH HO j/ HO Y
levonordefrin isotarine procaterol
nasal decongestant, bronchodilator agent, bronchodilator agent,
vasoconstrictor adrenergic receptor agonist ~ adrenergic receptor agonist

Figure 3.1. Examples of phenylpropanolamine.?

Chemical synthesis of PPAs commonly consumes various reagents in
suprastoichiometric amounts and leads to high yields yet modest optical purities or
vice versa.>*1%1% Moreover, most of these methods require several isolation and
purification steps of intermediates along the synthetic route, thus increasing
significantly E-factors, solvent demands, and energy consumption (e.g., for
evaporation).>! In some cases, catalytic steps involving the use of toxic transition
metals are needed, thereby contributing to an unfavorable environmental footprint
of the process. For instance, trans-B-methylstyrene (trans-1) was converted into
(1R,2R)-5 through oxazoline intermediate in 75% overall yield, 99% de, but 86% ee.?’
The synthesis of the four PPA isomers 5 was accomplished via a multi-step route,
which comprised an asymmetric reduction of a-functionalized ketones using chiral
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reducing agents. Although vyields ranged from 40% to 98%, a mixture of
stereoisomers was always isolated.’® The PPA isomers 5 were also obtained in six
steps in ca. 40% vyield, 96% ee and dr starting from rac-2-phenyl-2-
trimethylsilyloxyacetonitrile.’ In a recent study, the direct 1,2-aminohydroxylation
of cis- and trans-1 using PivONH3;OTf as aminating reagent was catalyzed by Fe(ll)-
phthalocyanine. Although the reaction proceeded with perfect regioselectivity, only
moderate yields (up to 26%) of a mixture of diastereomers were obtained.®

With the aim of finding viable alternatives to the use of toxic reagents and waste
reduction to fulfill the criteria of green chemistry,'>!%2° 3 number of biocatalytic
routes towards PPAs synthesis have been reported. For instance, chemo-enzymatic
approaches for the preparation of PPAs have combined either hydroxynitrile lyases
(HNL) or Baker’s yeasts with a chemical reduction step.? In the former case, (1S,2R)-
5 and (1R,2S5)-5 (35-47% yield) were obtained in high optical purities (99% ee, 90-
92% de) through a five-step route.? 22 |n the latter case, (1R,2R)-5 and (1R,2S)-5
were obtained as a mixture of diastereomers in moderate yields.?>?*

Although fully enzymatic methods for the synthesis of 1,2-amino alcohols
possessing one stereogenic center were recently developed,?>?” only three routes
are currently available for the stereoselective preparation of PPAs thereby creating
two stereogenic centers.>* The first route converts 1-phenyl-1,2-propanedione into
(1R,25)-5 or (1S,2S)-5 through a one-pot and sequential combination of an w-
transaminase (wTA) with an alcohol dehydrogenase (ADH).2® The second route
comprises an enzymatic carboligation between benzaldehyde and pyruvate
followed by a stereoselective transamination to yield (1R,25)-5 and (1R,2R)-5 (up to
>95% conversion; 98% de and >99% ee).!! A similar route was lately reported for the
enzymatic synthesis of (1R,25)-5 (60% yield; ee and de >99.5%).2° Conversely, the
synthesis of (15,2R)-5 using the two above-mentioned enzymatic approaches was
reported with ca. 20% conversion and moderate levels of diastereomeric purities
(60-80% de).®® The third enzymatic method entails the enantioselective
aminohydroxylation of styrene derivatives catalyzed by an engineered
hemoprotein. Starting from trans-anethole, the 1,2-amino alcohol product was
obtained with 95% ee and 87:13 dr.*°

In this work, we report a strategy for the synthesis of (1S,2R)-5 and (1R,2R)-5 in high
optical purity by implementing a biocatalytic dual-enzyme hydrogen-borrowing
(HB) amination.?! Notably, HB-amination by pairing an alcohol dehydrogenase
(ADH) with either an amine dehydrogenase (AmDH) or a reductive aminase
(RedAm) was previously applied for the amination of molecules possessing only one
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hydroxyl moiety.3"*> Herein, we investigated the potential of the biocatalytic HB-
amination for a concomitant regio- and stereoselective amination of the
synthetically relevant 1-phenylpropane-1,2-diol (3). Furthermore, the selective
bioamination was integrated in a multi-enzymatic route that starts from the
inexpensive and easily available substrate 1 (Figure 3.2).

OH
A  ,
1 *
Q,Q\ OH
@\' 3
0, H,O R trans-1 gives (1S,2R)-3
o cis-1 gives (1S,2S)-3
Fus-SMO *
2
trans- or . ) OH
cis-1 NADH NAD™ trans-1 gives (1S,2S)-2 )
f } cis-1 gives (1S,2R)-2 1%
OH
HCOO HCO3"
Cb-FDH 3
trans-1 gives (1R,2S)-3
cis-1 gives (1R,2R)-3
B a) (S)-4
b) (R)-4
OH
xl 2
1
o} NHa/NH.*
& NADH Y,
W %, H,0
OH *OHZ
*1 2 ©)1Y
ES
OH NH;
N
a) (1S,2S)-3 or (1S,2R)-3 NAD a) (1S,2R)-5
b) (1R,2R)-3 or (1R,2S)-3 b) (1R.2R)-5

Figure 3.2. A) One-pot cascade for the stereoselective dihydroxylation of 1 (20-50 mM) in KPi buffer
(pH 8.0, 50 mM)/heptane (1:1 v v1) using E. coli/Fus-SMO/Cb-FDH (5 mg mL?), E. coli/Sp(S)-EH or
St(R)-EH (20 mg mL1), HCOONa (5 eq.), NAD* (1 mM), FAD (50 uM). B) One-pot regio- and
stereospecific HB-amination (ADH/AmDH) of 3 (5-20 mM) in HCOONH, buffer (pH 8.5, 1 M), NAD* (1
mM). Note: the names of all wild-type strains from which the enzymes used in this study were
recombinantly expressed (and, in case, engineered) are reported in section 3.4.1.
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3.2 Results and discussion

3.2.1 Enzymatic synthesis chiral diols

All of the four diol isomers (3) were enzymatically synthesized from cis- or trans-B-
methylstyrene 1 through a one-pot cascade that combined our fused styrene
monooxygenase  (Fus-SMO)*®  with either Sp(S)-EH or St(R)-EH as
stereocomplementary epoxide hydrolases (Figure 3.2A).3” The enzymes were
expressed and used as E. coli lyophilized cells. The stereoselectivity of combined
epoxidation and hydrolysis was initially studied in a one-pot concurrent cascade on
analytical scale, in which trans-1 or cis-1 (20 mM) were incubated in a biphasic
mixture of KPi buffer (50 mM, pH 8.0, 0.5 mL) and heptane (0.5 mL), containing E.
colifFus-SMO (10 mg), either E. coli/Sp(S)-EH or E. coli/St(R)-EH (10 mg), FAD (50
uM), NAD* (1 mM), and Cb-FDH (10 uM)/HCOONa (100 mM) for NADH recycling.
The use of an aqueous/organic biphasic system limited the molecular toxicity of the
epoxide intermediates to the enzymes, as well as prevent the possible spontaneous
opening of the epoxide formed, reduced the loss of volatile 1, and enabled a
practical isolation of the final diol products by simple phase separation followed by
extraction. The four stereoisomers of diol 3 were obtained with elevated
diastereomeric ratios (Table 3.1).

Table 3.1. One-pot cascade for the conversion [%] of trans or cis-1 (20 mM) to optically active 3
catalyzed by lyophilized whole cells expressing Fus-SMO in combination with either Sp(S)-EH or St(R)-
EH. The stereochemistry of the diols (3) was determined accurately by HPLC analysis.

Conversion Product distribution™
Substrate  Enzymatic system (%] (1R,2R)-3(15,25)-3(1R,25)-3(1S,2R)-3
0 A B C D
trans-1 Fus-SMO/Sp(S)-EH 991<1 n.d. n.d. 0.1 99.9
trans-1 Fus-SMO/St(R)-EH 8619 0.5 0.2 99.0 0.3
cis-1 Fus-SMO/Sp(S)-EH 53+2 5.5 92.5 0.1 2.0
cis-1 Fus-SMO/St(R)-EH 71+<1 98.8 0.2 n.d. 1

2l GC-FID. [Pl HPLC; average of two samples

Thus, we performed the one-pot cascade slightly above three hundred milligrams
scale, which yielded diols 3 in quantitative conversion, high isolated yields (78—
85%), and high optical purity (Table 3.2). Fus-SMO and Cb-FDH were co-expressed
in the same host in this latter set of experiments.?®
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Table 3.2. Conversion [%] of trans or cis-1 to optically active 3 in a biocatalytic cascade that combines
Fus-SMO/Cb-FDH and two stereo-complementary EHs.

Substrate EH C°'E;‘°i'{f]i°" ;?:I'jt[ﬁ/f] [‘yf]'[b] [%ﬁb]
trans-1 Sp(S)-EH >99 (32§5mg) (122;?1)_3 >99.5:<0.5
trans-1  St(R)-EH >99 " 9;8mg) 791%’52:)?55 >99.5:<0.5

Gl Sp(S)-EH >99 . 123mg) (91?95254)2 599.5:<0.5
cis-1 St(R)-EH 599 " Oigmg) 72%‘,52:;)? 55 >99.5:<0.5

leldetermined by GC-FID; ! analyzed by HPLC

3.2.2 Screening secondary NAD(P)*-dependent alcohol dehydrogenases
(ADHs)

3.2.2.1 Bio-catalytic oxidation of 1-phenyl-1,2-propanediol (3)

Next, we focused on the second part of the multi-enzymatic process, which is the
conversion of a diol enantiomer 3 into optically active PPA (5, Figure 3.2B). Initially,
we investigated the single oxidation of diol 3 (as a mixture of the four
stereoisomers) by screening a panel of eleven stereocomplementary ADHs (six
NAD* and five NADP* dependent) which ideally would lead to the formation of
intermediate 4. The ADHs were tested either as purified enzymes (i.e., 50 uM Aa-
ADH,® Lbv-ADH,* or Lb-ADH*) or lyophilized whole cells (i.e., 20 mg mL? of E.coli
cells expressing Sy-ADH,** Pp-ADH,* Bs-BDHA,* Ls-ADH,* Te-ADH variant 1, 2, or
3,% or Rs-ADH.* The reactions were run for 24 h in Tris-HCl buffer (pH 7.5, 50 mM)
at 30 °C, with the only exception being the oxidation catalyzed by Ls-ADH which
was conducted in KPi buffer (pH 6.5, 100 mM) at 40 °C. The reactions were
supplemented with NAD* or NADP* (1 mM), which were recycled by a specific
NAD(P)H oxidase—i.e., NOX* (0.5 uM) for NADH or YcnD* (5 uM) for NADPH. For
an overview of the reaction pathway see Scheme 3.1. The reaction does not
proceed with perfect selectivity and a mixture of products were formed considering
also that the substrate was used a mixture of all the four possible isomers in the
same pot (Table 3.3).
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oH OH
Tris-HCI, pH 7.5, 50 mM
OH ADH O
3 4
NAD(P)* NAD(P)H
- H,0
2 NOX or YcnD 2

Scheme 3.1. Bio-catalytic oxidation of diol 3

As shown in Table 3.3, only three NAD*-dependent ADHs, namely Aa-ADH, Bs-
BDHA, and Ls-ADH, proved to be sufficiently active towards diol 3 isomers (entry 1,
5 and 6). In these three cases, the desired 1-hydroxy-1-phenylpropan-2-one
intermediate (4) was obtained as the main product (31%, 36%, and 15%
conversions, respectively). However, 2-hydroxy-1-phenylpropan-1-one (4’) (9-22%)
and fully oxidized di-ketone product (7) (2-5%) were also detected. Notably, the
three ADHs exhibited varying stereoselectivity. Whereas Bs-ADH oxidized (1S,2R)-3
and (1R,2S)-3, Ls-ADH oxidized (1S,2R)-3 and (1R,2R)-3 and Aa-ADH oxidized
(1R,2R)-3, (15,25)-3 and (1R,2S)-3. It is important to note that the composition of
the reaction mixture might be partly determined by a possible spontaneous
chemical isomerization between 4 and 4’ (and their enantiomers) due to a
tautomeric equilibrium. Hence, three ADHs, namely Aa-ADH, Bs-BDHA and Ls-ADH,
turned out to be suitable candidates for the regioselective oxidation of the four
isomers of diol 3. Figure 3.3 depicts a graphical summary of the preferred selectivity
of the ADHs within our synthetic strategy along with a general view on the
conceived synthetic routes to obtain intermediate 4 in enantiomerically pure form.
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Table 3.3. Oxidation [%] of diol 3 by NAD(P)*-dependent ADHs.

OH

3 $
ADHs
_ AYAs . .
3 7
mixture of all
four isomers
Accepted
Entry ADH Coenzyme Cfatah{:t diol
orm isomers!?
Purified 1R,2R/1S,2S
- + , ,
1 e AP (N-Hiss tag) /1R,2S
2 Lbv-ADH NAD* Purified ]
(no tag)
3 Sy-ADH NAD* Lyophilized )
whole cells
4 Pp-ADH NAD* Lyophilized )
whole cells
5 Bs-BDHA NAD* Lyophilized 15, 2R/1R,25
whole cells
6 Ls-ADH NAD* Lyophilized 15,2R/1R,2R
whole cells
7 Lb-ADH NADP* Purified ]
(no tag)
8 Te-ADHyy NADP* Lyophilized )
’ whole cells
9 Te-ADH,, NADP* Lyophilized ]
whole cells
10 Te-ADH.3 NADP* Lyophilized ]
whole cells
11 Rs-ADH NADP* Lyophilized )
whole cells

eI This refers to the preference of the enzyme for the conversion of diol 3 which is a mixture of the
four possible stereoisomers as described in this column; ! average of two samples; [l see section

3.4.1 for more details.
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Figure 3.3. Overview on the preferred regio- and stereo-selectivity of various ADHs deduced from the
conversion of diol 3 (used as a mixture of all four possible isomers).

©/\/ Fus-SMO ©1<21
S
('*J&/

trans-1 (1S,25)-2

<o
<0 y
m Fus-SMO m
- S
ois-A (1S,2R)-2 {”?A&/

Diastereoisomer | Oxidation | ADH
position
OH
- HQO O
m PH Bs-
(1S,2R)-3 (5)-4 BDHA
OH
HO O
6H Ph: : Aa_
(1R25)-3 (R)-4 ADH
OH
: HQ O
OH PH Aa-
(15,25)-3 (5)-4 ADH
OH
HO O
m Ph: : Ls-
(1R2R)-3 (R)-4 ADH

3.2.2.2 Bio-catalytic reduction of 1-phenyl-1,2-propanedione (7)
For the sake of clarity, the panel of NAD(P)*-dependent ADHs, described above, was
also tested for the bio-reduction of substrate 7 (20 mM). The reactions were carried
out in Tris-HCI buffer (pH 7.5, 50 mM) supplemented with NAD* (1 mM), HCOONa
(100 mM) and Cb-FDH (10 uM), the latter for internally recycling the NADH
coenzyme. The general reaction pathway is depicted in Scheme 3.2. Also in this
reverse pathway, the biotransformation led to the formation of multiple products
as reported in Table 3.4; nevertheless, the bio-reduction proceeded with higher
selectivity than the oxidation as well as more ADHs showed to be active on this

reverse reaction.
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fe) OH
Tris-HCI, pH 7.5, 50 mM ©)\/
o} ﬁ\m\ OH
7 3
NAD(P)H NAD(P)*
HCCO" or glucose HCOj" or gluconolactone

Cb-FDH or GDH
Scheme 3.2. Bio-catalytic reduction of diketone 7

As shown in Table 3.4, only Aa-ADH leads to the formation of 3 as single product
(entry 1) which may indicate no selectivity within the two carbonyl moieties (a and
B position). On the other hand, the other four NAD*-dependent ADHs led to the
formation of all the three possible expected products in different ratios: except for
Sy-ADH which forms 4 (entry 4) as the main product, the remaining two ADHs (Lbv
and Pp; entry 2-3) form mainly 3, thought LBv-ADH shows to form 3 and 4in a 1:1
ratio. Furthermore, formation of isomer 4’ was also observed in all cases except for
Aa-ADH, though it is always lower than the correspondent isomer 4. This may be
due to thermodynamic equilibria, hence, isomer 4 may be preferred over 4’. In
general, only Sy-ADH showed the greatest preference for the formation of 4 (63 %),
which seems to be able to discriminate between the two ketone moieties.
Regarding the NADP*-dependent ADHs, in the case of the three variants of Te-ADH,
no conversion into 3 was observed (entry 6-8). On the other hand, all the three
variants showed a similar trend for the formation of either 4 or 4’. Nevertheless,
only Te-ADH-v2 (entry 7) showed the highest preference for the formation of 4’.
Lb-ADH leads to the formation of 3 (entry 9) as the major component of the
mixture. As last, Rs-ADH shows the formation of 4 as the main component of the
products mixture (entry 10), while its isomer 4’ is formed in 17% yield. In both cases,
product 3 was observed in 3% yield only.
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Table 3.4. Conversion [%] for the enzymatic reduction of compound 7 (20 mM) by a panel of NAD(P)*-

dependent ADHs
Q OH OH o)
ADHs H §
7 3 4 &

Enty  ADH  7[%] 3[%]  4[%] 4&[%] Cofactor c";;‘:‘r:f‘t

1 Aa-ADH 2 98 n.d. n.d. NAD* PUITIerd
(N-Hise tag)

2 Lbv-ADH 3 45 45 7 NAD* Purified

(no tag)
3 Pp-ADH 2 730l 14 11 NAD* Lyophllllzed
E. colicells
4 Sy-ADH 2 8 63 26 NAD* Lyophilized
E. colicells
5 Bs-BDHA 3 54lal 39 5 NAD* Lyoph.|l|zed
E. coli cells
6 Te-ADHy; 7 n.d. 53 40 NADP* Ly0ph.|hzed
E. coli cells
7 Te-ADH, 5 n.d. 19 76 NADP* Ly0ph.|l|zed
E. colicells
8 Te-ADH,3 11 n.d. 36 52 NADP* Ly0ph.|l|zec|
E. colicells

9 Lb-ADH 3 72 23 2 NADP* Purified

(no tag)
10 Rs-ADH 3 10 70 17 Nappt  -yophilized
E. coli cells

l21Sum of two peaks which correspond to the two diastereomers (two couples of enantiomers)

3.2.3 Hydrogen borrowing bio-amination cascade with substrate (15,25)-3
In the next step, we investigated the biocatalytic reductive amination of the
synthetically obtained hydroxy-ketone intermediate (rac-4, 20 mM), by screening
three “(R)-selective” amine dehydrogenases**->! (Ch1-AmDH, Rs-PhAmDH and Bb-
AmDH; 100 pM) in HCOONH, buffer (pH 8.5, 1 M; 1 mL reaction volume) in the
presence of NAD" (1 mM) and Cb-FDH (14.1 uM) at 30 °C for 24 h. Ch1-AmDH and
Rs-PhAmDH showed conversion to 5 (24% and 79%, respectively) as a mixture of
diastereomers (1S,2R and 1R,2R), whereas Bb-AmDH was inactive towards rac-4
(data not shown).
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3.2.3.1 Influence of the temperature for the hydrogen-borrowing amination of
(1S,25)-3

Therefore, we initially tested the HB-amination on analytical scale using (1S5,25)-3 (5
mM) as a substrate and combining Aa-ADH and AmDH (Ch1-AmDH or Rs-PhAmDH)
in a 50:50 ratio (LM) in one pot. The reactions were conducted in HCOONH, buffer
(pH 8.5, 1 M, 0.5 mL final volume) supplemented with NAD* (1 mM).

First, the influence of the temperature (20, 30, 40 and 50 °C) was investigated. Ch1-
AmDH generally was the best performing AmDH for the HB-amination of (15,25)-3
in combination with Aa-ADH. As reported in Table 3.5, high conversions into the
target product 5 were observed under all the tested temperatures. Nevertheless,
quantitative conversion and high product yield (89+2%) were consistently obtained
at 30 °Cfor 48 h (entry 3 and 4). Therefore, this temperature and reaction time were
chosen for further studies. Notably, the combination of ADH and AmDH in one pot
prevented the formation of the byproducts 4’ and 7, which were previously
detected in the single ADH-catalyzed oxidation of 3. However, other by-products
were observed in this non-optimized HB-amination, particularly 2-amino-1-
phenylpropan-1-one (8, ca. 8%).

Table 3.5. Conversions [%] for (15,25)-3 (5 mM) at different temperatures by combining Aa-ADH (50
uM) and AmDH (50 uM)

side product

OH OH OH
: Y Aa-ADH : AmDH ©/Y
OH e} NH,
- 1S,2R)-5
(15,25)-3 ()14 ( )
5
Enzymatic Conversion 8 Unidentified
Ent T[°C SR
Y gystem CCl o &% (%] [%]l
y  AaADH/ChL- 9642 8741  4#<1 5+1
AmDH
Aa-ADH/Rs-
+ + + +
2 b 20 49+1 45¢1  3#<1 2+<1
3 AaADH/ChL- ) >99 89+2 8+2 4+<1
AmDH
Aa-ADH/Rs-
+ + +
4 PhAMDH 30 >99 89+<«1 6+<1 6+<1
5  Aa-ADH/ChL- . 89+1 8142  5i<1 2+<1
AmDH
Aa-ADH/Rs-
+ + + +
6 b 40 86+1 7941  4+<1 3+<1
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Table 3.5 (Continued)

5
Enzymatic Conversion 8 Unidentified
Ent T[°C] [SR]
v system [%]t! (%] [96] el [%](21b]
7 AIADH/ChL- o >99 911  6i<1 31<1
AmDH
Aa-ADH/Rs-
+ + + +
PhAMDH 50 92+1 8511 51<1 2#<1

(2 Determined by GC-FID; I This may come, at least in part, from decomposition of the amino alcohols
product (also present in the reference compound purchased by Sigma Aldrich upon injection in GC-
MS or GC-FID); er and dr were not determined at this stage.

3.2.3.2 Optimization HB-bioamination cascade for (15,25)-3 as substrate
3.2.3.2.1 Initial optimization of the enzymes loading for the hydrogen-borrowing
amination of (15,25)-3

Next, we proceeded with the optimization of the HB-amination of (15,25)-3 (5 mM)
using varied molar ratios of Aa-ADH and either Ch1-AmDH or Rs-PhAmDH. The
reactions were carried out in HCOONH, bufer (pH 8.5, 1 M) supplemented with
NAD* (1 mM). The stereochemistry of the final products 5 was assigned by RP-HPLC
after derivatization with the chiral reagent GITC (section 3.4.6, see also Figure 3.4)
and comparison with authentic optically active reference compounds that were
either purchased or chemically synthesized (section 3.4.5). Examples for the
calculation of enantiomeric and diastereomeric ratio are given in chapter 4, section
4.4.3.

GITC GITC-(1S,2R)-5
Figure 3.4. Structures of GITC (left) and GITC-derivatized amino alcohols obtained in this study (right).

As reported in Table 3.6, under these conditions, Aa-ADH (20 uM) and Ch1-AmDH
(50 uM) were the best combination in terms of analytical yield into (1S,2R)-5
(87+1%), chemoselectivity (ca. 2% of by-products), and optical purity (er >99.5:<0.5
and dr 95:5) (entry 3-4). Nevertheless, both 10:50 and 24:60 enzyme ratios (entry
1-2 and 5-6) led also to the formation of the desired product in moderate to high
conversions. Notably, the intrinsic stereoselectivity of the HB-amination was
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perfect, as the dr of 95:5 reflects the level of optical purity of substrate (1S,25)-3
obtained in the previous cascade for the synthesis of the substrate (Table 3.2).

Table 3.6. Conversions [%] for (15,25)-3 (5 mM) by combining different ratios of Aa-ADH and AmDH
at30°C

side product

OH OH OH 0
" Aa-ADH : AmDH
OH 0 NH;
-5
(18,25)-3 S)4 (1S,2R)
Unide
ADH: Conver 5 dr ntifie
Enzymatic ’ . er [%]™] 8
Entry system AmDH sion [SR] [%]™! [SS:RR:  [%] d
o7 1lal or1lal ° RAUE of™ oz lac
[uM] [%] [%] RS:SR] M}
Aa-
1 ADH/Ch1- 10:50 8015 7414 n.m. n.m. 4+<1 2+<1
AmDH
Aa-ADH/Rs-
. + + + +
2 PhAMDH 10:50 6116 5516 n.m. n.m. 4+<] 2+<1
Aa-
3 ADH/Ch1- 20:50 89+1 87+1 >99.5:<0.5 0:5:0:95 n.d. 2+<1
AmDH
Aa-ADH/Rs-
. + + . . . . +
4 PhAMDH 20:50 68+3 66+3 >99.5:<0.5 0:5:0:95 n.d. 2+<1
Aa-
5 ADH/Ch1- 24:60 >99 866 >99.5:<0.5 0:4:0:96 613 8+1
AmDH
Aa-ADH/Rs-
. + . . . . + +
6 PhAMDH 24:60 >99 8745 >99.5:<0.5 0:5:0:95 612 8+1

(2 Determined by GC-FID analysis; [° Determined by RP-HPLC after derivatization with a chiral reagent;
(I This may come, at least in part, from decomposition of the amino alcohols product (also present in
the reference compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID). Note: the
fact that the diastereomeric ratio of the product (15,2R)-5 is not absolutely perfect must not be
attributed to the hydrogen-borrowing amination step. In fact, the enantiomeric ratio of the diol
substrate (1S5,2S)-3—obtained in the previous enzymatic step—was not perfect (95.5:4.5) and that
reflected on the subsequent amination step.

3.2.3.2.2 Further optimization of the hydrogen-borrowing amination of

(1S,25)-3

The screening at higher substrate concentration (10 to 30 mM, (1S,25)-3) was

performed with the following conditions disclosed so far: Aa-ADH (24 uM), Ch1-

AmDH (60 uM) in HCOONH, buffer (pH 8.5, 1 M, 0.5 mL) at 30 °C for 48 h as

described in section 3.4.6. Though the best conditions in the screening reported in
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table 3.6 showed a better performance when enzymes ratio 20:50 was used, no
consistent results were observed once the reaction was performed again under
such conditions. On the other hand, the 24:60 ratio showed more persistent results
and for this reason the substrate loading was tested by using 24:60 enzymes ratio.
Interestingly, the application of a higher substrate concentration further improved
the chemoselectivity of the HB-amination, as reported in Table 3.7. For instance, at
10 mM concentration of (1S5,25)-3 substrate, the desired product (1S,2R)-5 was
obtained in 69t1% analytical yield with <1% of by-products, while er and dr
remained unaltered (entry 1). However, a further increase of substrate
concentration while maintaining the same concentrations of Aa-ADH and Ch1l-
AmDH (24:60 uM) resulted in reduced yields (33-51%)(entry 2-5).

Table 3.7. Conversion [%] for (15,25)-3 (varied concentration: 10 to 30 mM) at 30 °C combining Aa-
ADH (24 uM) and Ch1-AmDH (60 uM)

side product

OH OH OH 0
" Aa-ADH - Chy-AmDH ©/Y W
m ©/\g/ NH; NH;
(15,25)-3 S)4 (1S,2R)-5 8
3 Conver 5 dr[%]®! Uniden
Entry  [SS] sion [SR] [‘yf]r[b] [SS:RR: (%]l tified
[mM]  [%]™ [%]!! RS:SR] [%]t=lle]
1 10 70%<1 691<1 >99.5:<0.5 0.8:3.5:0:95.7 <1 1+<1
2 15 5212 5112 >99.5:<0.5 0:2.5:0:97.5 <1 1+<1
3 20 42+1 4111 >99.5:<0.5 0:2.3:0:97.7 <1 1+<1
4 25 36+<1 361<1 >99.5:<0.5 0:2.4:0:97.6 <1 1+<1
5 30 3411 33%1 >99.5:<0.5 0:1.8:0:98.2 <1 1+<1

(2 Determined by GC-FID analysis; [’ Determined by RP-HPLC after derivatization with a chiral reagent;
(I This may come, at least in part, from decomposition of the amino alcohols product (also present in
the reference compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID). Note: the
fact that the diastereomeric ratio of the product (1S,2R)-5 is not absolutely perfect must not be
attributed to the hydrogen-borrowing amination step. In fact, the enantiomeric ratio of the diol
substrate (1S,25)-3—obtained in the previous enzymatic step—was not perfect (95.5:4.5) and that
reflected on the subsequent amination step.

Based on the results observed at higher substrate loading (Table 3.7), a fine tuning
of the reaction conditions by varying the relative amount of dehydrogenases and
substrate concentration was performed. The results reported in Table 3.8
summarize the tests that were carried out. Initially, 10 mM of (15,25)-3 was kept
constant while both Aa-ADH and Ch1-AmDH were first doubled (48:120 uM,
respectively) as well as used three times more concentrated (72:180 uM,
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respectively) than the initial conditions; this would allow to investigate the
possibility to reach higher conversion and analytical yields. However, as shown in
entry 1 and 2, even though higher conversions were observed, these are
comparable to the results obtained at 24:60 uM enzymes loading (78-85% vs. 70%,
respectively), which may indicate that some inhibition is occurring. By increasing
the substrate loading to 15 mM and keeping the enzymes concentrations at 72:180
UM (ADH:AmDH), there was not a huge improvement Surprisingly, when the
loading of the Aa-ADH and the Ch1-AmDH was reversed (60:24 uM ADH:AmDH) full
conversion as well as high analytical yields were observed from 5 up to 20 mM
substrate loading (entry 4-6). Finally, the optimal conditions for the conversion of
(1S,25)-3 into (1S,2R)-5 were disclosed as follow: (1S5,25)-3 (20 mM), Aa-ADH (70
uM), Ch1- AmDH (35 uM), under which (1S,2R)-5 was obtained in 98+1% analytical
yield and high optical purity (entry 9).

Table 3.8. Conversion [%] for (1S,25)-3 (varied concentration: 5 to 20 mM) at 30 °C using varied
enzyme concentrations (Aa-ADH/Ch1-AmDH)

side product

OH oH oH 0
N~ Aa-ADH ; Chy-AmDH ©/Y
(1S,25)-3 ()14 (1S,2R)-6
3 ADH:  Conver 5 dr [%]™! Uniden
Entry [SS] AmDH  sion  [SR] ey ISSRR: B tified
mMl Ml e pee r:sR] P ppea

1 10 48:120 78+1 751 >99.5:<0.5 0:6:0:94 1<1 3#<1
2 10 72:180 85 82 >99.5:<0.5 0:6:0:94 1 2

3 15 72:180 69+1 67+1 >99.5:<0.5 0:6:0:94 1<1 2+<1
4 5 60:24  >99+<1 9416 >99.5:<0.5  2:6:0:92 n.d. 6+1
5 10 60:24  >99%<1 9612 >99.5:<0.5  2:5:0:93 1+<1 3#<1
6 20 60:24 >99+<1 9711 >99.5:<0.5 1:4:0:95 <1 2+<1
7 5 70:35  >99+<1 96*<1  >99.5:<0.5 2:7:0:91 <1 4+<1
8 10 70:35  >99#<1 9741 >99.5:<0.5  2:6:0:92 <1 3+<1
9 20 70:35  >99+<1  98#<1  >99.5:<0.5 1:4:0:95 1#<1 2#<1

(el Determined by GC-FID analysis; [’ Determined by RP-HPLC after derivatization with a chiral reagent;
(I This may come, at least in part, from decomposition of the amino alcohols product (also present in
the reference compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID). Note: the
fact that the diastereomeric ratio of the product (1S,2R)-5 is not absolutely perfect must not be
attributed to the hydrogen-borrowing amination step. In fact, the enantiomeric ratio of the diol
substrate (1S,25)-3—obtained in the previous enzymatic step—was not perfect (95.5:4.5) and that
reflected on the subsequent amination step.
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Finally, we monitored the progress of the HB-amination of (15,25)-3 (20 mM) over
time under the optimized conditions reported in Table 3.8, entry 9. As depicted in
Figure 3.5, and in section 3.4.7 for more detailed data, 42 hours are required for
the reaction to reach completion leading to the exclusive formation of product 5
(1S,2R-5).
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Figure 3.5. Progress of the regio- and stereospecific HB amination of (1S5,25)-3 (20 mM) to yield
(1S,2R)-5 catalyzed by Aa-ADH (70 uM) and Ch1-AmDH (35 uM) in HCOONH, buffer (pH 8.5, 1 M, 0.5
mL) containing NAD* (1 mM).

3.2.4 Hydrogen borrowing bio-amination cascade with substrate (1R,2R)-3
Next, the biocatalytic HB-amination was investigated on the diol isomer (1R,2R)-3.
As reported previously in Table 3.3, Ls-ADH was the best performing alcohol
dehydrogenase for the oxidation of this isomer. As for its enantiomer (15,25)-3, a
temperature study was also performed in the case of (1R,2R)-3 by combining Ls-
ADH with either Ch1-AmD or Rs-PhAmDH.

3.2.4.1 Temperature study

The influence of the temperature (30, 40 and 50 °C) for the HB-amination of
(1R,2R)-3 (5 mM) was investigated combining Ls-ADH (50 uM) with AmDH (50 uM,
Ch1-AmDH or Rs-PhAmDH). The reactions were run for 48 h in HCOONH,4 buffer (pH
8.5,1 M, 0.5 mL) in the presence of NAD" (1 mM) as described in section 3.4.6. As
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shown in Table 3.9, Ls-ADH with Ch1-AmDH was found to be the best combination
for the amination of (1R,2R)-3 at 30 °C, although Rs-AmDH also performed
efficiently, yielding (1R,2R)-5 with perfect regio- and stereoselectivity (er
>99.5:<0.5, dr >99.5:<0.5). Under all other tested temperatures, the conversion of
substrate (1R,2R)-3 dropped significantly as well as the analytical yield of (1R,2R)-
5. Moreover, in this case, the diastereomeric ratio of the product was assessed for
all conditions: the higher the temperature, the lower the diastereoselctivity; the
latter was determined by GC-FID analysis.

Table 3.9. Conversions [%] for (1R,2R)-3 (5 mM) at different temperatures by combining Ls-ADH and
AmDH

side product

OH OH OH
Ls-ADH AmDH | ©/'\l/
OH o] NH;
. 1R2R)-5
(1R.2R)-3 (R)-4 ( )
. Conver 5 dr [%] Uniden
tErn EZZZE:IC [;::] sion [RR] [;]r[b] [SS:RR/ (%] tified
y ooy %19 %] ° RS:SR] ° (%]
Ls-
1 ADH/Chi- 30 >99+<1  93#1  >99.5:<0.5  0:>99.5/0:0"  2#<1 5+<1
AmDH
Ls-ADH/Rs- bl
+ + : : : + +
2 PhAMDH 30 9016 84+5 >99.5:<0.5 0:>99.5/0:0 1+<1 5+1
Ls-
3 ADH/Ch1- 40 89+1 8212 n.m. 77/23M] 4+<] 3+<1
AmDH
Ls-ADH/Rs-
+ + [a] + +
PhAMDH 40 661 6312 n.m. 73/27 2+<1 2+<1
Ls-
5  ADH/Chi- 50 1943 18+3 n.m. 48.5/51.5%! 1+<1 1+<1
AmDH
Ls-ADH/Rs-
+ + [a] +
6 PhAMDH 50 17+1 16+1 n.m. 61/39 <1 1+<1

(2 Determined by GC-FID analysis; [’ Determined by RP-HPLC after derivatization with a chiral reagent;
“0” means that the other diastereomers and enantiomer were never observed. [ This may come, at
least in part, from decomposition of the amino alcohols product (also present in the reference
compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID).

3.2.4.2 Optimization cascade with (1R,2R)-3 as substrate

3.2.4.2.1 Increase in the substrate concentration for the hydrogen-

borrowing amination of (1R,2R)-3

The next step was to investigate the biocatalytic system at higher substrate

concentration by keeping unaltered the enzymes loading. The biocatalytic reactions
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were carried out with substrate (1R,2R)-3 (10 to 30 mM) in HCOONH, buffer (pH
8.5,1 M, 0.5 mL) in the presence of NAD* (1 mM) and by combining Ls-ADH (50 uM)
and Ch1-AmDH (50 uM) at 30 °C for 48 h as described in section 3.4.6. As reported
in Table 3.10, the Ls-ADH/Ch1-AmDH combination also tolerated higher substrate
concentrations (87+1% vyield at 30 mM of (1R,2R)-3) with the best results obtained
at 15-20 mM substrate loading (entry 2-3).

Table 3.10. Conversion [%] for (1R,2R)-3 (varied concentrations: 10-30 mM) at 30 °C combining Ls-
ADH (50 uM) and Ch1-AmDH (50 pM)

side product

OH OH OH o}
Ls-ADH Ch4-AmDH ©)J\/
OH ’ o ’ NH, NH
8

(1R2R)-3 (R4 (1R2R)-5
3 Conver 5 dr [%]* . o
Entry [RR] sion [RR] [; r[b] [SS:RR: . 8a,c] Unlt:er:at’gmd
[mM]  [%]E %] ¢l rs:sr] [%]
1 10 93+2 92+4 >99.5:<0.5 0:>99.5:0:.0 1x<1 1+<1
2 15 96+1 93+1 >99.5:<0.5 0:>99.5:0:0 <1 2+<1
3 20 951<1 931<1 >99.5:<0.55 0:>99.5:0:0 1i<1 2+<1
4 25 91+1 89+<1 >99.5:<0.5 0:>99.5:0:0 <1 2+<1
5 30 89+1 871 >99.5:<0.5 0:>99.5:0:.0 1x<1 1+<1

(2 Determined by GC-FID analysis; [° Determined by RP-HPLC after derivatization with a chiral reagent;
“0” means that the other diastereomers and enantiomer were never observed; ! This may come, at
least in part, from decomposition of the amino alcohols product (also present in the reference
compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID).

Also for this substrate, the optical purity of the product was determined by RP-HPLC
after derivatization with the chiral reagent GITC as reported in section 3.4.6 and
shown in Figure 3.6.

OAc =S
AcOw _~_ _N*©
ACOW\C.( OH
OAc
GITC GITC-(1R,2R)-5

Figure 3.6. Structures of GITC (left) and GITC-derivatized amino alcohols obtained in this study (right).

3.2.4.2.2 Further optimization of the hydrogen-borrowing amination of
(1R,2R)-3

The ratio between Ls-ADH and Ch1-AmDH was optimized at various substrate
concentrations as shown in Table 3.11. Biocatalytic reactions were performed as
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described in section 3.4.6. Under the optimal conditions (Ls-ADH 35 uM, Ch1l-
AmDH 70 uM, 20 mM (1R,2R)-3), (1R,2R)-5 was obtained in 99+1% analytical yield
and perfect stereoselectivity (entry 5).

Table 3.11. Conversion [%] for (1R,2R)-3 (varied concentrations: 5 to 20 mM) at 30 °C combining Ls-
ADH and Ch1-AmDH at various concentrations.

side product

OH OH OH 0
Ls-ADH Ch,-AmDH w
OH o NH, NH,

8

- 1R,2R)-5
(1R2R)-3 (R)-4 ( )
3 ADH:  Conver 5 er dr [%]® 8 Uniden
Entry [RR] AmbDH sion [RR] [SS:RR: [%]c tified

mM] Ml [l pee T RS:SR] e

20 24:60 >99 98+<1  >99.5:<0.5  0:>99.5:0:0 <1 1+<1
20 50:60 >99 98+<1  >99.5:<0.5  0:>99.5:0:0 1+<1 1+<1
20 35:70 >99 99+<1  >99.5:<0.5  0:>99.5:0:0 <1 1+<1
20 60:24 99+2 96+2 >99.5:<0.5  0:>99.5:0:0 1+<1 2+<1
5 20 70:35 >99 98+1 >99.5:<0.5 0:>99.5:0:0 1+<1 2+<1

A W N P

(2 Determined by GC-FID analysis; [° Determined by RP-HPLC after derivatization with a chiral reagent;
“0” means that the other diastereomers and enantiomer were never observed; ! This may come, at
least in part, from decomposition of the amino alcohols product (also present in the reference
compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID).

3.2.5 Hydrogen borrowing bio-amination cascade with substrate (15,2R)-3
Two different ADHs (Ls-ADH and Bs-BDHA; 50 uM) were combined with two AmDHs
(Ch1-AmDH and Rs-PhAmDH; 50 uM) in HCOONH, buffer (pH 8.5, 1 M, 0.5 mL) at
30 °C for 48 hours. The reactions were performed as described in section 3.4.6. Bs-
BDHA and Ls-ADH (50 uM each) operated similarly well in combination with Ch1-
AmDH for the amination of (15,2R)-3 (5 mM) to give (1S,2R)-5 at 30 °C (Table 3.12).
Bs-BDHA was used for further studies as it provided a slightly higher yield than Ls-
ADH (91£3% vs. 89+1%).
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Table 3.12. Conversion [%] for (15,2R)-3 (5 mM) at 30 °C with 50:50 uM ADH:AmDH

side product

OH OH ?H
- ADH ; AmDH ©/Y
(1S,2R)-3 (514 (1S,2R)-5
. . 5 dr [%]™! Unide
Entry Enzymatic C°"Z'e'[ras]'°" [SR] f’b] [SS:RR: 08“] ntified
system [%] (%] [%] RS:SR] [%]> [%] 12
Ls-
1 ADH/Ch1- 96+1 89+1  >99.5:<0.5 0:4:0:96.0 3#<1 4+<1
AmDH
Ls-
2 ADH/Rs- 6511 59+1 >99.5:<0.5 0:5.5:0:94.5 2+<1 3+<1
PhAmDH
Bs-
3 BDHA/Ch 9812 9113 >99.5:<0.5 0:4.5:0:95.5 2+<1 4+<1
1-AmDH
Bs-
4 BDHA/Rs- 95+1 90+1 >99.5:<0.5 0:3.9:0:96.1 2+<1 4+<1
PhAmDH

o] Determined by GC-FID analysis; ! Determined by RP-HPLC after derivatization with a chiral reagent;
(I This may come, at least in part, from decomposition of the amino alcohols product (also present in
the reference compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID). Note: the
fact that the diastereomeric ratio of the product (15,2R)-5 is not absolutely perfect must not be
attributed to the hydrogen-borrowing amination step. In fact, the enantiomeric ratio of the diol
substrate (1S,2R)-3—obtained in the previous enzymatic step—was not perfect (99:1) and that
reflected on the subsequent amination step.

3.2.5.1 Optimization cascade with (1S,2R)-3 as substrate

3.2.5.1.1 Increase in substrate concentration for the hydrogen-borrowing
amination of (15,2R)-3

The biocatalytic reactions were carried out with substrate (1S,2R)-3 (varied
concentration: 10 to 30 mM) in HCOONH, buffer (pH 8.5, 1 M, 0.5 mL) in the
presence of NAD* (1 mM) and by combining Bs-BDHA (50 uM) and Ch1-AmDH (50
uM) at 30 °C for 48 hours as described in section 3.4.6. Increasing the substrate
concentration at constant enzymes loading afforded 95+1%, 91+1%, 87+1%, and
80+1% analytical yields at 15, 20, 25, and 30 mM concentrations of (1S,2R)-3,
respectively (Table 3.13). Stereoselectivity was also high under all substrate loading
with >99.5:<0.5 er and 98:2 dr. Also in this case, the dr reflects the enantiopurity of
the diol substrate, whereas the HB-amination is stereospecific.
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Table 3.13. Conversion [%] for (1S,2R)-3 (varied concentration: 10 to 30 mM) at 30 °C combining Bs-
BDHA (50 uM) and Ch1-AmDH (50 uM).

side product

OH OH OH o]
- Bs-BDHA T Ch,-AmDH ©)J\/
(1S,2R)-3 (514 (1S.2R)-5 8
. 5 dr [%]™! . .
Entry  [SR] c°?;e]'{:]'°“ [SR] [;f[b] [SS:RR: [%]?a][c] U"'[f/;ﬁf['cf]'ed
[mM] [%]! RS:SR]
1 10 >99 9242 >99.5:<0.5 0:2.9:0:97.1 2#<1 6t<1
2 15 99+1 9541 >99.5:<0.5 0:2.4:0:97.6 1#<1 3#<1
3 20 9542 91#1 >99.5:<0.5 0:2.2:0:97.8  2+1 24<1
4 25 89+1 87+1 >99.5:<0.5 0:2.2:0:97.8 1#<1 2+<1
5 30 82+1 80+1 >99.5:<0.5 0:2.2:0:97.8 1#<1 1#<1

(2 Determined by GC-FID analysis; [’ Determined by RP-HPLC after derivatization with a chiral reagent;
(I This may come, at least in part, from decomposition of the amino alcohols product (also present in
the reference compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID). Note: the
fact that the diastereomeric ratio of the product (1S,2R)-5 is not absolutely perfect must not be
attributed to the hydrogen-borrowing amination step. In fact, the enantiomeric ratio of the diol
substrate (1S,2R)-3—obtained in the previous enzymatic step—was not perfect (99:1) and that
reflected on the subsequent amination step.

3.2.5.1.2 Further optimization of the hydrogen-borrowing amination of
(1S,2R)-3

Further experiments were performed by varying the substrate as well as the
enzymes concentration according to the general procedure reported in section
3.4.6. As shown in Table 3.14, further tuning of the enzyme ratio did not provide
any significant improvement compared to the results obtained in table 3.13; hence,
15 mM substrate loading and 50:50 uM enzyme ratio (Bs-BDHA:Ch1-AmDH)
revealed to be the optimal conditions (Table 3.13, entry 2).
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Table 3.14. Conversion [%] for (1S5,2R)-3 at 30 °C after further optimization of enzyme and substrate
concentrations using Bs-BDHA in combination with Ch1-AmDH

OH

; Bs-BDHA Ch;-AmDH ©/Y
—_— > _ >
OH o NH,

H

iile}

OH

side product

(1S,2R)-3 (S)4 (1S,2R)-5
En 3 Enzymes Conversion 5 er dr [%]™! 8 Unide
tr [SR] ratio (%] [SR] [%]™! [SS:RR: %] ntified
y [mM] [uM] [%]"! RS:SR] [%]"><!
1 10 24:60 94+<1 89+<1 >99.5:<0.5 0:2.5:0:97.5 1i<1 4+<1
2 15 24:60 90+1 87+1 >99.5:<0.5 0:2.1:0:97.9 1«1 2+<1
3 20 24:60 79+<1 77+<1 >99.5:<0.5 0:2:0:98 1+<1 2+<1
4 25 24:60 721<1 71+<1 >99.5:<0.5 0:2:0:98 14<1 11<1
5 30 24:60 6512 6312 >99.5:<0.5 0:2.1:0:97.9 1i<1 1+<1
6 10 60:24 97+1 93+1 >99.5:<0.5 0:3:0:97 1+<1 3+<1
7 10 70:35 97+<1 93+<1 >99.5:<0.5 0:3:0:97 1+<1 3+<1

(el Determined by GC-FID analysis; [’ Determined by RP-HPLC after derivatization with a chiral reagent;
(I This may come, at least in part, from decomposition of the amino alcohols product (also present in
the reference compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID). Note: the
fact that the diastereomeric ratio of the product (1S,2R)-5 is not absolutely perfect must not be
attributed to the hydrogen-borrowing amination step. In fact, the enantiomeric ratio of the diol
substrate (1S,2R)-3—obtained in the previous enzymatic step—was not perfect (99:1) and that
reflected on the subsequent amination step.

3.2.6 Hydrogen borrowing bio-amination cascade with substrate (1R,25)-3
The last case was the amination of (1R,25)-3 to yield (1R,2R)-5 (also obtained
previously starting from (1R,2R)-3). Two different ADHs (Aa-ADH and Bs-BDHA; 50
uM) were combined with two AmDHs (Ch1-AmDH and Rs-PhAmDH; 50 uM) in
HCOONH, buffer (pH 8.5, 1 M, 0.5 mL) at 30 °C for 48 hours according to the general
procedure reported in section 3.4.6. Aa-ADH was again the optimal ADH, whereas
Ch1-AmDH performed slightly better than Rs-PhAmDH (Table 3.15; 75+5% vs.
63+3% analytical yield, entry 1-2) with 50 uM of each enzyme and at 5 mM of 1R, 2S-
3. Further optimization did not lead to any significant improvement, which is likely
due to the insufficient activity of Aa-ADH on (1R,2S5)-3. Indeed, in the case of
(1R,2R)-3 as substrate clearly demonstrates that the (1R)-4 intermediate is
efficiently aminated by Ch1-AmDH (Table 3.11). No further tests were then carried
out by using (1R,2S5)-3 as substrate.
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Table 3.15. Conversion [%] for (1R,2S)-3 (5 mM) at 30 °C with 50:50 uM ADH:AmDH.

side product

OH OH OH o
' ADH AmDH ©)J\/
OH o NH, NH,
. 8
(1R25)-3 (R4 (1R2R)-5
. . 5 dr [%]®! Uniden
E t C 8
oty ETITRNC Comenion e osnn B g
v ° [%]®) ° RS:SR] ° [%]°
Aa-ADH/
+ + : : :0: + +
1 Ch1-AmDH 8015 75+5 >99.5:<0.5 0:>99.5:0:0 2+<1 4+1
Aa-ADH/
+ + - - :0: + +
2 Rs-PhAMDH 6915 63+3 >99.5:<0.5 0:>99.5:0:.0 211 4+1
Bs-BDHA/
+ + - - :0: + +
3 Ch1-AmDH 18+<1 16+1 >99.5:<0.5 0:>99.5:0:0 1+<1 1+<1
Bs-BDHA/
+ + : - :0: + +
4 Rs-PhAmDH 16%<1 14+1 >99.5:<0.5 0:>99.5:0:0 1+<1 1+<1
Aa-ADH/
[d] + + . . -N- +
5 Ch1-AmDH 58+1 57+1 >99.5:<0.5 0:>99.5:0:.0 1+<1 <1

(el Determined by GC-FID analysis; [’ Determined by RP-HPLC after derivatization with a chiral reagent;
“0” means that the other diastereomers and enantiomer were never observed; [ This may come, at
least in part, from decomposition of the amino alcohols product (also present in the reference
compound purchased by Sigma Aldrich upon injection in GC-MS or GC-FID); [“Performed at 10 mM
substrate loading.

3.2.7 Overview optimal experimental conditions for accessing (1S,2R)-5
and (1R,2R)-5

After varying various parameters (temperature, reaction time, substrate and
enzymes loading) in the HB-bioamination of all the four diol isomers 3, the optimal
conditions for accessing the desired PPAs 5 were disclosed. However, as reported
in Table 3.16, only two out of the four possible isomers of 5 could be obtained. This
is due to the lack of (S)-selective AmDHs, requiring further research in this direction.
All the four diol isomers 3 tested led to the formation of either (1R,2R)-5 or (1S,2R)-
5. Nevertheless, (1R,2R)-3 (20 mM, entry 2-3) is the best substrate for the
enzymatic synthesis of (1R,2R)-5 in terms of substrate loading, conversion,
analytical yield as well as stereoselectivity compared to the results obtained with
substrate (1R,25)-3 (5 mM, entry 5). On the other hand, a similar trend was
observed for the synthesis of (15,2R)-5 starting by either (15,25)-3 (20 mM, entry 1)
or (15,2R)-3 (15 mM, entry 4). Though both substrates lead to high conversion and
analytical yields, (1S,2R)-3 gave a slightly higher diastereoselectivity ratio than
(1S,25)-3 (2.4:97.6 vs 5:95, respectively). Anyway, as mentioned also earlier, the dr
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reflects the imperfect stereoselectivity of one of the EH (Sp(S)-EH) used in the
enzymatic cascade for the synthesis of these chiral diol substrates (Table 3.2).

Table 3.16. Regio- and stereospecific HB-amination of optically active 3 in HCOONH, buffer (pH 8.5, 1
M, 0.5 mL) containing NAD* (1 mM) at 30 oC and different enzyme concentrations (ADH/Ch1-AmDH)
for 48 h.

ADH: dr [%]
b Conv. Product er
Entry Sub. ADH AmDH [9%]51 (%51 (%]t [SS:RR/
[uM] RS:SR]™!
Aa- >99.5
_3Md] . + .4/0-95lc]
1 (1S,25)-3 ADH 70:35 >99 98+1 (15,2R-5) 1:4/0:95
Ls- >99.5
_3ldl . + . .
2 (1R,2R)-3 ADH 24:60 >99 98+1 (1R,2R-5) 0:>99.5/0:0
Ls- >99.5
_3[dl . + . .
3 (1R,2R)-3 ADH 35:70 >99 99+1 (1R,2R-5) 0:>99.5/0:0
Bs- >99.5
_3lel . + . . 6]
4 (1S,2R)-3 BDHA 50:50 >99 95+1 (15,2R-5) 0:2.4/0:97.6
Aa- >99.5
_3lf] . + + . .
5 (1R,25)-3 ADH 50:50 8015 7515 (1R,2R-5) 0:>99.5/0:0

(o] Measured by GC-FID; P! measured by RP-HPLC after derivatization with a chiral reagent; [ dr due
to initial optical purity of substrate; [ 20 mM; 1 15 mM; I 5 mM. “0” means that the other
diastereomers and/or enantiomer were never observed

3.2.8 Preparative scale HB-bioamination cascade

In order to evaluate its applicability, the regio- and stereoselective dual enzyme HB-
amination of 1,2-diols was performed on a slightly above one hundred milligrams
scale for (1R,2R)-3 (20 mM, 105 mg, 0.690 mmol) and (1S5,2R)-3 (15 mM, 102 mg,
0.670 mmol) to yield (1R,2R)-5 and (1S,2R)-5, respectively. The reactions were
performed in HCOONH,4 buffer (pH 8.5, 1 M) supplemented with NAD* (1 mM) at 30
°C for 48 h. Both amino alcohol products 5 were quantitatively obtained with high
chemoselectivity (<2% by-products) as well as regio- and stereoselectivity. Upon
extraction with MTBE, (1R,2R)-5 and (1S,2R)-5 could be isolated in elevated yield
(74%), er (>99.5:<0.5) and dr (>99.5:<0.5 or 98:2, respectively), as summarized in
Table 3.17.
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Table 3.17. Overview for the one pot hydrogen-borrowing amination of enantiomerically pure
or enantiomerically enriched diols 3 in semi-preparative scale in HCOONH,4 buffer (pH 8.5, 1 M)
at 30 °C for 48 h. Ch1-AmDH was used as aminating enzyme in all cases.

ADH: Conv Isolated er dr [%]™!
Sub. ADH AmDH [%][b]' yield [%]" [SS:RR:
[1M] [%] RS:SR]
Ls- 74 <0.5:>99.5
_3lel : > . DU
(1R,2R)-3 ADH 24:60 94 (77 mg) (1R, 2R-5) 0:>99.5:0:0
Bs- 74 <0.5:>99.5
_3[d] . . .0-
(1S,2R)-3 BDHA 50:50 >99 (75 mg) (15,2R-5) 0:2.3:0:97.7

(2l determined by RP-HPLC after derivatization with a chiral compound; ! determined by GC-FID
analysis and further confirmed by NP-HPLC analysis and H-NMR; “0” means that the other
diastereomers and enantiomer were never observed; [ 20 mM, 105 mg, 0.690 mmol; [ 15 mM, 102
mg, 0.670 mmol

Therefore, considering the asymmetric dihydroxylation step (Table 3.2) along with
the hydrogen-borrowing amination step (Table 3.17), the overall yields for the
conversion of substrate 1 into optically active 5 were found to be 59% and 63%,
respectively (Table 3.18).

Table 3.18. Overall yields for the multi-enzymatic conversion [%] of 1 (trans or cis) into (1R,2R)-5 or
(1S,2R)-5.

0,

Step 1 Step 2 Combined er dr [%]

Entry Sub. . . . [SS/RR:

Yield [%] Yield [%] Yield [%] [%] :

RS/SR]
<0.5:>99.5

1 trans-1 850! 74 63 2:980
(1S,2R-5)
) <0.5:>99.5

2 cis-1 79 74 59 >99.5:>0.5

(1R,2R-5)

lLldependent on stereoselectivity of Step 1; [ (15,25)-3; [ (1R,2R)-3

3.2.9 Estimation and comparison of simple E-factor (sEF) and solvent
demand

Table 3.19 shows a comparison of estimated values of simple E-factor and solvent
demand among the enzymatic approach describe in this work, another enzymatic
approach and two chemical methods involving catalytic steps. The advantage of
using biocatalytic cascades rather than other chemical methods for the synthesis of
phenylpropanolamines (PPAs, 5) is evident according the data reported in Table
3.19. Though the approach by Sehl et al. towards the preparation of (1R,2R)-5
turned out to have a lower E factor (4 vs. 10-11), it cannot be directly compared to
our study because: i) A different starting material (benzaldehyde vs. PB-
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methylstyrenes) was used. Consequently, the method by Sehl et al. consists of a
one-pot two-enzyme route. Conversely, our study comprises a total of five enzymes
within two separated cascade reactions; ii) The data for the method by Sehl et al.
are calculated for a reaction on analytical scale for which a conversion was
measured but the product was not isolated; iii) The biocatalysts were used in
different forms (e.g., purified enzymes, lyophilized free cells extract or lyophilized
whole cells) and therefore the mass of biocatalysts used is not entirely comparable
(i.e., in the first step of our process we have used lyophilized whole cells that
contribute significantly to the waste mass). By considering these factors, we deem
the actual sEF values of the two biocatalytic processes to be essentially equivalent.
Regarding the two chemical methods, the E-factor were in the range between 50
and 120 which is 5 to 12-fold higher than our approach. Moreover, the waste
generated for the preparation of the required catalysts for these reactions has not
been considered in this calculation as these data could not be accessed in a reliable
manner. Furthermore, in terms of selectivity, we obtained compound 5 as
individual isomers (either 1R,2R-5 or 1S,2R-5) therefore with very high er and dr.
On the other hand, as shown in Table 3.19, the two chemical methods could lead
only to a mixture of isomers and low yield (as in the case of Legnani et al.) or high
yield but low enantioselectivity (Minakata et al.).

Table 3.19. Simplified E-factor (sEF) and solvent demand calculations for various methods for the
synthesis of chiral 5

Solvent demand

Entry System sEF(allb] [mL mg" : Stereoselectivity
product.
(1R,2R)-5 (>99.5:<0.5 er and dr)
. (15,2R)-5 (>99.5:<0.5 er;
1 This work 10-11 1.8-2.3 2.3:97.7 dr)
5 Sehl et a1l 4 0.8 (1R,2R)-5 (ee >99%; de >98%)
een.a.

Legnani et dr=1.2:1.0 [RR/SS:SR/RS]
3 al®® >2-80 4.2-6.9 dr=1.0:3.0 [RR/SS:SR/RS]
4 M'";';?fa et 116 5.0 (1R,2R)-5 (ee 86%; de n.a.)

2l Generated waste for the preparation of catalyst was not included; ! Reaction buffers and other
solvents were not included here, but calculated apart (see solvent demand); n.a. means not available.
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3.3 Conclusions

In conclusion, we developed a sequential multi-enzymatic process for the
conversion of B-methylstyrene into phenylpropanolamines with high chemo-, regio-
, and stereoselectivity. The use of multiple enzymes in one pot has several economic
and environmental advantages as this eliminates the need for intermediate
isolation steps, which generally lead to time-, solvent- and energy-consuming
workups.>>®> The present approach consists of four enzymatic reactions but
required the sole and easy isolation of the diol intermediates 3. The enzymatic route
consumes only dioxygen and one equivalent of ammonia and formate and produces
only one equivalent of carbonate as by-product. With the aim of critically evaluating
the greenness of our methodology to obtain optically active PPAs, we have
estimated and compared the simple E-factors (i.e., sEF, without solvents
contribution) and the solvent demand for: i) our process; ii) a representative multi-
step chemical route involving metalorganic complexes;’ iii) a recently reported
direct and catalytic 1,2-aminohydroxylation of cis- and trans-1;* iv) and another
highly atom-efficient one-pot two-step biocatalytic route starting from
benzaldehyde.!! The representative multi-step chemical route by Minakata et al.*’
results in a sEF above 110, mainly due to the intermediate purification step and the
required excess of starting material. The direct and catalytic 1,2-

1.2° results in a SEF between ca. 50 and 80,

aminohydroxylation by Legnani et a
depending on the reaction conditions. The main reason for this sEF value is the
moderate conversion and the suprastoichiometric amount of a complex aminating
agent. Notably, in these two chemical methods, the sEF associated to the
preparation of the catalysts was not included as these data could not be accessed
in a reliable manner. Therefore, the actual sEF must be higher than estimated
herein. Furthermore, as the final products are never obtained in optically pure form,
an additional recrystallization step to upgrade er and dr would further increase the

1.1 results in

SEF of the process. In comparison, the biocatalytic route by Sehl et a
the lowest sEF of ca. 4 due to the internal recycling of pyruvate between the two
steps. However, the data used for the calculation of this sEF relate to a reaction on
analytical scale, for which a conversion was measured but the product was not
isolated. The new biocatalytic route described in this work results in a sF of ca. 10.
However, in our case, the reactions were conducted slightly above 300 mg (step 1)
and 100 mg (step 2) scale, and the products were isolated. Moreover, comparing
our methodology with the other biocatalytic route by Sehl et al., the starting

material is different (B-methylstyrene vs. benzaldehyde) and different biocatalyst’s
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forms were used (e.g., lyophilized cells, lyophilized crude cell extract, purified
enzyme). By considering these factors, we deem the actual sEF values of the two
biocatalytic processes to be essentially equivalent. Additionally, the solvent demand
of the two biocatalytic processes was also from two to six-fold lower compared with
the values calculated for the chemical processes.

Finally, this work reports the first case in which the regioselectivity of the dual-
enzyme HB-amination was investigated and exploited in preparative scale, thus
further demonstrating the potential of this reaction in asymmetric synthesis. The
currently attainable number and diversity of enantiomeric products are limited by
the availability of complementary regio- and stereoselective ADHs and AmDHs.
However, protein engineering and the discovery of novel AmDHs and ADHs are
expected to enhance the applicability of this synthetic methodology towards the
synthesis of a wide variety of enantiopure PPAs as well as other structurally diverse
1,2-amino alcohols.
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3.4 Experimental Section
General information. trans-1-Phenyl-1-propene (trans-B-methylstyrene, trans-1), cis-1-

phenyl-1-propene (cis-B-methylstyrene, cis-1), 1-phenylpropane-1,2-dione (7), GITC and
FAD were purchased from TCI chemicals. (2R,3R)-(+)-2-methyl-3-phenyloxirane (2R,3R-2),
(2S,35)-(-)-2-methyl-3-phenyloxirane (2S,35-2), (1S,2R)-(+)- 2-amino-1-phenyl-1-propanol
(1S,2R-5), (1R,2S)-(-)- 2-amino-1-phenyl-1-propanol (1R,25-5) and catalase from bovine liver
(lyophilized powder, >10000 U mg? of protein) were purchased from Sigma Aldrich.
Nicotinamide cofactor (NAD*) was purchased from Melford Biolaboratories (Chelsworth,
Ipswich, UK). All chemicals and solvents were used without further purification. The amino
alcohol references (15,2S/1R-2R)-2-amino-1-phenyl-1-propanol (15,25/1R,2R-5), (1R,25)-1-
amino-1-phenylpropan-2-ol (1R,25-9), (1S,2R)-1-amino-1-phenylpropan-2-ol (1S,2R-9),
(1S,25/1R,2R)-1-amino-1-phenylpropan-2-ol  (15,25/1R,2R-9), 1-phenylpropane-1,2-diol
(diol 3 as a mixture of all the four possible isomers), and rac-1-hydroxy-1-phenylpropan-2-
one (rac-4) were chemically synthesized as reported in section 3.4.5. *H NMR spectra were
recorded on a Brucker (400 MHz) spectrometer in CDCls.

3.4.1 Enzymes used in this study

Table 3.20. Source and expression conditions for enzymes used in this study. For the definition of
enzyme classes, see abbreviations list

Expression/

Name Source/Comment  Plasmid Tag e s Used form Ref
Purification
Fused SMO from lyophilized
Fus-SMO Pseudomonas sp. pET28b N-Hiseg Ref. 36 whole cells 36
VLB120
Fus-SMO (1) FusedSMO [ ergpy  N-Hiss et 36 lyophilized 5
+ Cb-FDH (2) coexpressed with pET21a (1)/No- - whole cells
Cb-FDH Tag (2)
Sphingomonas sp. . 1 mM IPTG, lyophilized
SP(S)-EH HXN200 PET28b  N-Hiss oo 161 wholecells
Solanum . 1 mM IPTG, lyophilized
SHR)-EH tuberosum PET28b N-Hiss 25°C16h whole cells ¥
0.5mM lyophilized
Rs-ADH Ralstonia sp. pET28b  N-Strep IPTG, whole cells 46
25°C16h
Aa-ADH Aromatoleum PET28b  N-Hiss Ref. 33 purified 38
aromaticum
Pp-ADH ng;gif;;:Zs PMSA7/ . 2mMIPTG,  lyophiized
DSM 11072 pEamTA 25°C, 16 h whole cells
Shingobium 0.5 mM lyophilized
Sy-ADH yanoikuyae DSM pET26b C-Strep IPTG, 4
6900 25°C16 h whole cells
I86A variant from 0.5 mM lyophilized
Te-ADH-v1 Thermoanaerobac  pET21a C-Strep IPTG, whole cells 4>
ter ethanolicus 25°C16h
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Table 3.20. (Continued)

Expression/

Name Source/Comment  Plasmid Tag e . Used form Ref
Purification
Wll?fo\snant 0.5 mM lyophilized
Te-ADH-v2 pET42a GST IPTG, yop 45
Thermoanaerobac . whole cells
. 25°C16h
ter ethanolicus
Li?ip;r\:\t/ 1rloon/: 0.5 mM lyophilized
Te-ADH-v3 pET42a GST IPTG, yop 45
Thermoanaerobac R whole cells
. 25°C16h
ter ethanolicus
. 0.5 mM
Lb-ADH Lacffigg” us pET21a  noTag IPTG, purified 40
25°C16h
variant from
Lbv-ADH Lactobacillus pET21a no Tag Ref. 3! purified 39
brevis
0.5 mM lyophilized
Ls-ADH Leifsonia sp. pET21a no Tag IPTG, whole cells a4
25°C16h and purified
. - 0.5 mM
Bs-BDHA 8 a‘gg‘gscsl'i\blt'/’s pET28b  N-Hiss IPTG, purified 43
25°C16h
Ch1-AmDH Chimeric AmDH pET28b N-Hisg Ref. 31 purified 49
variant from ] Ref. 56 ifi 50
Rs-PhAmDH Rhodoccoccus sp. pET28b N-Hise purified
Cb-FDH Candida boidinii pET28b N-Hiseg Ref. 56 purified 56
NAD(P)H-
dependent Ref. 45 e a8
YcnD oxidase from pET21a no Tag purified
Bacillus subtilis
NADH-dependent
NOXx oxidase from pET21a C-Hiss Ref. 57 purified 47
Streptococcus
mutans

Expression of the enzymes: For recombinant expression, 800 mL of LB medium

supplemented with the appropriate antibiotic (100 pg mL? ampicillin or 50 ug mL?

kanamycin) were inoculated with 15 mL of an overnight culture harboring the desired vector

with genes for the expression of the enzymes. E. coli BL21 DE3 cells was used as host

organism. Cells were grown at 37 °C until an ODgqo of 0.6 to 1 was reached and expression

of protein was induced by the addition of IPTG. Protein expression was carried out overnight

and after harvesting of the cells (4 °C, 4500 rpm, 10 min), the remaining cell pellets were
washed with buffer (for lyophilized cells: 50 mM Tris-HCI buffer, pH 8.0 for ADHs and 50
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mM KPi, pH 8.0 for EHs; or lysis buffer for enzymes that were subsequently purified by
affinity chromatography).

Purification by Nickel affinity chromatography: Hisc-tagged proteins were resuspended in
lysis buffer (50 mM KH,PO,, 300 mM NaCl, 10 mM imidazole, pH 8.0) prior to cell disruption
and protein purification was performed by Ni-NTA affinity chromatography using pre-
packed Ni-NTA HisTrap HP columns (GE Healthcare), previously equilibrated with lysis
buffer. After loading of the filtered lysate, the column was washed with sufficient amounts
of wash buffer (50 mM KH,PO,4, 300 mM NacCl, 25 mM imidazole, pH 8.0), and bound protein
was recovered with elution buffer (50 mM KH,PO,4, 300 mM NaCl, 200 mM imidazole, pH
8.0). Purity was analysed by SDS-PAGE and fractions showing >95% purity were combined
and dialyzed overnight against Tris-HCI buffer (6 L, pH 8.0, 20 mM). The enzyme solutions
were concentrated and their concentration was determined spectrophotometrically based

on their extinction coefficient at 280 nm.

Purification by anion exchange chromatography: Proteins devoid of a tag were purified by
anion exchange chromatography using a HiPrepQ HP 16/10 column (GE Healthcare). The
lysate was dissolved in start buffer (20 mM Tris-HCI, pH 8.0) and after cell disruption and
centrifugation loaded onto the column. The elution of the proteins was performed with a
gradient between start buffer and elution buffer (20 mM Tris-HCI, 1 M NaCl, pH 8.0). After
SDS-PAGE, fractions containing the desired proteins in a sufficient purity were pooled,
dialyzed against 50 mM K,;HPO4/KH,PO, buffer (pH 7.0) overnight, and concentrated. The
final concentration was determined at 280 nm by UV-vis spectroscopy.
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Figure 3.7. SDS-PAGEs of lyophilized whole cells (crude cell extract before lyophilization of the cells)
or purified enzymes. Marker: PageRuler™ Unstained Protein Ladder (ThermoFisher Scientific).
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3.4.2 One-pot cascade for the dihydroxylation of trans or cis-1 to optically
active 3

Analytical scale: preliminary investigation on the stereo-complementarity of two EHs3’

General remark: The concentrations of coenzymes, co-substrate and recycling enzyme are
always calculated on the volume of the aqueous phase, whereas the concentration of the
substrate is referred to the organic phase.

Reaction conditions: Lyophilized E. coli cells co-expressing Fus-SMO (10 mg) and either
Sp(S)-EH or St(R)-EH (10 mg) were rehydrated in KPi buffer (0.5 mL, 50 mM, pH 8.0) in 4 mL
glass vials. After that, the cofactor NAD* (1 mM, 0.05 eq.), HCOONa (100 mM, 5 eq.), purified
Cb-FDH (10 uM) and FAD (50 uM) were added. Heptane (0.5 mL; 1:1 volumetric ratio with
the buffer) was used as biphasic solvent. Finally, the biocatalytic reactions were initiated by

the addition of trans-or cis-1 (20 mM). The reactions were incubated at 30 °C and 180 rpm
on an orbital shaker for 24 h. After saturation of the aqueous phase with solid NaCl, the
organic compounds were extracted with MTBE (2 x 250 uL). The combined organic phases
were dried over MgS0,. Conversions were measured by GC-FID, while er [%] and dr [%] were
determined by HPLC. The results are summarized in Table 3.1.

Preparative scale: enzymatic synthesis of enantiomerically pure 3
General remark: The concentrations of coenzymes and co-substrate are always calculated

on the volume of the aqueous phase, whereas the concentration of the substrate is referred
to the organic phase.

Reaction conditions: Lyophilized E. coli cells co-expressing Fus-SMO/Cb-FDH (250 mg, 5 mg
mL?) were rehydrated in KPi buffer (50 mL, 50 mM, pH 8.0) in a baffled Erlenmeyer flask
(500 mL). After that, NAD* (1 mM), HCOONa (5 eq.), FAD (50 uM) and catalase (0.1 mg mL
1) were added. Heptane (50 mL; 1:1 volumetric ratio with the buffer) was used as biphasic

solvent. Finally, the biocatalytic reactions were initiated by the addition of substrate trans
or cis-1 (50 mM, 2.5 mmol). The reactions were incubated at 30 °C and 200 rpm on an orbital
shaker. After 6 hours, lyophilized E.coli cells expressing either Sp(S)-EH or St(R)-EH (1 g, 20
mg mL?) were added and the reactions were further incubated at 30 °C and 170 rpm on an
orbital shaker for 30 h. Heptane was removed, the aqueous phase was saturated with solid
NaCl and the organic compounds extracted with MTBE (3 x 25 mL). After drying over MgSQy,,
the organic phase was removed under reduced pressure. The conversions and purity of the
isolated products were determined by GC-FID, while er [%] and dr [%] were analyzed by
HPLC (Table 3.2).
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3.4.3 Screening of NAD(P)*-dependent ADHs for the bio-catalytic oxidation
of 1-phenylpropane-1,2-diol (3)

The aim of this experiment was to determine the regio-and stereoselectivity of a panel of
ADHs (6 NAD*-dependent and 5-NADP*-dependent ADHSs) for the oxidation of diol 3 as test
substrate (mixture of all four possible stereoisomers). The results for the screening are
summarized in Table 3.3.

Reaction conditions for the biocatalytic oxidation of diol 3 using lyophilized E. coli cells
expressing one of the following NAD(P)*-dependent ADHs: Sy-ADH, Pp-ADH, Bs-BDHA, Te-
ADH-v1, Te-ADH-v2, Te-ADH-v3 and Rs-ADH.

Lyophilized E. coli cells (20 mg mL) were rehydrated in an Eppendorf tube (1.5 mL) in Tris-
HCI buffer (0.5 mL, pH 7.5, 50 mM) containing NAD(P)* (1 mM, 0.1 eq.) and diol 3 (10 mM).
NOx (0.5 uM) for NAD*-dependent ADHs or YcnD (5 uM) for NADP*-dependent ADHs,
respectively, was also added for cofactor regeneration. The mixtures were incubated at 30

°C, 170 rpm for 24 h on an orbital shaker and, after saturation of the aqueous layer with
solid NaCl, the organic compounds were extracted with MTBE (2 x 250 pL). The organic
layers were dried over MgS0O,4 and analyzed by GC-FID and HPLC.

Reaction conditions for the biocatalytic oxidation of diol 3 using lyophilized E. coli cells
expressing the NAD*-dependent Ls-ADH.

Lyophilized E. coli cells (10 mg mL) were rehydrated in an Eppendorf tube (2 mL) in KPi
buffer (1 mL, pH 6.5, 100 mM) containing NAD* (1 mM, 0.1 eq.) and diol 3 (10 mM). NOx
(0.5 uM) was also added for cofactor regeneration. The mixture was incubated at 40 °C, 170

rom for 24 h on an orbital shaker. After saturation of the aqueous layer with solid NaCl,
extraction was performed with MTBE (2 x 500 uL). The organic layer was dried over MgSQO,
and analyzed by GC-FID and HPLC.

General reaction conditions for the bio-oxidation of diol 3 by NAD(P)*-dependent ADHs
using one of the following purified ADHs: Lbv-ADH, Aa-ADH and Lb-ADH.

Tris-HCl buffer (0.5 mL, pH 7.5, 50 mM) was added to an Eppendorf tube (1.5 mL) containing
NAD* or NADP* (1 mM, 0.1 eq.) and diol 3 (10 mM). NOx (0.5 uM) for NAD*-dependent ADHs
or YncD (5 uM) for NADP*-dependent ADHs, respectively, was also added. As last, the tested
ADH (50 uM) was added. The mixture was incubated at 30 °C, 170 rpm for 24 h on an orbital
shaker. After saturation of the aqueous layer with solid NaCl, extraction was performed with
MTBE (2 x 250 pL). The organic layer was dried over MgSO,4 and analyzed by GC-FID and
HPLC.
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3.4.4 Screening secondary NAD(P)*-dependent ADHs for the bio-catalytic
reduction of 1-phenyl-1,2-propanedione (7)

Reaction conditions lyophilized E. coli cells carrying overexpressed NAD*-dependent ADHs
(Pp-ADH, Sy-ADH, Bs-BDHA)

Lyophilized E.coli cells carrying the required ADH (20 mg mL1) were rehydrated in an
Eppendorf tube (2 mL) in Tris-HCI buffer (pH 7.5, 50 mM, 1 mL final volume) followed by
addition of NAD* (1 mM), HCOONa (100 mM) and purified Cb-FDH (10 puM). Substrate 7 (20
mM) was added as last. The mixture was incubated at 30 °C, 170 rpm for 24 h on an orbital

shaker. After saturation of the aqueous phase with solid NaCl, extraction was performed
with EtOAc (2 x 500 uL). The organic layer was dried over MgSO, and conversion was
analyzed by GC-FID (method A).

Reaction conditions purified NAD*-dependent ADHs (Aa-ADH, Lbv-ADH)

Tris-HCl buffer (pH 7.5, 50 mM, 1 mL final volume) was added to an Eppendorf tube (2 mL)
followed by NAD* (1 mM), HCOONa (100 mM) and purified Cb-FDH (10 uM). Then, ADH (50
UM) and substrate 7 (20 mM) were added as last. The mixture was incubated at 30 °C, 170
rpm for 24 h on an orbital shaker. After saturation of the aqueous phase with solid NaCl,

extraction was performed with EtOAc (2 x 500 pL). The organic layer was dried over MgS0O,
and conversion was analyzed by GC-FID (method A).

Reaction conditions lyophilized E. coli cells carrying overexpressed NADP*-dependent
ADHs (Te-ADHyyv2,v3, Rs-ADH)

Lyophilized E. coli cells carrying the ADH (20 mg mL) were rehydrated in an Eppendorf tube
(2 mL) in Tris-HCI buffer (pH 7.5, 50 mM, 1 mL final volume) followed by addition of NADP*
(1 mM), glucose (100 mM) and GDH (1 mg; lyophilized crude extract, Codexis, GDH-105, ca.
50 U mg). Substrate 7 (20 mM) was added as last. The mixture was incubated at 30 °C, 170
rpm for 24 h on an orbital shaker. After saturation of the aqueous phase with solid NaCl,

extraction was performed with EtOAc (2 x 500 pL). The organic layer was dried over MgS0O,
and conversion was analyzed by GC-FID (method A).

Reaction conditions purified NADP*-dependent ADHs (Lb-ADH)

Tris-HCl buffer (pH 7.5, 50 mM, 1 mL final volume) was added to an Eppendorf tube (2 mL)
followed by NADP* (1 mM), glucose (100 mM) and GDH (1 mg; lyophilized crude extract,
Codexis, GDH-105, ca. 50 U mg). Then, ADH (50 uM) and substrate 7 (20 mM) were added
as last. The mixture was incubated at 30 °C, 170 rpm for 24 h on an orbital shaker. After

saturation of the aqueous phase with solid NaCl, extraction was performed with EtOAc (2 x
500 uL). The organic layer was dried over MgS0O, and conversion was analyzed by GC-FID
(method A).
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3.4.5 Chemical synthesis of substrates and reference compounds
Chemical synthesis of rac-1-hydroxy-1-phenylpropan-2-one (rac-4)5%%°
(i) To a 100 mL round bottom flask, benzaldehyde (9.4 mmol, 1 g) and K,COs3 (6.5 mmol, 900
mg) were added. After that, TMSCN (12.25 mmol, 1.2 g, 1.3 eq.) was
OH added and the reaction mixture was stirred at room temperature. The

progress of the reaction was followed by GC-MS. After completion, the
o) excess of K,CO3; was removed by filtration, followed by washing with
DCM. The solvent was removed under reduced pressure and a brown oil
was obtained (1.68 g, 87% yield, >95% purity based on *H-NMR analysis), which was then
directly used in the next step. The crude product was analyzed by *H-NMR (400 MHz in
CDCls, 6 ppm): 7.54-7.46 (m, 2H, aromatics); 7.46-7.39 (m, 3H, aromatics); 5.51 (s, 1H, CH);
0.25 (s, 3H, CHs).
(ii) A solution of MeMgl (15.6 mmol, 3 M solution in ethyl ether) in dry Et,0 (26 mL) was
placed in a 100 mL dry round-bottom flask that was equipped with a condenser and a
dropping funnel. The apparatus was kept under nitrogen atmosphere. The crude protected
mandelonitrile (1.6 g, 7.8 mmol), obtained in the previous step, was dissolved in dry Et,0
(10 mL) and added dropwise using a dropping funnel. The reaction mixture was stirred and
refluxed for 24 h; then, it was cooled to room temperature, poured into ice containing
concentrated H,S0,4(98%, 1.65 mL in 42 g ice) and stirred further at room temperature for
6.5 h. Afterwards, the layers were separated and the water phase was extracted with Et,O
(2 x 50 mL). The organic layers were combined, dried over MgSO, and concentrated under
reduced pressure. The desired product was identified by GC-MS and purified by flash
column chromatography on silica gel (hexane:EtOAc 8:2; Rfproquct=0.4), affording 30% vyield.
The isolated product was analyzed by GC-MS (m/z 150), GC-FID and 'H-NMR. The
combination of these analytical data correlates with a mixture of ca. 90% rac-4 and ca. 10%
of 1-phenylpropane-1,2-dione (7).
'H-NMR (400 MHz in CDCls; & ppm): 7.42-7.27 (m, 5H aromatics); 4.32 (s, broad, 1H, OH);
5.08 (s, 1H, CH); 2.07 (s, 3H, CHs).

Chemical synthesis of 1-phenylpropane-1,2-diol (diol 3) as a mixture of all four possible

stereoisomers
In a round-bottom flask cooled on ice, NaBH4 (13.5 mmol, 511 mg) was
OH dissolved in MeOH (10 mL). Then, 7 (3.37 mmol, 500 mg) was added.
The mixture was stirred at room temperature for 4 h. After completion
of the reaction monitored by TLC analysis (PE/EtOAc 1:1; Rfproquct = 0.4),
OH .
the solvent was removed under reduced pressure. The crude oil was
washed with KPi buffer (50 mM, pH 4-5). The resulting aqueous layer was saturated with
solid NaCl and extracted with MTBE (3 x 20 mL). The combined organic layers were dried
over MgS0O, and concentrated under reduced pressure. The product was isolated as a white

solid (470 mg, 92%) and analyzed by GC-FID (>99% pure; HPLC (dr: 5:5:45:45 [RR:SS:RS:SR]),
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GC-MS (m/z 152) and *H-NMR (400 MHz in CDCl3; only ppm (8) of the main diastereomer
reported): 7.38-7.34 (t, J = 4.2 Hz, 5H; CH aromatics); 4.7 (d, J = 4.3 Hz, 1H, CH); 4.07-3.99
(m, 1H, CH); 1.10 (d, J = 6.4 Hz, 3H, CH;s).

Chemical synthesis of 1R,25-1-amino-1-phenylpropan-2-ol (1R,2S-9)

fe) NaN3; 3 eq. N3 NH;
©<t NH,CI 2 eq. ©/\/ H,, Pd/C ©/k/
EtOH/H,0 (4:1) OH  MeOH OH
(25,3S)-2 (1R,25)-11 (1R,25)-9

N (i) Nucleophilic ring opening of (2S,35)-2-methyl-3-phenyloxirane
3

(25,35-2) by NaNs %% In a 50 mL two-neck round-bottom flask, the
©/\5/ epoxide (2S,35)-2 (200 mg, 1.5 mmol) was dissolved in a mixture of
OH  EtOH/H,0 (4:1, 10 mL total volume) followed by addition of NaN; (290
mg, 4.5 mmol, 3 eq.) and NH4Cl (160 mg, 3 mmol, 2 eq.). The reaction was heated up to 60
°Cand stirred for 22 h. Upon completion, the organic compounds were extracted with MTBE
(3 x 10 mL). The organic layers were combined, washed with H,0 (1 x 20 mL) and then with
brine (1 x 20 mL), dried over MgS0O,and concentrated under reduced pressure. The isolated
product was obtained in 83% yield (ca. 220 mg) as a brown liquid and analyzed by GC-MS.
The crude product was used in the next step without further purification (>99 purity by GC-
MS analysis; m/z 177). Rfizs,35.2) = 0.8 (PE/EtOAc 1:1); Rf(15,25.12) = 0.7 (PE/EtOAc 1:1)
NH, (i) Chemical hydrogenation of (1R,2S)-1-azido-1-phenylpropan-2-ol
(1R,25-11): In a 25 mL one-neck round bottom flask, Pd/C (10% wt., 15
z mg) was added followed by MeOH (5 mL). Then (1R,25)-11 (110 mg,
OH 0.564 mmol) was added as a solution in MeOH (3 mL). The flask was
sealed with a septum and hydrogen atmosphere was supplied with a balloon. The reaction
mixture was stirred at room temperature. No full conversion was achieved after 21 h and
more catalyst was added (20% wt.). The reaction did not go to completion even after 48 h
according to TLC analysis. After the workup, the product was isolated in pure form. The
reaction mixture was filtered over a celite pad and concentrated under reduced pressure to
yield a sticky clear yellow gel (52 mg, 61%, de >99%). The isolated product was analyzed by
GC-MS (m/z 151) and *H-NMR (>95% purity). Rf(1z 25.11) = 0.88 (DCM/MeOH 3:1); Rf{1z,259) =
0.3 (DCM/MeOH 3:1). H-NMR (CDCls, & ppm, 400 MHz): 7.36-7.34 (m, 5H), 4.04-3.97 (m
2H), 1.05 (d, J = 6.0 Hz, 3H).
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Chemical synthesis of 1S,2R-9

o NaN; 3 eq. rj3 @HZ

| NH4CI 2 eq. H, Pd/C ©/Y

© EtOH:H,O (4:1) OH  MeOH OH
(2R,3R)-2 (1S,2R)-11 (1S,2R)-9
N (i) Nucleophilic ring opening of (2R,3R)-2 by NaNs®': In a 50 mL two-neck

round-bottom flask, the epoxide (2R,3R)-2 (200 mg, 1.5 mmol) was
m dissolved in a mixture of EtOH/H,0 (4:1, 10 mL total volume) followed by
addition of NaN; (290 mg, 4.5 mmol, 3 eq.) and NH4CI (160 mg, 3 mmol, 2
eq.). The reaction was heated up to 60 °C and stirred for 22 h. Upon completion, the organic
compounds were extracted with MTBE (3 x 10 mL). The organic layers were combined,
washed with H,O (1 x 20 mL) and then with brine (1 x 20 mL), dried over MgSQ, and
concentrated under reduced pressure. The isolated product was obtained as a brown liquid
(85%) and analyzed by GC-MS. The crude product was used in the next step without further
purification (>97% purity). Rf(2z 3r-2) = 0.8 (PE/EtOAc 1:1); Rf(152r-11) = 0.7 (PE/EtOAc 1:1)
NH, (i) Chemical hydrogenation of (1S,2R)-11: In a 25 mL one-neck round
- bottom flask, Pd/C (35% wt., 50 mg) was added followed by MeOH (5 mL).
©/\é/ Then, substrate (15,2R)-11 (140 mg, 0.790 mmol) was added as a solution
in MeOH (3 mL). The flask was sealed with a septum and hydrogen
atmosphere was supplied with a balloon. The reaction mixture was stirred at room
temperature for 24 h, filtered over a celite pad and concentrated under reduced pressure
to yield a sticky clear yellow gel (63 mg, 53%, de >99%). The isolated product was analyzed
by GC-MS and *H-NMR. No further purification was required (>95% purity). Rf(1s2r-11) = 0.9
(DCM/MeOH 3:1); Rf(15,27.9) = 0.22 (DCM/MeOH 3:1). *H-NMR (CDCls, § ppm, 400 MHz): 7.37-
7.27 (m, 5H), 3.99-3.94 (m, 2H), 1.05 (d, J = 6.1 Hz, 3H).

Chemical synthesis of 15,25/1R,2R-9 as racemic mixture

. 0 NaNj3; (3 eq.)
m _ mCPBA@eq) <. NHCl@ea) W Hy, PAIC W
2
CHCIo/H;0 (1:1) EtOH/H,0 (4:1) OH MeOH
cis-1 (1S,2RINR2S)-2 (1R2RI1S,2S)-11 (1R2RI1S,25)-9

+

OH
1 *2
N3

(1S,2S/11R2R)-12
removed by column chromatography
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. O (i) Chemical epoxidation of cis-B-methylstyrene (cis-1)*3: In a 25 mL round

« bottom flask, DCM (4 mL) and H,O (4 mL) were added followed by

substrate cis-1 (150 mg, 1.27 mmol) and cooled down to 0 °C. Then m-

CPBA (438 mg, 2.54 mmol, 2 eq.) was added in portions over 20 min and

the reaction mixture was stirred for 18 h at room temperature. Upon completion, the

mixture was quenched with a saturated solution of K,COs (5 mL) and the organic

compounds extracted with MTBE (3 x 15 mL). The combined organic layers were washed

with brine, dried over MgSQ,4 and concentrated under reduced pressure to yield the desired

epoxide product as a colorless liquid (97% yield, 168 mg). The isolated product was analyzed

by GC-MS (m/z 134). No further purification was required (>98% purity). Rfgs1 = 0.75
(PE/EtOAC 1:1); Rf (15.28/18,252) = 0.45 (PE/EtOAC 1:1)

N3 (ii) Nucleophilic ring opening of (1S,2R/1R,25)-2 by NaN3 ®%: In a 25 mL
two-neck round-bottom flask, the epoxide 15,2R/1R,25-2 (160 mg, 1.17
mmol) was dissolved in a mixture of EtOH/H,0 (4:1, 8 mL total volume)

OH  followed by addition of NaNs (229 mg, 3.5 mmol, 3 eq.) and NH4Cl (126
mg, 2.34 mmol, 2 eq.). The reaction was heated up to 60 °C and stirred for 22 h. No full

N

conversion was obtained even after further addition of NaNs and stirring for longer time.
Therefore, the organic compounds were extracted with MTBE (3 x 15 mL). The organic layers
were combined, washed with H,0 (1 x 20 mL) and then with brine (1 x 50 mL), dried over
MgSO,and concentrated under reduced pressure. The crude product (169 mg) was isolated
as a mixture of three compounds as confirmed by TLC and GC-MS analysis. The mixture was
then purified by flash column chromatography (PE/EtOAc 5:1) to yield (1S5,25/1R,2R)-11 as
a brown liquid (53.6 mg) and (1S,25/1R,2R)-2-azido-1-phenylpropan-1-ol (15,25/1R,2R-12)
as a dark yellow liquid (49.8 mg). The two azido alcohol isomers were analyzed by GC-MS
and confirmed by *H-NMR. Rf, = 0.55 (PE/EtOAc 5:1); Rf{ss25/1r 27 -11) = 0.2 (PE/EtOAC 5:1);
Rf(15,25/18,27-12) = 0.4 (PE/EtOAC 5:1). H-NMR (15,25/1R,2R)-11 (CDCls,  ppm, 400 MHz): 7.43-
7.35 (m, 3H, CH aromatics), 7.32-7.30 (m, 2H, CH aromatics), 4.31 (d, J = 8.0 Hz, 1H, CH),
3.89 (p, J = 6.4 Hz, 1H, CH), 2.39 (broad, 1H, OH), 1.04 (d, J = 6.3 Hz, 3H, CHs).

NH, (iii) Chemical hydrogenation of (15,2S/1R,2R)-11: In a 25 mL one-neck
X round bottom flask, Pd/C (30% wt., 16 mg) was added followed by MeOH
(2.5 mL). Then (1S5,25/1R,2R)-11 (54 mg, 0.305 mmol) was added as a

OH solution in MeOH (1 mL). The flask was sealed with a septum and
hydrogen atmosphere was supplied with a balloon. The reaction mixture was stirred at
room temperature for 24 h, then filtered over a celite pad and concentrated under reduced
pressure to yield an off-white solid (45.6 mg, 99.6%, de >98%). The isolated product was
analyzed by GC-MS (m/z 151) and H-NMR. No further purification was required (>95%

purity). Rf(15,25/1R/2R -11) = 0.89 (DCM/MGOH 31), Rf(lS,ZS/lR,ZR-B) =0.22 (DCM/MEOH 31) 1H-
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NMR 1S,2S/1R,2R-9 (CDCl;, 6 ppm, 400 MHz): 7.36-7.28 (m, 5H, CH aromatics), 3.94-3.87
(m, 1H, CH), 3.78 (d, J = 8.8 Hz, 1H, CH), 1.02 (d, J = 6.1 Hz, 3H, CH3).

Chemical synthesis of 2-amino-1-phenyl-1-propanol (15,25-5 and 1R,2R-5) as a racemic
mixture

OH OH OH
L H, Pd/C
- +
N3 MeOH NH2 NH2
(1S,2S/1R,2R)-12 (1S,2S/1R,2R)-5 (1S,2R/MR,2S5)-5

(i) Chemical hydrogenation of (15,25/1R,2R)-12: In a 25 mL one-neck
round bottom flask, Pd/C (30% wt., 15 mg) was added followed by
MeOH (2 mL). Then (1S,25/1R,2R)-12 (50 mg, 0.282 mmol) was added
NH2 55 a solution in MeOH (1 mL). The flask was sealed with a septum and

OH

hydrogen atmosphere was supplied with a balloon. The reaction mixture was stirred at
room temperature for 24 h, then filtered over a celite pad and concentrated under vacuum
to yield an off-white solid (24.7 mg, 58%, de >51%). The isolated product was analyzed by
GC-MS (m/z 151). No further purification was required (>95% purity). Rf(zs2s/1r 27 -12) = 0.64
(DCM/MeOH 3:1); Rfs =0.18 (DCM/MeOH 3:1).

'H-NMR (15,25/1R,2R)-12 (CDCls, & ppm, 400 MHz): 7.40-7.31 (m, 5H, CH aromatics), 4.48
(d, J=7.4Hz, 1H, CH), 3.68 (p, / = 6.7 Hz, 1H, CH), 2.47 (broad, 1H, OH), 1.13 (d, J = 6.7 Hz,
3H).

H-NMR (1S,25/1R,2R)-5 (CDCls, § ppm, 400 MHz): 7.33-7.32 (m, 5H, aromatics), 4.97
(broad, 1H, OH), 4.31 (d, J = 6.6 Hz, 1H, CH), 3.12-3.07 (m, 1H, CH), 2.06 (broad, 2H, NH>),
1.04 (d, J = 6.2 Hz, 3H, CH3).

3.4.6 One pot hydrogen-borrowing amination of enantiopure or

enantioenriched diols 3

This section describes the screened conditions for the optimization of the hydrogen-
borrowing-cascade for the amination of enantiomerically pure or enantiomerically enriched
substrates 3.

General experimental procedure for the biocatalytic hydrogen-borrowing amination
In an Eppendorf tube (1.5 mL), HCOONH, buffer (0.5 mL, pH 8.5, 1 M) and NAD* (1 mM)
were added followed by purified ADH (varied concentrations) and AmDH (varied

concentrations). Enantiomerically pure or enantioenriched diol 3 (5 to 30 mM) was added
as last. The mixture was incubated at 30 °C (otherwise stated), 170 rpm for 48 h on an orbital
shaker and, after that, quenched with 10 M KOH (100 pL). The aqueous layer was saturated
with solid NaCl and the organic compounds extracted with MTBE (1 x 500 pL). The organic
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layer was dried over MgSO4 and analyzed by GC-FID and/or GC-MS to determine the
conversion, while diastereomeric and enantiomeric excesses were analyzed by HPLC after
derivatization with a chiral reagent (GITC) as reported below. All experiments were
performed in duplicate and the results reported are the average of two samples.

Derivatization of the amino alcohols with GITC to determine the er and dr by RP-HPLC®?
The aqueous reaction mixture (20 pL) was dissolved in acetonitrile (180 uL) to yield a final
concentration of 0.5 mM. Then, GITC (2,3,4,6-Tetra-O-acetyl-B-D-glucopyranosyl
isothiocyanate) (1.5 mM) and EtsN (1.5 mM) were added as a solution in acetonitrile (200
uL). The mixture was incubated at room temperature at 1000 rpm for 35 min. Before
injection into the RP-HPLC, the samples were centrifuged and filtered if required.

3.4.7 Time study for the one pot hydrogen-borrowing amination of (1S5,25)-3 under
optimized conditions

A time study for the amination of (1S5,25)-3 (20 mM) with the optimized conditions
determined before was performed: Aa-ADH (70 uM) in combination with Ch1-AmDH (35
KM) in HCOONH,4 buffer (pH 8.5, 1 M, 0.5 mL) and in the presence of NAD* (1 mM). The
reactions were stopped at different time points (1, 3, 5, 7, 16, 20, 24, 30, 42 and 48 h).

Table 3.21. Time study for the one pot hydrogen-borrowing amination of (15,25)-3 (20 mM) by
combining Aa-ADH (70 uM) and Ch1-AmDH (35 uM) in HCOONH, buffer (pH 8.5, 1 M, 0.5 mL)

Time [h] Conversion [%]? (1S,2R)-5 [%]! 8 [%]2llb] Unidentified [%]@I]
1 2 1 <1 <1
3 7 7 <1 <1
5 16 15 <1 <1
7 23 22 1 <1

16 62 60 2 <1
20 75 72 2 <1
24 87 84 2 1

30 88 85 2 <1
42 >99 97 2 <1
48 >99 98 2 <1

o] Determined by GC-FID analysis; ! This may come, at least in part, from decomposition of the amino
alcohols product (also present in the reference compound purchased by Sigma Aldrich upon injection
in GC-MS or GC-FID).
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3.4.8 One pot biocatalytic hydrogen-borrowing amination of
enantiomerically pure or enantiomerically enriched diols 3 in semi-
preparative scale (100 mg)

Reaction conditions for the preparative scale biocatalytic hydrogen-borrowing amination
of (1R,2R)-3 to yield (1R,2R)-5: To a 100 mL Erlenmeyer flask, HCOONH, buffer (33 mL final
volume, pH 8.5, 1 M), (1R,2R)-3 (20 mM, 105 mg, 0.690 mmol), Ls-ADH (24 uM), Ch1-AmDH
(60 uM) and NAD* (1 mM) were added. The mixture was incubated at 30 °Cand 170 rpm on
an orbital shaker for 48 h. The reaction was quenched with KOH (4 mL, 10 M). The aqueous

layers were saturated with solid NaCl and the extraction was performed with MTBE (3 x 20
mL). The organic layers were then dried over MgSO,4 and concentrated under reduced
pressure.

Reaction conditions for the preparative scale biocatalytic hydrogen-borrowing amination
of (15,2R)-3 to yield (15,2R)-5: To a 100 mL Erlenmeyer flask, HCOONH, buffer (44 mL final
volume, pH 8.5, 1 M), 1S,2R-3 (15 mM, 102 mg, 0.670 mmol), Bs-BDHA (50 uM), Ch1-AmDH
(50 uM) and NAD* (1 mM) were added. The mixture was incubated at 30 °C and 170 rpm on
an orbital shaker for 48 h. The reaction was quenched with KOH (5 mL, 10 M), the aqueous

layers were saturated with solid NaCl and the extraction was performed with MTBE (4 x 20
mL). The organic layers were then dried over MgSO, and concentrated under reduced
pressure.

3.4.9 Analytical methods

Determination of the conversion by GC-FID

Note: For the analysis of the outcome of the biocatalytic hydrogen-borrowing cascade,
various analytical techniques were used. The formation of the targeted optically active
amino alcohols 5 was initially investigated by using GC-FID. However, under certain
conditions, both diol substrate and amino alcohol products tend to partly decompose at
elevated temperature during GC injection, thus resulting in possible formation of
benzaldehyde. Nevertheless, we could exclude any chemical formation of benzaldehyde
during the reaction as benzaldehyde was never observed when the samples were analyzed
by normal-phase HPLC analysis. Finally, reverse-phase HPLC (C18 column) was used for the
determination of the enantiomeric as well as diastereomeric ratio. In order to do so, the
amino alcohol products were derivatized with a chiral reagent (GITC) and compared with
the chemically synthesized references.

Method A: Column: Agilent J&W DB1701 (30 m, 250 um, 0.25 um). Carrier gas: H;
Parameter: T injector 250 °C; constant pressure 6.9 psi; temperature program: 80 °C, hold
6.5 min; gradient 10 °C min up to 160 °C, hold 5 min; gradient 20 °C min up to 200 °C,
hold 2 min; gradient 20 °C min™ up to 280 °C, hold 1 min.
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Method B: Column: Agilent J&W DB1701 (30 m, 250 um, 0.25 um). Carrier gas: Ha;
Parameter: T injector 250 °C; constant pressure 6.9 psi; temperature program: 80 °C, hold
6.5 min; gradient 5 °C min™ up to 160 °C, hold 5 min; gradient 20 °C min™* up to 200 °C, hold

2 min; gradient 20 °C min™! up to 280 °C, hold 4 min.

Table 3.22. Retention times [min] for the compound analyzed by GC-FID

Compound [min] Method | Compound [min] Method | Compound [min] Method
N A o)
m 6.8 A @A/ 8.1 A m 10.8 A
cis-1 trans-1 (15,2R)-2
._O oH OH
8 18.9 A . 18.9 A
©/<V 114 A m 23.8 B oH 238 B
(1S,25)-2 (1S,2R)-3 (1R,25)-3
3 .
o & Mixture of Two pairs of
Y 18.7 A 18.7 A . enantiomers
H all possible
OH 23.6 B OH 23.6 B four [SS/RR:SR/RS]
. 18.7:18.9 A
(15,25)-3 (1R,2R)-3 lsomers
(:)H OH C:)H
) 17.4 A ©/K/ 17.4 A @/\/ 17.3 A
NH,  21.1 B NH 211 B NH, 20.9 B
(15,2R)-5 (1R,25)-5 (15,25)-5
OH OH ¢}
O/H/ 17.3 A ©)\n/ 15.6 A : 15.8 A
NH; 20.9 B o 19.2 B OH 19.4 B
(1R,2R)-5 4 &
[6) o]
. o
13.6 A ©)‘\/ 16.8 A ©/\ 8.3 A
0o 16.6 B NH, 19.9 B 8.5 B
10
7 8

General GC-MS method

Method C: Column Agilent DB-1701 (30 m, 250 pum, 0.25 um); injector temperature 250 °C;
constant pressure 71.8 kPa; temperature program: 80 °C/hold 6.5 min; 160 °C/rate 10 °C
min/hold 5 min; 200 °C/rate 20 °C min~*/hold 2 min; 280 °C/rate 20 °C min'*/hold 1 min.

Method for the determination of the enantiomeric excess and diastereomeric
excess by HPLC

Method D: Column Chiralcel-OD (0.46 cm x 25 cm); HPLC program: constant oven
temperature 10 °C; constant pressure 14 bar; eluent composition: Hexane:lsopropanol
97:3, 1 mL/min, detection at 210 nm.
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Method E: Column: Nucleosil C;s HD (0.46 cm x 25 cm); HPLC program: constant oven
temperature 30 °C; eluent composition: isocratic MeOH + 0.1% TFA/MilliQ + 0.1% TFA
50:50; flow rate: 1 mL min~, detection at 248 nm.

Table 3.23. Retention times for compounds analyzed by HPLC

Compound [min] Method Compound [min] Method
4 peaks OH
3 33.4/33.7 ’
oo 3338 o | U5 sums o
P isomers 39.1/43.1
41.1/45.4 (1S,2R)-3
OH OH
m 35.3/35.6 D m 33.4/33.7 D
(15,25)-3 (1R,2R)-3
OH C:)H
H M [a]
©/K{; 41.1/45.4 D m 18.6 E
(1R,25)-3 (15,25)-5
OH OH
[a] M [a]
m 38.1 E m 26.7 E
(1S,2R)-5 (1R,25)-5
OH
[al
©/kNl/HZ 20.7 E
(1R,2R)-5

() after derivatization with GITC.
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One-pot cascade for the synthesis of
chiral phenylpropanolamines by pairing
alcohol dehydrogenases with
stereocomplementary w-transaminases
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Chapter 4

Abstract. in this chapter, we present an enzymatic one-pot cascade for the
biocatalytic ~ conversion of chiral 1-phenylpropane-1,2-diol to chiral
phenylpropanolamine and its isomers by combining selected alcohol
dehydrogenases with six stereocomplementary w-transaminases. The aim of this
work is to exploit the potential of these classes of enzymes for accessing (1S,2S) and
(1R,2S)-2-amino-1-phenylpropan-1-ol in a one-pot fashion, hence complementing
the work described in the previous chapter regarding the formal regio- and
stereoselective aminohydroxylation of 68-methylstyrene to yield either (1R,2R)- or
(1S,2R)- 2-amino-1-phenylpropan-1-ol. Thus, both (1S,2S) and (1R,2S)-2-amino-1-
phenylpropan-1-ol were obtained with moderate to high analytical yields (76-88%)
as well as high optical purity (er and dr >99.5:<0.5). Furthermore, depending on the
choice of diol substrate, alcohol dehydrogenase and w-transaminase, the (1S,2R)-1-
amino-1-phenylpropan-2-ol isomer could also be obtained via this route in
moderate analytical yield (58-61%) and high optical purity (er and dr >99.5:<0.5).
Nevertheless, in this last case the regioisomer (1R,2R)-2-amino-1-phenylpropan-1-
ol was also formed. However, the (1S,2R)-1-amino-1-phenylpropan-2-ol was the
preferred product (rr 91:9).
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4.1 Introduction

As was discussed in the previous chapter and reported in literature,
phenylpropanolamine (PPA) moieties are found in a plethora of pharmaceutical
active ingredients.)” Also they are applied directly either as biological active
compounds or as auxiliaries and ligands in asymmetric organic synthesis®® We have
previously demonstrated the potential of the biocatalytic HB-bioamination
cascade’ for the chemo-, regio- and stereoselective synthesis of this high-value
class of compounds from chiral diols. Nevertheless, due to the current scarcity of S-
selective AmDHs, only two out of the four isomers of nor(pseudo)ephedrine could
be obtained.? In order to apply the HB-bioamination of diols for the synthesis of
phenylpropanolamines, we designed another one-pot biocatalytic cascade, in
which  the secondary NAD*-dependent ADHs are combined with
stereocomplementary aminotransferases. This class of enzymes, also named as
transaminases, catalyze the transfer of an amino group from an amine donor such
as alanine to a keto-moiety acceptor via the action of pyridoxal phosphate cofactor
(PLP). Transaminases have been studied for a long time and mainly for the
asymmetric synthesis of a-chiral amines.*'* Compared with AmDHs as well as
other aminating enzymes such as IREDs or RedAms, the use of TAs requires PLP
coenzyme for the effective amination to occur, a (supra)-stoichiometric amount of
amino donor (usually alanine) is needed in order to shift the reaction equilibrium
towards the product. Moreover, the by-product originated from the amino donor
is often a suitable substrate for the TA itself or it may inhibit the reaction as well.
Much research has been carried out on transaminases, thereby creating variants
capable of accepting different amino donor (e.g., isopropylamine)>*” as well as
optimizing efficient internal recycling system, which are able to selectively react
with the byproduct and, for instance, convert it back to the amino donor (e.g.,
alanine dehydrogenase-catalyzed recycling).’®° As mentioned in our previous
work,? only few enzymatic strategies are described in the literature for the
synthesis of nor(pseudo)ephedrine (NE and NPE). Notably, in all of them the
amination step is performed by transaminases (Figure 4.1).22°22 Nevertheless, both
strategies start from either the cheap and readily available benzaldehyde (Figure
4.1A) or from carbonyl-containing compounds (Figure 4.1B).
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Figure 4.1. Selected literature examples for the enzymatic synthesis of phenylpropanolamine? 2% 2

In this work, a selection of six stereocomplementary w-transaminases (wTAs),
namely At(R)-wTA from Aspergillus terreus,?*** As(R)-wTA from Arthrobacter sp.,*
Ac(S)-wTA from Arthrobacter citreus,** Cv(S)-wTA from Chromobacterium
violaceum (DSM 30191),%° Bm(S)-wTA from Bacillus megaterium SC6394,*> % V{(S)-
wTA from Vibrio fluvialis,** 28 was paired with one of the following NAD*-dependent
ADHs: Aa-ADH from Aromatoleum aromaticum,?® Bs-BDHA from Bacillus subtilis
BGSC1A1,3%3% or Ls-ADH from Leifsonia sp.3? in order to complement the previously
reported HB-bioamination of chiral diols 3.2 Thus, we investigated the potential of
this one-pot cascade (ADH/TAs) for synthesizing (15,2S)-5 and (1R,25)-5, as well as
the other four possible PPAs structural isomers in which the amino group is
adjacent to the phenyl ring (5’). Scheme 4.1 depicts the general pathway design of
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the one-pot cascade. Similarly to the case of the HB-bioamination cascade, the
NAD* coenzyme and the pyruvate by-product are internally recycled by the
combined action of an alcohol dehydrogenase (ADH) and an alanine dehydrogenase
from Bacillus  sphaericus (Bs-AlaDH).3®* The latter enzyme requires
ammonia/ammonium species, constituting the reaction buffer, and NADH to
convert pyruvate back to alanine that is the ultimate amino donor. Furthermore, as
for the HB-bioamination cascade, the chiral diol substrates were enzymatically
synthesized using the one-pot biphasic cascade, whereby a fused-styrene
monooxygenase (Fus-SMO) was combined with one of two available
stereocomplementary epoxide hydrolases (EHs) thereby yielding all of the four diol
isomers, as previously described.>3*

NH, OH

o OH
o TA/PLP or
or OH NH,
5 5
N
NHy/NH, Pyruvate
NADH \ Alanine
NAD* /
OH
W H,0

Scheme 4.1. One-pot biocatalytic network for the synthesis of chiral PPAs from diol by pairing ADHs
with stereocomplementary wTAs

aelv-sg

Hence, we have developed a one-pot enzymatic network for the synthesis of
(15,25)-5 and (1R,25)-5 in moderately high analytical yields (76-88%) as well as
optical purity (enantiomeric ratio, er and diastereomeric ratio, dr >99.5:<0.5).
Furthermore, depending on the chosen diol substrate, ADH and wTA, the other two
isomers (1R,2R)-5 and (1S,2R)-5 can also be accessed. Moreover, the (1S,2R)-5’
isomer could also be obtained via this route in moderate analytical yield (58-61%)
and high optical purity (er and dr >99.5:<0.5) while (1R,2R)-3 was used as substrate
for the one-pot cascade catalyzed by Aa-ADH and either At(R)-wTA or As(R)-wTA.
Despite the regioisomer (1R,2R)-5 was formed as well, amino alcohol 5’ was the
preferred product (regioisomeric ratio, rr 91:9 [5’:5]). Examples of the calculations
used to determine the er, dr and rr are reported in section 4.4.3.
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4.2 Results and discussion

4.2.1 Enzymatic synthesis of optically active diols and ADHs selection
Chiral substrates 3 were enzymatically synthesized as reported previously,?> and
Scheme 4.2 depicts the overall cascade. The one-pot cascade comprises the
conversion of the prochiral substrate 1 to epoxide 2 catalyzed by our fused styrene
monooxygenase co-expressed with a formate dehydrogenase (Fus-SMO/CbFDH)**
followed by the hydrolysis catalyzed by an epoxide hydrolase (either Sp(S)-EH from
Sphingomonas sp. HXN200 or stereocomplementary St(R)-EH from Solanum
tuberosum).® Thus, all of the four optically active isomers of product 3 could be

obtained in high isolated yields and optical purities.

OH
Q? OH
\9\' 3
0, H,O R trans-1 gives (1S,2R)-3

cis-1 gives (1S,2S)-3

m us-SMQ ©/<‘ * H20
2 A

trans- or cis-1

NADH NAD* trans-1 gives (1S,2S)-2 .
f J cis-1 gives (1S,2R)-2 W
OH
HCOO" HCO3”

Cb-FDH 3
trans-1 gives (1R,2S)-3

cis-1 gives (1R,2R)-3
Scheme 4.2. One-pot enzymatic cascade for the synthesis of chiral substrate 3 catalyzed by Fus-
SMO/Cb-FDH system paired with two stereocomplementary EHs.

The selection of the ADHs for the bio-oxidation of substrate 3 was performed as
reported in chapter 3 and elsewhere.? Therefore, we tested the same secondary
NAD*-dependent ADHs for this study. In more details, we used Aa-ADH from
Aromatoleum aromaticum? on substrate (15,25)-3, (1R,25)-3 and (1R,2R)-3; Ls-ADH
from Leifsonia sp.3? on substrate (1R,2R)-3 and Bs-BDHA from Bacillus subtilis
BGSC1A13% 31 on substrate (1S,2R)-3. In general, we have used the optimized
conditions (substrate vs. enzymes loading) applied for the HB-bioamination cascade
descried previously in chapter 3.2 Table 4.1 provides an overview of the ADHs
screening.
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Table 4.1. Bio-oxidation [%] of diol 3 (20 mM) by NAD*-dependent ADHs.

OH OH Q 0
Tris-HCI, pH 7.5, 50 mM ©)\H/+ ©)J\/ . ©)k”/
OH ADH 0o OH o
3 4 4 7
mixture
'of all 4 NAD* NADH
Isomers
U H,0
02 NOX 2
4 7 Catalyst Accepted diol
Entry ADHs Coenzyme %] [l [%]® forml isomersl?]
Purified
1 Aa-ADH NAD* 31+<1 20+<1 5#<1 (N-Hisg 1R,2R/15,25/
1R,2S
tag)
2 Bs-BDHA NAD* 3643 2242 4¢1 YOPhilized oo b RS
whole cells
3 Ls-ADH NAD* 1551 o<1 24« |YOPhiliZed oo iRoR
whole cells

(21 This refers to the preference of the enzyme for the conversion of diol 3, which is a mixture of the
four possible stereoisomers as described in this column; ®! average of two samples; [ see section
4.4.1.

4.2.2 Initial tests with two stereocomplementary wTAs

4.2.2.1 One-pot cascade for the conversion of chiral 3 by purified ADHs coupled
with lyophilized E. coli whole cells of either Cv(S)-wTAs or At(R)-wTAs

The initial tests were performed to assess the possibility to couple ADHs and wTAs
in one-pot for the conversion of chiral diols 3. Therefore, both (15,25)-3 (10 mM)
and (1R,2R)-3 (10 mM) were used as model substrates; however, only Aa-ADH (50
uM) was paired with either Cv(S)-wTA or At(R)-wTA (20 mg mL?). The one-pot
cascade was carried out in Tris-HCI buffer (pH 7.5, 50 mM), in which the screening
of the NAD*-dependent ADHs was initially performed, and supplemented with
NAD* (1 mM), PLP (1 mM) and D-or L-Alanine (50 mM). Moreover, a lactate
dehydrogenase (LDH, 1 mg mL?, lyophilized crude extract, Codexis, LDH-101, ca. 60
U mg!) was added for internal recycling of the NAD* coenzyme. Scheme 4.3 depicts
the general pathway.
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O Aa-ADH
OH

3

o
I
»
o)
o I
9
'
O
o
I

L-or D-alanine

NAD+ NADH

lactate / /
LDH pyruvate
OH NH;
NH2 , OH
5 5

Scheme 4.3. One-pot cascade for the conversion of chiral 3 catalyzed by purified Aa-ADH coupled with
stereocomplementary wTA as lyophilized whole cells

CV(S)y-oTA or A{R)-oTA

As depicted above Table 4.2, two pathways can occur of which the main route,
which is also the desired one, can lead to the formation of either intermediate 4 or
4’ depending on the ADH used. Consequently, the transamination of either one of
the two intermediates can then form either product 5 or 5’. Furthermore, a side
reaction can take place in which the diol substrates 3 undergoes full oxidation, thus
leading to the formation of compound 7 that can then be aminated to afford either
product 8 or 8’ depending on the selectivity of the transaminases. The preliminary
results of this one-pot cascade for the conversion of (15,25)-3 and (1R,2R)-3 are
reported in Table 4.2. The biotransformations were analyzed by GC-MS in order to
be able to identify the products formed. In all of the tested cases, low conversions
were achieved (18-33%), and this may be due to the use of lyophilized cells carrying
the transaminases. Moreover, trace amounts of compounds 8 and 8’ were detected
by GC-MS analysis (entry 1-2). Notably, the conversion of (15,25)-3 led to the
formation of both intermediates 4 and 4’ (5% vs. 2%) when Cv(S)-wTA was used;
however, compound 5 (11%) was the only amino alcohol detected (entry 1). Similar
results were observed in the case using At(R)-wTA in which product 5 (19%) formed
predominantly (entry 2). On the other hand, when substrate (1R,2R)-3 was used,
no amino alcohol formation was detected when Aa-ADH was coupled with Cv(S)-
wTA (entry 3). In fact, only intermediates 4 and 4’, almost in equal amount, were
observed. Conversely, when using At(R)-wTA, (1R,2R)-3 (entry 4) was converted

152



One-pot cascade for the synthesis of chiral phenylpropanolamines by pairing ADHs with stereocomplementary w-
transaminases

almost exclusively in product 5’ (32%). At this stage of the work, stereochemistry of
the products was not taken into consideration.

Table 4.2. Conversion [%] of chiral 3 (10 mM) in the one-pot cascade catalyzed by Aa-ADH (50 uM)
coupled with lyophilized E. coli whole cells of two stereocomplementary wTAs (20 mg mL?) in Tris-HCI
buffer (pH 7.5, 50 mM; 30 °C).

OH 1) OH NH, OH

* . * TA * * *
Aa-ADH or o or

OH OH le} OH NH,
3 y 4 5 5

o] 0o NH,
. . ©)J\y( or

O NH, (0]

7 8 8

side reaction pathway

Conv. 7 4 4 5’ 5 8 8’

Entry Substrate

wTA

[6]® (%] (%] (%] (%] [%] [%] [%]
1 (15,25)-3 Cv(s) 18 n.d. 2 5 nd. 11 <1 nd.
2 (15,25)-3 At(R) 22 nd. nd. nd. nd 19 nd. 3
3 (1R,2R)-3 Cv(S) 28 n.d. 10 18 nd. nd. nd. nd
4 (1R,2R)-3 At(R) 33 nd. nd. nd. 32 1 nd. n.d.

[LIGC-MS analysis to identify peaks; reactions were performed in duplicate and the reported
conversions are the average of two samples

Hence, depending on the substrate used as well as on the combination of ADHs and
wTAs, a different regioselective behavior can be observed. It is noteworthy that,
when (1R,2R)-3 was tested for the conversion to the corresponding amino alcohol
through HB-bioamination cascade (as described in chapter 3) catalyzed by Aa-ADH
and any of the AmDHs, no product formation was detected. Based on these
preliminary results (Table 4.2), we investigated further the regioselectivity of this
enzymatic one-pot cascade for obtaining phenylpropanolamine products of
complementary absolute configurations to the cascade’s products described in
chapter 3.

4.2.2.2 One-pot cascade for the conversion of chiral 3 catalyzed by purified ADHs
coupled with purified stereocomplementary wTAs: Cv(S)-wTA and At(R)-wTA

To understand if the low conversion values reported in Table 4.2 were caused by
the use of lyophilized whole cells, a similar cascade was designed in which all of the
enzymes were used in purified form. The main difference with the previous cascade
was the use of a different internal recycling system. In fact, an alanine
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dehydrogenase (Bs-AlaDH from Bacillus sphaericus)®® was added to the same pot
for the conversion of NADH to NAD, the latter of which is then re-utilized by the
ADHs. Bs-AlaDH converts the pyruvate, produced after the transamination step,
back to the alanine which re-enters the cycle as amino donor. The Bs-AlaDH
requires also ammonia, sourced from the buffer, and release H,0 as the sole
byproduct (Scheme 4.4). Thus, the biotransformations were performed in
HCOONH;, buffer (pH 8.5, 1 M) supplemented with NAD* (1 mM), PLP (1 mM), L-or
D-alanine (25 mM) and Bs-AlaDH (20 uM). For these tests, both (15,25)-3 (5 mM)
and (1R,2R)-3 (5 mM) were used as substrates. However, compared with the first
experiments, Aa-ADH (50 uM) was tested again on both substrates, albeit Ls-ADH
(50 uM) was also tested on substrate (1R,2R)-3 because it showed good conversion
of this substrate during the ADHs’ screening (as also described in chapter 3). Again,
two stereocomplementary wTAs were tested: Cv(S)-wTA and At(R)-wTA (50 uM).
Furthermore, due to the low conversions observed in the previous tests, the
substrate loading was reduced from 10 mM to 5 mM. Moreover, in these latter set
of experiments, all of the possible amino alcohol products were chemically
synthesized to have them as reference compounds.

O OH
®»TA/PLP or
or OH NH;
+
NHy/NH, Pyruvate
NADH \ Alanine
NAD* /
OH
W H,O

Scheme 4.4. One-pot cascade for the conversion of chiral substrates 3 catalyzed by ADHs coupled with
stereocomplementary wTAs.

delv-sg

As shown in Table 4.3, under all tested conditions, high conversions (59-93%) were
observed (entry 1-6). This might be due to the lower substrate loading as well as
the use of the enzymes in purified form for the cascade. Substrate (15,25)-3 was
converted in 91% when Aa-ADH was coupled with Cv(S)-wTA (entry 1). The main
product was the target vicinal amino alcohol 5 (60%), although accumulation of
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intermediates 4 and 4’ (13 vs. 8%, respectively) was detected. Nevertheless, the
reaction proceeded with full regioselectivity towards 5 and no traces of 5’ were
detected. On the other hand, the expected possible side reaction occurred as well,
thereby leading to the formation of the double oxidized compound 7 (8%) and
consequently to its aminated counterpart 8 (8%). Similar results were observed in
the case of At(R)-wTA (entry 2); conversion of (15,25)-3 raised up to 83%, however,
lower trace amounts of intermediates 4 and 4’ (4% vs. 2%) were also detected as
for compound 7 (3%). Notably, with this enzymatic system (Aa-ADH/At(R)-wTA), no
side product 8 was observed; this can be due to the intrinsic activity of this “R-
selective” transaminase which might perform the transamination at a greater rate
than the Cv(S)-wTA on intermediate 4 rather than on compound 7.

Table 4.3. Conversion [%] of optically active 3 (5 mM) in the one-pot cascade catalyzed by ADH (50
UM) paired with two stereocomplementary wTAs (50 uM) in HCOONH, buffer (pH 8.5, 1 M; 30 °C)

OH o} OH NH, OH
ADH " or L or W
OH OH e} OH NH;
3 4 4 5' 5
(0] o N*Hz
©)J\n/ * or @)\N/
o NH, o
7 8 8'
side reaction pathway
En Substra Conv q 4 5’ 5 7 8 8’
t ADH TA )
, e O e r P %P %P P %P %
(1S,25)- Aa- n.d.
+ + + + + +
1 3 ADH Cv(S) 91+9 814 1316 nd. 6019 8#3 813
(1S,25)- Aa- n.d.
+ + + + +
2 3 ADH At(R) 8312 2+2 414 nd. 7510 3#3 n.d.
(1R,2R)-  Aa- . . . . 10+, .
3 3 ADH Cv(S) 61+16 813 611 nd. 31+13 6 3+3 3+3
(1R,2R)- Aa- 30+ n.d.
+ + + + +
4 s app PRI 597 232 141 3 38+4  1+1 n.d.
(1R,2R)- Ls- n.d.
+ + + + + +
5 3 ADH Cv(S) 8615 4#<1 7+1 nd. 65%<1 4#1 2+2
(1R,2R)- Ls- + . n.d.
6 3 ADH At(R) 93+4 n.d. n.d. nd. 914 nd. n.d.

l2IReactions were performed in duplicate and the reported results are the average of two samples.
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When the enzymatic system Aa-ADH/Cv(S)-wTA was tested for the conversion of
(1R,2R)-3 (entry 3), the main product was again the vicinal amino alcohol 5 (31%).
However, intermediates 4 and 4’ as well as compound 7 were all detected (6%, 8%
and 10%, respectively). Moreover, both side products 8 and 8’ (3%) were observed
under the tested conditions, although no amino alcohol 5’ formed. On the other
hand, when the enzymatic system Aa-ADH/At(R)-wTA was tested with (1R,2R)-3
(entry 4), both amino alcohols 5 and 5’ were obtained (38% vs. 30%, respectively).
In contrast, traces of the other compounds (1-2%) were observed and no formation
of side products 8 and 8’ was detected. These results show that Aa-ADH is indeed
capable of oxidizing both hydroxyl moieties (only if R-configured), and that At(R)-
wTA is accordingly able to perform the transamination of both intermediate 4 and
4’ and approximately at the same rate (i.e., a slight preference was observed for
compound 4). These preliminary results well-indicate the possibility to obtain both
regioisomers 5 and 5’ by applying the same enzymatic system. Finally, (1R,2R)-3
was also tested in the one-pot cascade with Ls-ADH coupled with either Cv(S)-wTA
or At(R)-wTA (entry 5-6). In the case of Cv(S)-wTA, conversion raised up to 86% and
only amino alcohol 5 was detected (65%). As observed previously with this “(S)-
selective” wTA, a mixture of intermediates (4 and 4’) and side products (7 and 8)
was formed. On the other hand, we observed high chemo-and regioselectivity for
the conversion of (1R,2R)-3 catalyzed by Ls-ADH/At(R)-wTA (entry 6) showing a
substrate conversion of 93% while the formation of amino alcohol 5 was 91%. This
is a clear evidence that Ls-ADH is highly selective for the oxidation of (1R,2R)-3 to
intermediate 4, as previously demonstrated,? as well as At(R)-wTA performs the
transamination very efficiently. Hence, in summary, the use of lower substrate
loading and purified enzymes was beneficial to the performance of the tested
enzymatic systems. Furthermore, the use of Bs-AlaDH as cofactor recycling enzyme
can also be advantageous compared to the LDH system.

4.2.2.2.1 Temperature study: (15,25)-3 as model substrate

Before proceeding with the screening of selected (R)-and (S)-wTAs, we carried out
a temperature study for the one-pot cascade described in Scheme 4.4. Substrate
(15,25)-3 (5 mM) was chosen as the model substrate to perform this study, and Aa-
ADH was then coupled with either Cv(S)-wTA (20, 30, 40 and 50 °C) or At(R)-wTA
(30, 40 and 50 °C). Both ADH and wTA were used in equimolar ratio (50:50 uM). As
showed in Table 4.4, high conversions (up to >99%) were observed with all tested
enzymatic systems at all temperatures (entry 1-7). However, the best performance
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in terms of amino alcohol 5 formation as well as stereoselctivity was observed at
30 °C (entry 2 and 3). In the case of Cv(S)-wTA, formation of product 5 was similar
at both 30 °C and 40 °C (entry 2 and 4); however, the dr dropped from 99:1 (30 °C)
to 73:27 (40 °C). On the other hand, at 50 °C (entry 6), formation of 5 was only 29%
and the dr dropped even more significantly (41:59). Again, At(R)-wTA turned out to
be a better enzyme than Cv(S)-wTA; indeed, at all temperatures tested (entry 3, 5
and 7), the same dr was preserved (99:1) though the conversion into product 5
decreased from 92% (30 °C) to 88% (40 °C) and 53% (50 °C). In general, the optimal
temperature to perform this cascade is 30 °C; therefore, the study was continued
using this temperature.

Table 4.4. Conversion [%] of (15,25)-3 (5 mM) in the one-pot cascade catalyzed by Aa-ADH (50 uM)
coupled with two stereocomplementary wTAs (50 uM) in HCOONH, buffer (pH 8.5, 1 M) at various
temperatures

o) OH NH, OH
- A »TA ~N
Y~ Aa-ADH " or A Y o
OH — 7 OH o OH NH,
& 4 5' 5

o

o NH,
o] NH, o
8 8'

L 7

side reaction pathway

T Conv. 5 dr 4 q 7 8

Sk o ' NN 73 (O €73 O 02 o 73 S 23 Gl ) Sl €3
1 Cv(S) 20 97+1 67+1 n.d. 7+<1 51<1 711 31«1
2 Cv(S) 30 >99 5418 99:1 1345 1243 7+<1 10+1
3 At(R) 30 >99 92+1 99:1 1+<1 1+<1 1+<1 3#<1
4 Cv(S) 40 94+2 58+3 73:27 8+1 9+1 4+1 13+1
5 At(R) 40 >99 88+<1 99:1 2#<1 21<1 1+<1 4+<1
6 Cv(S) 50 96+1 29+1 41:59 20#<1 19+<1 9+1 16+<1

7 At(R) 50 95+<1 53+1 99:1 13+<1 1141 7%<1 8+<1

leJAnalyzed by GC-FID. [PIReactions were performed in duplicate and the reported results are the
average of two samples. Compounds 5’ and 8’ were not detected.
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4.2.3 Screening selected stereocomplementary wTAs in a one-pot cascade
with secondary NAD*-dependent ADHs

To further explore the potential of this cascade for accessing phenylpropanolamine
isomers (i.e., optically active 5 and 5’), a panel of stereocomplementary wTAs was
tested in combination with the selected ADHs and identified for each optically
active substrate 3. The screening was performed under the optimized conditions
for each isomer of substrate 3 (10-20 mM, depending on the isomer) as described
in chapter 3 and previously published.? All biotransformations were carried out in
HCOONH;, buffer (pH 8.5, 1 M; 30 °C) supplemented with NAD* (1 mM), PLP (1 mM),
D-or L-alanine (5 eq.) and Bs-AlaDH (20 uM). The general reaction is depicted in
Scheme 4.5. Regarding the ADHs, as shown above in Table 4.1, Aa-ADH was used
for (15,25)-3 (20 mM), (1R,2R)-3 (10 mM) and (1R,25)-3 (10 mM). Ls-ADH was used
for (1R,2R)-3 (20 mM) while Bs-BDHA used for (1S,2R)-3 (15 mM). Six
stereocomplementary wTAs were selected for the screening, namely: Cv(S)-wTA
from Chromobacterium violaceum (DSM 30191),% Vf(S)-wTA from Vibrio fluvialis,**
2 Bm(S)-wTA from Bacillus megaterium (SC6394),% 27 Ac(S)-wTA from Arthrobacter
citreus,*? At(R)-wTA from Aspergillus terreus® ?* and As(R)-wTA from Arthrobacter
sp.® Furthermore, at this stage, the chemo-, regio- and stereoselective outcome of
the cascade was investigated by analyzing the product through RP-HPLC (C18
column) after derivatization of the amino group with a chiral reagent (GITC, section

4.4.3).
o OH
®»TA/PLP or
OH NH;
or 5
.
NHy/NH, Pyruvate

NADH \ Alanine

NAD* /
OH

W H,O

Scheme 4.5. One-pot cascade for the conversion of chiral substrates 3 catalyzed by ADHs coupled with
stereocomplementary wTAs.

aeiv-sg
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4.2.3.1 Screening stereocomplementary wTAs on chiral (15,25)-3

The first screening of the wTAs was performed on substrate (15,25)-3 (20 mM). As
mentioned above, Aa-ADH (70 pM) was coupled with the five purified
stereocomplementary wTAs (35 uM); only Vf(S)-wTA was used as lyophilized E. coli
whole cells (20 mg mL?).

As reported in Table 4.5, elevated conversions (up to >99%) were observed in
almost all the cases except for Vf(S)-wTA (48%) and Ac(S)-wTA (14%) (entry 2 and
4). Moreover, formation of product 5’ and by-product 8’ was not detected with any
of the enzymatic systems tested on (1S,25)-3; conversely, only traces of 7 were
observed. When Cv(S)-wTA was coupled with Aa-ADH (entry 1), substrate
conversion was high (94%) and the main product was the vicinal amino alcohol 5
(86%). Approximately equal amounts of intermediates 4 and 4’ (4% vs. 2%) as well
as by-product 8 (2%) were detected. Similar results were observed with the
enzymatic system Aa-ADH/Bm(S)-wTA (entry 3): conversion of (1S5,25)-3 increased
above 90% and the vicinal amino alcohol 5 was obtained in 86%; intermediates 4
and 4’ as well as by-product 8 were just detected in traces (3%, 2% and 1%,
respectively). The best performing enzymatic systems were either Aa-ADH/At(R)-
wTA or Aa-ADH/As(R)-wTA (entry 5 and 6). Quantitative conversion of the substrate
was observed (up to >99%), and the main product formed was the vicinal amino
alcohol 5 (96% and 90%, respectively). Nevertheless, intermediates and byproduct
formation followed again the trend observed so far. On the other hand, Aa-
ADH/Vf(S)-wTA system generated the amino alcohol 5 in only 11% (entry 2),
whereas the main products were intermediate 4 (15%) and byproduct 8 (13%). It
may be that enzyme’s product inhibition occur that results in the accumulation of
intermediate 4, which can then undergo over-oxidation to 7 and subsequent
amination to form by-product 8. Even lower conversion was instead detected in the
case of Ac(S)-wTA (entry 4); in fact, amino alcohol 5 was formed only in 7%
conversion and accumulation of intermediate 4 was observed again. In summary,
Aa-ADH coupled with either Cv(S), Bm(S), At(R) or As(R) turned out to be highly
regioselective since only product 5 was detected and formation of 5’ did not occur.
On the other hand, moderate to high chemoselectivity was observed in all cases.
Indeed, both intermediates 4 and 4’ were formed although only in tiny amounts of
constant quantity in all cases; this may indicate that a thermodynamic equilibrium
has been reached. Regarding the stereoselectivity, Cv(S) and Bm(S) formed the
product 5 in moderate er (86:14 [SS:RR]) and high although non-perfect dr (93:7
and 95:5 [SS:RS], respectively). On the other hand, high stereoselectivity was
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achieved when the two “(R)-selective” wTAs (i.e., At(R) and As(R)) were applied;
indeed, the enantiomeric ratio of product 5 was 99:1 [SR:RS], whereas dr 2:98 and
4:96 [RR:SR], respectively. The lower diastereomeric ratio compared to the er for
these last two enzymatic systems derives from the imperfect er of the intermediate
(15,25)-3, obtained after stereoselective hydrolysis of the epoxide intermediate.?
Based on the selectivity of the enzymes employed in the cascade, the expected
stereochemistry of product 5 was confirmed by RP-HPLC analysis and comparison
with reference compounds.

Table 4.5. One pot bio-catalytic conversion of (15,25)-3 (20 mM) by Aa-ADH (70 uM) coupled with
stereocomplementary wTAs (35 uM) in HCOONH, (pH 8.5, 1 M) and 30 °C.

OH
" Aa-ADH m
OH
3
o] o) N*Hz
o NH, 0
L 7 8 g
side reaction pathway
Conv. q 4 5 er5 dr5 7 8
Sk 07 N ¢ Gl 025 G 7 GO 0 G 3 S 3 GO )
86:14 93:7
+ *< + +< < #<
1 Cv(S) 94+1 211 4+1 861<1 SS:RR SS:RS 1 21<1
2 V§(S)? 48+10 911 15+2 114 n.m. n.m. <1 1312
86:14 95:5
+ + + + +
3 Bm(S) 91#<1 2#<1 3#<1 86%<1 SSRR SS:RS <1 1+<1
4 Ac(S) 144+<1 1<l 6x<1 7+<1 n.m. n.m. <1 n.d.
99:1 2:98
+ + +
5 At(R) >99 <1 1+<1  96%<1 SRRS  RR-SR <1 1+<1
99:1 4:96
+ + + + +
6 As(R)  98+<1  1x<1 2+<1 901 SRRS  RR-SR <1 2+<1

leBlysed as lyophilized E. coli whole cells (20 mg mL?). I Determined by achiral RP-HPLC (C18 column)
after derivatization of the amino group with a chiral reagent (GITC). [lReactions were performed in
duplicate and the reported results are the average of two samples; compounds 5’ and 8’ were not
detected.

4.2.3.2 Screening stereocomplementary wTAs on chiral (1R,2R)-3
The same type of screening as described above was performed on substrate
(1R,2R)-3 (20 mM). As mentioned earlier, both Ls-ADH (35 uM) as well as Aa-ADH

160



One-pot cascade for the synthesis of chiral phenylpropanolamines by pairing ADHs with stereocomplementary w-
transaminases

(50 uM) were paired with the selected stereocomplementary wTAs (70 and 50 uM,
respectively).

As reported in Table 4.6, all the tested enzymatic systems in which Ls-ADH was
used, resulted in elevated conversions (88—>99%). The only exception was in the
case of Ac(S)-wTA (33%) that resulted in the formation of the amino alcohol 5 in
22% (entry 4). On the other hand, the system Ls-ADH/Vf(S)-wTA (entry 2) led to full
conversion of the substrate; however, product 5 was not formed while the main
products were intermediate 4 (54%), 4’ (13%) and by-product 8 (33%). With all the
other enzymatic combinations, intermediates 4 and 4’ as well as compound 7 and
8 were only observed in traces. Furthermore, as for the conversion of (1S,25)-3
catalyzed by the enzymatic system Aa-ADH/wTAs, only amino alcohol 5 formed
while product 5’ and byproduct 8’ were not detected in any of the tested conditions
on substrate (1R,2R)-3. In the case of Ls-ADH/Cv(S)-wTA (entry 1), 88% conversion
was obtained and amino alcohol 5 formed in 76%. Similar results were observed in
the case of the “(S)-selective” Bm(S)-wTA (90% overall conversion, 81% of 5, entry
3). Once again, the best performance was observed with the two “(R)-selective”
wTAs (At(R) and As(R). Entries 5 and 6 show that in fact, >99% conversion was
obtained with both enzymatic systems and amino alcohol 5 was the main product
(95% and 90%, respectively). Considering all the tested enzymatic systems, product
5 was obtained with high enantiomeric ratio (>99.5:<0.5 [RS:SR] or >99.5:<0.5
[RR:SS]) and diastereomeric ratio (>99.5:<0.5[RS:RR/SS] or >99.5:<0.5 [RR:SR/RS]).
Compared with the results obtained with (1S5,25)-3 as substrate, these higher
stereoselective outcome can only derive from the ADH used. Indeed, it seems that
Ls-ADH has higher reactivity for substrate (1R,2R)-3 than Aa-ADH has for substrate
(15,25)-3. Finally, based on the selectivity of the enzymes employed in the cascade,
the expected stereochemistry of product 5 was confirmed by RP-HPLC analysis.
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Table 4.6. One-pot biocatalytic conversion of (1R,2R)-3 (20 mM) catalyzed by Ls-ADH (35 uM) coupled
with stereocomplementary wTAs (70 uM) in HCOONH, (pH 8.5, 1 M) and 30 °C.

OH 0 OH N:—IZ OH
Ls-ADH or oTA | or
OH OH le) OH NH,
3 L 4 4 5' 5
I (e} fe) NH,
©)J\n/ * o ©)\N/
o NH, ©
L 7 . . 8 8'
side reaction pathway
Entry wTA Conv. q 4 5 er5 dr5 7 8
[%]ICI [%]ICI [%][51 [%]ICI [%][b] [%][b] [%][c} [%]ICI
1 Cv(S) 88+<1  1+<1 4#<1 76x<1 >99.5:<0.5 >99.5:<0.5 <1 7+<1
RS:SR RS:RR/SS
2 VF(S)? >99 13+2  54#1 n.d. n.m. n.m n.d. 33+3
3 Bm(S) 90+<1  1#<1 3#<1 81+<1 >99.5:<0.5 96:2:2 <1 5+<1
RS:SR RS:SS:RR
4 Ac(S) 33+<1  3#<1 7+l 22x<1 n.m. n.m. 2+<1 2#<1
5 At(R) >99 n.d. 2+<1  95#<1 >99.5:<0.5 >99.5:<0.5 n.d. 2+<1
RR:SS RR:SR/RS
6 As(R) >99 n.d. 4+<1  90+<1 >99.5:<0.5 >99.5:<0.5 <1 6+<1

RR:SS RR:SR/RS

lelysed as lyophilized E. coli whole cells (20 mg mLt). PIDetermined by achiral RP-HPLC (C18 column)
after derivatization of the amino group with a chiral reagent (GITC). [lReactions were performed in
duplicate and the reported results are the average of two samples; compounds 5’ and 8’ were not
detected.

Based on the preliminary results reported in Table 4.2 and Table 4.3, in which the
formation of the regioisomer 5’ was observed, (1R,2R)-3 (10 mM) was tested as
substrate for the enzymatic one-pot cascade catalyzed by Aa-ADH (50 uM) coupled
with the selected stereocomplementary wTAs (50 uM).

As shown in Table 4.7, moderate conversions (20-76%) were observed with all
tested S-selective wTAs (entry 1-4) and they all led exclusively to the formation of
product 5 (7-26%). Moreover, in all cases, accumulation of intermediates 4 and 4’
was also observed with the most prominent system being once again the Aa-
ADH/VT(S)-wTA (61% 4, entry 2). On the other hand, trace amounts of both
compound 7 and by-product 8 were formed. In general, the cascades proceeded
with elevated regio- and stereoselectivity thus vyielding product 5 in high
enantiomeric ratio (>99.5:<0.5 [RS:SR]) as well as diastereomeric ratio (>99.5:<0.5
[RS:SS/RR]) with the only exception being the case of Bm(S)-wTA (dr 14:86 [RR:RS]).
Nevertheless, Aa-ADH/At(R)-wTA and Aa-ADH/As(R)-wTA (entry 5 and 6) were the
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most interesting enzymatic systems. In both cases, high conversions were observed
(94-97%) despite both regioisomers 5 and 5’ were formed. With At(R)-wTA (entry
5), 5’ (58%) was the main product formed followed by product 5 (21%) and by-
product 8’ (13%); traces of both intermediate 4 (2%) as well as by-product 8 were
detected. Comparable results were obtained with As(R)-wTA (entry 6).
Furthermore, both enzymatic systems displayed high enantiomeric and
diastereomeric ratios for both regioisomer products (5’, er >99.5:<0.5 [SR:RS]; 5,
dr up to >99.5:<0.5 [SR:RR/SS]; 5, er >99.5:<0.5 [RR:SS]; 5, dr >99.5:<0.5
[RR:SR/RS]). Therefore, in terms of regioselectivity, both enzymatic systems
showed a higher preference for the formation of isomer 5’, hence giving very similar
regioisomeric ratio (rr) of 91:9 [5°:5] for Aa-ADH/At(R)-wTA and 92:8 [5’:5] for Aa-
aDH/As(R)-wTA, respectively (analysis performed by RP-HPLC after derivatization
with GITC; all detected isomers are considered). It might be that by further tuning
the enzymes loading the regiopreference could be increased. Based on the
selectivity of the enzymes employed in the cascades, the expected stereochemistry
of products 5 and 5’ were confirmed. In fact, (1R,2S)-5, (1R,2R)-5 and (1S,2R)-5’
were formed, thus retaining the expected stereoselectivity of the w-transaminases.
In the case of product (1S,2R)-5’, one must consider the occurrence of the switch
of the Cahn-Ingold-Prelog (CIP) priority.
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4.2.3.3 Screening stereocomplementary wTAs on chiral (15,2R)-3

The same screening was then carried out on substrate (15,2R)-3 (15 mM) by pairing
in one-pot Bs-BDHA (50 uM) with the selected stereocomplementary wTAs (50
KUM). As reported in Table 4.8, high conversions (92-98%) were observed with all
tested enzymatic systems except for Vf(S)-wTA (29%, entry 2) and Ac(S)-wTA (16%,
entry 4). Moreover, only product 5 (therefore no formation of 5’) was observed for
all systems. By-product 8’ was not detected in any of the tested conditions, while
compound 7 was detected only in traces (<1%). Using Cv(S)-wTA (entry 1), the
cascade proceeded with 92% conversion and product 5 formed in 86%, while only
traces of intermediates 4 and 4’, and byproduct 8 were detected. Similar results
were observed with Bm(S)-wTA (entry 3) that resulted in a conversion up to 94%
and formation of product 5 in 88%. On the other hand, both Vf(S)-wTA and Ac(S)-
wTA (entry 2 and 4) led to low conversion and the formation of amino alcohol 5 was
mediocre (3% vs. 6%, respectively). In the case of Vf(S), both intermediate 4 and 4’
(11% and 6%) and by-product 8 (8%) were detected. For the Ac(S) system, only
intermediate 4 was detected in 4% along with traces of 4’ and 8 (<1%).
Nevertheless, Bs-BDHA/At(R)-wTA (entry 5) and Bs-BDHA/As(R)-wTA (entry 6) were
the best performing cascade systems, thereby leading to nearly quantitative
conversions (98% and 97%, respectively). Furthermore, in both cases, the main
product observed was the amino alcohol 5 (95% and 92%) along with traces of
intermediates 4 and 4’ and by-product 8 (1-3%). Therefore, all of the cascades with
Cv(S), Bm(S), At(R) and As(R) proceeded with high regio- and chemoselectivity.
Moreover, amino alcohol 5 was always obtained with high enantiomeric ratio
(>99.5:<0.5 [SS:RR] or >99.5:<0.5 [SR:RS]) and moderate diastereomeric ratio (96:4
[$S:RS] or 98:2 [SR:RR]); the latter stems from the imperfect enantiomeric ratio of
substrate (1S5,2R)-3. Based on the selectivity of the enzymes employed in the
cascades, the expected stereochemistry of product 5 was confirmed by RP-HPLC
analysis.
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Table 4.8. One-pot bio-catalytic conversion of (15,2R)-3 (15 mM) catalyzed by Bs-BDHA (50 puM)
coupled with stereocomplementary wTAs (50 uM) in HCOONH, (pH 8.5, 1 M) and 30 °C.

0]

o) NH,
o NH, o
8 8'

7

nO

side reaction pathway

Conv. q 4 5 er5 dr 7 8

S 03 I 7 B 25 N ¢/ N 3 Sl ¢ 0 Gl 3
>99.5:<0.5 964

+ + + + +

1 ov(s) 9283 1a<l 3x<l 8683 o O <l 34l

2 VE(S)E  29+<1  6#<1 11#<1 3#<1 n.m. n.m. <1 8+1
>99.5:<0.5  96:4

+ + + + +

3 Bm(S) 94#1 1+<1 2#<1  88#1 SS:RR SS:RS <1 3+<1

4 Ac(S) 16x<1 <1 4t<1  61<1 n.m. n.m. n.d. <1

5 AtR) 982 1<l 1i<1 95i2 o0><05 982 5.4

SR:RS SR:RR
>99.5:<0.5 97:3
+ +< < < < <
6 As(R) 97+1 1+<1 1+l 921 SRRS SR-RR 1 31<1
leBlysed as lyophilized E. coli whole cells (20 mg mL?). PIDetermined by achiral RP-HPLC (C18 column)
after derivatization of the amino group with a chiral reagent (GITC). [lReactions were performed in
duplicate and the reported results are the average of two samples; compounds 5’ and 8’ were not

detected.

4.2.3.4 Screening stereocomplementary wTAs on chiral (1R,2S)-3

Finally, the screening was performed on substrate (1R,25)-3 (10 mM) by pairing in
one-pot Aa-ADH (70 uM) with the selected stereocomplementary wTAs (35 uM).
As shown in Table 4.9, high conversions (87% up to >99%) were achieved for all of
the tested enzymatic cascades, the exception being for Aa-ADH/Ac(S)-wTA (entry
4) that yielded 23% conversion (along with 10% of 5). In the case of Cv(S)-wTA (entry
1), amino alcohol 5 (77%) was the main product and formation of its regioisomer 5’
did not occur; moreover, only traces of intermediates 4 (1%), 4’ (3%) and compound
7 (2%) were detected although 10% of by-product 8 was observed. According to the
previously observed trend, similar results were observed for the enzymatic system
Aa-ADH/Bm(S)-wTA (entry 3). On the other hand, although Aa-ADH/Vf(S)-wTA
system (entry 2) displayed very high conversion (99%), only 4% of amino alcohol
product 5 was formed because the major products were intermediate 4 (33%), its
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aminated counterpart 8 (45%) and intermediate 4’ (13%). Furthermore, traces of 5’
(1%) and 7 (1%) were also observed. Regarding the R-selective wTAs, both At(R)-
wTA (entry 5) and As(R)-wTA (entry 6) led to full substrate conversion and high
analytical yield of amino alcohol 5 (87% and 84%, respectively). In the case of
reaction catalyzed by At(R), intermediates 4 and 4’ and compound 7 were not
detected as the only by-products 8 (4%) and 8’ (4%) were obtained. As(R) showed
an equal product distribution among 4, 4’ and 7 (1%) and by-product 8 was formed
in 13% conversion. It is noteworthy that, only trace amounts of amino alcohol 5’
were instead observed (up to 5%) when Aa-ADH was coupled with either At(R)-wTA
or As(R)-wTA, even though substrate (1R,2S)-3 possess (R) absolute configuration
at the a-position; this has previously showed to be beneficial in the conversion of
substrate (1R,2R)-3 to amino alcohol 5’ (Table 4.7, entry 5 and 6). Anyway, high
regioselectivity was revealed for the synthesis of amino alcohol 5: namely 14:86
[5°:5] by applying Aa-ADH/At(R)-wTA and 25:75 [5’:5] by applying Aa-ADH/As(R)-
WTA (determined by RP-HPLC analysis after derivatization with GITC, hence,
considering all isomers). In general, under all tested conditions, product 5 was
always obtained with high enantiomeric ratio (>99.5:<0.5 [RS:SR] or >99.5:<0.5
[RR:SS]) albeit with low to moderate diastereomeric ratio (Table 4.9, dr 5). Based
on the selectivity of the enzymes employed in the cascades, the expected
stereochemistry of product 5 was confirmed. On the other hand, the
stereochemistry for product 5’ was not determined in this case due to the too low
conversion that prevented accurate analytical measurements.
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Table 4.9. One-pot biocatalytic conversion of (1R,25)-3 (10 mM) catalyzed by Aa-ADH (70 uM) coupled
with stereocomplementary wTAs (35 uM) in HCOONH, (pH 8.5, 1 M) and 30 °C.

OH

o] OH NH, OH
oTA v
H Aa-ADH Y or E—— H or
OH OH 0 OH NH,
3 L 4 4 5' 5
o NH,
o NH, o
8 8'

L 7

side reaction pathway

Ent wTA Conv. 4 4 5’ 5 er5 dr5 7 8 8’
ry 23 G ) A 9 G 9 G ) LB 13 G ) Lol ) Gl ) Gl U
>99.5:<0.5 17:83
+ + + + + +
1 Cv(S) 9241 31 1«1 nd. 771 RS:SR RR:RS 2+<1  10+1 n.d.
2 VF(S)° 99+1 1316 33110 1+l 414 n.m. nm. 1+<1 45%11 n.d.
Bm(S >99.5:<0.5 31:69
+ + + + + +
3 ) 8711 2i<1 1x<1 nd. 76i<1 RS:SR RR:RS 31 71 n.d.
4 Ac(S) 23+1 5+<1 5#<1 nd. 10+<1 n.m. nm. 2i<1 1#<1 n.d.
5 AHR) 599  nd.  nd. 5kl g7<1 00205 7030 i aa

RR:SS RR:RS

>99.5:<0.5 83:17
+ + + + +
6 As(R) >99 1+<1 <1 1+<1  84#<1 RR:SS RR:RS 1+<1 13+<1 n.d.

lBlysed as lyophilized E. coli whole cells (20 mg mL?). PIDetermined by achiral RP-HPLC (C18 column)
after derivatization of the amino group with a chiral reagent (GITC). [lReactions were performed in
duplicate and the reported results are the average of two samples.

4.2.4 Overview of amino alcohol products obtained in this study and
associated enzymatic systems

Table 4.10 shows a full overview of the possible combination of ADHs and w-TAs in
a one-pot cascade fashion for the conversion of chiral diols 3 to optically active
phenylpropanolamine isomers 5 and/or regioisomer 5.
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4.3 Conclusions

In conclusion, we have developed a one-pot enzymatic cascade in which secondary
NAD*-dependent ADHs were combined with a selection of stereocomplementary
w-TAs for the synthesis of chiral phenylpropanolamine isomers (1S,25)-5 and
(1R,2S)-5 starting from chiral diol substrates. The latter were also enzymatically
synthesized by a one-pot cascade consisting of a Fus-SMO in combination with two
stereocomplementary EHs to be able to access all of the four diol isomers. The
amino alcohols (1S5,25)-5 and (1R,2S5)-5 were obtained in high analytical yields (81-
86%) and high stereoselectivity (er up to >99.5) in the biocatalytic conversion of
(1S,2R)-3 catalyzed by Bs-BDHA with either Cv(S)-wTA (86%) or Bm(S)-wTA (88%).
Similar results were observed for the conversion of (1R,2R)-3 catalyzed by Ls-ADH
with either Cv(S)-wTA (76%) or Bm(S)-wTA (81%), respectively. Moreover, the
(1R,2R)-5 and (1S,2R)-5 isomers—which were previously obtained via the
enzymatic hydrogen-borrowing (HB) amination cascade incorporated into the
formal regio- and stereoselective aminohydroxylation of B-methylstyrene 1>—can
also be accessed by this alternative ADH/wTAs cascade. The best results were
obtained in the bioconversion of (1R,2R)-3 into (1R,2R-5 catalyzed by Ls-ADH
combined with either At(R)-wTA (95%) or As(R)-wTA (90%). In the case of (1S,2R)-5
synthesis, (15,2R)-3 was converted through the combination of Bs-BDHA with either
At(R)-wTA (95%) or As(R)-wTA (92%); as alternative (1S,25)-3 was also converted
through the combination of Aa-ADH with either At(R)-wTA (96%) or As(R)-wTA
(90%). Therefore, all these enzyme combinations operated well. Finally, depending
on the substrate choice, and selected ADH and wTA, we could also access the
regioisomer (1S,2R)-5" (er and dr up to >99.5; rr 91:9 [5°:5]); (1R,2R)-3 was
converted to the amino alcohol 5’ by combining Aa-ADH with either At(R)-wTA
(58%) or As(R)-wTA (61%) in a one-pot fashion. The one-pot cascade reported in
this work perfectly complements the HB-bioamination system, thus enabling the
enzymatic synthesis of all four phenylpropanolamine isomers with comparable
analytical yields and stereoselectivity. Furthermore, the production of regioisomer
(1S,2R)-5’ by applying different combinations of substrate and enzymes is a
promising route to be further explored for the synthesis of the three other chiral
isomers of 5°.
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4.4 Experimental section
General information: ADHs used in this study were expressed and purified as described

in chapter 3;2 chiral diol substrates 3 were synthesized according to the procedure reported

in chapter 3.2 Furthermore, chemical synthesis of amino alcohols references is also reported

in chapter 3.2

4.4.1 Enzymes used in this study

Table 4.11. Source and expression conditions for enzymes used in this study. For the definition of
enzyme classes, see abbreviations list

Expression
Name Source/Comment Plasmid Tag /Purificati Used form Ref
on
Fus- Fused SMO N-His
- 6 .
SMO (1) coexpressed with pET28b/pET (1)/No- Ref. 3 lyophilized whole ”
+ Cb- Cb-FDH 21a Tag (2) cells
FDH (2) &
1mM
Sphingomonas sp. . R lyophilized whole 35
Sp(S)-EH HXN200 pET28b N-Hiss  IPTG, 25 °C cells
16 h
1 mM lyophilized whole
St(R)-EH  Solanum tuberosum PET28b N-Hiss  IPTG, 25 °C yop 35
cells
16 h
Aa-ADH  Aromatoleum PET28b  N-Hiss  Ref. % purified 2
aromaticum
0.5 mM
Ls-ADH Leifsonia sp. pET21a noTag IPTG, 25°C purified 32
16 h
0.5 mM
Bs- Bacillus subtilis . o o 31
BDHA BGSCIAL pET28b N-His¢  IPTG, 25 °C purified
16 h
Bs N 0.5 mM
- . . _ - ° .re 33
AlaDH Bacillus sphaericus pET28b-v Streps IPTG, 25 °C purified
16 h
Chromobacterium 0.5 mM
Cv(S)- . . ° i 26
WTA violaceum DSM pET28b-v N-Hiss  IPTG, 25 °C purified
30191 16 h
At(R)- 0.5mM
Aspergillus terreus pET21a C-Hiss  IPTG, 25 °C purified 23,24
wTA
16 h
Ac(S)- 0.5 mM
Arthrobacter citreus ~ pET28b-v N-Hiss  IPTG, 25 °C purified 12
wTA
16 h
Bm(S)- Bacillus 0.5 mM
WTA megaterium pET28b-v N-Hiss  IPTG, 25 °C purified 27,12
SC6394 16 h
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Table 4.11. (Continued)

Expression
Name Source/Comment Plasmid Tag /Purificati Used form Ref
on
0.5 mM -
Vi(S)- Vibrio fluvialis PET28b-v  N-Hiss IPTG, 25°c  YoPhilizedwhole ;5
wTA cells
16 h
0.5 mM
As(R)- Arthrobacter pET21a C-Hiss  IPTG, 25 °C purified 2
wTA species 16 h

4.4.1.1 General procedures for expression and purification of enzymes
Important note: in the case of transaminases, protein concentration was determined
according to Bradford assay using Ovalbumin as standard protein.'?

Expression of the enzymes: For recombinant expression, 800 mL of LB medium

supplemented with the appropriate antibiotic (100 pg mL? ampicillin or 50 ug mL?
kanamycin) were inoculated with 15 mL of an overnight culture harboring the desired vector
with genes for the expression of the enzymes. E. coli BL21 DE3 cells were used as host
organism. Cells were grown at 37 °C until an OD600 of 0.6 to 1 was reached, and expression
of protein was induced by the addition of IPTG. Protein expression was carried out overnight
and, after harvesting of the cells (4 °C, 4500 rpm, 10 min), the remaining cell pellets were
washed with buffer (for lyophilized cells: 50 mM Tris-HCI buffer, pH 8.0 for ADHs and 50
mM KPi, pH 8.0 for EHs; or lysis buffer for enzymes that were subsequently purified by
affinity chromatography).

Purification by Nickel affinity chromatography: Hiss-tagged proteins were resuspended in
lysis buffer (50 mM KH,PQO,, 300 mM NaCl, 10 mM imidazole, pH 8.0) prior to cell disruption
and protein purification was performed by Ni-NTA affinity chromatography using pre-

packed Ni-NTA HisTrap HP columns (GE Healthcare), previously equilibrated with lysis
buffer. After loading of the filtered lysate, the column was washed with sufficient amounts
of wash buffer (50 mM KH,PO,4, 300 mM NacCl, 25 mM imidazole, pH 8.0), and bound protein
was recovered with elution buffer (50 mM KH,PO,4, 300 mM NaCl, 200 mM imidazole, pH
8.0). Purity was analyzed by SDS-PAGE and fractions showing >95% purity were combined
and dialyzed overnight against Tris-HCI buffer (6 L, pH 8.0, 20 mM). The enzyme solutions
were concentrated and their concentration was determined spectrophotometrically based
on their extinction coefficient at 280 nm.

Purification by Strep affinity chromatography: 3N-strep-tagged proteins were
resuspended in binding buffer (100 mM Tris-HCIl, 150 mM NaCl and 1 mM EDTA, pH 8.0)
prior to cell disruption and protein purification was performed by Strep affinity

chromatography using pre-packed columns (GE Healthcare), previously equilibrated with
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binding buffer. The supernatant was split in 4 aliquots after filtration (typically 4 x 10 mL).
Bound protein was recovered with elution buffer (100 mM Tris-HCI, 150 mM NaCl, 1 mM
EDTA and 2.5 mM desthiobiotin, pH 8.0). All the aliquots were reloaded three times on the
column. Purity was analyzed by SDS-PAGE and fractions showing >95% purity were
combined and dialyzed overnight against Tris-HCI buffer (6 L, pH 8.0, 20 mM). The enzyme
solutions were concentrated and their concentration was determined
spectrophotometrically based on their extinction coefficient at 280 nm.

4.4.2 General procedure for initial tests with Aa-ADH and two
stereocomplementary wTAs

Lyophilized whole E. coli cells carrying overexpressed either Cv(S)-wTA (20 mg mL™?) or At(R)-
wTA (20 mg mL1) were rehydrated in an Eppendorf tube (1.5 mL) in Tris-HCl buffer (0.5 mL,
pH 7.5, 50 mM) containing L-or D-alanine (50 mM, 5 eq.), PLP (1 mM), NAD* (1 mM) and
LDH (1 mg mL1). Then purified Aa-ADH (50 pM) was also added followed by substrate 3
(either (15,25)-3 or (1R,2R)-3) (10 mM). The mixture incubated at 30 °C, 170 rpm for 48 h
on an orbital shaker. The mixture was quenched with 10 M KOH (100 uL) and extracted with
MTBE (1 x 500 pL). The organic layer was dried over MgSQ,4 and analyzed by GC-MS (method
A).

4.4.3 One pot bio-catalytic conversion of optically active substrate 3 by
purified ADHs coupled with purified stereocomplementary wTAs

HCOONH, buffer (0.5 mL, pH 8.5, 1 M) supplemented with NAD* (1 mM), PLP (1ImM) and D
or L-Alanine (5 eq.) was added to an Eppendorf tube (1.5 mL) followed by Bs-AlaDH (20 uM),
ADH (35-70 uM) and wTA (35-70 uM). Chiral substrate 3 (10-20 mM) was added as last. The
mixture was incubated at 30 °C (otherwise stated), 170 rpm for 48 h on an orbital shaker.
The mixture was then quenched with 10 M KOH (100 uL), the aqueous layer saturated with
solid NaCl and the extraction was performed with MTBE (1 x 500 pL). The organic layer was
dried over MgS0O, and analyzed by GC-FID (method B). Before quenching, an aliquot of the
aqueous phase was derivatized with GITC (2,3,4,6-Tetra-O-acetyl-B-D-glucopyranosyl
isothiocyanate) and analyzed by RP-HPLC (method C).

General procedure for the derivatization of the amino alcohol products to determine er,
dr and rr¥’
The aqueous reaction mixture (20 uL) was dissolved in acetonitrile (180 pL) to yield a final

concentration of 0.5 mM. Then, GITC (2,3,4,6-Tetra-O-acetyl-B-D-glucopyranosyl
isothiocyanate) (1.5 mM) and Et3sN (1.5 mM) were added as a solution in acetonitrile (200
UL). The mixture was incubated at room temperature at 1000 rpm for 35 min. Before
injection into the RP-HPLC, the samples were centrifuged and filtered if required.
Examples for the calculation of er, dr and rr.
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These examples refer to the data reported for the conversion of substrate (1R,2R)-3 by the
catalytic system Aa-ADH/At(R)-wTA (1) and Aa-ADH/As(R)-wTA (2). For more details see
section 4.2.3.2, Table 4.7, entry 5 and 6. The same principle was applied to determine the
e.r. and d.r. for all the other tested catalytic systems described in this thesis. Note that, in
most of the cases not all isomers were formed during the reactions, hence they were not
included in the calculations (see Tables in results and discussion). The isomers distribution
was determined by RP-HPLC after derivatization with GITC (Figure 4.2).

Example (1): Aa-ADH/At(R)-wTA Example (2): Aa-ADH/As(R)-wTA
er (5’) = (15,2R)-5":(1R,25)-5’ = er (5') = (1S,2R)-5":(1R,25)-5’ = >99.5:<0.5
>99.5:<0.5

dr (5’) = (1S,2R)-5": (1R,2R)-5" = 95:5 dr (5’) = (1S,2R)-5": [(1R,2R)-5" + (15,25)-5'] =

>99.5:<0.5

rr (5”:5) = [(1S,2R)-5’ + (1R,2R)-5']: rr (5°:5) = (1S,2R)-5’ : (1R,2R)-5 =92:8
(1R,2R)-5=91:9

AcQO

AcO'

AcO

AcO,

AcO'-

AcO

AcO AcO

GITC-1S,2R-5' GITC-1R2R-5'

Figure 4.2. Derivatized amino alcohols for er, dr and rr determination
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transaminases

4.4.4 Analytical methods

GC-MS Method A: Column Agilent DB-1701 (30 m, 250 um, 0.25 um); injector temperature
250 °C; constant pressure 71.8 kPa; temperature program: 80 °C/hold 6.5 min; 160 °C/rate
10 °C min*/hold 5 min; 200 °C/rate 20 °C min'*/hold 2 min; 280 °C/rate 20 °C min't/hold 1
min.

GC-FID Method B: Column: Agilent J&W DB1701 (30 m, 250 um, 0.25 um). Carrier gas: H,
Parameter: T injector 250 °C; constant pressure 6.9 psi; temperature program: 80 °C, hold
6.5 min; gradient 5 °C min™* up to 160 °C, hold 5 min; gradient 20 °C min™ up to 200 °C, hold
2 min; gradient 20 °C mint up to 280 °C, hold 4 min.

RP-HPLC Method C: Column: Nucleosil Cig HD (0.46 cm x 25 cm): HPLC program: constant
oven temperature 30 °C; eluent composition: isocratic MeOH + 0.1% TFA/MilliQ + 0.1% TFA
50:50; flow rate: 1 mL min, detection at 248 nm.

Table 4.12. Retention times and associated analytical methods

Compound Retention time [min] Method

% ?

5 z

s :

s :
8’ 21.1 B

For the retention times of chiral substrates 3 (all four isomers), chiral amino alcohols 5 (all four
isomers), compounds 4, 4’, 7 and 8 and associated methods see chapter 3.
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Multi-enzymatic cascades for the
synthesis of optically active
phenylethanolamine isomers
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Chapter 5

Abstract. in this work, multi-enzymatic cascades were investigated for the one-
pot synthesis of optically active 2-amino-2-phenylethan-1-ol and 2-amino-1-
phenylethan-1-ol. Each couple of enantiomers was obtained in high conversions
(analytical yields 70-97%) as well as perfect enantioselectivity (ee >99%) through
stereocomplementary multi-enzymatic cascades. Optically pure (S)-2-amino-2-
phenylethan-1-ol and (R)-2-amino-2-phenylethan-1-ol could be obtained starting
from substrate (R)-1-phenylethane-1,2-diol by pairing an Aa-ADH from
Aromatoleum aromaticum with one of the two stereocomplementary wTAs, namely
At(R)-wTA from Aspergillus terreus and Bm(S)-wTA from Bacillus megaterium
SC6394, respectively. On the other hand, an orthogonal bioamination cascade was
designed for the enzymatic synthesis of optically pure (S)-2-amino-1-phenylethan-
1-ol and (R)-2-amino-1-phenylethan-1-ol. In these cases, an alcohol oxidase variant
of choline oxidase from Arthrobacter chlorophenolicus (AcCO6) was combined with
Ch1-AmDH. Thus, either (S)-1-phenylethane-1,2-diol or (R)-1-phenylethane-1,2-diol
were converted to the optically active vicinal amino alcohol 2-amino-1-
phenylethan-1-ol (analytical yield 98%) with full retention of the substrates
stereochemistry (ee up to >99%).
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Multi-enzymatic cascades for the synthesis of optically active phenylethanolamine isomers

5.1 Introduction

Chiral B-amino alcohols motifs are widely spread in biologically active compounds
and bioactive natural products such as antibiotics, neurotransmitters, B-adrenergic
blockers as well as anti-HIV drugs.’® Furthermore, these highly valuable moieties
find large application in asymmetric organic synthesis, for instance as ligand, chiral
auxiliaries and even catalysts.*® Among the vast class of 1,2-amino alcohols,
phenylethanolamines play a central role in this context. Figure 5.1 provides a
selection of bioactive compounds containing this pattern.

OH R OH
! OH
HO:@/k/NH /©)\/ H ~ HO:@/K/H
HO HO HO \/\/\©\0H

adrenaline (R=CH3) synephrine arbutamine
norepinephrine (R=H) adrenergic effects, cardiac stimulant
hormone, vasoconstrictor

neurotransmitter

nQ

H A0
- H NH,
OH |, ~"o X _OH
o o) HN-8=0

tembamide o amosulalol 2-phenylglycinol
antiviral natural product, anti-hypertensive chiral auxiliary,
hypoglycemic activity synthetic building block

Figure 5.1. Examples of biologically active compounds carrying the phenylethanolamine moiety.

The availability of highly selective asymmetric synthesis methods is necessary for
obtaining these valuable compounds in high optical purity. Many chemical methods
were reported throughout the vyears such as the Sharpless asymmetric
aminohydroxylation of terminal olefins,”® asymmetric hydrogenation of prochiral
amino ketones® as well as epoxide ring-opening with amines.'®** Nevertheless,
these methods have some limitations regarding their selectivity due to the often
failure in affording enantiomerically pure compounds and/or the requirement for
toxic metals and reagents in suprastochiometric amount.'*® Consequently,
resolution techniques are still widely used for the preparation of optically pure
amino alcohols.® Various biocatalytic strategies for the synthesis of chiral 1,2-amino
alcohols have also been developed.'’-?® However, only few methods are currently
available for the target synthesis of phenylethanolamines.'®2327.28 Sello et al.
envisioned the ring-opening of styrene oxide—previously formed in the bio-
epoxidation of styrene with a styrene monooxygenase—by ammonia under
microwave irradiation.?® On the other hand, Sun et al. reported a multi-enzymatic
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cascade for the asymmetric synthesis of (R)-phenylglycinol ((R)-5a) starting from
racemic styrene oxide.>® An interesting chemo-enzymatic method was reported by
Schrittwieser et al., in which a one-pot three-step enzymatic process converted a
series of halo ketones to the correspondent amino alcohols including the natural
antiviral (S)-tembamide product.®> Few years later, Wu et al. reported the
conversion of styrene to (S)-2-amino-2-phenylethan-1-ol ((S)-5a) by modular
cascade biocatalysis.3! More recently, Cho et al. described the direct
enantioselective aminohydroxylation of olefins to unprotected amino alcohols
catalyzed by an engineered haemoprotein.?

In this work, we present two distinct one-pot multi-enzymatic cascades for the
synthesis of optically pure 2-amino-2-phenylethan-1-ol (5a) and 2-amino-1-
phenylethan-1-ol (5a’). In the first case, (R)-3a was converted to either (S)-5a or
(R)-5a by pairing a “secondary NAD*-dependent” ADH (Aa-ADH from Aromatoleum
aromaticum®? that oxidizes substrate 3a to the hydroxyketone intermediate 4a with
one between two stereocomplementary w-transaminases (At(R)-wTA from
Aspergillus terreus®*2* and Bm(S)-wTA from Bacillus megaterium (SC6394),3> 36
respectively for (S)-5a) and (R)-5a . Both products were obtained with elevated
analytical yields (70-97%) and high optical purity (ee >99%). Moreover, an alanine
dehydrogenase (Bs-AlaDH from Bacillus sphaericus)®’ was added to close the
catalytic cycle. This enzyme requires ammonia, sourced from the buffer, and NADH
that is regenerated in situ through the reaction catalyzed by the ADH in the
oxidation step of the cascade. Thus, Bs-AlaDH converts the pyruvate by-product,
which is originated from the transamination reaction, back to alanine; NAD" is
concomitantly regenerated and re-enters the cycle in the oxidation step catalyzed
by the ADH (Scheme 5.1B).
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OH H,0 e
NAD* Pyruvate ©)\/OH
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>
Q
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NH3/NH,*
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OH OH . HO OH
©;VoH \ / : Lo N ©/VNHZ
3a AcO08 H Ch1-AmDH sar

4a'
NADH NAD*
HCO5 HCOO
Cb-FDH

Scheme 5.1. Biocatalytic cascades for the multi-enzymatic synthesis of optically pure
phenylethanolamine. A) one-pot cascade for the enantioselective dihydroxylation of styrene 1a (20-
50 mM) in KPi buffer (pH 8.0, 50 mM)/heptane (1:1 v v1) using E. coli/Fus-SMO/Cb-FDH (5 mg mL?1),
E.coli/Sp(S)-EH or St(R)-EH (20 mg mL), HCOONa (5 eq.), NAD* (1 mM), FAD (50 uM) and catalase (0.1
mg mL!); B) One-pot multi-enzymatic cascade for the enantioselective amination (ADH/TA/AlaDH) of
3a (10 mM) in HCOONH, buffer (pH 8.5, 1 M), NAD* (1 mM), PLP (1 mM), L/D-Alanine (50 mM, 5 eq.);
C) Orthogonal bioamination cascade (AcCO6/AmDH) of 3a (10 mM) in HCOONH, buffer (pH 8.5, 1 M),
NAD* (1 mM), catalase (0.1 mg mL?) and Cb-FDH (10 puM).
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On the other hand, the approach for the synthesis of optically active 5a’ consists in
an orthogonal bioamination cascade.?® 39 In fact, the oxidation of either (S)-3a or
(R)-3a is carried out by an alcohol oxidase (AcCO6 variant of choline oxidase from
Arthrobacter chlorophenolicus)®® followed by reductive amination of the
hydroxyaldehyde intermediate 4a’ catalyzed by an AmDH (Ch1-AmDH).** This
results in the formation of optically active vicinal amino alcohols (S)-5a’ and (R)-5a’
in high analytical yield (98%) and full retention of the substrates stereochemistry
(ee up to >99%). The cascade entails two more enzymes: a catalase is needed in the
oxidation step for the disproportion of H,0, and a formate dehydrogenase (Cb-FDH
from Candida boidinii)** is required for NADH recycling at the expenses of formate
present in the reaction buffer (Scheme 5.1C). Furthermore, these cascades
integrate into the biocatalytic retrosynthesis strategy in which optically active diol
substrates (e.g., 3a) are obtained through a one-pot bio-epoxidation of styrene 1a
(catalyzed by a fused-styrene monooxygenase, Fus-SMO)* followed by epoxide
hydrolysis. The use of stereocomplementary epoxide hydrolases (EHs)** gives

access to both enantiomers of 3a (Scheme 5.1A).

5.2 Results and discussion

5.2.1 Synthesis of chiral diols

5.2.1.1 Screening of organic solvents for the biphasic system

The chiral diol substrates 3a were enzymatically synthesized by a one-pot cascade
conversion of styrene; the engineered styrene monooxygenase (Fus-SMO)* was
combined with two stereocomplementary epoxide hydrolases (EHs)** in the form
of lyophilized E. coli whole cells (Scheme 5.2).

OH
o ~_OH
o ©/\/
Y
‘59\%?6“\“% (S)-3a
Fus-SMO cells o) °
A urified Cb-FDH (10 uM
©/\ p (10 uM) ©/\] OH
KPi, 50 mM, pH 8.0/organic solvent M ©/K/OH

).
1a (S)-2a “Opey 1t
//]g

(R)-3a

Scheme 5.2. One-pot cascade for the enantioselective dihydroxylation of styrene (1a).

It is reported in literature that it is advantageous to perform the epoxidation step
in a biphasic system in order to limit substrate volatility as well as “confine” the
epoxide, which can exert molecular toxicity, in the organic phase. In fact, the
epoxidations catalyzed by styrene monooxygenases are mainly reported in
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hexadecane/aqueous buffer.** 4> However, hexadecane has a very high boiling
point that implies the consumption of a lot of energy for solvent evaporation and
lengthy product drying. As shown in Table 5.1, various solvents (v v!) were tested
with the aim of finding an organic solvent with a lower boiling point. We mainly
tested n-hexane, n-heptane and n-decane as possible candidates. While n-heptane
and n-hexane (entry 1, 4, 5 and 8) gave comparable results, n-heptane turned out
to be the best solvent choice due to the slightly higher boiling point compared with
n-hexane. Notably, the system performed very well when the reaction was run in
buffer only (entry 2 and 6) or when 2-10% n-decane was added. Furthermore, the
one-pot epoxidation/hydrolysis was also performed in neat styrene, hence acting
simultaneously as organic solvent and substrate (entry 3 and 7). Though the
conversions did not exceed 3%, the same productivity was observed as for the
optimal reaction conditions comprising a 1:1 (v v!) KPi/n-heptane mixture as
solvent system. Nonetheless, Table 5.1 shows that high enantioselectivity was
always reached for all screened conditions.

Table 5.1. Bio-conversion of 1a (20 mM) to chiral 3a by Fus-SMO paired with one between two
stereocomplementary EHs in different solvent systems.

Entry EH KPi buffer Organic Conversion ee
(pH 8.0, 50 mM) [pL] solvent [%] [%]!
1 Sp(S)-EH 500 [0.5 mL] hexane (50%) >99 >99 (S)
2 Sp(S)-EH 1000 - >79 99 (9)
3 Sp(S)-EH 950 [50 pL] styrene (5%) 2.5 n.m.
4 Sp(S) EH 500 [0.5 mL] heptane (50%) >90 98 (S)
5 St(R)-E 500 [0.5 mL] hexane (50%) >99 97 (R)
6 St(R)-E 1000 - >88 97 (R)
7 St(R)-E 950 [50 pL] styrene (5%) 3 n.m.
8 St(R)-E 500 [500 mL] heptane (50%) >99 97 (R)
9 Sp(S)- EH 980 [20 pL] decane (2%) >80 99 (S)
10 Sp(S)-EH 960 [40 pL] decane (4%) >72 >98 (S)
11 Sp(S)-EH 940 [60 pL] decane (6%) >78 99 (9)
12 Sp(S)-EH 920 [80 uL] decane (8%) >63 99 (S)
13 Sp(S) EH 900 [100 pL] decane (10%) >59 99 (S)
14 St(R)-E 980 [20 pL] decane (2%) >66 97 (R)
15 St(R)-E 960 [40 pL] decane (4%) >60 97 (R)
16 St(R)-E 940 [60 pL] decane (6%) >55 97 (R)
17 St(R)-E 920 [80 pL] decane (8%) >54 98 (R)
18 St(R)- EH 900 [100 pL] decane (10%) >70 97 (R)

[2lAnalyzed by chiral HPLC (OD-H column); n.m. = not measured. P)Reactions were all performed in
duplicate and the results reported are the average of the two samples.
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The next step was to co-express the Fus-SMO along with the NADH-recycling
enzyme (Cb-FDH) in the same host organisms, as previously demonstrated by us,*
and use it as lyophilized whole cells for the synthesis of chiral 1-phenylpropane-1,2-
diols 3a.% Under optimized conditions, the (R)- and (S)- enantiomers of 3a were
synthesized by using the one-pot cascade depicted in Scheme 5.3. After extraction,
the desired chiral diols were isolated in 240 mg (67% isolated yield; ee >99% (R); ee
>98% (S)).

OH
- OH
. ©/\/
\%\'Q/ (S)-3a
02 HZO O.)Q
KO
Fus-SMQ X
o~ | o
&
=
1a (S)-2a /‘G& oH

NADH NAD*

©/k/OH
HCOO" g» HCOy

Cb-FDH (R)-3a

Scheme 5.3. One-pot biocatalytic epoxidation/hydrolysis of 1a (50 mM) catalyzed by co-expressed
Fus-SMO/Cb-FDH as E. coli whole cells (5 mg mL?) and E. coli whole cells carrying either Sp(S)-EH or
St(R)-EH (20 mg mL1), in KPi buffer (pH 8.0, 50 mM)/heptane (1:1 v v'!) supplemented with FAD (50
uM), HCOONa (5 eq.), NAD* (1 mM) and catalase (0.1 mg mL?).

5.2.2 Screening secondary NAD(P)*-dependent ADHs

5.2.2.1 Biocatalytic reduction of substrate 4a

The bio-reduction of 2-hydroxyacetophenone 4a (20 mM) was initially investigated
by screening ten secondary NAD(P)*-dependent ADHs: Aa-ADH from Aromatoleum
aromaticum,® Lbv-ADH variant from Lactobacillus brevis,” Pp-ADH from
Paracoccus pantotrophus (DSM 11072),*® Sy-ADH from Sphingobium yanoikuyae
(DSM 6900),* Bs-BDHA from Bacillus subtilis (BGSC1A1),°%>! Te-ADH,1,2,3 variant
from Thermoanaerobacter ethanolicus,®® Lb-ADH from Lactobacillus brevis®? and
Rs-ADH from Ralstonia sp.>® The reactions were carried out in Tris-HCl buffer (pH
7.5, 50 mM, 1 mL final volume) and an internal NAD(P)H recycling system was
included (for NADH-dependent ADHs: 1 mM NAD*, 100 mM HCOONa, 10 uM Cb-
FDH; for NADPH-dependent ADHs: 1 mM NADP*, 100 mM glucose, 1 mg mL™* GDH
as lyophilized crude extract from Codexis, GDH-105, ca. 50 U mg-1). The general
reaction is depicted in Scheme 5.4.
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4a

o) OH
OH Tris-HCI, pH 7.5, 50 mM ©)\/OH
/ADH
3a
(PH

NAD NAD(P)*

HCOO" or glucose HCO3 or gluconolactone
FDH or GDH

Scheme 5.4. Biocatalytic reduction of 4a catalyzed by secondary NAD(P)H-dependent ADHs

The testing for suitable ADHs capable of performing such biotransformation is
important because 4a is also the intermediate in the cascade to the vicinal amino
alcohol. We investigated the reduction of 4a to get an initial understanding on the
most active ADHs towards the aromatic substrates. As shown in Table 5.2, reactions
catalyzed by Aa-ADH, Lbv-ADH, Bs-BDHA and Rs-ADH led to full conversion (entry
1, 2, 5 and 10), while Pp-ADH and Sy-ADH provided moderate conversions on this
substrate (entry 3 and 4). Additionally, Lb-ADH showed also high conversion to diol
3a (entry 9). On the other hand, among the three Te-ADH variants tested, only the
use of Te-ADH,; afforded mediocre conversion into the diol compound (entry 6)
while conversion was not observed at all by applying the other two variants (entry
7-8). In summary, most of the tested ADHs were active towards hydroxyketone 4a,
the exceptions being for variant 2 and 3 of Te-ADH.

Table 5.2. Biocatalytic reduction of 4a (20 mM) catalyzed by secondary NAD(P)H-dependent ADHs in
Tris-HCl buffer (pH 7.5, 50 mM)

Entry ADH Coenzyme  3a[%]™ Catalyst form!®!
1 Aa-ADH NADH >99 Purified (N-Hise tag)
2 Lbv-ADH NADH >99 Purified (no tag)
3 Pp-ADH NADH 70 Lyophilized E. coli whole cells
4 Sy-ADH NADH 42 Lyophilized E. coli whole cells
5 Bs-BDHA NADH >99 Lyophilized E. coli whole cells
6 Te-ADHy; NADPH 6 Lyophilized E. coli whole cells
7 Te-ADH,; NADPH n.c. Lyophilized E. coli whole cells
8 Te-ADHy3 NADPH n.c. Lyophilized E. coli whole cells
9 Lb-ADH NADPH 86 Purified (no tag)
10 Rs-ADH NADPH >99 Lyophilized E. coli whole cells

lIFor more details see section 5.4.1. PIReactions were performed in duplicate and the results reported
are the average of the two samples; n.c. = no conversion.
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5.2.2.2 Biocatalytic oxidation of rac-3a in Tris-HCl buffer

As above-mentioned, our interest is on the oxidation of 3a (Scheme 5.1B-C). Hence,
eleven secondary NAD(P)*-dependent ADHs were also tested for the biocatalytic
oxidation of rac-3a (20 mM) into the correspondent hydroxyketone 4a. Scheme 5.5
depicts the general reaction for the biocatalytic transformation. The first screening
was performed in Tris-HCI buffer (pH 7.5, 50 mM; 1 mL final reaction volume) by
using rac-3a (20 mM) as substrate. The reaction were run in the presence of either
NAD* (1 mM) combined with NOX (10 uM) as internal (NAD*) cofactor-recycling
enzyme or NADP* (1 mM) combined with YcnD (10 uM) as internal (NADP?)
cofactor-recycling enzyme. The screened biocatalysts were used either as
lyophilized E. coli whole cells (Bs-BDHA or Pp-ADH or Sy-ADH or Bs-BDHA or Ls-ADH
or Te-ADHy1, v2, v3; 20 mg mL™) or as purified enzymes (Aa-ADH or Lbv-ADH or Lb-
ADH; 50 uM). Only reactions with Ls-ADH were carried out in KPi buffer (pH 6.5,
100 mM) since previous tests performed in our laboratory showed that this enzyme
is more sensitive towards higher pH values.

OH O
OH Tris-HCI, pH 7.5, 50 mM OH
ADH
rac-3a 4a
NAD(P)* NAD(P)H
- H,0
O NOX or YcnD 2

Scheme 5.5. Biocatalytic oxidation of rac-3a catalyzed by secondary NAD(P)*-dependent ADHs

As reported in Table 5.3, conversion into the hydroxyketone 4a was not detected
at all for Pp-ADH, Sy-ADH, Te-ADH,,;, Te-ADH,; and Te-ADH,; (entry 2, 3 and 8-10);
in contrast, moderate conversions were identified with both Ls-ADH and Rs-ADH
(entry 6 and 12). Greater conversions were observed by applying Aa-ADH, LBv-ADH,
Bs-BDHA and Lb-ADH (entry 1, 4, 5 and 11; consider that the substrate 3a was used
as racemate and that ADHs are supposed to be enantioselective). In fact, the
reaction never reached completion in any of the investigated cases, which confirms
the enantioselective behavior of the enzymes. We did not continue any further with
Lb-ADH since this ADH is NADP*-dependent and, at this stage, we decided to focus
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on the subsequent reductive amination step that is catalyzed by NADH-dependent
aminating enzymes. Interestingly, the 50% conversion threshold was surpassed in
the case of Aa-ADH and Lbv-ADH, thus indicating that these ADHs can also convert
the other, less favored, enantiomer; conversely, in the case of Bs-BDHA, the
racemic substrate was only half converted to the desired product that indicates the
enantioselectivity of the enzyme (entry 5). To prove that unequivocally, one should
measure the ee of the unreacted diol after the oxidation. A further experiment was
conducted with Aa-ADH and Lbv-ADH in which both were introduced together into
the bio-catalytic system (25 uM each). As the two ADHs are stereocomplementary,
we assumed that both enantiomers would have got oxidized. Indeed, 89%
conversion was observed (entry 7). In general, four out of six NAD*-dependent
ADHs showed activity towards the oxidation of the rac-3a, albeit none of them led
to full conversion. Moreover, compared with the bio-reduction of compound 4a by
the same ADHs (Table 5.2), only few enzymes showed also activity in the oxidation
direction.

Table 5.3. Screening of secondary NAD(P)*-dependent ADHs for the biocatalytic oxidation of rac-3a
(20 mM) in Tris-HCI buffer (pH 7.5, 50 mM)

Entry ADH 4a[%] Coenzyme Catalyst form(c
1 Aa-ADH 71 NAD* Purified (N-Hiss tag)
2 Pp-ADH [ n.c. NAD* Lyophilized E. coli whole cells
3 Sy-ADH ! n.c. NAD* Lyophilized E. coli whole cells
4 Lbv-ADH 81 NAD* Purified (no tag)
5 Bs-BDHA 45 NAD* Lyophilized E. coli whole cells
6 Ls-ADH>*[®) 14+1 NAD* Lyophilized E. coli whole cells
7 Aa-ADHE! +Lbv-ADHI! 89 NAD* Purified
8 Te-ADH,; n.c. NADP* Lyophilized E. coli whole cells
9 Te-ADH,; n.c. NADP* Lyophilized E. coli whole ells
10 Te-ADH,3 n.c. NADP* Lyophilized E. coli whole cells
11 Lb-ADH 58 NADP* Purified (no tag)
12 Rs-ADH 24 NADP* Lyophilized E. coli whole cells

llysed in 25 uM. PIReactions were performed in duplicate and the reported conversion is the average
of the two samples; n.c. = no conversion. [lFor more details see section 5.4.1.

The next step was to disclose which ADH is active on which enantiomer of 3a.
Hence, the bio-oxidation was carried out by using the optically pure diols 3a (10
mM) under the same reaction conditions as described above for the racemic
substrate. From the results reported in Table 5.4, we can conclude that Lbv-ADH
(no tag) is the only enzyme that accept the (S)-enantiomer (entry 4) while, as
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expected, Aa-ADH and BDHA (entry 6 and 10) showed to be the active ones on the
(R)-enantiomer.

Table 5.4. Screening of secondary NAD*-dependent ADHs for the bio-oxidation of (5)-3a (10 mM) and
(R)-3a (10 mM) in Tris-HCI buffer (pH 7.5, 50 mM).

Entry Substrate ADH Coenzyme 4a [%] Catalyst form!!
1 (5)-3a Aa-ADHE! NAD* n.c. Purified (N-Hiss tag)
) (5)-3a Pp-ADH NAD* e, Lyophlllzegelfl.scol/ whole
3 (5)-3a Sy-ADH NAD* ) LyophilizeSeE”.scoli whole
4 (5)-3a Lbv-ADH NAD* >99 Purified (no tag)
5 (5)-3a Bs-BDHAE! NAD* e, Lyophilizegeli-'l.sco/i whole
6 (R)-3a Aa-ADH [ NAD* 8418 Purified
7 (R)-3a Pp-ADH NAD* ) Lyophlllzegelfl.scol/ whole
3 (R)-3a Sy-ADH NAD* 1 LyophilizeSeE”.scoli whole
9 (R)-3a Lbv-ADH & NAD* 1+<1 Purified (no tag)
10 (R)-3a Bs-BDHA NAD* 69 Lyophilizegeli'l.sco/i whole

[2IReactions were performed in duplicate and the reported conversion is the average of the two
independent samples; n.c. = no conversion. PIFor more details see section 5.4.1.

5.2.2.3 Biocatalytic oxidation of substrate 3a by NAD*-dependent ADHs in
HCOONH, buffer

Up to this point, the selected ADHs were tested in Tris-HCI buffer. However, the
subsequent reductive amination catalyzed by an amine dehydrogenase (AmDH)394¢
was supposed to be carried out in HCOONH, buffer (pH 8.5, 1 M). For this reason,
we investigated the bio-oxidation of rac-3a (10-20 mM) in this buffer. As before, an
internal NAD*-recycling system was included in the reaction cycle (NOx, 10 uM) as
depicted in Scheme 5.6.
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OH Q
OH HCOONH,, pH 8.5, 1 M OH
ADH
4a
rac-3a
NAD* NADH
(0] » H,O
2 NOX 2

Scheme 5.6. Biocatalytic oxidation of rac-3a by secondary NAD*-dependent ADHs in HCOONH, buffer.

As reported in Table 5.5, the reactions did not proceed as expected and according
to the previous results observed in the bio-oxidation of rac-3 in Tris-HCI buffer (pH
7.5, 50 mM). The poor activity of Lbv-ADH (conv. 7%; entry 4) is, for instance,
remarkable. Nevertheless, the use of Aa-ADH, Ls-ADH and Bs-BDHA (entry 1-3) led
from moderate to good conversions considering that substrate 3a was used as
racemate. Furthermore, the reactions were run at 20 mM substrate concentration
in the case of Aa-ADH, Bs-BDHA and Ls-ADH. Finally, as an extra test, the
biocatalytic oxidation was performed in the presence of concomitantly added Lbv-
ADH and Aa-ADH (25 uM each) in the same pot. However, conversion did not
increase than when Aa-ADH was used as catalyst alone (entry 1 vs. entry 5).

Table 5.5. Biocatalytic oxidation of rac-3a (10-20 mM) by secondary NAD(P)*-dependent ADHs (50
uM) in HCOONH, buffer (pH 8.5, 1 M, 30 °C).

Entry rac-3a [mM] ADH 4a [%]® Catalyst form
1 20 Aa-ADH 32+<1 Purified (N-Hise tag)
2 20 Bs-BDHA 28+<1 Purified (N-Hise tag)
3 20 Ls-ADH 23+<1 Purified (no tag)
4 10 Lbv-ADH 7+<1 Purified (Hisg)
5 10 Aa-ADH® + Lby-ADHP! 331<1 Purified

llysed in 25 puM. PIAIl reactions were performed in duplicate and the reported conversion is the
average of the two independent samples.

Nonetheless, the low activity of the tested ADHs in HCOONH, buffer may be caused
by the high ionic strength of the buffer (i.e., concentration of 1 M).Furthermore,
the batch of Lbv-ADH used in this last study was expressed and purified as a Hise-
tagged protein while the batch used in Tris-HCI for the reduction/oxidation was
expressed and purified as no tagged protein. It has previously been reported that
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the presence of poly-histidine tag on the enzyme may influence the outcome of the
reaction due to different types of interactions.* Finally, one must also consider a
possible variation in the catalytic performance of NOX from Tris-HCI (pH 7.5, 50
mM) to HCOONH, (pH 8.5, 1 M) buffers. Figure 5.2 depicts a graphical comparison
for the outcome of the bio-oxidation of rac-3a in Tris-HCl and HCOONH, buffer.

I Tris-HCI (pH 7,5, 50 mM) [l HCOONH, (pH 8,5, 1 M)

Aa-ADH + Lbv-ADH

Ls-ADH
Bs-BDHA
LBv-ADH
Aa-ADH
o 2 I4'2al[.%l] 60 80

Figure 5.2. Comparison of the bio-oxidation of rac-3a performed in Tris-HCI (pH 7.5, 50 mM) and
HCOONHj, (pH 8.5, 1 M).

5.2.3 Enzymatic synthesis of optically pure 2-amino-2-phenylethan-1-ol
(5a)

5.2.3.1 HB-bioamination cascade in HCOONH;, buffer

The next step was to perform the one-pot HB-bioamination of substrate 3a. Thus,
we could exclude, for instance, a negative effect on the catalytic activity and/or
stability of the NOx enzyme in HCOONH, buffer (pH 8.5, 1 M). The reactions were
supplemented with catalytic amount of NAD* coenzyme (1 mM), which is then
internally recycled by the ADH/AmDH system itself*>*¢ (Scheme 5.7), and incubated
for 48 h and 30 °C on an orbital shaker (170 rpm).
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OH

4a NH3/NH4+

NADH <
o2 %0, o
OH NH,
3a 5a
NAD*

Scheme 5.7. HB-bioamination cascade for the conversion of substrate 3a to 5a in HCOONH, buffer

The ADHs employed for the one-pot cascade are the ones that have given a positive
result in the bio-oxidation screening in HCOONH, buffer such as Aa-ADH, Bs-BDHA
and Lbv-ADH (Table 5.5). Moreover, three (R)-selective AmMDHs were paired with
the selected ADHs such as Ch1-AmDH,** Rs-PhAmDH (variant from Rhodoccoccus
sp.)>> and LE-AmDH (variant from €-LysDH).>® The first screening was performed by
combining the ADHs and AmDHs in a 1:1 ratio (50 uM each) and by using 3a as a
racemic substrate. As reported in Table 5.6, the conversions were mediocre in all
the tested cases. The best results (9-12%) were obtained when Bs-BDHA was
combined with either Ch1-AmDH or LE-AmDH (entry 7 and 9). On the other hand,
Rs-PhAmDH was found to be inactive in all of the tested conditions (entries 2, 5 and
8). Similar results were obtained in the case of Ch1-AmDH combined with either
Aa-ADH or Lbv-ADH (entry 1 and 4), although Aa-ADH resulted in slightly better
conversion (6% vs. 1%). A further test was the combination of both Aa-ADH and
Lbv-ADH in equimolar ratio (25 uM each) in the same pot with AmDHs (entry 10-
12); nevertheless, this attempt did not bring any advantage in terms of conversions.
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Table 5.6. One-pot HB-bioamination of rac-3a (10 mM) catalyzed by selected ADHs in combination
with (R)-selective AmDHs in 50:50 yuM ratio.

AmDH Conv. 5a ee 5a 4a
Entry ADH [uM] D9 (%9 [%] (%]
1 Aa-ADH Ch1-AmDH 7+<1 6+<1 n.m. 1+<1
2 Aa-ADH Rs-PhAmDH 1+<1 n.d. n.m. 1+<1
3 Aa-ADH LE-AmDHE 6x1 5+<1 n.m. 2+<1

4 Lbv-ADH Ch1-AmDH 1+<1 1+<1 n.m. <1

5 Lbv-ADH Rs-PhAmDH <1 n.d. n.m. <1
6 Lbv-ADH LE-AmDHP! n.c. n.d. n.m. n.d.
7 Bs-BDHA Ch1-AmDH 151 12+<1 n.m. 2+1
8 Bs-BDHA Rs-PhAmDH 3+<1 n.d. n.m. 3+<1
9 Bs-BDHA LE-AmDHE! 1141 9+<1 n.m. 3+1
10  Aa-ADH®+Lbv-ADHI! Ch1-AmDH 41<1 41<1 n.m. n.d.
11  Aa-ADHP+Lbv-ADHM  Rs-PhAmDH 1+<1 1+<1 n.m. n.d.
12 Aa-ADHPl+Lbv-ADH! LE-AmDHE! 6+<1 4+<1 n.m. 2+<1

lelysed in 90 puM. ®lUsed in 25 uM. Al reactions were performed in duplicate and the reported
conversion is the average of the two independent samples.

The same one-pot HB-bioamination was performed by using the enantiomerically
pure substrates (R)-3a or (S)-3a (10 mM). The used ADHs were selected based on
the selectivity displayed in previous results (Table 5.4). Lbv-ADH was selective for
the conversion of (5)-3a while Aa-ADH and Bs-BDHA for the conversion of substrate
(R)-3a. Table 5.7 shows the tests performed with (S)-3a (10 mM), in which Lbv-ADH
(50 uM) was combined with each selected AmDHs (i.e., either Ch1-AmDH, Rs-
PhAmDH or LE-AmDH). In these experiments, the formation of the target amino
alcohol 5a was minimal and only observed in the case of LE-AmDH (entry 3). As
previously mentioned, this lack of catalytic activity might be due to the presence of
the poly-histidine tag on Lbv-ADH that can affect its activity and/or from any
interaction with the poly-histidine tag of the AmDH. Furthermore, it is also known
that AmDH are not very active towards the reductive amination at the benzylic
position.

Table 5.7. One-pot HB-bioamination cascade for the conversion of (5)-3a (10 mM) catalyzed by Lbv-
ADH coupled with three AmDHs (50:50 uM) (HCOONH,, pH 8.5, 1 M, 30 °C).

Entry AmDH Conv.[%] ®] 5a [%]®] ee 5a [%] 4a [%]™!
1 Ch1-AmDH n.c. n.d. n.m. n.d.
2 Rs-PhAmDH n.c. n.d. n.m. n.d.
3 LE-AmDHP! 2i<1 2i<1 n.m. n.d.

llysed in 90 uM. [PIReactions were performed in duplicate and results are reported as average of the
two samples; n.d. = not detected; n.m. = not measured.

192



Multi-enzymatic cascades for the synthesis of optically active phenylethanolamine isomers

The same screening was performed using the (R)-enantiomer as substrate (R-3a, 10
mM). In this case, two ADHs were previously found to be active towards this
substrate, namely Aa-ADH and Bs-BDHA (50 uM). Moreover, the three R-selective
AmDHs were also tested in this case. As shown in Table 5.8, Rs-PhAmDH gave no
conversion at all into product 5a (entry 2 and 7), while Ch1-AmDH and LE-AmDH
displayed similar results when combined with either Aa-ADH or Bs-BDHA. The latter
enzyme gave slightly better conversion (12-19%; entry 6 and 8). Though perfect
enantioselectivity was observed, the low conversions make the system be far away
from a potential applicability in preparative scale.

Table 5.8. One-pot HB-bioamination of (R)-3a (10 mM) catalyzed by a 50:50 uM combination of
ADH:AmDH (HCOONHj,, pH 8.5, 1 M, 30 °C).

Entry  ADH AmDH ?;?[:] [;;d] ‘[?;]5[’: [;:;d,
1 Aa-ADH Ch1-AmDH 61<1 61<1 n.m. n.d.
2 Aa-ADH  Rs-PhAmDH n.c. n.d. n.m. n.d.
3 Aa-ADH LE-AmDH] 7+1 7+1 >99 ()t n.d.
6 Bs-BDHA  Ch1-AmDH 19+2 1742 >99 (S)i 2+<1
7 Bs-BDHA  Rs-PhAmDH n.c. n.d. n.m. n.d.
8 Bs-BDHA  LE-AmDHE! 12+<1 11+<1 >99 (8t 1#<1

lelysed in 90 uM. PJAnalyzed by RP-HPLC (C18 HD column) after derivatization of the amino group with
GITC. ISwitch of the CIP priority. [YIReactions were performed in duplicate and results are reported
as average of the two samples; n.d. = not detected; n.m. = not measured

Notably, when LE-AmDH was tested for the reductive amination on substrate 4a, it
resulted in quite high conversion (>60% 5a, >99% (S)). In summary, considering the
obtained results, the one-pot HB-bioamination was put on the side and a different
route was investigated.

5.2.3.2 One-pot cascade for the conversion of 3a to 5a combining ADHs and w-
transaminases in Tris-HCI buffer

To perform the bioamination of substrate 3a, another one-pot cascade was
designed. The selected ADHs (Aa-ADH, Bs-BDHA and Lbv-ADH) were tested with
two stereocomplemenatry wTAs such as At(R)-wTA from Aspergillus terreus®*3* and
Cv(S)-TA from Chromobacterium violaceum (DSM 30191).>” The general reaction
scheme is depicted in Scheme 5.8. To internally recycle the NAD*/NADH cofactor,
an additional enzyme is required, namely the alanine dehydrogenase from Bacillus
sphaericus (Bs-AlaDH).3” This enzyme requires NH; and NADH to convert pyruvate,
the by-product coming from the transamination reaction, back to alanine that is the
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ultimate amino donor of the process. Moreover, the required NH; was supplied as
HCOONH; salt (3 eq.). The initial testing of this cascade was performed in Tris-HClI
buffer (pH 7.5, 50 mM) because the best results for the screening of selected ADHs
towards the bio-catalytic oxidation of substrate 3a (Figure 5.2) were observed
under these conditions. The reactions were supplemented with NAD* (1 mM), D-or
L-Alanine (50 mM, depending on the selectivity of the chosen wTA), wWTA (50 uM),
ADH (50 puM), HCOONH; (30 mM), Bs-AlaDH (20 uM) and rac-3a (10 mM).
Additionally, the single enantiomers of 3a (10 mM) were tested as substrates.

OH
OH H,O
NAD* Pyruvate
3a /
W
¢
>
[
o
<
X
NADH
NHa/NH,*
(e}
©)J\/OH

Scheme 5.8. One-pot oxidation/transamination of substrate 3a to amino alcohol 5a in Tris-HCl buffer.

As reported in Table 5.9, conversion into product 5a was not observed when Cv(S)-
wTA was combined with any of the selected ADHs (entry 1, 3, 5, 7, 9 and 11). In
some cases though, the activity of the ADHs was still retained (entry 1, 5 and 9) thus
leading to the formation of intermediate 4a. In this set of experiments, either Aa-
ADH/Lbv-ADH (entry 9-10) or Bs-BDHA/Lbv-ADH (entry 11-12) combinations were
also used in the same pot along with the selected wTAs. Additionally, Aa-ADH, Bs-
BDHA and Lbv-ADH were all combined together for the conversion of substrate rac-
3a. Nevertheless, in all tested cases, the formation of product 5a was moderate,
and in general less than one would expect from the results obtained from the ADHs
screening in Tris-HCl buffer (see Table 5.3). One difference with the previous tests
is that in this case purified enzymes were used for both ADHs and wTAs. However,
moderate to high conversion were observed when At(R)-wTA was coupled with
either Aa-ADH, Bs-BDHA or Lbv-ADH (entry 2, 4, 6). On the other hand, lower
conversions were obtained in the cases where two or more ADHs were combined
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in the same pot with the wTAs for the conversion of rac-3a (entry 8, 10 and 12).
Hence, from these results, it can be concluded that though the ADHs were more
active in Tris-HCI buffer (pH 7.5, 50 mM), this is not the best buffer system to
perform the one pot oxidation/transamination cascade. Furthermore, it was not
possible to find a suitable combination of stereocomplementary ADHs that were
able to directly convert substrate rac-3a to the desired amino alcohols. Thus, either
(R)-3a or (S)-3a have to be used as substrates for this one-pot biotransformation.
However, in all tested cases so far, the only promising results were obtained when
(R)-3a was used as starting material.

Table 5.9. Screening of two stereocomplementary wTAs (50 uM) with selected ADHs (50 uM) in Tris-
HCl buffer (pH 7.5, 50 mM, 30 °C) for the one-pot bioconversion of substrate 3a (10 mM) to 5a.

Conv. 4a 5a ee 5a

Entry Sub. ADH wTA (%] (%] [%] [%]®!
1 (R)-3a Aa-ADH Cv(S) 19+1 19+1 n.d. n.m.
2 (R)-3a Aa-ADH At(S) 32+10 n.d. 32+10 >99(S)d
3 (R)-3a Bs-BDHA Cv(S) n.c. n.d. n.d. n.m.
4 (R)-3a Bs-BDHA At(R) 56#1 nd. 561 >99(S)d
5 (5)-3a Lbv-ADH Cv(S) 1043 1043 n.d. n.m.
6 (5)-3a Lbv-ADH At(R)  25+7  3#3 224 >99(S)d
Aa-ADH+Bs-BDHA+
7 rac-3a Lbv-ADH Cv(S) n.c. n.d n.d. n.m.
Aa-ADH®+Bs-BDHAR!+
_ + + [c]
8 rac-3a Lbv-ADH At(R) 261<1 nd. 26x<1 >99(S)
9 rac-3a Aa-ADHE+Lby-ADH! cv(S) 15¢#1  15¢1 n.d. n.m.
10  rac-3a Aa-ADHE+Lbv-ADHEE!  At(R)  21#5  1#1 2024  >99 (S)d
11 rac-3a Bs-BDHAP+Lbv-ADHE  Cy(S) n.c. n.d. n.d. n.m.

12 rac-3a Bs-BDHAP+Lbv-ADHE!  At(R)  24#<1  n.d. 24+<1 >99 (S)c

llysed in 25 pM. IDetermined by RP-HPLC analysis after GITC derivatization. [ISwitch of the CIP
priority. [YReactions were performed in duplicate and results are reported as average of the two
samples; n.d. = not detected; n.m. = not measured.

5.2.3.3 One-pot cascade for the conversion of 3a to 5a combining ADHs and w-
transaminases in HCOONH;, buffer
The next step was to investigate the oxidation/transamination cascade, described

above, in HCOONH, buffer (pH 8.5, 1 M); however, the bio-catalytic oxidation of
rac-3a in this buffer system led to lower conversions compared to the screening in
Tris-HCI buffer (see figure 5.2). An advantage of performing the reactions in
HCOONH, buffer is the fact that NH;* and HCOO™ required for the recycling of the
NAD* coenzyme and alanine are directly supplied from the buffer itself.
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Scheme 5.9. One-pot oxidation/transamination of substrate 3a in HCOONH, buffer.

The first screening was performed by using rac-3a and the same combination of
enzymes tested previously in the Tris-HCI buffer system. The results are
summarized in Table 5.10. Also in this case, Cv(S)-wTA combined with either Aa-
ADH, or Lbv-ADH or Bs-BDHA led to mediocre conversions into the desired product
5a(entry 1, 3, 5 and 7). On the other hand, moderate conversions (considering that
we started from rac-3a) were observed when the (R)-selective wTA (At(R)-wTA) was
coupled with either Aa-ADH or Bs-BDHA (entry 2 and 6). Moreover, similar results
were obtained when Aa-ADH and Lbv-ADH were combined in the same pot along
with At(R)-wTA as well as when Aa-ADH was used alone (entry 2 vs. entry 8). These
latter results may be due to the already observed low activity of the recombinant
Hise-tagged Lbv-ADH in the multi-enzymatic system. Furthermore, this low
conversion may be also due to the inactivation of the Cv(S)-wTA in the one-pot
enzymatic system as was also observed in Tris-HCI buffer.

Table 5.10. Screening of two stereocomplementary wTAs (50 uM) with selected ADHs (50 uM) in
HCOONH;, buffer (pH 8.5, 1 M, 30 °C) for the one-pot bioconversion of substrate rac-3a (10 mM)

Entry ADH wTA Conv.[%]] 5a [%]®! ee5a[%] 4a[%]®

1 Aa-ADH Cv(S) 6x1 4+<1 n.m. 2+1
2 Aa-ADH At(R) 38%1 38%1 n.m. <1

3 Lbv-ADH Cv(S) 1+<1 n.d. n.m. 1+<1
4 Lbv-ADH At(R) 5+<1 5+<1 n.m. n.d.
5 Bs-BDHA Cv(S) n.c. n.d. n.m. n.d.
6 Bs-BDHA At(R) 32+<1 3141 n.m. 1+<1
7 Aa-ADHE+Lby-ADHE!  Cy(S) 41<1 3#<1 n.m. <1

8 Aa-ADHE+Lby-ADHE!  At(R) 40+<1 40+<1 n.m. n.d.

llysed in 25 pM. [PIReactions were performed in duplicate and results are reported as average of the
two samples; n.d. = not detected; n.m. = not measured.
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Next, we investigated further the one pot oxidation/transamination by using either
substrate (S)-3a or (R)-3a. As shown in Table 5.11, product 5a was obtained in only
3% when Lbv-ADH was coupled with the Cv(S)-wTA (entry 1). On the other hand,
the conversion increased to 21% when Lbv-ADH was combined with the (R)-
selective At(R)-wTA (entry 2). Though the moderate conversion, product 5a was
obtained with high enantioselectivity (ee >99% (S)). These two tests (entry 1 and 2)
further demonstrate the inherently low activity of Cv(S)-wTA compared with the
At(R)-wTA. Then, the same tests were performed by using substrate (R)-3a (10 mM)
with either Aa-ADH or Bs-BDHA in combination with either Cv(S)-wTA or At(R)-wTA.
The results in Table 5.11 show that low conversion of (R)-3a to (R)-5a (11%, ee
>83%) was obtained when Aa-ADH was coupled with Cv(S)-wTA (entry 3).
Furthermore, conversion was not detected at all when Cv(S)-TA was combined with
Bs-BDHA (entry 5). On the other hand, elevated conversions of (R)-3a to (S)-5a (93%
and 91%, respectively) were obtained when either Aa-ADH or Bs-BDHA was coupled
with At(R)-TA (entry 4 and 6). Moreover, the target (S)-5a product was obtained
with perfect enantioselectivity (ee >99% (S)). Overall, the performance of the
cascade in HCOONH,4 showed to be higher compared with the results obtained for
the cascade in Tris-HCI buffer and using optically pure 3a as substrate (Table 5.9 vs.
Table 5.11). This was unexpected due to the lower observed activity of the ADHs
for the bio-oxidation of 3a in HCOONH,4 compared with the Tris-buffer system. This
apparent discrepancy might be explained by the fact that the coupling of ADHs and
wTAs in the same pot, along with the AlaDH and the high buffer concentration,
could shift the equilibrium towards the formation of the amino alcohol product.

Table 5.11. Bio-oxidation/transamination of optically active 3a (10 mM) catalyzed by ADHs (50 uM)
paired with two stereocomplementary wTAs (50 uM) in HCOONH, (pH 8.5, 1 M, 30 °C).

Entry Substrate ADH wTA ([:;’?[‘c’] [ ;]am ({2; ]5[: [;: ;[c]
1 (5)-3a Lbv-ADH  Cv(S) 3+<1 3+<1 n.m. n.d.
2 (S)-3a  Lbv-ADH  At(R)  21#1 2141 >99 (S)t! n.d.
3 (R)-3a Aa-ADH  Cv(S)  11#3 1143 >83 (R)®! n.d.
4 (R)-3a Aa-ADH  At(R)  93#1 93+1 >99 (S)t! n.d.
5 (R)-3a Bs-BDHA  Cv(S) n.c. n.d. n.m. n.d.
6 (R)-3a  Bs-BDHA  At(R)  92i<1 911<1 >99 ()1 1<1

[2lAnalyzed by RP-HPLC (C18 HD column) after derivatization of the amino group with GITC. PlSwitch
of the CIP priority. [lReactions were performed in duplicate and results are reported as average of the
two samples; n.d. = not detected; n.m. = not measured.

Therefore, according to the results reported in Table 5.11, (S)-5a can be obtained
in high conversion and ee by using in cascade either Aa-ADH (50 uM) or BDHA (50
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UM) combined with At(R)-wTA (50 uM). Nevertheless, based on previous
experiments performed on another substrate (e.g., (15,25)-3, see chapter 3),% full
conversion of (R)-3a may be reached by adjusting the enzymes concentration
versus the substrate loading. On the other hand, product (R)-5a could be obtained
in only 11% and moderate enantioselectivity (Table 5.11, entry 3) when Aa-ADH
was combined with Cv(S)-wTA. Also in this case, there might be possibilities for
improvements by performing optimization on the enzymes loading. In summary,
the HCOONH, buffer system (pH 8.5, 1 M) showed to be suitable for performing
such one-pot oxidation/transamination cascade.

5.2.3.3.1 Optimization of enzymes loading

To optimize the biocatalytic cascade, different molar ratios of ADH and wTA were
considered at constant substrate concentration (10 mM, either (S)-3a or (R)-3a). As
reported in Table 5.12 and according to previous trends, conversion of (S)-3a into
(R)-5a was not detected when Lbv-ADH was combined with Cv(S)-wTA (entry 1 and
2). Surprisingly, conversion was observed neither when Lbv-ADH (24 puM) was
coupled with At(R)-wTA (60 uM). In contrast, product (S)-5a was obtained in 38%
(entry 4) once the concentration of the two enzymes was reversed: Lbv-ADH (70
uM) and At(R)-wTA (35 uM). Furthermore, three other (S)-selective wTAs were
tested: Bm(S)-wTA from Bacillus megaterium (SC6394) (35 pM), Vf(S)-wTA from
Vibrio fluvialis®®>° (20 mg mL?) and Ac(S)-wTA from Arthrobacter citreus®® (50 uM).
While the use of the last two enzymes did not lead to any conversion of (S)-3a into
(R)-5a (entry 6-7), Lbv-ADH in combination with Bm(S)-wTA led to the formation of
the desired product in 38% analytical yield and ee >99% (R) (entry 5).

Table 5.12. One-pot oxidation/transamination of (S)-3a (10 mM) catalyzed by Lbv-ADH combined with
stereocomplementary wTAs at different enzymes loading in HCOONH, buffer (pH 8.5, 1 M, 30 °C).

Entry ADH wTA Conv. 5a ee 5a 4a

(nM] (uM] (%] (%] [%]™! [%]
1 Lbv-ADH [24] Cv(S) [60] 1+<1 n.d. n.m. 1+<1
2 Lbv-ADH [70] Cv(S)[35] 2+<1 n.d. n.m. 2+<1
3 Lbv-ADH [24] At(R)[60] 1+<1 n.d. n.m. 1+<1
4 Lbv-ADH [70] At(R)[35] 38+1 38+1 >99 (S)H n.d.
5 Lbv-ADH [70] Bm(S) [35] 38+2 38+2 >99 (R)t n.d.
6 Lbv-ADH [70] VF(S)E! n.c. n.d. n.m. n.d.
7 Lbv-ADH [50] Ac(S) [50] n.c. n.d. n.m. n.d.

lBlysed as lyophilized E.coli whole cells (20 mg mL?). ®lAnalyzed by RP-HPLC (C18 HD column) after
derivatization of the amino group with GITC. [ISwitch of the CIP priority. [)Reactions were performed
in duplicate and results are reported as average of the two samples; n.d. = not detected; n.m. = not
measured.
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Similar types of tests were performed on substrate (R)-3a (10 mM). As reported in
Table 5.13, in the case of Cv(S)-wTA, the system performed significantly better
when an excess of the wTA was used (60 uM vs. 35 uM) combined with a lower Aa-
ADH loading (24 uM vs. 70 uM) (entry 1-2). These results further prove that Cv(S)-
wTA has some limitation in performing such biotransformation as also observed in
previous experiments (see Table 5.12). In fact, applying the enzymatic system Aa-
ADH:Cv(S)-wTA (24:60 uM) the target product (R)-5a was obtained in 31% (Table
5.13, entry 1; ee >99% (R)) from substrate (R)-3a. In contrast, only 2% conversion
was obtained when Aa-ADH: Cv(S)-wTA were used in 70:35 (UM ) ratio (Table 5.13,
entry 2). Furthermore, three additional (S)-selective transaminases were tested
with (R)-3a substrate. While Vf(S)-wTA and Ac(S)-wTA did not shown any conversion
of (R)-3a into (R)-5a (Table 5.13, entry 4-5), the system Aa-ADH:Bm(S)-wTA (70:35
M) led to the formation of the desired product (R)-5a in 70% (Table 5.13, entry 3;
ee >99% (R)). On the other hand, elevated conversions to (S)-5a (95-97%) as well as
enantioselectivity (>99% S) were observed when (R)-3a was used as substrate with
the (R)-selective At(R)-wTA (entry 6-9). In conclusion, the best results were
obtained with the enzymatic system Aa-ADH (70 uM) and At(R)-wTA (35 uM) (entry
7).

Table 5.13. One-pot oxidation/transamination of (R)-3a (10 mM) catalyzed by ADHs combined with
stereocomplementary wTAs at different enzymes loading in HCOONH, buffer (pH 8.5, 1 M, 30 °C).

Entry ADH wTA Conv. 5a ee 5a 4a

(uM] (uM] [%]“! [%]"! [%]™! [%]“!
1 Aa-ADH [24] Cv(S) [60] 48112 31+10 >99 (R) 17+2
2 Aa-ADH [70] Cv(S) [35] 6+2 2+<1 n.m. 412
3 Aa-ADH [70] Bm(S) [35] 71+<1 70+<1 >99 (R) 1+<1
4 Aa-ADH [70] VF(S)E! n.c. n.d. n.m. n.d.
5 Aa-ADH [50] Ac(S) [50] n.c. n.d. n.m. n.d.
6 Aa-ADH [24] At(R) [60] 99+1 96+1 >99 (S) 411
7 Aa-ADH [70] At(R) [35] >99 97+<1 >99 (S)d 3+<1
8 Bs-BDHA [24] At(R) [60] >99 96+<1 >99 (S) 4+<1
9 Bs-BDHA [70] At(R) [35] >99 95+<1 >99 (S) 5+<1

llysed as lyophilized E.coli whole cells (20 mg mL?). PJAnalyzed by RP-HPLC (C18 HD column) after
derivatization of the amino group with GITC. [FISwitch of the CIP priority. [{IReactions were performed
in duplicate and results are reported as average of the two samples; n.d. = not detected; n.m. = not
measured.
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In summary, under the optimized conditions, both (S)-5a (97%, ee >99% S) and (R)-
5a (70%, ee >99% R) could be obtained from (R)-3a by coupling Aa-ADH with
stereocomplementary wTAs as depicted in Scheme 5.10.

Aa-ADH (70 M)
At(R)-0TA (35 uM) or Bm(S)-oTA (35 pM)

NAD* (1 mM)
OH Bs-AlaDH (20 uM) NH, NH,
@OH D or L-Alanine (50 mM) “OH ©/k/OH
HCOONH, (pH 8.5, 1 M) ©N
(R)-3a (S)-5a (R)-5a
97%, >99% ee 70%, >99% ee

Scheme 5.10. Overview of the one-pot multi-enzymatic cascade for the synthesis of (S)-5a and (R)-5a
from substrate (R)-3a

5.2.4 Enzymatic synthesis of optically pure 2-amino-1-phenylethan-1-ol
(5a’)

5.2.4.1 Testing primary NAD*-dependent ADHs (Ht-ADH vs. HL-ADH)

A first screening for the selective bio-oxidation of the primary hydroxyl moiety of
substrate rac-3a into the correspondent hydroxyl aldehyde 4a’ was performed
either by Ht-ADH from Bacillus stearothermophilus (LLD-R strain)®® or by HL-ADH
from Equus caballus purchased by Sigma Aldrich (product number 9031-72-5,
activity 0.52 U mg; 20 % protein content). Ht-ADH (50 uM) was used in purified
form while HL-ADH (2 mg mL?) as lyophilized crude cell extract. As for the screening
of secondary NAD(P)"-dependent ADHs, the reactions were supplemented with
catalytic amount of NAD* coenzyme; the latter was internally recycled by NOx
enzyme. The general reaction scheme is depicted in Scheme 5.11.

OH OH

primary-ADHs O

rac—3a

NAD* NADH

0O, \ / H,O
NOx

Scheme 5.11. Biocatalytic oxidation of rac-3a to 4a’
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In both cases, the biocatalytic oxidation of rac-3a (20 mM) was performed in Tris-
HCl buffer (pH 7.5, 50 mM; 1mL final reaction volume) and in the presence of NAD*
recycling system (1 mM NAD*; 10 uM NOx). When HL-ADH was used, the formation
of the desired product 4a’ was not detected by GC-MS analysis. In contrast, the
corresponding hydroxyl ketone isomer 4a was observed as the only product of the
reaction (Scheme 5.12); indeed, the hydroxyaldehyde 4a’ can spontaneously
rearrange/tautomerize to the most stable isomer 4a. Nevertheless, substrate rac-
3a was completely consumed which means that the enzyme was active on
substrate 3a. On the other hand, no conversion of substrate rac-3a was detected
by applying the purified Ht-ADH.

selective
OH oxi_dation OH o
©)\/OH Sicohol ©2y0 rearmangement ©)bOH
_ = L >
3a 4a' 4a

most stable isomer
Scheme 5.12. Tautomerization of product 4a’ into its most stable isomeric form 4a.

A further test was conducted with substrate 2-methoxy-2-phenylethanol (9, 20
mM ) in which the secondary hydroxyl moiety was protected with a methyl group in
order to clarify if compound 4a’ actually forms and then isomerizes to the most
stable isomer 4a (Scheme 5.13). As before, both HL-ADH (2 mg mL?) from Sigma
Aldrich and purified Ht-ADH (50 uM) were tested and the biotransformation were
carried out in Tris-HCI buffer (pH 7.5, 50 mM; 1 mL final reaction volume) in the
presence of NAD* recycling system (1 mM NAD*; 10 uM NOXx). No conversion was
detected in the case of Ht-ADH, whereas only 3% of product 10 was obtained when
HL-ADH was used (GC-MS and GC-FID analysis). This latter result indicates that
substrate 9 might not be accepted by the two tested ADHs or some
substrate/product inhibition can occur.

o~ o~
©/K/OH primary-ADHs ©)\~’¢O
~ H
9 10

Scheme 5.13. Model reaction for assessing the formation of the aldehyde intermediate by the action
of HL-ADH and Ht-ADH.
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5.2.4.2 One-pot HB-bioamination cascade from rac-3a to 53’ by using HL-
ADH/AmDHs system

As described above, it was not possible to isolate the hydroxyl aldehyde 4a’ coming
from the oxidation of rac-3a (5 mM) catalyzed by the two available primary NAD*-
dependent ADH (Ht-ADH or HL-ADH). Therefore, the one-pot HB-bioamination

cascade*®3?

was tested in order to try to push the reaction towards the desired
product; thus, as soon as compound 4a’ is formed, we can assume that it could be
immediately converted into the final product 5a’, thereby avoiding the

spontaneous tautomerization of the hydroxyaldehyde intermediate (Scheme 5.14).

OH

NH4/NH,*

NADH
©)\/ ©)\/NH2
rac-3a NAD*

Scheme 5.14. HB-bioamination cascade for the one-pot conversion of rac-3a to 5a’.

Lyophilized cell free extract of HL-ADH (2 mg mL?) was combined in cascade with
three (R)-selective AmDHs (100 uM), namely Ch1-AmDH,* Rs-PhAmDH (variant
from Rhodoccoccus sp.)>® and Bb-AmDH from B. badius,®* for the bio-conversion of
rac-3a (5 mM) into product 5a’. The reaction was carried out in HCOONH, buffer
(pH 8.5, 1 M; 0.5 mL final reaction volume) and supplemented with catalytic
amount of NAD* coenzyme (1 mM). As before, NAD* was internally recycled by the
ADH/AmDH system itself and the nitrogen source comes from the
ammonium/ammonia buffer. As shown in Table 5.14, conversion to product 53’
was observed with both Ch1-AmDH (14%) and Bb-AmDH (6%) (entry 1 and 3). Also
in this case, hydroxyaldehyde intermediate 4a’ was not detected while its isomer
4a was observed in traces. On the other hand, no conversion into the vicinal amino
alcohol 53’ was detected when using Rs-PhAmDH (entry 2). Considering that
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substrate 3a was used in racemic form, the conversion with HL-ADH/Ch1-AmDH
showed to be promising.

Table 5.14. Biocatalytic conversion of rac-3a (5 mM) by the system HL-ADH (2 mg mL™) combined with
AmDHs (100 uM).

Entry AmDH Conv.[%)] 5a’ [%] 4a [%]
1 Ch1-AmDH 15 14 1
2 Rs-PhAmDH 7 n.d. 7
3 Bb-AmDH 7 6 1

n.d. = not detected

5.2.4.3 One-pot cascade from rac-3a to 5a’ by using HL-ADH/wTAs system
Additional tests were carried out by combining HL-ADH (2 mg mL?) with Cv(S)-wTA
(10 mg mL?). The biotransformation of rac-3a (5 mM) was carried out in Tris-HCl
buffer (pH 7.5, 50 mM; 1 mL). Furthermore, since ADHs are NAD*-dependent
enzymes and pyruvate is the coproduct derived from D-or L-alanine (the amino
donor), an internal coenzyme recycling system was introduced (1 mM NAD*, 25 mM
D-or L-alanine, 1 mg mL?! LDH lyophilized crude extract (Codexis LDH-101, activity
ca. 60 U mgl)). Moreover, the reaction was supplemented with PLP cofactor (0.5
mM) required for the Cv(S)-wTA. The whole cascade system is depicted in Scheme
5.15.

OH OH
O
H
L/D-alani
NAD+ NADH
TA/PLP
Ha
lactate oH pyruvate

Scheme 5.15. One-pot multi-enzyme cascade for the conversion of rac-3a to amino alcohol 5a’ by
ADH/wTA system.

As shown in Table 5.15, in the case of HL-ADH (entry 1), the substrate was fully
converted; the target 5a’ was obtained in 76% while the hydroxyaldehyde
intermediate 4a’ was not detected. On the other hand, its isomer 4a was observed
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(24%). In contrast, in the case of Ht-ADH, the substrate was not accepted and only
a mediocre conversion into the amino alcohol was observed.

Table 5.15. Biocatalytic conversion of rac-3a (5 mM) catalyzed by either HL-ADH (2 mg mL?) or Ht-
ADH (50 uM) combined with Cv(S)-wTA (5-15 mg mL™2).

Cv(S)-wTA Substrate Conv. 5a’ 4a

Entry  ADH [me] [mM] [%] % (%]
1 HL-ADH 10 5 >99 76 24
2 Ht-ADH 15 20 3 3 n.d.

n.d. = not detected

5.2.4.4 Final tests with purified HL-ADH, Ht-ADH and FuCO coupled with either
AmDHs or wTAs

5.2.4.4.1 Expression and optimization of in-house produced HL-ADH

Based on the results obtained above, we continued our studies with the HL-ADH
that we expressed and purified in our lab. HL-ADH is a homodimer and NADH-
dependent alcohol dehydrogenase from Equus caballus that contains two Zn** ions
per monomer.5%63 64 6566 First the gene expressing the Hiss tagged HL-ADH was
subcloned in E. coli BL21 DE3 (pET28b); however, the first expression trial in LB-
medium, with induction of enzyme expression performed by 0.5 mM IPTG, led to
very low expression levels. Then, the gene expressing the GST-tagged HL-ADH was
subcloned in E. coli BL21 DE3 (pET28bvar) and different expression conditions were
tested. First, the cells were grown in LB medium supplemented with ZnSO, (100
KUM) and expression was induced by three different concentrations of IPTG: 0.5, 1
and 2 mM. In all cases, higher expression levels were detected compared to the
Hise-tagged protein. Nevertheless, the highest expression level, though not perfect,
was detected when induction was performed with 2 mM IPTG. Moreover, the
addition of ZnSO, seems to have some effects on the protein expression as well as
on the folding since almost all of the expressed protein was found in the soluble
fraction. We then proceeded with the optimization to be able to further increase
the expression level. Thus, the cells were grown in both LB and TB (Terrific Broth)
medium without any addition of ZnSQ,, and induction of protein expression was
performed with 0.5 mM IPTG. Furthermore, the cells were grown in TB-medium
supplemented with ZnSO,4 (100 uM) and the expression was induced with 0.5 mM
IPTG. However, lowering the amount of IPTG was not beneficial for the protein
expression at high concentration of ZnSO,. As last attempts, LB medium was
supplemented with ZnSO4 (10 uM) and protein expression induced with 0.5 mM
IPTG; TB medium was supplemented with ZnSO,4 (50 uM) and induction performed
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with 2 mM IPTG. In general, both LB and TB medium turned out to be suitable for
the enzyme expression. In these cases, a minimum amount of supplemented ZnSO4
(50-100 uM) was beneficial for protein expression and folding. Furthermore, the
presence of a GST tag rather than Hisg proved to be beneficial for the protein
expression. Nevertheless, comparable results were observed for induction with
either 0.5 mM or 2.0 mM IPTG. A summary of the optimized conditions is reported
in Table 5.16.

Table 5.16. Screening conditions for the optimization of HL-ADH expression.
Entry Tag Medium IPTG [mM] ZnS0O,4 [pM] Expression level™

1 Hisg LB 0.5 0 band not visible
2 GST LB 0.5 100 Low

3 GST LB 1 100 Medium

4 GST LB 2 100 Medium/high

5 GST LB 0.5 0 Very low

6 GST B 0.5 0 Medium

7 GST B 0.5 100 Medium

8 GST LB 0.5 10 Low

9 GST B 2 50 Medium /high

Hiss-tagged HL-ADH, MW = 42.099 kDa; GST-tagged HL-ADH, MW = 66.412 kDa. [?lAnalyzed by SDS-
PAGE

5.2.4.4.2 One-pot cascades for the conversion of 3a to 53’ by HL-ADH or FuCO with
either AmDHs or wTAs

Based on the preliminary results reported in Table 5.15, we proceeded to test both
HB-bioamination cascade and the alternative cascade in which ADHs and wTAs
were combined as purified enzymes. GST-tagged HL-ADH was overexpressed in E.
coli BL21 DE3 in TB medium at 25 °C for 16 h; moreover, the main culture was
supplemented with 50 uM of ZnSO,. The protein expression was induced with IPTG
(2 mM) and the purification of the GST-tagged protein was then carried out
according to the protocol provided by the supplier. Furthermore, another primary
NAD*-dependent ADH namely the lactaldehyde reductase from E. coli (FucO,
variant D93) has been recently disclosed and engineered for the acceptance of
aromatic substrates.®”%8% |nitially, either purified GST-tagged HL-ADH (25 puM) or
purified Hise-tagged FucO-D93 (50 uM) were coupled with two (R)-selective
AmDHs, namely Ch1-AmDH (50 uM) or Rs-PhAmDH (50 uM), for the conversion of
rac-3a (10 mM) (Scheme 5.16). The biotransformations were carried out in
HCOONH, buffer (pH 8.5, 1 M; 0.5 mL reaction volume) supplemented with catalytic
amount of NAD* coenzyme (1 mM). Nevertheless, conversion was not observed in
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any of the tested combinations and the substrate was the only compound detected
after extraction.

OH

NHz/NH,*

NADH
H,O
rac-3a
NAD*

Scheme 5.16. One-pot HB-bioamination of rac-3a to 5a’.

Next, we proceeded with testing the one-pot cascade by combining either GST-
tagged HL-ADH (25 uM) or Hisg-tagged FucO-D93 (50 uM) with either Cv(S)-wTA or
At(R)-wTA (50 uM). The biotransformation of rac-3a (10 mM) was carried out in
HCOONH, buffer (pH 8.5, 1 M; 0.5 mL) supplemented with catalytic amount of NAD*
(1 mM), L-or D-Alanine (50 mM), PLP (1 mM) and Bs-AlaDH (20 uM) (Scheme 5.17).

OH

OH H,0 o

NAD* Pyruvate ©)\/ NH,

rac-3a \ / 5a’
/Bs-AIaDH

Scheme 5.17. One-pot oxidation/transamination cascade of rac-3a to 5a’ in HCOONH, buffer.

As reported in Table 5.17, neither conversion was detected when FucO-D93 was
applied (entry 3 and 4) nor intermediate formation was observed during the
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reaction. On the other hand, when HL-ADH was applied with either Cv(S)-wTA or
At(R)-wTA, product 5a’ was formed in 38-39% (entry 1 and 2). Moreover,
intermediate 4a’ was not detected while its isomer 4a was only formed in traces.
Considering that racemic substrate was used, the detected conversions look
promising for a potential applicability of this one-pot cascade towards the synthesis
of 5a’. However, further tests are needed in order to identify which enantiomer of
3ais accepted by HL-ADH/wTAs system as well for assessing the stereochemistry of
the desired amino alcohol 5a’.

Table 5.17. One-pot cascade for the conversion of rac-3a (10 mM) to 5a’ catalyzed by HL-ADH paired
with stereocomplementary wTAs in HCOONH, buffer (pH 8.5, 1 M).

Entry ADH wTA Conv.[%] 4a 5a’
1 HL-ADH Cv(S)-wTA 38 <1 38
2 HL-ADH At(R)-wTA 40 1 39
3 FucO Cv(S)-wTA n.c. n.d. n.d.
4 FuCO At(R)-wTA n.c. n.d. n.d.

n.d. = not detected

5.2.4.5 Orthogonal bioamination cascade for the synthesis of 5a’

Another elegant cascade for accessing the vicinal amino alcohol 5a’ was
envisioned.® This involves the combination of an alcohol oxidase from Arthrobacter
chlorophenolicus (AcCO6, variant of Choline oxidase)® in combination with an
AmDH (Ch1-AmDH). This is an orthogonal cascade for the bioamination of the diol
3a, which is supposed to have a more favorable thermodynamic equilibrium. One
advantage is that AcCO6 has no NAD-coenzyme dependency, albeit catalase must
be added to prevent any possible enzyme deactivation due to the formation of
H,0,. However, a NADH recycling system is required in the second step of the
cascade (formate dehydrogenase from Candida Boidinii, Cb-FDH).*> Moreover, the
reactions were performed in HCOONH, (pH 8.5, 1 M) which provide both nitrogen
source for the amination as well as the required hydride for the coenzyme recycling.
The one-pot cascade is depicted in Scheme 5.18.
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H,O
\ﬁ;ﬂa

1/, O, H,0,
oH OH NHg/NH,*  H20 OH
©)\/OH Wo ©)\/NH2
3q AcCOB H ) Ch1-AmDH; 5a’
4a
NADH NAD*
HCO5 \ / HCOO"
Cb-FDH

Scheme 5.18. Orthogonal bioamination cascade for the conversion of substrate 3a to 53’ in HCOONH,
buffer.

The first screening was carried out by using equimolar ratio of AcCO6 and Ch1-
AmDH (50 uM each) in HCOONH, buffer (pH 8.5, 1 M; 0.5 mL) supplemented with
catalytic amount of NAD* (1 mM) and catalase (0.1 mg mL?). 3a was used as
substrate either as racemate or as single enantiomer in R or S configuration (10 and
20 mM were tested). As shown in Table 5.18, quantitative conversion of rac-3ainto
the target amino alcohol 5a’ was detected at 10 mM scale (entry 1). Due to the
racemic form of the substrate, the enantioslectivity of the product was very low (ee
10% (S)). Nonetheless, excellent conversion into 5a’ was detected (90%, ee 10% (S))
using rac-3a at 20 mM concentration, thus showing that the system tolerates high
concentration of substrate (entry 2). Furthermore, these preliminary results
demonstrate that the AcCO6 does not discriminate between the two enantiomers
of substrate 3a. Hence, the next step was to investigate the same conditions but
using the optically pure substrates in order to obtain chiral 5a’. Substrate (S)-3a and
(R)-3a were both tested at 10 and 20 mM scale; (S)-3a (10 mM) was fully converted
thus resulting in 98% of (S)-5a’ (ee >98% (S)). Lower yield (88%) but still perfect
enantioselectivity was obtained at 20 mM substrate concentration (entry 3 and 4).
On the other hand, (R)-3a was converted into the target (R)-5a’ in 92% at 10 mM
scale (entry 5) and in 72% at 20 mM substrate loading (entry 6). However, in both
cases, (R)-5a’ was obtained with perfect enantioselectivity (ee >99% (R)). This
discrepancy between the conversion of (S)-3a and (R)-3a might indicate a slightly
higher preference of AcCO6 for the (S)-enantiomer of the substrate.
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Table 5.18. Orthogonal bioamination of 3a (10-20 mM) to 53’ catalyzed by AcCO6 (50 uM) paired with
Ch1-AmDH (50 uM) in a one-pot cascade in HCOONH, buffer (pH 8.5, 1 M; 30 °C)

Entry Substrate Conv. 5a’ Benzylamine ee

[mM] [%]™ [%]™! [%]™ [%]"!
1 rac-3a [10] >99 >99 n.d. 10 (S)
2 rac-3a [20] 92#<1 90+<1 2+<1 10 (S)
3 (S)-3a [10] >99 98+<1 2+<1 >98 (S)
4 (S)-3a [20] 96+1 88+1 8+<1 >98 (S)
5 (R)-3a [10] 94+<1 92+<1 2+<1 >99 (R)
6 (R)-3a [20] 78+1 7241 61<1 >99 (R)

llAnalyzed by RP-HPLC (C18 HD column) after derivatization of the amino group with GITC.
[bIReactions were performed in duplicate and results are reported as average of the two samples

Interestingly, neither intermediate 4a’ nor its more stable isomer 4a were detected.
On the other hand, a side reaction occurred thus forming benzaldehyde that was
further converted to benzylamine. As shown in Table 5.18, benzylamine formation
was observed in all tests with the only exception being rac-3a at 10 mM
concentration for which quantitative conversion of the substrate into the desired
product was detected. For reactions with both (R)-3a and (S)-3a at 10 mM
concentration, traces of benzylamine were detected (2%). On the other hand, at 20
mM substrate concentration, higher amounts of benzylamine were observed (6-
8%) due to the lower conversion of both substrates. One possibility is that the
unreacted diol undergoes decomposition to benzaldehyde, which is then converted
to benzylamine by the Chl1-AmDH. Nevertheless, it might also happen that the
intermediate 4a’ undergoes decomposition to benzaldehyde, which is then
aminated by Ch1-AmDH (Scheme 5.19).

Pathway A
OH decomposition OH AcCO6 (6} NH
p ©/\ Ch1-AmDH 2
A4
0006
Pathway B

Scheme 5.19. Possible pathways for the formation of benzyalmine side product.

To improve the conversion, especially in the case of (R)-3a, different enzyme
loadings were tested. Three sets of experiments were carried out in which the
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AcCO6 was used either in excess or in lower molar ratio compared to the Ch1l-
AmDH (Table 5.19). Surprisingly, the reaction of (5)-3a (20 mM) at higher AcCO6
loading (entry 1) led to full substrate conversion, although a larger excess of
benzylamine was detected (11%); thus (S)-5a’ was formed in 89%. On the other
hand, lower AcCO6 loading (entry 2 and 3) led to lower conversion into the desired
product (41-77%) as well as lower traces of side products (2-4%). According to these
results, it seems that the AcCO6 is also responsible for the side-reaction. However,
a higher substrate loading may also affect the magnitude of the side reaction. In
fact, for the conversion of (R)-3a (10 mM), the best results were obtained at higher
loading of AcCO6 (70 uM) compared with Ch1-AmDH (35 puM): lower amount of
benzylamine (2%) was detected (entry 4). Furthermore, lower conversions into the
desired amino alcohol (R)-5a’ were observed by lowering the AcCO6 loading and
using 10 mM substrate concentration; as well, the formation of benzylamine side
product was also low (entry 5 and 6). This is a further indication that both substrate
concentration and AcCO6 loading play a crucial role in the outcome of the reaction.
This last hypothesis was further corroborated by testing higher rac-3a
concentration (30 mM) under the same reaction conditions applied on the optically
active substrates (entry 7-9, Table 5.19). In fact, at 30 mM substrate concentration
and higher loading of AcCO6, higher conversion into the product were observed
along with higher production of benzylamine (entry 7). On the other hand, lower
conversions were observed when AcCO6 was used in lower amounts compared
with the Ch1-AmDH (entry 8 and 9). In these cases, lower amounts of benzylamine
were detected as well. The same trend was observed by performing the cascade at
20 mM scale (entry 10-12).

Table 5.19. Optimization of the one-pot orthogonal bioamination cascade of optically active 3a (10-
30 mM) to optically pure 5a’ by varying substrate and enzyme loading.

Entry Sub. AcCO6 Chi-AmDH Conv. 5a’ Benzylamine ee
[mM] [um] [um] [%] [%] [%]] [%]™
161 (S)-3a[20] 70 35 99+1 89%<1 111 >98 (S)
2 (5)-3a [20] 24 60 814 7743 4+1 n.m.
3 (S)-3a [20] 10 50 43+<1  41#<1 2+<1 n.m.
4 (R)-3a [10] 70 35 >99  98+<1 2+<1 >99 (R)
5 (R)-3a [10] 24 60 77+<1  76x<1 11 n.m.
6 (R)-3a [10] 10 50 41+1 40+1 1+<1 n.m.
7 rac-3a [30] 70 35 94+1 85+1 91<1 38 (S)
8 rac-3a [30] 24 60 6211 60+1 21<1 n.m.
9 rac-3a [30] 10 50 31+<1 30«1 1+<1 n.m.
10 rac-3a [20] 70 35 99+1 96<1 4+1 33(S)
11 rac-3a [20] 24 60 75+2  75%2 <1 n.m.
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Table 5.19. (Continued)

Ent Sub. AcCO6 Chl-AmDH Conv. 5a’ Benzylamine ee
YoomMI Ml Ml [ [ [l [96]"
12 rac-3a [20] 10 50 42+1  42+1 <1 n.m.

[eBlaverage of four samples. P!Analyzed by RP-HPLC (C18 HD column) after derivatization of the amino
group with GITC. [lReactions were performed in duplicate and results are reported as average of the
two samples.

In summary, we could obtain our target products (S)-5a’ and (R)-5a’ with high
analytical yields (98%) as well as perfect enantioselectivity (ee up to >99%) by
tuning both substrates and enzymes loading in order to find a good balance
between the formation of the desired products and at the same time limiting the
production of benzylamine side product, as summarized in Scheme 5.20.

AcCOB (50 uM)
Ch1-AmDH (50 M)

OH NAD* (1 mM) OH
‘. _OH Cb-FDH (10 uM) - NH,
©/\/ HCOONH,4 (pH 8.5, 1 M)
(S)-3a (S)-5a"
98%, >98% ee
AcCOB6 (70 uM)
Ch1-AmDH (35 uM)
OH NAD* (1 mM) OH
OH Cb-FDH (10 uM) NH,

HCOONH, (pH 8.5, 1 M)
(R)-3a (R)-5a’
98%, >99% ee

Scheme 5.20. Overview of the one-pot multi-enzymatic cascades for the synthesis of chiral 53’ from
optically active 3a.

211



Chapter 5

5.3 Conclusions

In conclusion, we have presented the one-pot synthesis of both optically active 2-
amino-2-phenylethan-1-ol (5a) and 2-amino-1-phenylethan-1-ol (53’) by means of
two multi-enzymatic cascades, which convert 1-phenyl-1,2-diols (3a) with high
conversions and enantioselectivity. Chiral amino alcohols (R)-5a and (S)-5a could be
obtained in good analytical yields (70-97%) and high selectivity (>99%) starting from
substrate (R)-3a. The strategy was a one-pot bio-oxidation catalyzed by Aa-ADH
followed by a transamination of the in situ formed hydroxyketone intermediate 4a
catalyzed by two stereocomplementary wTAs such as Bm(S)-wTA and At(R)-wTA,
respectively. Moreover, the NAD* coenzyme required for the oxidation step was
recycled by the addition of an alanine dehydrogenase (Bs-AlaDH). AlaDH utilizes the
ammonia from the buffer, the NADH produced in the first oxidative step and the
pyruvate, byproduct of the transamination reaction, to recycle the NAD* and the
amine donor alanine. Furthermore, due to the lack of suitable primary NAD*-
dependent ADH and the instability of the hydroxyaldehyde intermediate 4a’ that
tends to isomerize to 4a, a different cascade was developed for the one-pot
synthesis of optically active 5a’. This multi-enzymatic cascade consists of the
alcohol oxidase AcCO®6, which performs the selective bio-oxidation of the primary
hydroxyl moiety of either (S)-3a or (R)-3a, combined with the amine dehydrogenase
Ch1-AmDH. The cascade leads to either (S)-5a’ or (R)-5a’ with high analytical yields
and enantioselectivity (>98%; ee up to >99%). Furthermore, the multi-enzyme
cascades can be implemented into another one-pot cascade for the synthesis of
optically active substrates 3a through the epoxidation/hydrolysis (Fus-SMO/Cb-
FDH/EH) of the cheap and readily available styrene 1a as starting material. These
results provide the basis for further extension of the cascades’ substrate scope to
give access to a diverse range of vicinal amino alcohols. Therefore, the potential of
these cascades could be further explored by tuning, engineering and discovery of
new enzymes belonging to these families.
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5.4 Experimental section

General information: ADHs (Aa, Lbv, Pp, Sy, BDHA, Ls, Te-v1, Te-v2, Te-v3, Lb and Rs), AmDH

(Ch1-AmDH and Rs-PhAmDH), Fus-SMO and EHs (Sp(S)-EH and St(R)-EH) were expressed
and in some cases purified according to the procedures described in chapter 3.*¢ The wTAs

used in this study were expressed and purified as reported in chapter 4. FuCO and AcCO6

were expressed and purified according to the standard procedures reported in Chapter 3

for Hisg-tagged enzymes. A complete list of all the enzymes used in this study together with

all the required details is reported in Table 5.20. Compounds rac-3a and 4a were purchased
by TCl while 5a and 5a’ by Fluorochem.

5.4.1 Enzymes used in this study
Table 5.20. List of enzymes employed in this study

E -
Name Source/Comment Plasmid Tag xprgssn?n/ Used Ref
Purification form
Fused SMO from vohilized
Fus-SMO Pseudomonas sp. pET28b N-Hiseg Ref. 43 v\\:hzle cells 43
VLB120
N-Hisg
Fus-SMO Fused SMO -
(1) + Cb- coexpressed with pET281t;/pET2 S')I'/aN Ref. 43 xﬁsgh;elg 43
FDH (2) Ch-FDH (2)g
Sphingomonas sp. . 1 mM IPTG, lyophilized ”
Sp(S)-EH HXN200 PET28b NHISs  55ec16h  whole cells
Solanum . 1 mM IPTG, lyophilized 44
SHR)-EH tuberosum PET28b N-Hise 25°C16h whole cells
0.5 mM -
Rs-ADH Ralstonia sp. pPET28b N- |prg,25°c  vophilized g,
Strep whole cells
16 h
Aa-ADH Aromatoleum PET28b  N-Hiss  Ref.” purified »
aromaticum
Paracoccus -
o g S o LTS o
DSM 11072 P '
Sphingobium 0.5mM -
Sy-ADH  yanoikuyae DSM pET26b Stfe IPTG, 25 °C xﬁsg“cz:”‘i a8
6900 P 16 h
I86A variant from c 0.5 mM voohilized
Te-ADHy1  Thermoanaerobac pET21a Stre IPTG, 25 °C xhzle cells 38
ter ethanolicus P 16 h
Wllgi\r/:nant 0-5mM lyophilized
Te-ADH.» pET42a GST  IPTG,25°C  YoP 3
Thermoanaerobac whole cells
. 16 h
ter ethanolicus
i/iigr\:\tlirl:nﬁ\ 0.5 mM lyophilized
Te-ADHys pET42a GST IPTG, yop £
Thermoanaerobac N whole cells
. 25°C16h
ter ethanolicus
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Table 5.20. (Continued)

Name Source/Comment Plasmid Tag EXP.“?SS".)“/ Used Ref
Purification form
. 0.5 mM
Lb-ADH Lacfba_c' llus pET21a T”° IPTG, purified 52
revis ag 25°C 16 h
variant from
Lbv-ADH Lactobacillus pET21a no 39 purified 47
. Tag
brevis
0.5 mM lyophilized
Ls-ADH Leifsonia sp. pET21a 'I?aog IPTG, whole cells 54
25°C16h and purified
. " 0.5 mM
Bs-BDHA B”Cé/éusscfl‘flt’ lis pET28b N-Hise IPTG, purified 50,51
25°C16h
Ch1-AmDH Chimeric AmDH pET28b N-Hiseg Ref. 3° purified 41
Ph:rsr;DH Rh\;iirc;i:;:zgqsp. pET28b N-Hiseg Ref. 38 purified 55
LE-AmDH Var'aLr;th:m & N-Hiss  Ref.56 purified 6
Cb-FDH Candida boidinii pET28b N-Hiseg Ref. 42 purified 42
NAD(P)H-
YcnD o()j(?dpaes:dﬁg; pET21a 'Paog Ref. 38 purified 2
Bacillus subtilis
NADH-dependent
NOX oxidase from pET21a C-Hiss Ref. 73 purified 7
Streptococcus
mutans
Bacillus N- 0.5 mM
Bs-AlaDH sphaericus pET28b-v Streps IPTG, purified 37
25°C16h
See
HL-ADH Equus caballus pET28b-v GST paragraph purified 66
5.244.1
Lactaldehyde 0.5 mM
FuCO reductase variant pET28b-v N-Hisg IPTG, purified 67-69
from E.coli 25°C16h
Aspergillus terreus 0.5 mM
At(R)-wTA pET21a C-Hise IPTG, purified 33,34
25°C16h
Chromobacterium 0.5 mM
Cv(S)- wTA violaceum DSM pET28b-v N-Hiseg IPTG, purified 57
30191 25°C16h
Bacillus 0.5 mM
Bm(S)-wTA megaterium pET28b-v N-Hisg¢  IPTG, 25 °C purified 35,36
SC6394 16 h
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Table 5.20. (Continued)

Expression/ Used

Name Source/Comment Plasmid Tag Purification form Ref
0.5 mM lyophilized
VF(S)-wTA Vibrio fluvialis pET28b-v  N-Hiss  IPTG, 25 °C yop 58,59
whole cells
16 h
0.5 mM
Ac(s)}wTa  Arthrobacter PET28b-v  N-Hiss  IPTG, 25°C purified 36
citreus
16 h
chllqor:c’)7 rzzzglfcrus 0.5mM
AcCO6 orop i pET28b N-Hiss  IPTG, 25 °C purified 40
Variant of Choline 16 h

oxidase

5.4.2 Enzymatic synthesis of chiral substrates 3a

5.4.2.1 Organic solvents screening for the Fus-SMO/Cb-FDH/EHs biocatalytic
cascade

Lyophilized E. coli cells carrying overexpressed fused-SMO (20 mg mL?) and EHs (20 mg mL-
1) were rehydrated in KPi buffer (pH 8, 50 mM; 0.5-1 mL according to Table 5.1) in a glass
vial (4 mL). The buffer already contained NAD* (1 mM), HCOONa (100 mM) and FAD (50
UM). Then, Cb-FDH (10 uM) was added followed by substrate 1a (20 mM, otherwise stated).
A second phase, consisting of an organic solvent (2-50 %), was also added in selected
experiment (see Table 5.1). The mixture was shaken on an orbital shaker at 30 °C, 180 rpm
for 24 h. The aqueous layer was saturated with solid NaCl followed by extraction with MTBE
(2 x 500). The organic layer was dried over MgSO, and analysed by GC-FID and chiral NP-
HPLC.

5.4.2.2 Preparative scale enzymatic synthesis of chiral 3a

General remark: The concentrations of coenzymes and co-substrate are always calculated
on the volume of the aqueous phase, whereas the concentration of the substrate is referred
to the organic phase. Furthermore, the preparative scale reactions were performed under
the optimized conditions according to the procedures reported in chapter 3 and 4.

Reaction conditions: Lyophilized E. coli cells co-expressing Fus-SMO/Cb-FDH (250 mg, 5 mg
mL?) were rehydrated in KPi buffer (50 mL, 50 mM, pH 8.0) in a baffled Erlenmeyer flask
(500 mL). After that, NAD* (1 mM), HCOONa (5 eq.), FAD (50 uM) and catalase (0.1 mg mL
1) were added. n-Heptane (50 mL; 1:1 volumetric ratio with the buffer) was used as biphasic

solvent. Finally, the biocatalytic reactions were initiated by the addition of substrate 1a (50
mM, 2.5 mmol). The reactions were incubated at 30 °C and 200 rpm on an orbital shaker.
After 6 hours, lyophilized E .coli cells expressing either Sp(S)-EH or St(R)-EH (1 g, 20 mg mL
1) were added and the reactions were further incubated at 30 °C and 170 rpm on an orbital
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shaker for 30 h. n-Heptane was removed, the aqueous phase was saturated with solid NaCl
and the organic compounds extracted with MTBE (3 x 25 mL). After drying over MgSQ,, the
organic phase was removed under reduced pressure. The conversions and purity of the
isolated products were determined by GC-FID, while the enantiomeric excess was analyzed
by NP-HPLC.

5.4.3 Screening of secondary NAD(P)-dependent ADHs
5.4.3.1 Bio-catalytic reduction of 4a by NAD(P)-dependent ADHs in Tris-HCI buffer

Reaction conditions using lyophilized E.coli cells carrying overexpressed NAD*-dependent
ADHs (Pp-ADH, Sy-ADH, Bs-BDHA). Lyophilized E. coli cells carrying the required ADH (20 mg
mL?) were rehydrated in an Eppendorf tube (2 mL) in Tris-HCl buffer (pH 7.5, 50 mM; 1 mL)
followed by addition of NAD* (1 mM), HCOONa (100 mM) and purified Cb-FDH (10 puM).
Substrate 4a (20 mM) was added as last. The mixture was incubated at 30 °C, 170 rpm for
24 h on an orbital shaker. After saturation of the aqueous phase with solid NaCl, extraction

was performed with EtOAc (2 x 500 pL). The organic layer was dried over MgSO, and
conversion was analyzed by GC-FID.

Reaction conditions using purified NAD*-dependent ADHs (Ag-ADH, Lbv-ADH). Tris-HCI
buffer (pH 7.5, 50 mM, 1 mL final volume) was added to an Eppendorf tube (2 mL) followed
by NAD* (1 mM), HCOONa (100 mM) and purified Cb-FDH (10 uM). Then, ADH (50 uM) and
substrate 4a (20 mM) were added as last. The mixture was incubated at 30 °C, 170 rpm for

24 h on an orbital shaker. After saturation of the aqueous phase with solid NaCl, extraction
was performed with EtOAc (2 x 500 uL). The organic layer was dried over MgSO4 and
conversion was analyzed by GC-FID.

Reaction conditions using lyophilized E.coli cells carrying overexpressed NADP*-dependent
ADHs (Te-ADHy1v2.v3, Rs-ADH). Lyophilized E. coli cells carrying the ADH (20 mg mL?) were
rehydrated in an Eppendorf tube (2 mL) in Tris-HCl buffer (pH 7.5, 50 mM, 1 mL final volume)
followed by addition of NADP* (1 mM), glucose (100 mM) and GDH (1 mg mL?; lyophilized
crude extract, Codexis GDH-105, ca. 50 U mg™). Substrate 4a (20 mM) was added as last.
The mixture was incubated at 30 °C, 170 rpm for 24 h on an orbital shaker. After saturation

of the aqueous phase with solid NaCl, extraction was performed with EtOAc (2 x 500 pL).
The organic layer was dried over MgSO,4 and conversion was analyzed by GC-FID.

Reaction conditions using purified NADP*-dependent ADHs (Lb-ADH). Tris-HCI buffer (pH
7.5, 50 mM, 1 mL final volume) was added to an Eppendorf tube (2 mL) followed by NADP*
(1 mM), glucose (100 mM) and GDH (1 mg mL?; lyophilized crude extract, Codexis GDH-105,
ca. 50 U mg?). Then, ADH (50 uM) and substrate 4a (20 mM) were added as last. The mixture
was incubated at 30 °C, 170 rpm for 24 h on an orbital shaker. After saturation of the
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aqueous phase with solid NaCl, extraction was performed with EtOAc (2 x 500 uL). The
organic layer was dried over MgS0O,4 and conversion was analyzed by GC-FID.

5.4.3.2 Bio-catalytic oxidation of 3a catalyzed by NAD(P)-dependent ADHs in Tris-
HCI buffer

Reaction conditions using lyophilized E. coli cells expressing one of the following NAD(P)*-
dependent ADHs: Sy-ADH, Pp-ADH, Bs-BDHA, Te-ADH-v1, Te-ADH-v2, Te-ADH-v3 and Rs-
ADH. Lyophilized E. coli cells (20 mg mL?) were rehydrated in an Eppendorf tube (2 mL) in
Tris-HCI buffer (1 mL, pH 7.5, 50 mM) containing NAD(P)* (1 mM). NOx (10 uM) for NAD*-
dependent ADHs or YcnD (10 uM) for NADP*-dependent ADHs, respectively, was also added
for cofactor regeneration. Substrate 3a (10-20 mM) was added as last. The mixtures were

incubated at 30 °C, 170 rpm for 24 h on an orbital shaker and, after saturation of the
aqueous layer with solid NaCl, the organic compounds were extracted with EtOAc (2 x 500
UL). The organic layers were dried over MgSO,4 and analyzed by GC-FID.

Reaction conditions using lyophilized E.coli cells expressing the NAD*-dependent Ls-ADH.

Lyophilized E. coli cells (10 mg mL™) were rehydrated in an Eppendorf tube (2 mL) in KPi
buffer (1 mL, pH 6.5, 100 mM) containing NAD* (1 mM). NOx (10 uM) was also used for
cofactor regeneration and rac-3a (10 mM) was added as last. The mixture was incubated at
40 °C, 170 rpm for 24 h on an orbital shaker. After saturation of the aqueous layer with solid
NaCl, extraction was performed with MTBE (2 x 500 pL). The organic layer was dried over
MgS0O, and analyzed by GC-FID.

Reaction conditions using purified ADHs: Lbv-ADH, Aa-ADH and Lb-ADH.
General information: in selected cases, Aa-ADH and Lbv-ADH were combined in the same

pot. In these cases, both enzymes were used in 25 pM concentration each.

Tris-HCI buffer (1 mL, pH 7.5, 50 mM) was added to an Eppendorf tube (2 mL) containing
either NAD* or NADP* (1 mM, 0.1 eq.); NOx (10 uM) for NAD*-dependent ADHs or YncD (10
uM) for NADP*-dependent ADHs, respectively, were also added. As last, the tested ADH (50
UM) was added followed by substrate 3a (10-20 mM). The mixture was incubated at 30 °C,
170 rpm for 24 h on an orbital shaker. After saturation of the aqueous layer with solid NaCl,
extraction was performed with EtOAc (2 x 500 pL). The organic layer was dried over MgS0O,
and analyzed by GC-FID.

5.4.3.3 General procedure for the biocatalytic oxidation of rac-3a by purified
NAD*-dependent ADHs in HCOONH, buffer
General information: in selected cases, Aa-ADH and Lbv-ADH were combined in the same

pot. In these cases, both enzymes were used in 25 pM concentration each.
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HCOONH, buffer (0.5 mL, pH 8.5, 1 M) was added to an Eppendorf tube (1.5 mL) containing
NAD* (1 mM); NOx (10 uM) was also added for coenzyme recycling. As last, the tested ADH
(50 uM) was added followed by rac-3a (10 or 20 mM). The mixture was incubated at 30 °C,
170 rpm for 24 h on an orbital shaker. After saturation of the aqueous layer with solid NaCl,
extraction was performed with EtOAc (1 x 500 pL). The organic layer was dried over MgSO,
and analyzed by GC-FID.

5.4.4 Enzymatic synthesis of chiral 2-amino-2-phenylethan-1-ol 5a
5.4.4.1 General procedure for the one-pot HB-bioamination of substrate 3a

General information: in selected cases, Aa-ADH and Lbv-ADH were combined in the same

pot. In these cases, each enzyme was used in 25 uM concentration.

In an Eppendorf tube (1.5 mL), HCOONH, buffer (0.5 mL, pH 8.5, 1 M) and NAD* (1 mM)
were added followed by purified ADH (50 uM) and AmDH (50 uM). Racemic or enantiopure
diol 3a (10 mM) was added as last. The mixture was incubated at 30 °C, 170 rpm for 48 h on
an orbital shaker and, after that, quenched with 10 M KOH (100 pL). The aqueous layer was
saturated with solid NaCl and the organic compounds extracted with EtOAc (1 x 500 pL).
The organic layer was dried over MgSO, and analyzed by GC-FID to determine the
conversion, while the enantiomeric excesses was analyzed by RP-HPLC after derivatization
with a chiral reagent (GITC).

General derivatization procedure for the determination of the enantiomeric excess by RP-
HPLC 5
The aqueous reaction mixture (20 uL) was dissolved in acetonitrile (180 pL) to yield a final

concentration of 0.5 mM. Then, GITC (2,3,4,6-Tetra-O-acetyl-B-D-glucopyranosyl
isothiocyanate) (1.5 mM) and EtsN (1.5 mM) were added as a solution in acetonitrile (200
pL). The mixture was incubated at room temperature at 1000 rpm for 35 min. Before
injection into the RP-HPLC, the samples were centrifuged and filtered if required.

5.4.4.2 One-pot cascade for the conversion of 3a by coupling ADHs with two
stereocomplementary wTAs in Tris-HCl buffer

General information: in selected experiments, either Aa-ADH and Lbv-ADH or Bs-BDHA and

Lbv-ADH were combined in the same pot; in these cases, each enzyme was used in 25 uM
concentration. In other tests, Aa-ADH, Bs-BDHA and Lbv-ADH were all combined and each
enzyme loading was the following: 25:25:50 uM, respectively.

Tris-HCI (pH 7.5, 50 mM; 0.5 mL) was added to an Eppendorf tube (1.5 mL) and
supplemented with NAD* (1 mM), PLP (1 mM), D- or L-Alanine (50 mM, 5 eq.), Bs-AlaDH (20
UM), HCOONH,4 (30 mM). Then, ADH (50 uM) and wTA (50 uM) were added followed by
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substrate 3a (10 mM). The mixture was incubated at 30 °C, 170 rpm for 48 h on an orbital
shaker and, after that, quenched with 10 M KOH (100 pL). The aqueous layer was saturated
with solid NaCl and the organic compounds extracted with EtOAc (1 x 500 pL). The organic
layer was dried over MgSQO, and analyzed by GC-FID to determine the conversion, while the
enantiomeric excesses was analyzed by RP-HPLC after derivatization with a chiral reagent
(GITC).

5.4.4.3 One-pot cascade for the conversion of 3a by coupling ADHs with various

stereocomplementary wTAs in HCOONH;, buffer
General information: in selected cases, Aa-ADH and Lbv-ADH were combined in the same

pot. In these cases, each enzyme was used in 25 uM concentration.

HCOONH, buffer (pH 8.5, 1 M; 0.5 mL) was added to an Eppendorf tube (1.5 mL) and
supplemented with NAD* (1 mM), PLP (1 mM), D- or L-Alanine (50 mM, 5 eq.) and Bs-AlaDH
(20 uM). Then, ADH (50 uM otherwise stated in Table 5.12-5.13) and wTA (50 u otherwise
stated in Table 5.12-5.13) were added followed by substrate 3a (10 mM). The mixture was
incubated at 30 °C, 170 rpm for 48 h on an orbital shaker and, after that, quenched with 10
M KOH (100 pL). The aqueous layer was saturated with solid NaCl and the organic
compounds extracted with EtOAc (1 x 500 pL). The organic layer was dried over MgS0O,4 and
analyzed by GC-FID to determine the conversion, while the enantiomeric excesses was
analyzed by RP-HPLC after derivatization with a chiral reagent (GITC).

5.4.5 Enzymatic synthesis of chiral 2-amino-1-phenylethan-1-ol 53’

5.4.5.1 Biocatalytic oxidation of rac-3a catalyzed by primary NAD*-dependent
ADHs

Lyophilized free cell extract of HL-ADH purchased by Sigma Aldrich. Lyophilized free cell
extract was rehydrated in an Eppendorf tube (2 mL) in Tris-HCI buffer (1 mL, pH 7.5, 50 mM)
followed by addition of NAD* (1 mM) and NOx (10 uM). Substrate rac-3a (20 mM) was added
as last. The mixture was incubated at 30 °C, 170 rpm for 24 h on an orbital shaker. Finally,

extraction was performed with EtOAc (2 x 500 pL) after saturation of the aqueous phase
with solid NaCl. The organic layer was dried over MgSO, and analyzed by GC-FID.

Purified Ht-ADH. Tris-HCI buffer (1 mL, pH 7.5, 50 mM) was added to an Eppendorf tube (2
mL) followed by NAD* (1 mM) and NOx (10 uM). Then, Ht-ADH (50 uM) and substrate rac-
3a (20 mM) were added. The mixture was incubated at 30 °C, 170 rpm for 24 h on an orbital
shaker. Finally, the reaction mixture was extracted with EtOAc (2 x 500 pL) after saturation
of the aqueous phase with solid NaCl. The organic layer was dried over MgSO,4 and analyzed
by GC-FID.
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5.4.5.2 One-pot cascades for the enzymatic synthesis of 5a’

5.4.5.2.1 Biocatalytic cascade of rac-3a to 5a’ by one-pot HL-ADH/AmDHs
enzymatic system

Lyophilized cell free extract of HL-ADH (2 mg mL?, purchased from Sigma Aldrich, product
number 9031-72-5, activity 0.52 U/mg; ca. 20 % protein content) was rehydrated in an
Eppendorf tube (2 mL) in ammonium formate buffer (0.5 mL, pH 8.5, 1 M) followed by
addition of NAD* (1 mM) and purified AmDH (100 uM). Substrate rac-3a (5 mM) was added
as last. The mixture was incubated at 30 °C, 180 rpm for 48 h on an orbital shaker. Finally,
the reaction mixture was quenched with 10 M KOH (100 uL) ad extracted with EtOAc (1 x
500 pL). The organic layer was dried over MgSO,4 and analyzed by GC-FID.

5.4.5.2.2 Biocatalytic cascade for the conversion of rac-3a to 5a’ by one-pot HL-
ADH/Cv(S)-wTA enzymatic system

Lyophilized E. coli cells carrying overexpressed Cv(S)-wTA (10 mg mL?) were rehydrated in
an Eppendorf tube (2 mL) in Tris-HCI buffer (1 mL, pH 7.5, 50 mM) followed by addition of
L-alanine (25 mM), PLP (0.5 mM), NAD* (1 mM), LDH (1 mg mL?, lyophilized crude extract,
Codexis, LDH-101, ca. 60 U mg™) and HL-ADH (2 mg mL1). As last, substrate rac-3a (5 mM)
was added. The mixture was incubated at 30 °C, 180 rpm for 48 h on an orbital shaker. The
mixture was quenched with 10 M KOH (100 uL) ad extracted with EtOAc (2 x 500 pL). The
organic layer was dried over MgSO, and analyzed by GC-FID.

5.4.5.2.3 Biocatalytic cascade for the conversion of rac-3a to 5a’ by one-pot Ht-
ADH/ Cv(S)-wTA enzymatic system

Lyophilized E. coli cells carrying overexpressed Cv(S)-wTA (15 mg mL?) were rehydrated in
an Eppendorf tube (2 mL) in Tris-HCI buffer (1 mL, pH 7.5, 50 mM) followed by addition of
L-alanine (100 mM), PLP (0.5 mM), NAD* (1 mM), LDH (1 mg mL?, lyophilized crude extract,
Codexis, LDH-101, ca. 60 U mg mL?) and purified Ht-ADH (50 uM). As last, substrate rac-3a
(20 mM) was added. The mixture was incubated at 30 °C, 180 rpm for 48 h on an orbital
shaker. The reaction mixture was quenched with 10 M KOH (100 pL) and extracted with
EtOAc (2 x 500 pL). The organic layer was dried over MgSO,4 and analyzed by GC-FID.

5.4.5.3 Orthogonal bioamination cascade for the conversion of rac-3a to 5a’ by
one-pot AcCO6/Ch1-AmDH as enzymatic system

In an Eppendorf tube (1.5 mL), HCOONH, buffer (0.5 mL, pH 8.5, 1 M), NAD* (1 mM), catalase
(0.1 mg mL?) and purified Cb-FDH (10 pM) were added followed by purified AcCO6 (50 pM,
otherwise stated in Table 5.19) and Ch1-AmDH (50 uM, otherwise stated in Table 5.19). Rac-
3a or enantiopure 3a (10-20 mM) was added as last. The mixture was incubated at 30 °C,
170 rpm for 48 h on an orbital shaker and, after that, quenched with 10 M KOH (100 pL).
The aqueous phase was saturated with solid NaCl and the organic compounds extracted
with EtOAc (1 x 500 uL). The organic layer was dried over MgSQO, and analyzed by GC-FID to
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determine the conversion, while the enantiomeric excesses was analyzed by RP-HPLC after
derivatization with a chiral reagent (GITC).

5.4.6 Analytical methods

GC-FID method A: Column Agilent DB-1701 (30 m, 250 um, 0.25 um); injector temperature
250 °C; constant pressure 14.50 psi; temperature program: 80 °C/hold 6.5 min; 160 °C/rate
10 °C min/hold 5 min; 200 °C/rate 20 °C min/hold 2 min; 280 °C/rate 20 °C min*/hold 1
min.

NP-HPLC method B: Column chiralcel-OD; Program: constant oven temperature 25 °C;

constant pressure 14 bar; eluent composition: Hexane/lsopropanol 95:5, 1 mL min%;
detection at 210 nm.

RP-HPLC method C: Column: Nucleosil Cig HD (0.46 cm x 25 cm); program: constant oven
temperature 30 °C; eluent composition: isocratic MeOH + 0.1% TFA/MilliQ + 0.1% TFA
(50:50); flow rate: 0.7 mL min!, detection at 248 nm.

Table 5.21. Retention time compounds used in this study associated with the different analytical
methods

Compound Retention time [min] Method
(S)I—aZa 14043 ﬁ
(532 21 5
(7132 s b

4a 15.8 A
(5520 151 ¢
(RS 185 ¢
(5ars 252 ¢
s :

(2] After derivatization with GITC
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Chapter 6

6.1 Introduction

Alkenes are highly reactive substrates due to their versatile C-C double bond.
However, the origin of these compounds still relies on fossil-based feedstock.
Alternative greener raw materials are needed to meet the requirements for a
sustainable development towards a circular economy. For instance, a certain class
of aromatic olefins can be derived from the decarboxylation of potential renewable
substrates, such as caffeic, p-coumaric and ferulic acids. These hydroxycinnamic
acids are very common in fruits and vegetables.! Moreover, they constitute the
main units in the various forms of lignin found within different plant species.?
Decarboxylation of such compounds is usually performed by heating up to reflux a
solution of the carboxylic acid in a high boiling organic solvent, e.g.,
dimethylformamide (DMF).>* On the other hand, enzymatic systems are known to
perform such reaction under milder conditions. Among these methods, ferulic acid
decarboxylase from Enterobacter sp. (FaDC) was recently applied for the
decarboxylation of these type of substrates.” In this study, we investigated the
potential of the multi-enzymatic cascades developed in this thesis for accessing
high valuable vicinal amino alcohols (e.g., adrenaline, p-synephrine,
normetanephrine)®’ from potential renewable raw materials. Indeed, the aim of
this project is to prepare the olefin substrates through the enzymatic
decarboxylation of the related carboxylic acids 1b-d (caffeic, coumaric and ferulic
acids) catalyzed by FaDC. In the subsequent steps, the one-pot cascade for the
synthesis of the corresponding diols 4b-d catalyzed by the chimeric styrene
monooxygenase (Fus-SMO)® and two stereocomplementary epoxide hydrolases
(EHs)? is implemented (Scheme 6.1).1° Notably, there are no publications about the
bio-epoxidation of these aromatic mono- and di-hydroxylated olefin substrates
catalyzed by flavin-dependent styrene monooxygenase systems.
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A
(0]
R:@/\)J\OH FaDC whole E.coli cells R;@/\
HO KPi buffer, pH 8.0, 50 mM HO

1b: R = OH 2b: R = OH
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1d: R = OMe 2d: R = OMe
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HO
S-3b-d
2b-d
NADH NAD* OH
R OH
- HCO3”
HCOO Cb-FDH 3 HO (R)-4b-d
R: H, OCH; OH

Scheme 6.1. A) Decarboxylation of potential renewable carboxylic acid catalyzed by a ferulic acid
decarboxylase (FaDC); B) one-pot cascade for the dihydroxylation of aromatic olefins catalyzed by a
Fus-SMO paired with two EHs.

The next step would be the conversion of these highly functionalized diols 4b-d to
the corresponding vicinal amino alcohols, as depicted in Scheme 6.2. This can be
accomplished by pairing in a one-pot selected alcohol dehydrogenases (in this case,
either Aa-ADH from Aromatoleum aromaticum® or Bs-BDHA from Bacillus subtilis
BGSC1A1'>13) with stereocomplementary w-transaminases (in this case, Cv(S)-wTA
from Chromobacterium violaceum DSM 30191 and At(R)- wTA from Aspergillus
terreus®™ %), as described previously in chapters 4 and 5. On the other hand,
another cascade was developed previously for accessing amino alcohols bearing a
terminal amino group. This involves the coupling of an alcohol oxidase (AcCO6)Y
with an amine dehydrogenase (Ch1-AmDH).%®

Overall, this chapter provides a proof-of-concept for the potential application of
these routes for the synthesis of this class of amino alcohols. Nevertheless,
conclusions cannot be drawn based on these results, yet, because significantly
more investigation is required to fairly assess the actual relevance of this approach.
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Scheme 6.2. A) one-pot cascade approach for the conversion of diols 4b-d catalyzed by an alcohol
dehydrogenase (ADH) paired with stereocomplementary w-transaminases (w-TAs) for accessing
amino alcohols 6b-d; B) one-pot cascade route for the conversion of diol 4b-d catalyzed by an alcohol
oxidase (AcCO6) paired with an amine dehydrogenase (Ch1-AmDH) for the synthesis of amino alcohols

8b-d.
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6.2 Results and discussion

6.2.1 Testing various conditions for the synthesis of chiral diols from caffeic
acid and derivatives

6.2.1.1 Synthesis of olefin substrates by enzymatic decarboxylation of carboxylic
acids

Initially, we investigated the decarboxylation step by screening the activity of
lyophilized E. coli whole cells (20 mg mL?) carrying overexpressed ferulic acid
decarboxylase from Enterobacter sp. (FaDC) on three substrates, namely: caffeic
acid (1b), cumaric acid (1c) and ferulic acid (1d) at 50 mM concentration (Scheme
6.3). The biotransformations were carried out in KPi buffer (pH 8.0, 50 mM) and
glass vials were used to prevent (or alleviate) volatility of the olefin products. The
decarboxylation of all three substrates proceeded quantitatively into the desired
aromatic olefin products in 24 h at 30 °C. We did not perform any further
optimization at this stage.

)
R N OH FaDC whole E.coli cells R]@/\
HO KPi buffer, pH 8.0, 50 mM HO
1b: R = OH 2b: R=0OH
1c:R=H 2ccR=H
1d: R = OMe 2d: R = OMe

Scheme 6.3. Reaction scheme for the decarboxylation step catalyzed by ferulic acid decarboxylase as
lyophilized E. coli whole cells

6.2.1.2 Towards the bio-catalytic synthesis of chiral epoxides from caffeic acid
substrates

The next step was to investigate the possibility of pairing, in a one-pot fashion, the
decarboxylation and the epoxidation steps by adding the fused-styrene
monooxygenase (Fus-SMO),® thereby obtaining enantiopure epoxides from the
correspondent carboxylic acids (50 mM), as depicted in Scheme 6.4. The first
attempt was to perform the two reactions in a stepwise fashion. Therefore, the
decarboxylation step was performed first for 24 h followed by the addition of the
reagents required for the bio-epoxidation of the generated olefins. The latter step
was performed by using lyophilized E. coli whole cells carrying the co-expressed
Fus-SMO/Cb-FDH system (10 mg mL?) for 6 h reaction time. Both steps were carried
out in KPi buffer (pH 8.0, 50 mM). However, while the FaDC is a coenzyme-
independent enzyme, the Fus-SMO/Cb-FDH system requires the addition of some
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reagents, namely: FAD (50 uM), NAD* (1 mM), HCOONa (250 mM, 5 eq.) and a
catalase (0.1 mg mL?). Moreover, the epoxidation step is usually performed in a
biphasic system by using n-heptane as the organic solvent, which was added
together with the reagents mentioned above.® After a careful analysis of the
outcome of this biotransformation, we observed the decarboxylated products.
However, no traces of the epoxides were detected. We then proceeded by
performing the two steps in a concurrent mode under the same reaction conditions
described above. Hence, all the reagents required for both reactions were added in
the same pot from the beginning. Surprisingly, in this case, even the
decarboxylation of carboxylic acids 1b-d did not proceed, and the substrates were
the only compounds detected after 24 h. Hence, based on these results, we
excluded the possibility to perform the two steps in a one-pot cascade because of
deactivation and incompatibility of the enzymatic systems.

H,0
o 02 2 0
R N R
R:©/\)J\OH FaDC whole E.coli cells [ :@/\] Fus-SMQ :©/\]
) HO
HO
HO KPi buffer, pH 8.0, 50 mM ~ 3b R=OH
- 2b R=OH
1b R=OH . 3¢ R=H
1c R=H 2¢ R=H NADH  NAD 3d R=OMe
1d R=OMe 2d R=OMe
- HCO5
HCOO™ = Fon 3

Scheme 6.4. One-pot decarboxylation/epoxidation of carboxylic acid substrates 1b-d catalyzed by
lyophilized E. coli whole cells.

The next step was to investigate the bio-epoxidation of aromatic olefins 2b-d (20
mM), since no epoxides were detected when the biotransformation was carried out
in the same pot with the decarboxylase. Thus, we aimed at elucidating whether the
lack of epoxidation activity stemmed from the decarboxylation step due to
incompatibility with either FaDC or the carboxylic acid substrates. Furthermore, we
could examine the activity of the Fus-SMO/Cb-FDH system on these hydroxyl
functionalized aromatic olefins, since no data were available in literature for the
bio-epoxidation of these types of substrates catalyzed by flavin-dependent styrene
monooxygenases. While substrates 2c-d are commercially available (2c as 10%
solution in propylene glycol), substrate 2b was chemically synthesized.
Nevertheless, we found out that olefins 2b-d are not soluble in n-heptane, hence,
we carried out the bio-epoxidation in KPi buffer only (pH 8.0, 50 mM). Additionally,
the reaction depicted in Scheme 6.5 was tested with whole E. coli cells carrying
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either the co-expressed Fus-SMO/Cb-FDH system or only the Fus-SMO enzyme. In
this last case, purified Cb-FDH (10 uM) was then added separately.

R .
R D/\ @-SW D/\]
" HO

HO
- 3c R=H
2c R=H +
20R-H  NADH  NAD 2 R
- g’ HCOj5"
HCO0™ — Fon °

Scheme 6.5. Bio-epoxidation of aromatic olefins 2b-d catalyzed by a fused-styrene monooxygenase.

The outcome of these biotransformations was examined first by direct analysis of
the aqueous phase by RP-HPLC. Unfortunately, the reactions did not proceed as
expected and none of the epoxides were detected. Notably, 2b-c were not
observed either, whereas 2d was the sole substrate that could be recovered back;
therefore, it seems that 2d is not accepted by our enzymatic system at all. Two main
hypotheses were raised at this stage: i) the targeted epoxides are highly unstable
and, once formed, they might undergo spontaneous ring-opening to the
corresponding diols; ii) substrates 2b-c are the most polar of the tested series,
therefore either the substrates or the corresponding epoxide/diol products might
be difficult to extract. In contrast, substrate 2d, the least polar, is surely not
accepted by the Fus-SMO because it is recovered at the end of the reaction. We
analyzed the aqueous phase to ascertain the possible presence of diols (e.g., TLC
analysis of aqueous and organic layers; extraction of the aqueous layer with a
mixture of EtOAc:MeOH (95:5) and analysis by GC-MS; protection of the hydroxyl
moieties as acetates for both the organic and aqueous phase). However, none of
these analyses and methods could reveal any presence of either substrates 2b-c, or
epoxide, or diol products. Therefore, it might be that either the olefin substrates
(2b-c), or the epoxides (3b-c), or the corresponding diol products cannot be easily
extracted from the aqueous buffer containing the lyophilized cells.
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6.2.1.3 (Chemo)-enzymatic synthesis of protected 4-vinylbenzene-1,2-diol from
caffeic acid
6.2.1.3.1 Chemical synthesis of protected vinyl catechol (2b’) from caffeic acid
To evaluate the possibility that the highly polar substrates can interact with our bio-
epoxidation system, we focused on testing the protected olefin substrates and
caffeic acid 1b was initially used as the model substrate. The decarboxylation and
protection steps were carried out in the same pot by following a literature
procedure.* Caffeic acid in dimethylformamide (DMF) was refluxed for 6 hours in
the presence of potassium carbonate (K,COs) and CH,Cl, yielding the desired
product 2b’ (30%).
]
HOD/\)‘\OH K,CO3/CH,Cl, <oj©/\
HO DMF, reflux 6 h o)
1b 2b'

Scheme 6.6. One-pot decarboxylation and protection of caffeic acid.

6.2.1.3.2 One-pot enzymatic cascade for the synthesis of chiral diols 4b’

The next step was to perform the bio-epoxidation by using the Fus-SMO/Cb-FDH
(10 mg mL™) system on the protected vinyl catechol substrate 2b’ (22 mM). The
biotransformation was performed under optimized conditions: KPi/heptane buffer
(pH 8.0, 50 mM; 1:1 v v'l; 5 mL final reaction volume), NAD* (1 mM), HCOONa (110
mM, 5 eq.), FAD (50 uM), catalase (0.1 mg mL?) as previously reported.® The
qualitative analysis by GC-MS showed the quantitative conversion of substrate 2b’.
It should be noted that no compounds were detected in the n-heptane phase. The
EtOAc extract analysis showed the presence of traces of epoxide 3b’ and the main
product observed was the hydrolyzed diol product 4b’, as depicted in Scheme 6.7.
In an attempt to prevent the spontaneous hydrolysis of the in situ generated
epoxide, we performed the bio-epoxidation of substrate 2b’ (20 mM) at different
pH values of KPi buffer (pH = 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, 7.8, 8.0) under the above-
mentioned reaction conditions. From GC-MS analysis, we did not observe any
significant influence of the pH on the outcome of the reaction. In fact, under all
tested pH values, the substrate 2b’ was completely converted and the diol product
4b’ was the only compound observed after extraction. Nevertheless, slightly acidic
and neutral pH values (pH 6.6 and 7.0) afforded slightly better results. At this stage,
we also determined the enantiomeric excess of the spontaneously formed diol
product by chiral HPLC analysis, which, unfortunately, turned out to be a racemic
mixture.
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Scheme 6.7. Bio-epoxidation of substrate 2b’ catalyzed by Fus-SMO/Cb-FDH system followed by
spontaneous hydrolysis of the in situ generated epoxide.

Based on these results, we hypothesized that the presence of the epoxide
hydrolase in the same pot of the bio-epoxidation would enable the stereoselective
opening of the epoxide intermediate. Thus, we performed the one-pot enzymatic
epoxidation/hydrolysis on substrate 2b’ (20 mM) by pairing the co-expressed Fus-
SMO/Cb-FDH system (20 mg mL%') with two stereocomplementary epoxide
hydrolases,® either Sp(S)-EH from Sphingomonas sp. HXN200 or St(R)-EH from
Solanum tuberosum, as depicted in Scheme 6.8. The biotransformations were
carried out under the same reaction conditions described above with the exception
that lyophilized E. coli whole cells carrying the desired EH (20 mg mL?) were added
in the same pot. Moreover, different pH values (6.6, 7.0 and 8.0; KPi buffer) were
tested since slightly better results were observed in the bio-epoxidation step, as
described above.

OH
o, H,0 (S)-4b"
<O:©/\ Fus-SMQO <o
o) o)
2b'
NADH NAD* OH
j@/bm
- HCO4
HCOO™ — - FoR 3

(R)-4b'
Scheme 6.8. One-pot enzymatic cascade for the epoxidation/hydrolysis of substrate 2b’.
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Based on qualitative GC-MS analysis, the conversion of substrate 2b’ did not
proceed to completion. The unreacted substrate was detected only in the n-
heptane phase, while the diol products were the sole detected compounds after
extraction with EtOAc. Next, we determined by chiral HPLC the enantiomeric excess
of the diol 4b’ coming from each combination of enzymes. As expected, the
presence of the EH in the same pot of the epoxidation reaction enabled the
formation of both enantiomers of diol 4b’ with high enantioselectivity, hence
showing that the presence of the epoxide hydrolase prevented non-stereoselective
ring-opening of the epoxide intermediate. The best results in terms of
enantioselectivity were observed at slightly acidic pH (6.6), thereby giving the (S)-
4b’ with ee 86% and (R)-4b’ with ee >98%. In contrast, the enantioselectivity
dropped significantly for (S)-4b’ at both pH 7.0 and 8.0 (ee 73% and 75%,
respectively), while the R-enantiomer was still obtained with high enantiomeric
excess (92% and 97%, respectively). The low enantioselectivity observed in the case
of (S)-4b’ may stem from a combination of two factors: i) the intrinsic lower
selectivity of Sp(S)-EH compared with St(R)-EH, as previously observed'®; ii) the
higher pH values (7.0 and 8.0) favor the spontaneous non-stereoselective ring-
opening of the epoxide intermediate.

6.2.1.3.3 Chemo-enzymatic route to give access to protected (R)-4-vinylbenzene-
1,2-diol ((R)-4b’) from caffeic acid (1b)

At this point, we could access both enantiomers of diol 4b’, albeit we could not
perform all of the reactions in one-pot starting from caffeic acid 1b. Thus, we
decided to perform the whole transformation of 1b to optically active diol 4b’
through two distinct cascade reactions. The first route was the chemo-enzymatic
decarboxylation/protection of caffeic acid, followed by a one-pot enzymatic
cascade for the conversion of the isolated 2b’ to the chiral R-4b’ (Scheme 6.9).
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Scheme 6.9. Chemo-enzymatic route for the asymmetric synthesis of diol R-4b’ from caffeic acid 1b.

The first cascade was performed in a one-pot sequential mode: first,
decarboxylation of caffeic acid 1b (50 mM, 11.1 mmol) was carried out catalyzed
by lyophilized E. coli whole cells carrying overexpressed FaDC (20 mg mL?) in KPi
buffer (pH 8.0, 50 mM; 222 mL total reaction volume) for 24 h at 30 °C. After
removal of the cells debris and extraction of olefin 2b in EtOAc, the reagents for the
protection step were added by assuming quantitative conversion of 1b into 2b. The
protected vinyl catechol 2b’ was then used as substrate for the follow-up cascade
for the synthesis in 100 mg scale of chiral diol (R)-4b’ under the same conditions
reported in paragraph 6.2.1.3.2.

6.2.2 Multi-enzymatic cascade for the synthesis of vicinal amino alcohols
With the chiral diol in hands, the next step was to test the one-pot multi enzymatic
cascade depicted in Scheme 6.10 for the synthesis of the targeted vicinal amino
alcohol 6b’. The cascade comprises an alcohol dehydrogenase (50 uM) (either Aa-
ADH from Aromatoleum aromaticum'* or Bs-BDHA from Bacillus subtilis
BGSC1A1)'* 13 and one between the two stereocomplementary w-transaminases
(50 uM) namely At(R)-wTA from Aspergillus terreus*> ® and Cv(S)-wTA from
Chromobacterium violaceum DSM 3019.1* As described in chapter 5, the cascade
was performed in HCOONH, buffer (pH 8.5, 1 M) supplemented with NAD* (1 mM),
PLP (1 mM), D- or L-alanine (5 eq.) and Bs-AlaDH?® (20 pM).
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Scheme 6.10. One-pot multi-enzymatic cascade for the conversion of chiral diol 4b’ into the targeted
vicinal amino alcohol 6b’.

As show in Table 6.1, the formation of the targeted amino alcohol 6b’ was observed
when either one of the two tested ADHs was combined with At(R)-wTA (entry 2 and
4). However, Aa-ADH displayed higher activity compared with Bs-BDHA under the
tested reaction conditions. Moreover, in both cases, intermediate 5b’ along with
other compounds were detected. Two of them could be identified by GC-MS
analysis, namely 2-(benzo[d][1,3]dioxol-5-yl)ethan-1-0l (9b’) and 2-
(benzo[d][1,3]dioxol-5-yl)ethan-1-amine (10 b’), as depicted in Table 6.1.
Conversely, the third observed compound could not be determined by mass
analysis only, however, these reactions were performed in analytical scale, hence
we could not analyze at this stage the reaction outcome by *H-NMR, for instance.
On the other hand, conversion into the desired amino alcohol 6b” was not detected
when Cv(S)-wTA was paired with the ADHs (entry 1 and 3). In contrast, in both
cases, the main product formed was the intermediate 5b’. These tests represented
a preliminary investigation to assess the potentiality of this cascade; we
acknowledge that an in-depth investigation is required to quantitatively determine
the formation of the target amino alcohol. Moreover, the enantiomeric excess of
the amino alcohol 6b’ was not determined at this stage. In fact, a suitable analytical
method for ee analysis was still required and must be explained in the next step of
this study along with the optimization of the cascade itself (e.g., testing other
transaminases; balance enzymes loading; etc.).

236



Towards the synthesis of valuable chiral vicinal amino alcohols from potential renewable raw materials

Table 6.1. Preliminary results for the conversion of (R)-4b’ (20 mM) catalyzed by ADH coupled with
wTA in a one-pot fashion.

O NH2
(O:C/\/ <Zj©/\/
Entr 15t 2nd 5b’ 6b’ O iz 166,06 miz: 165.08 Unidentified
23 N ) b
1 Aa-ADH Cv(S)-wTA 431 n.d. 1041 14+1 3343
2 Aa-ADH At(R)-wTA 12+1 40+2 912 1242 25t4
3 Bs-BDHA  Cv(S)-wTA 3312 n.d. 46x7 n.d. 21+4
4 Bs-BDHA  At(R)-wTA 3143 712 4116 n.d. 204

llQualitative conversions analyzed by GC-MS; the results reported are the average of two
experiments; enantiomeric excess was not determined.

We have performed preliminary tests for synthesizing the regioisomer 8b’ through
a one-pot multi enzymatic cascade as previously described in chapter 5. In this case,
the alcohol oxidase AcCO6 variant from choline oxidasel’ was paired with the
amine dehydrogenase Ch1-AmDH.*® The cascade was carried out in HCOONH, (pH
8.5, 1 M) supplemented with NAD* (1 mM), catalase (0.1 mg mL?*)—for the
disproportion of the in situ formed H,O,—and a formate dehydrogenase (Cb-
FDH)*—for NADH recycling. Nevertheless, conversion of substrate (R)-4b’ was not
observed under the tested conditions and more investigation is needed in order to
optimize the cascade and identify the potential issues.

H,O
\ﬁ%

1/, Oy H20,
OH OH H,O OH
o} OH OD)*\fO NHa/NH," <oj©)yNHz

<o AcO06 <o H o

(R)-4b' 7b' 8b
NADH NAD*

HCOy \ / HCoO"

Cb-FDH

Scheme 6.11. One-pot enzymatic cascade for the conversion of substrate R-4b’ to chiral 8b’.
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6.3 Summary and future prospects

The present study was a proof of concept, which requires further investigation for
possible application in the enzymatic synthesis of high valuable vicinal amino
alcohols such as adrenaline and derivatives. In summary, we were able to obtain
three aromatic olefins from the corresponding carboxylic acids, the latter of which
could be sourced from renewable feedstocks. Moreover, we identified a suitable
chemo-enzymatic route for the enzymatic synthesis of the high valuable optically
active diol 4b’ by two sequential one-pot cascades. First, the olefin substrate was
obtained by enzymatic decarboxylation of caffeic acid followed by chemical
protection of the catechol moiety. In the second step, the free catechol was
identified as the main issue in performing the epoxidation catalyzed by Fus-SMO
due to the fact that catechol moieties are prone to further oxidation. This
observation aligns with the fact that it is not possible to find in the literature any
epoxidation of these types of compounds catalyzed by the styrene monooxygenase
system. Thus, we performed the one-pot enzymatic epoxidation of olefin 2b’ by
pairing the Fus-SMO with two stereocomplementary EHs in order to form both
enantiomers of diol 4b’ ((S)-4b’ 86% ee; (R)-4b’ >98% ee). Nevertheless, this one-
pot cascade requires some further optimization, such as the test of different pH
values and types of buffers, and the exact quantification of the system’s
productivity. It is known that high pH values can lead to faster oxidation of
catechols. Moreover, the use of a different buffers might also help to increase the
enantiomeric excess of the (S)-enantiomer of diol 4b’. It would also be interesting
to investigate the possibility to perform the epoxidation/hydrolysis in an alternative
biphasic system by using a “green” organic solvent which is more suitable for these
highly polar compounds. Furthermore, the Fus-SMO/EH system could be
investigated by using other substrates such as coumaric and ferulic acids. For this
purpose, it will be necessary to evaluate different protecting groups for the
hydroxyl substituent of the aromatic ring. Nevertheless, other enzymatic systems
can be explored for the synthesis of the diol substrates. For example, naphthalene
dioxygenase (NDO) is an enzyme that catalyzes the direct dihydroxylation of
aromatic alkenes. Hence, the coupling of FaDC and NDO could be a viable
alternative route to the one-pot epoxidation/hydrolysis of olefins. Regarding the
one-pot cascade for the conversion of diols such as 4b’ to chiral amino alcohol such
as 6b’, more tests are necessary to assess the actual performance of the enzymatic
system as well as determine the enantiomeric excess of the final product.
Moreover, the combination of other ADHs and TAs could be investigated on both
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enantiomers of 4b’ along with system’s optimization. Finally, the one-pot cascade
to synthesize the regioisomer amino alcohols such as 8b’ did not lead to any
conversion of the diol substrate. Indeed, this system needs in-depth studies. An
interesting approach would be the identification of other oxidases to perform the
oxidation of the diol substrate as well as the use of other amine dehydrogenases or
alternative aminating enzymes. Moreover, the use of computational biocatalysis
might elucidate what is the actual issue, for instance, by identifying the interaction
between the substrate and the enzymes involved. This work would provide the
required knowledge to create new variants by protein engineering. This latter point
is probably critical for the development of the herein described multi-enzymatic
cascades for the synthesis high-value amino alcohols. In fact, the need to expand
the substrate scope of these classes of enzymes and discover other enzymes will
play a central role towards this aim.
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6.4 Experimental section
General information. ADHs and wTAs used in this study were expressed and purified as

reported in chapter 5. FaDC was overexpressed in E. coli (50 pg mL? kanamycin; 0.5 mM
IPTG, 25 °C overnight) according to the general enzymes expression protocol reported in
chapter 3 and used as lyophilized whole cells.

General procedure for the biocatalytic decarboxylation of 1b-d. Lyophilized E. coli cells
carrying FaDC (30 mg mL?) were rehydrated in 1.5 mL KPi buffer (50 mM, pH 8.0) in a 4 mL
glass vial. After that, substrate 1b-d (50 mM) was added. The mixture was shaken at 30 °C
and 170 rpm on an orbital shaker for 24 h. Work-up was performed by acidification with HCI
(1 M) followed by extraction with EtOAc (2 x 750 pL). Conversion was measured by GC-FID
after derivatization or directly by RP-HPLC (100 uL aqg. phase diluted with 1 mL H,0:MeOH
(1:1 v v+ 3%TFA), incubated at room temperature for 15 min, centrifuged and injected in
RP-HPLC).

General derivatization procedure for GC-FID analysis. The extract (200 pL) was diluted with
MeOH (200 pL) and EtOAc (600 pL) followed by addition of (trimethylsilyl)diazomethane (20
KL). The reaction was shaken at 30 °C, 170 rpm for 1 h. The excess of the derivatization

reagent was neutralized by addition of acetic acid (4 pL). The mixture was shaken at 30 °C,
170 rpm for 30 minutes and analyzed by GC-FID.

Procedure for the one-pot reactions to epoxides 3b-d from carboxylic acids 1b-d.

Lyophilized E. coli cells carrying FaDC (20 mg mL) were rehydrated in 1.5 mL KPi buffer (50
mM, pH 8.0) in a 4 mL glass vial. After that, substrate 1b-d (50 mM) was added. The mixture
was shaken at 30 °C and 170 rpm on an orbital shaker for 24 h. The lyophilized E. coli whole
cells co-expressing Fus-SMO and Cb-FDH (10 mg mL?) were added together with NAD* (1
mM), HCOONa (250 mM, 5 eq.), FAD (50 uM), catalase (0.1 mg mL?) and n-heptane (1.5
mL). The mixture was incubated at 30 °C and 180 rpm on an orbital shaker for 24 h. The
organic phase was separated from the aqueous phase; n-heptane phase was analyzed by
GC-MS, while the aqueous layer was injected in RP-HPLC (100 pL aqg. phase diluted with 1
mL H,0:MeOH (1:1 v v! + 3% TFA), incubated at room temperature for 15 min, centrifuged
and injected in RP-HPLC).

Procedure for the bio-epoxidation of aromatic olefins 2b-d. Lyophilized E. coli cells carrying
Fus-SMO were rehydrated in KPi buffer (1 mL; 50 mM, pH 8.0, otherwise stated)
supplemented with NAD* (1 mM), HCOONa (100 mM, 5 eq.), FAD (50 uM), catalase (0.1 mg
mL?) and Cb-FDH (10 uM) in a 4 mL glass vial. As last, substrate 2b-d (20 mM) was added.
The mixture was incubated at 30 °C and 180 rpm on an orbital shaker for 24 h. The aqueous

phase was then directly analyzed by RP-HPLC (100 uL aq. phase diluted with 1 mL

240



Towards the synthesis of valuable chiral vicinal amino alcohols from potential renewable raw materials

H,0:MeOH (1:1 vv!+3% TFA), incubated at room temperature for 15 min, centrifuged and
injected in RP-HPLC).

Chemical synthesis of protected vinyl catechol from caffeic acid.* To a 100 mL one-neck

round bottom flask equipped with a cooling system, CH,Cl, (1.4 mL, 1.8 eq.) and K,COs (4 g,
2.5 eq) were added to DMF (30 mL); then, a solution of caffeic acid 1b (2 g, 0.011 mmol) in
DMF (20 mL) was dropwise added to the flask. The mixture was refluxed and stirred under
magnetic agitation for 18 h; after that, it was cooled down to room temperature and
filtered. The filtrate was concentrated, diluted with H,0, and extracted with EtOAc (3 x 100
mL). The organic layer was washed with 10% NaOH (30 mL), H,0 (25 mL), dried (MgS0,),
and evaporated to afford a bark brown oil, which was further filtered over silica (PE:EtOAc
1:1) thus yielding a light orange oil (390 mg, ca. 25%).

General procedure for the one-pot cascade for the synthesis of chiral 4b’ from 2b’.

Lyophilized E. coli cells co-expressing Fus-SMO/Cb-FDH (20 mg mL?) and lyophilized E. coli
cells carrying either Sp(S)-EH or St(R)-EH (20 mg mL) were rehydrated in KPi buffer (0.5 mL,
50 mM, pH 8.0, otherwise stated) in a 4 mL glass vial. After that, NAD* (1 mM), HCOONa
(100 mM, 5 eq.), FAD (50 uM) and catalase (0.1 mg mL?) were added. n-Heptane (0.5 mL;
1:1 volumetric ratio with the buffer) was used as biphasic solvent. Finally, the biocatalytic
reactions were initiated by the addition of substrate 2b’ (20 mM). The reactions were
incubated at 30 °C and 170 rpm on an orbital shaker for 48 h. n-Heptane was removed, the
aqueous phase was saturated with solid NaCl, and the organic compounds was extracted
with EtOAc (1 x 500 pL). After drying over MgSQ,, the organic layer was analyzed by GC-MS
and the enantiomeric excess determined by chiral HPLC.

General procedure for the chemo-enzymatic synthesis of (R)-4b’ from 1b. To a 500 mL
Erlenmeyer flask, lyophilized E. coli whole cells carrying FaDC (20 mg mL?, 4.4 g) were
rehydrated in KPi buffer (222 mL; pH 8.0, 50 mM) and substrate 1b (50 mM, 2 g) was added.
The mixture was incubated at 30 °C, 170 rpm for 24 h. After that, cell debris were removed

by centrifugation and the supernatant was extracted with EtOAc (3 x 50 mL). The combined
organic layers were concentrated under vacuum up to ca. 17 mL. The EtOAc extract (ca. 9
mL) was used for the follow-up step, considering a hypothetical quantitative conversion of
1b to vinyl catechol 2b.

In a 50 mL one-neck bottom flask, CH,Cl, (6 mL) and K,COs (2.5 g) were added to DMF (15
mL); then, the EtOAc extract (9 mL) was added dropwise to the flask. The mixture was
heated up at 90 °C and stirred under magnetic agitation for 18 h. After that, it was cooled
down to room temperature and filtered. The filtrate was concentrated, diluted with H,0,
and extracted with EtOAc (3 x 10 mL). The organic layer was washed with 10% NaOH (30
mL), H,0 (30 mL), dried over MgSQO, and evaporated to afford a dark orange oil, which was
analyzed by GC-MS.
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Lyophilized E. coli cells co-expressing Fus-SMO/Cb-FDH (20 mg mL) and lyophilized E. coli
cells carrying St(R)-EH (20 mg mL) were rehydrated in KPi buffer (39 mL, 50 mM, pH 6.6) in
a 250 mL Erlenmeyer flask. After that, NAD* (1 mM), HCOONa (100 mM, 5 eq.), FAD (50 uM)
and catalase (0.1 mg mL?) were added. n-Heptane (39 mL; 1:1 volumetric ratio with the
buffer) was used as biphasic solvent. Finally, the biocatalytic reactions were initiated by the
addition of substrate 2b’ (20 mM, 0.675 mmol). The reactions were incubated at 30 °C and
170 rpm on an orbital shaker for 48 h. n-Heptane was removed, the aqueous phase was
saturated with solid NaCl and the organic compounds extracted with EtOAc (2 x 20 mL).
After drying over MgSQ,, the organic layer was analyzed by GC-MS and the enantiomeric
excess determined by chiral HPLC.

General procedure for the conversion of (R)-4b’ to chiral 6b’. HCOONH, buffer (pH 8.5, 1
M; 0.5 mL) was added to an Eppendorf tube (1.5 mL) and supplemented with NAD* (1 mM),
PLP (1 mM), D-or L-Alanine (100 mM, 5 eq.) and Bs-AlaDH (20 uM). Then, ADH (50 uM) and
wTA (50 uM) were added followed by substrate (R)-4b’ (20 mM). The mixture was incubated
at 30 °C, 170 rpm for 48 h on an orbital shaker and, after that, quenched with 10 M KOH
(100 pL). The aqueous layer was saturated with solid NaCl and the organic compounds

extracted with EtOAc (1 x 500 uL). The organic layer was dried over MgSO,4 and analyzed by
GC-MS.

General procedure for the conversion of (R)-4b’ to chiral 8b’. In an Eppendorf tube (1.5
mL), HCOONH, buffer (0.5 mL, pH 8.5, 1 M), NAD* (1 mM), catalase (0.1 mg mL?) and
purified Cb-FDH (10 uM) were added followed by purified AcCO6 (50 uM) and Ch1-AmDH
(50 uM). (R)-4b’ (20 mM) was added as last. The mixture was incubated at 30 °C, 170 rom
for 48 h on an orbital shaker and, after that, quenched with 10 M KOH (100 pL). The aqueous
phase was saturated with solid NaCl and the organic compounds were extracted with EtOAc

(1 x 500 pL). The organic layer was dried over MgS0O, and analyzed by GC-MS.

Analytical methods

GC-FID method A: Column: Agilent DB1701 (30 m, 250 um, 0.25 um). Carrier gas: Hy;
Parameter: T injector 250 °C; constant pressure 6.9 psi; temperature program: 80 °C, hold
6.5 min; gradient 5 °C min™* up to 160 °C, hold 5 min; gradient 20 °C min™ up to 200 °C, hold
2 min; gradient 20 °C mint up to 280 °C, hold 4 min.

GC-MS method B: Column Agilent DB-1701 (30 m, 250 um, 0.25 um); injector temperature
250 °C; constant pressure 71.8 kPa; temperature program: 80 °C/hold 6.5 min; 160 °C/rate
10 °C min*/hold 5 min; 200 °C/rate 20 °C min'*/hold 2 min; 280 °C/rate 20 °C min'‘/hold 1
min.
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RP-HPLC method C: Column Shimadzu Shim-pack GIST (4.6 mm x 150 mm); HPLC gradient
program: 100% MilliQ (+ 0.1% TFA), down to 40% MilliQ (+ 0.1% TFA) in 20 min.; down to
35% MilliQ (+ 0.1% TFA) in 5 min.; up again to 100% MilliQ (+ 0.1% TFA) in 15 min; oven
Temperature 30 °C, 1 mL min™!

Chiral HPLC method D: Column Daicel IC-3 (0.46 cm x 25 cm); HPLC program: constant oven
temperature 25 °C; constant pressure 70 bar; eluent composition: n-Hexane:lsopropanol
92:8, 1 mL/min

Table 6.2. Retention times of compounds analyzed in this study

Entry Compound Retention time [min] Method

1 1b 14.5 C
349 ALl

2 1c
17.1 C
17.5 C

3 1d
35.1 AR
4 2b 17.2 C
213 ALl

5 2c
20.9 C
21.4 C

6 2d
215 Al
2b’ 13.01 B
3b’ 16.9 B
ab’ 24.3 B
10 (S)-ab’ 32.6 D
11 (R)-4b’ 33.8 D
12 5b’ 22,6 B
13 6b’ 23.4 B

lIAfter derivatization with (trimethylsilyl)diazomethane
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Summary

The chemical industry still relies largely on fossil carbon. Many of the current
manufacturing processes lead to vast amounts of waste. The model for a waste-
free circular economy emerged in the last decade and it is at the core of the green
chemistry principles. One solution to this problem is the substitution of
stoichiometric use of reagents with catalytic alternatives. Furthermore, the shift
away from fossil-based feedstocks has brought attention to the valorization of
unavoidable waste coming from lignocellulose agricultural residues as alternative
renewable raw materials. Nevertheless, this transition requires the development of
infrastructure for the treatment of such feedstocks as well as new technologies and
processes which must meet the sustainability and greenness requirements. In this
context, biocatalysis plays a pivotal role in both lignocellulose biomass treatment
and follow-up transformations of the biomass-derived building blocks into high
added-value products. Biocatalysts are inherently safe, sustainable and selective as
the five green chemistry principles are fulfilled by the intrinsic high chemo-, regio-
and stereoselectivity of enzymes. Enzymatic processes are usually performed in
aqueous solutions at pH close to neutral, room temperature and pressure.
Moreover, biocatalysts are typically biodegradable by nature, biocompatible and
sustainable. These aspects are extremely favorable for the development of eco-
friendly chemical processes. Furthermore, enzymes with different reactivities are
often compatible and therefore can operate simultaneously in the same pot
without any physical separation, hence facilitating the combination of multiple
steps in a one-pot fashion. All these qualities are highly appreciated in particular in
the manufacture of active pharmaceutical ingredients (APIs). Though the transition
process to more environmentally friendly and sustainable processes proceeds at
lower pace in the pharmaceutical and fine chemicals manufacture compared with
bulk chemical industries, various industrial routes have been implemented with
enzymatic steps for performing key transformations (e.g., introduction of chiral
centers: a-chiral amines by transaminases, chiral alcohols by alcohol
dehydrogenases, etc.). Among the functionalities present in biologically active
compounds, vicinal amino alcohol moieties constitute the core of several natural
products and active pharmaceutical ingredients such as alkaloids,
neurotransmitters, HIV protease inhibitors, aminopeptidase inhibitor and
antibiotics. In this thesis, we applied several multi-enzymatic cascade reactions for
the synthesis of targeted optically active vicinal amino alcohols. Our investigation
started with the generation of an engineered styrene monooxygenase (Fus-SMO)
in Chapter 2. The two units of the bi-enzymatic catalytic system, (StyB, the
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reductase domain, and StyA, the epoxidation unit) were genetically fused by a 30
amino acids linker. In this chapter, we evaluated the catalytic performance of
lyophilized E. coli cells carrying the overexpressed Fus-SMO for the asymmetric
epoxidation of styrene 1la and trans-B-methylstyrene 1b (Scheme 1). A further
improvement, for a practical applicability of this system, was provided by co-
expressing the Fus-SMO with Cb-FDH in the same host organism.

Fus-SMO/O, o
©/\/X Cb-FDH/HCOONa (5 eq.)/NAD*(1mM) ©/*<I/X
KPi buffer/heptane (1:1 v v
X=H1a X=H(S)-2a
X = CHs 1b X = CHj (1S,25)-2b

Scheme 1. Whole cell system expressing simultaneously Fus-SMO and Cb-FDH in E. coli BL21 DE3 as host organism
for the conversion of 1a-b to optically active epoxides 2a-b

In Chapter 3, we applied our Fus-SMO in a one-pot cascade with
stereocomplementary epoxide hydrolases (either Sp(S)-EH or St(R)-EH) for the
synthesis of chiral 1,2-phenylpropanediol isomers 3 (Scheme 2). Next, the formal
regio-, chemo- and stereoselective synthesis of two isomers of
nor(pseudo)ephedrine 5 was accomplished via the biocatalytic hydrogen-
borrowing (HB) amination of alcohol, that is a redox-neutral cascade. Optically
active diols 3 were converted to the targeted amino alcohols by pairing selected
alcohol dehydrogenases (either Bs-BDHA or Ls-ADH) and an amine dehydrogenase
(Ch1-AmDH) in a one-pot cascade fashion (Scheme 3).

0, H,O + HCO5"

OH
Fus-SMO * Sp(S)-EH or -
X Cb-FD «| St(R)-EH
NAD*/HCOO" ( OH
cis-or  KPifheptane 11~ (15,R)2 H0 (15293
trans-1 or (1 S,ZS)-Z (1R,2R)—3
(1S,2R)-3
(1R2S)-3

Scheme 2. One-pot multi-enzymatic cascades for the synthesis of optically active diol isomers 3 from olefin 1 by
coupling Fus-SMO with two stereocomplementary EHs.
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OH OH * OH
+,  Bs-BDHAor * NHo/NH, *
Ls-ADH Ch1-AmDH\
OH 4 O \ NH2
(1S,2R)-5
(1S,2R)-3 NADH H20  (1R2R)-5
(1R.2R)-3 NAD*

Scheme 3. Formal regio-, chemo- and stereoselective enzymatic synthesis of two isomers of nor(pseudo)ephedrine
5 via the HB-bio-amination cascade.

Due to the lack of (S)-selective AmDHs, in Chapter 4, we described the enzymatic
synthesis of the other two isomers of nor(pseudo)ephedrine 5 by pairing the
selected ADHs with stereocomplementary w-transaminases (wTAs) in a one-pot
cascade for the conversion of chiral diols 3. The latter compounds were
enzymatically synthesized as shown in Scheme 2. Similar to the HB-bioamination,
the redox-neutral cascade ADH/wTA system regenerates the required oxidized
NAD* coenzyme via an alanine dehydrogenase (AlaDH); concurrently, the pyruvate
side product is converted back to alanine, the ultimate amino donor for the
transamination step (Scheme 4).

OH H,0 Ol-l*
y NAD* Pyruvate
NH,
(1S2R)-30 \ @ (18,28)-5 or
(1R2R)-3 > (1R2S)-5
/ U
- .
NADH
NHa/NH,*
OH
oY
4

Scheme 4. One-pot cascade reactions for the conversion of optically active diols 3 to two isomers of
nor(pseudo)ephedrine 5 by pairing ADH and stereocomplementary wTAs

Moreover, we could also obtain the regioisomer (1S,2R)-5" with the cascade
depicted in Scheme 4 by choosing a specific combination of diol substrate, ADH and
wTA (Scheme 5).
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Aa-ADH (50 pM)
AY(R)-0TA (50 uM)

NAD* (1 mM) "
OH Bs-AlaDH (20 pM) N2
D-Alanine (50 mM) ©/\‘/
OH  HCOONH, (pH 8.5, 1 M) OH
(1R2R)-3 (1S,2R)-5'

Scheme 5. One-pot cascade reactions for accessing one regioisomer of nor(pseudo)ephedrine

In Chapter 5, we have used the one-pot cascade described in Scheme 4 to
synthesize phenylethanolamine isomers 5a (Scheme 6, top). Also in this case, chiral
diol substrates 3a were enzymatically synthesized by the one-pot cascade reported
in Scheme 2. Styrene 1a was then used as substrate. Moreover, we designed an
orthogonal bioamination cascade for the enzymatic synthesis of amino alcohol 5a’
from optically active diol 3a. Here, an alcohol oxidase (AcCO6) is paired with an
amine dehydrogenase (Ch1-AmDH). The latter enzyme requires an orthogonal
enzymatic system for the recycling of the NADH coenzymes (Scheme 6, bottom).

Aa-ADH (70 uM)
At(R)-0TA (35 uM) or Bm(S)-0TA (35 uM)

NAD* (1 mM)
OH Bs-AlaDH (20 uM) NH,
©/k/OH D or L-Alanine (50 mM) : ©/b
HCOONH, (pH 8.5, 1 M) ©N
(R)-3a (S)-5a (R)-5a
H,0
\-ﬁ%
1/, O, H20,
OH OH . O OH
OH _0 Z_NH,
AcCOB H ()58
(R)-3a or . -5a’ or
(S)-3a 4a (S)-5a"
NADH NAD*
HCOs" HCOO
Cb-FDH

Scheme 6. One-pot cascade for the conversion of (R)-3a to optically active (R)-5a and (S)-5a by pairing selected
ADHs with stereocomplementary wTAs (top); orthogonal bioamination cascade for the conversion of (R)-3a and
(S)-3a to the corresponding chiral amino alcohols (R)-5a’ and (S)-5a’, respectively (bottom).
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We then decided to extend the multi-enzymatic cascade reactions, described
above, for the synthesis of other valuable amino alcohols (e.g., adrenaline and
derivatives thereof). Therefore, chapter 6 deals with a proof-of-principle that
exemplifies the high potential of these cascades. An extra enzymatic step was
included for the biocatalytic decarboxylation of renewable raw materials, such as
caffeic, coumaric and ferulic acids 1b-d, to obtain the corresponding aromatic
olefins 2b-d (Scheme 7, top). Unfortunately, the one-pot dihydroxylation cascade
described in Scheme 2 did not lead to the formation of the related diols. Therefore,
the synthesis of substrate 2b’ was proceeded from caffeic acid 1b as model
compound, giving the chiral diols 4b’ (Scheme 7, middle). As last, the one-pot
cascade described in Scheme 4 was performed for synthesizing amino alcohol 6b’
(Scheme 7, bottom). Nevertheless, more work on this cascade is necessary in order
to assess the actual performance of the system as well as to determine the
stereochemistry of the amino alcohol product. Moreover, other tests need to be
carried out by using all of the substrates described at the beginning of this chapter
and find suitable approaches for obtained the targeted amino alcohols (e.g.,
adrenaline and derivatives). Anyway, the integration of computational biocatalysis
and protein engineering is indispensable to expand the enzymatic toolbox required
for these cascades.

o)
1b: R=0H R X OH FaDC whole E.coli cells R X 2b:R=O0H
1c:R=H :©/\ 2c:R=H
1d: R = OMe HO KPi buffer, pH 8.0, 50 mM HO 2d: R = OMe
0 *
Fus-SMO X\ Sp(S)-EH or OH
0 0 0
S~ ey
o NAD*/HCOO" o] o .
2b' KPi/heptane 1:1 3b' H,0 g %'_be, or
Aa-ADH (50 uM)
AR)-0TA (50 uM)
NAD* (1 mM) NH
OH Bs-AlaDH (20 pM) v 2
OD/borﬂ D-Alanine (50 mM) <OJ©)VOH
<o HCOONH, (pH 8.5, 1 M) 0
(R)-4b’ 6b'

Scheme 7. Preliminary results for the approach described in chapter 6 as proof-of-principle for the potential
application of the cascades described in this thesis towards the synthesis of high valuable vicinal amino alcohols.
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De chemische industrie is nog voor een groot deel afhankelijk van fossiele
brandstoffen. Vele hedendaagse productieprocessen leiden tot grote
hoeveelheden afval. Het model voor in afvalvrije circulaire economie is in het
afgelopen decennium opgekomen en bevat de kern van groene energieprincipes.
Een oplossing voor dit probleem is de vervanging van het stoichiometrische gebruik
van reagentia met katalytische alternatieven. Verder heeft het vermijden van
fossiele grondstoffen waardevermeerdering gebracht voor hernieuwbare
alternatieven uit plantaardige materialen, zoals lignocellulose, afkomstig van
landbouwresiduen. Desalniettemin vraagt deze overgang om de ontwikkeling van
de infrastructuur en nieuwe technologieén en processen, die moeten voldoen aan
duurzaamheidseisen, voor de behandeling van dergelijke grondstoffen. In deze
context speelt biokatalyse een belangrijke rol in de behandeling van lignocellulose
uit biomassa en de daaropvolgende omzettingen van uit biomassa verkregen
bouwstenen in hoogwaardige eindproducten. Biokatalysatoren zijn inherent veilig,
duurzaam en selectief omdat de vijf groene energieprincipes worden vervuld door
de intrinsiek hoge chemo-, regio- en stereoselectiviteit van enzymen. Enzymatische
processen worden vaak uitgevoerd in waterige oplossingen bij pH dichbij neutraal,
kamertemperatuur en druk. Verder zijn biokatalysatoren over het algemeen
biologisch afbreekbaar, biocompatibel en duurzaam. Deze aspecten zijn zeer
gunstig voor de ontwikkeling van milieuvriendelijke chemische processen.
Daarnaast zijn enzymen met verschillende reactiviteiten vaak verenigbaar en
kunnen daarom tegelijkertijd in hetzelfde reactievat worden toegepast zonder ze
fysiek te hoeven scheiden en dus maken ze de combinatie van meerdere
reactiestappen in één pot mogelijk. Al deze kwaliteiten zijn met name van belang
bij de vervaardiging van actieve farmaceutische ingrediénten (APIs). Alhoewel de
overgang naar milieuvriendelijke en duurzame processen langzamer gaat in de
farmaceutische en fijnchemicaliénindustrie, zijn er verscheidene industriéle routes
geimplementeerd voor het uitvoeren van belangrijke omzettingen met enzymen
(zoals het introduceren van chirale centra: a-chirale amines met transaminases,
chirale alcoholen met alcohol dehydrogenases, enz.). Onder de functionaliteiten
die zich in biologisch actieve stoffen bevinden, vormen vicinale amino alcoholen de
kern van verschillende natuurstoffen en actieve farmaceutische ingrediénten (zoals
alkaloiden, neurotransmitters, HIV protease inhibitors, aminopeptidase inhibitor
en antibiotica). In deze thesis hebben wij verschillende multi-enzymatische
cascadereacties toegepast voor de synthese van gerichte optisch actieve vicinale
amino alcoholen. Ons onderzoek start in hoofdstuk 2 met het genereren van een
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zelfontworpen styreen mono-oxygenase enzym (Fus-SMO). De twee units van het
katalytische bi-enzymatische systeem (StyB, het reductase domein, en StyA, de
epoxidatie unit) zijn genetische gefuseerd m.b.v. een dertig aminozuur lange linker.
In dit hoofdstuk hebben wij de katalytische prestatie van gevriesdroogde E. coli
cellen met Fus-SMO (die tot overexpressie is gebracht) bepaald in de
asymmetrische epoxidatie van styreen 1a in trans-B-methylstyreen 1b (Schema 1).
Een verdere verbetering in de praktische toepassing van dit systeem was gemaakt
door Fus-SMO en Cb-FDH tot co-expressie te brengen in hetzelfde gastorganisme.

Fus-SMOJ/O,

(@]
©/N X Cb-FDH/HCOONa (5 eq.)/NAD*(1mM) ©/*<1/X
KPi buffer/heptane (1:1 v v’
X=H1a X=H(S)-2a
X = CHs 1b X = CHs (1S,25)-2b

Schema 1. Cell systeem waarbij Fus-SMO en Cb-FDH tegelijkertijd tot expressie zijn gebracht in E. coli
BL21 DES3 als gast organisme voor de omzetting van 1a-b naar optisch actieve epoxides 2a-b.

In hoofdstuk 3 hebben we onze Fus-SMO toegepast in een een-pots cascade met
stereocomplementaire epoxide hydrolases (Sp(S)-EH of St(R)-EH) voor de synthese
van chirale 1,2-fenylpropaandiol isomeren 3 (Schema 2). Vervolgens werd de
formele regio-, chemo- en stereoselectieve synthese van twee isomeren van
nor(pseudo)efedrine 5 behaald m.b.v. de biokatalytische hydrogen-borrowing (HB)
aminering van het alcohol; dit is een redox neutrale cascade. Optisch actieve diolen
3 werden omgezet naar de desbetreffende amino alcoholen door het combineren
van geselecteerde alcohol dehydrogenases (Bs-BDHA of Ls-ADH) en een amine
dehydrogenase (Ch1-AmDH) gebruikmakende van wederom een een-pots cascade
(Schema 3).

0O, H,O + HCO3” OH

Fus-SMO * O | Sp(S)-EH or *
Ny \FoH/ +| St(R)-EH
m NAD*/HCOO m ( OH
cis-or KPi/heptane 1:1 (15.2R)-2 H,0 (15,29)-3
trans-1 or (15,25)-2 8 ’;’ggzg
(1R2S)-3

Schema 2. Een-pots multi-enzymatische cascades voor de synthese van optisch actieve diol isomeren
3 van olefine 1 d.m.v. een koppeling van Fus-SMO met twee stereocomplementaire EHs.
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OH NHa/NH,* OH

. Bs-BDHA or * X
Ls-ADH Ch1-AmDH
NH,
(1S,2R)-5
(1S,2R)-3 NADH H0 (1R 2R)-5
(1R2R)-3 NAD*

Schema 3. Formeel regio-, chemo- en stereoselectieve enzymatische synthese van twee isomeren van
nor(pseudo)efedrine 5 via de HB bio-aminering cascade.

Vanwege het ontbreken van (S)-selectieve AmDHs, beschrijven we in hoofdstuk 4
de enzymatische synthese van de twee andere isomeren van nor(pseudo)efedrine
5 door een combinatie van de geselecteerde ADHs met stereocomplementaire w-
transaminases (wTAs) in een een-pots cascade voor de omzetting van chirale diolen
3. Deze laatstgenoemde stoffen werden enzymatisch gesynthetiseerd, zoals
geillustreerd in Schema 2. Net als de HB bio-aminering, re-genereerd de redox-
neutrale ADH/wWTA cascade het vereiste en geoxideerde NAD* co-enzym m.b.v. een
alanine dehydrogenase (AlaDH). Gelijktijkig wordt het pyruvaat bijproduct terug
omgezet naar alanine: de ultieme amino donor voor de transaminering (Schema 4).

O*H H,0 O*H*
y NAD* Pyruvate
NH,
(1S.2R)-3 0 \ & (18,2S)-5 or
(1R.2R)-3 > (1R,2S)-5
’ o
/ U
NADH
NHz/NH,*
OH
m

Schema 4. Een-pots cascade voor de omzetting van optisch actieve diolen 3 naar twee isomeren van
nor(pseudo)efedrine 5 door een combinatie van ADH en stereocomplementaire wTAs.

Verder zijn we in staat geweest om regio-isomeer (1S,2R)-5’ te verkrijgen met de
cascade uit Schema 4 door een specifieke combinatie van diol substraat, ADH en
wTA te kiezen.
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Aa-ADH (50 uM)
At(R)-0TA (50 uM)

NAD* (1 mM)
OH Bs-AlaDH (20 uM) NH,
D-Alanine (50 mM) @/\‘/
R
OH " HCOONH, (pH 8.5, 1 M) OH
(1R2R)-3 (1S,2R)-5'

Schema 5. Een-pots cascade reacties voor het verkrijgen van een specifiek regio-isomeer van nor(pseudo)efedrine.

In hoofdstuk 5 hebben we gebruik gemaakt van de een-pots cascade uit Schema 4
voor de synthese van fenylethanolamine isomeren 5a (Schema 6, boven). Ook in
dit geval zijn chirale diolen 3a enzymatisch gesynthetiseerd m.b.v. de een-pots
cascade uit Schema 2. Styreen 1a is daar als substraat gebruikt. Daarnaast hebben
we een orthogonale bio-amineringscascade ontwikkeld voor de enzymatische
synthese van amino alcohol 5a’ vanuit optisch actieve diol 3a. Hier is een alcohol
oxidase (AcCO6) gekoppeld met een amine dehydrogenase (Ch1-AmDH). Het
laatstgenoemde enzym vereist een orthogonaal enzymatisch systeem voor de

recycling van de NADH co-enzymen (Schema 6, onder).

Aa-ADH (70 M)
AYR)-0TA (35 uM) or Bm(S)-0TA (35 uM)

NAD* (1 mM)
OH Bs-AlaDH (20 pM) NH, NH;
©/k/OH D or L-Alanine (50 mM) ~ OH ©/k/OH
HCOONH, (pH 8.5, 1 M) ©N
(R)-3a (S)-5a (R)-5a
H,0
\@
1/2 02 H202
OH OH Hz0 OH

OH {_0O L _NH;,

AcCO6 H (R4
(R)-3a or 4a' -5a' or

(S)-3a a (S)-5a"

NADH NAD*
HCO;5 HCOO-
Cb-FDH

Schema 6. Een-pots cascade voor de omzetting van (R)-3a naar optisch actief (R)-5a en (S)-5a d.m.v. koppeling van
geselecteerde ADHs met stereocomplementaire wTAs (boven); orthogonale bio-amineringscascade voor de
omzetting van (R)-3a en (S)-3a naar de corresponderende chirale amino alcoholen (R)-5a’ en (S)-5a’ respectievelijk
(onder).
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We hebben vervolgens besloten de multi-enzymatische cascade reacties, zoals
bovenstaand beschreven, uit te breiden voor de synthese van andere waardevolle
amino alcoholen (i.e., adrenaline en derivaten daarvan). Hoofdstuk 6 behandelt
een principebewijs dat als voorbeeld dient voor de hoge potentie van deze
cascades. Een extra enzymatische stap was geintroduceerd voor de biokatalytische
decarboxylatie van hernieuwbare grondstoffen zoals caffeinezuur, cumaarzuur en
ferulinezuur 1b-d, voor het verkrijgen van de corresponderende aromatische
olefines 2b-d (Schema 7, boven). Echter leidde de een-pots dehydroxylatiecascade
uit Schema 2 niet tot de vorming van gerelateerde diolen. Mede daarom waas de
synthese van substraat 2b’ voortgezet met caffeinezuur 1b als uitgangsstof wat
leidt tot chirale diolen 4b’ (Schema 7, midden). Als laatste is de een-pots cascade
uit Schema 4 toegepast voor de synthese van amino alcohol 6b’ (Schema 7, onder).
Desalniettemin is er meer werk nodig aan deze cascade om de daadwerkelijke
prestatie van het systeem te bepalen alsmede de stereochemie van het amino
alcohol product te bepalen. Verder zullen andere tests moeten worden uitgevoerd
met alle substraten die aan het begin van dit hoofdstuk zijn beschreven en zullen
passende routes gevonden moeten worden om de gewenste amino alcoholen te
verkrijgen (i.e., adrenaline en derivaten). De integratie van computationele
biokatalyse en eiwitengineering is essentieel voor uitbreiding van de enzymatische
systemen die nodig zijn voor deze cascades.

o)
1b: R = OH R A OH FaDC whole E.coli cells R X 2b:R=0H
1c:R=H :@A 2c:R=H
1d: R = OMe HO KPi buffer, pH 8.0, 50 mM HO 2d: R = OMe
O,  H,0 +HCOy OH
(0] *
o N Fu;—;_l\'/IO o N Sp(S)-EH or 0 OH
( { St(R)-EH {
o NAD*/HCOO o) ( o .
2b' KPi/heptane 1:1 3b' H,0 g g'_:g, or
Aa-ADH (50 uM)
AYR)-0TA (50 uM)
NAD* (1 mM) NH
OH Bs-AlaDH (20 pM) 2
Oj@/bw D-Alanine (50 mM) <OJ©)VOH
<o HCOONH, (pH 8.5, 1 M) o]
(R)-4b' 6b

Schema 7. Voorlopige resultaten van de aanpak beschreven in hoofdstuk 6 als principebewijs voor de
potentiéle toepassing van de cascades voor de synthese van hoogwaardige vicinale amino alcoholen,
zoals beschreven in deze thesis.
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