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Abstract

Nowadays the urgent need for sustainable and greener production processes is driving
considerable interest towards the continuously progressing field of biocatalysis. Enzymes,
the essential components of biocatalysis, provide an environmentally friendly approach
to chemical transformations, presenting cleaner and more selective synthesis pathways
compared to conventional, potentially hazardous, chemical methods. However, to truly
unlock the potential of enzymes and apply them effectively at an industrial level, a great
level of optimization is often required.

This research introduces a set of biocatalytic tools specifically tailored to overcome the
challenges associated with chemical amine production. The explored approach was the
decarboxylation of natural amino acids. These precursors represent a sustainable
feedstock source since they can be obtained via microbial fermentation in a circular
economy, from natural and readily available substrates. The aim is to propose a green,
eco-conscious alternative to traditional amine production, which often involves the
generation of waste and the use of dangerous reagents. The practicality and efficiency of
these novel biocatalytic instruments are validated through direct application, thereby
showcasing their potential for implementation in industry.

A significant aspect of the study revolves around not just the development of these
biocatalytic tools, but also enhancing their resilience for industrial scale-up. The central
strategy to augment the robustness of the biocatalysts, and thereby widen their
application field, is the immobilization of the biocatalyst. By doing so, the biocatalyst can
be integrated in an easier manner inside the chemical synthesis and can become a reliable
co-actor, addressing the most environmentally problematic steps in the chemical process.
This collaborative method allows biocatalysts to complement traditional chemical stages,
providing an inclusive and comprehensive strategy for sustainable chemical production.

Moreover, it is essential to note that the versatility of enzymes should be explored
further. Out-of-the-box applications for these biological catalysts must be considered,
keeping in mind that enzymatic reactions often occur under equilibrium, hence
influencing the reaction directionality. In this study, an effort was made to harness the
capabilities of amino acid dehydrogenases and amine dehydrogenase to catalyse the
oxidative deamination reaction expanding their substrate scope. The aim is to generate
aldehydes or ketones from amines, which hold promising potential in the field of chemical
applications.
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1. Introduction

1.1 Biocatalysis

Biocatalysis, an evolving field in synthetic chemistry, harnesses enzymes to perform
chemical transformations.(Alcédntara et al., 2022; Sheldon & Brady, 2019; Sheldon & Woodley,
2018) The utilization of biocatalysis aligns with Green Chemistry principles,(Roschangar et
al., 2015) a framework aimed at minimizing or eradicating the use and generation of
hazardous and environmentally detrimental substances in chemical processes.

Enzymes are macromolecules that accelerate chemical reactions by lowering the
activation energy barrier required to perform molecular transformations. The high
selectivity of enzymes enables them to catalyze specific reactions efficiently, reducing
waste, and producing desired products. This feature proves exceptionally beneficial
across various sectors, including chemical and pharmaceutical manufacturing, as well as
the food and cosmetics industries, where complex and chiral molecules are synthesized.
Recent advancements in synthetic biology and bioinformatic technologies, including
metagenomics, genome sequencing, protein engineering, directed evolution, and high-
throughput screening, have propelled the growth of biocatalysis. These techniques
facilitate the biocatalysts discovery, expanding their substrate scope and enabling new
reaction chemistries.(Bell et al., 2021)

Enzymes align with several principles of Green Chemistry due to their low toxicity, high
efficiency, renewable nature, and ability to operate under mild conditions. For example,
enzymatic reactions are commonly run in water or low-hazard organic solvents, adhering
to the principle of using benign solvents. As industries face increasing pressure to adopt
environmentally friendly and sustainable methods, biocatalysis is set to play a significant
role and continuous advancements in technology are likely to further enhance the
discovery, development, and application of biocatalysts, contributing to greener and
more sustainable chemical processes. A recent example of the practical application of
biocatalysis in pharmaceutical synthesis is showcased by Novartis in 2020.(B. Wu et al.,
2020) In this case, biocatalysis was employed in the synthesis of an FXI (Factor Xl)
inhibitor, which is being studied for potential applications in treating or preventing
thrombosis and related diseases.

By employing an enzyme, Novartis was able to shorten the synthetic route, reducing five
steps with just to one, starting from a different intermediate 9 rather than 1 (Figure 1.1).
This enabled the synthesis of the corresponding chiral product 8 in very high conversion
and enantiomeric excess.

During the enzymes screening, hits were identified to produce either the desired (S)-
alcohol or the undesired (R)-alcohol. Ultimately, the ketoreductase enzyme KRED-NADH-
110 was selected for the stereoselective reduction of the a-chloroketone 9 to the (S)-

13



alcohol (10). This selection was based on the enzyme activity, enantioselectivity, and
compatibility with utilizing isopropanol to recycle NADH.

methyltriphenyl-
phosphonium bromide AD-mix-alpha
Br p BuL| then DMF CHO n-BuLi X (0s)
THF -78°C THF, -78 °C t-BuOH/H,O
79% B 81% Br 83%
1 2 3
2-mesitylenesulfonyl
OH chloride
OH DMAP, Pyridine 0SO0,Mes Cs,CO3
—_— _
6% DuF
0
Br 85%
4 5
HN
K2003 DMF )\Q/\/ /b
85%
8

b. HN/b
OH
Cl KRED/NAD* H
Cl
i-PrOH C32C03
0 80%
92% By

9
Figure 1.1: (S)-1-(3-Bromo-5-isopropylphenyl)-2-chloroethan-1-ol (10) is a key
intermediate, and the enzymatic reduction of 1-(3-bromo-5-isopropylphenyl)-2-
chloroethan-1-one (9) to the chiral alcohol was investigated using ketoreductase (KRED)
screening kits manufactured by Codexis. a. Chemical synthesis for FXI inhibitor till the
intermediate 8. b. Biocatalytic alternative with KRED application.

In fact, with an ingeniously process optimization, the cofactor regeneration was realized
by the oxidation of isopropanol to propionaldehyde, exploiting the capability of the KRED-
NADH-110 to directly use NAD* in the oxidation reaction. Therefore, this process set up
avoided implementing a coenzyme recycling system, sparing the addition of another
biocatalyst to the system.

Moreover, the biocatalytic alternative effectively addressed the scalability and safety
challenges linked with traditional chemical synthesis, wherein the use of toxic OsOg, in
AD-mix-alpha, was required in the asymmetric dihydroxylation step to yield 4. By
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shortening the process, it avoided harmful reagents like n-Buli, DMF, and the
aforementioned AD-mix-alpha, reducing both environmental impact and health risks. The
biocatalytic rout also circumvented the need for extremely low temperatures and
unstable intermediates, like epoxide intermediate 6, enhancing energy efficiency,
reliability, and cost-effectiveness. In summary, this example proves that the greenest
solutions can also be the most convenient ones, making them a good choice for
businesses.

1.2 Amines production and environmental implications

Categorized by their distinctive chemical structure that includes one or more nitrogen
atoms bonded to carbon, amines have a crucial role in both biological and industrial
contexts. In the biological sphere, these compounds are essential, forming the core
components of amino acids and nucleotides of proteins and DNA, respectively. On an
industrial scale, amines simultaneously play an important role, both as invaluable building
blocks and as valuable products across a wide range of sectors, including agriculture,
pharmaceuticals, textiles, polymers, cleaning industries, and cosmetics.(Froidevaux et al.,
2016; Lawrence, 2004; Nasri, 2017a)

Regrettably, the production of many commercially available amines relies on the Haber—
Bosch procedure, a process that harnesses nitrogen and hydrogen to produce ammonia,
which is then incorporated into hydrocarbons derived from fossil fuels. Nitrogen, the
elemental constituent in amines, is present in 84% of FDA-approved medicines,
highlighting the critical role of nitrogen-inclusive materials substances in drug discovery
programs and chemical libraries.(Vitaku et al., 2014).

Despite significant advancements since the onset of the Haber-Bosch process in the early
1900s, this procedure still consumes a considerable amount of energy. It is responsible
for 1-2 % of the world's total annual energy usage and half of the yearly global hydrogen
output.(M. Wang et al., 2021)

Crucially, the dependence on fossil resources for the synthesis of industrially relevant
amines, including aliphatic amines such as alkylamines and diamines, aromatic amines
like anilines, and aminoalcohols such ethanolamines and propanolamines, presents
substantial environmental challenges.(Pelckmans et al., 2017; Pilkington et al., 2021)
Indeed the production of light olefins, a critical raw material for these processes, typically
employs methods like steam or catalytic cracking, which are not only energy-intensive
but also contribute significantly to global CO, emissions, producing millions of tons
annually.

Conventional synthetic methods for amine production (Figure 1.2), like ammonolysis of
alkyl halides, reduction of alkyl azides, nitriles, and amides, and hydroamination of
alkenes, are all hampered by a set of limitations,(Truong et al., 2023) including the need
for costly reagents, poor selectivity, use of harsh reaction conditions, and low
compatibility with sensitive functional groups. Despite their prevalent use, these
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methods come with significant environmental implications. They often require an
overabundance of reagents, rely on hazardous reducing agents, necessitate energy-
intensive conditions, and produce waste products detrimental to both human health and
the environment. Furthermore, the reliance on non-renewable resources for these
reactions intensifies their environmental footprint.

With these sustainability concerns, innovative and more environmentally friendly
alternatives are urgently required.

Reductive amination

0 "

N N R

R-NH, o+ L NaBglCR R-N
RTOR "4 e

Ammonolysis of alkyl halides
R=X + NHj; —_— R-=NH, + HX

Reduction of alkyl azides

R-N-N=N A R-NH, + N,
Reduction of amides
0 LiAIH,
M ——>  R-NH,
R” “NH,
Reduction of nitriles
R-C=N LA RN,

Hydroamination of alkenes
NHR

H
t.
R/\ + NH3 ﬂ» R)\/H or R)\/NHR

Figure 1.2: Traditional synthetic routes for the production of amines, including reductive
amination, ammonolysis of alkyl halides, reduction of alkyl azides, nitriles, and amides,
and hydroamination of alkenes.

1.3 Biocatalysis in amines synthesis

The transformation towards a sustainable chemical industry is intrinsically tied to the
effective conversion of renewable resources into valuable compounds and energy
sources. Concurrently, the development and implementation of innovative strategies
that, not only mitigate waste production and environmental pollution, but also avoid the
depletion of non-renewable resources, are absolutely critical. Consequently, the scientific
research community has made significant achievements in the development of
renewable feedstock production, such as the generation of amino acids through microbial
fermentation processes, to directly recycle carbon and nitrogen from biomass into
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nitrogenous compounds like amines, amides, or nitriles. It is important to mention,
however, that despite the fact that natural amino acids hold significant potential for
further processing(Song et al., 2020) (Figure 1.3), they of course possess intrinsic value
across diverse fields.

Transformation of a-carboxyl group
H O - primary amine

\ // - amino acid esters

Derivatization of side-chain ¢ = — :‘/

C—C
- hydroxylation : R

a \
- dehydroxylation U Sl

- hydrolyzation ==t : N H2I OH

- C-C formation :

- acylation N
Transformation of a-amino group
- a-keto acids
- D-amino acids
- Olefin acids

- a-hydroxy acids
- B-amino acids

Figure 1.3: Visual representation of the multiple potential chemical modifications of
amino acid functionalities. This figure highlights the versatility and complexity of

structural alterations possible, underscoring the broad utility and adaptability of amino
acids in various fields of study and application.

1.3.1 Amino acids from bacterial fermentation as process feedstock: L-DOPA
production

The synthesis of L-3,4-dihydroxyphenylalanine (L-DOPA), an important amino acid for
treating Parkinson's disease, illustrates a perfect example for this perspective. The
biotechnological method, which has been a subject of interest in the last decade,
overcomes issues, such as poor conversion rates and low enantioselectivity, typical of the
commercial process of L-DOPA synthesis through asymmetric hydrogenation, developed
by Monsanto (Figure 1.4).(Knowles, n.d.) These alternative biotechnological approaches
exploit microorganisms with tyrosinase, tyrosine phenol-lase (Tpl), or p-
hydroxyphenylacetate 3-hydroxylase (PHAH) activity (Figure 1.5).
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Figure 1.4 : Monsanto L-DOPA (6) process starting from vanillin (1).
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Figure 1.5: Different enzymes application for the biocatalytic production of L-DOPA. (A)
Tyrosinase; (B) Tyrosine-phenol-lyase (Tpl); (C) p-hydroxyphenylacetate 3-hydroxylase

(PHAH).

While each approach has proven efficient for L-DOPA production, it is important to note
that each one has its own drawbacks to overcome (Table 1.1).(Kurpejovié et al., 2021)
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Enzyme Substrate Drawbacks L-DOPA (g/L)

catechol,

Tyrosw;:szhenol- pyruvate, ° ;I':;(lijcirezrecursor catechol is zz-li(iggg;et
ammonia
e The catecholase activity
reduces L-DOPA vyield via
Tyrosinase L-tyrosine | 4 ;T;::S;n heterolo 3.81(Surwase
BOUS et al., 2012)
expression because of the
requirement of adaptor
proteins
e Require L-tyrosine as precursor
oHaH  Ducose | putrente mproductionmeds | LT
et al., 2016)
e NADH and FADH; cofactor
dependence

Table 1.1: L-DOPA production with different biocatalytic approaches and their related
drawbacks.

In the latest study by Kurpejovi¢ et al. for L-DOPA production, a novel approach was
adopted with a new microorganism (Corynebacterium glutamicum) expressing the
tyrosinase from Ralstonia solanacearum.(Kurpejovi¢ et al.,, 2021) In this case, the
additional overexpression of xylose utilization genes (namely xylAXc and xyIBCg) in C.
glutamicum allowed the exploitation of lignocellulosic biomass (LCB) as a carbon and
energy source for sustainable L-DOPA production. In fact, xylose is the second most
abundant sugar in LCB wastes,(Narisetty et al., 2022) as it is a more eco-friendly and cost-
effective choice compared to the define and pure carbon source such as D-glucose.

These considerable efforts which have been made to enhance and optimize the
production of L-DOPA, are driven by the substantial value of the non-proteogenic amino
acid. In fact, aside from being a key medication in the treatment of Parkinson disease, L-
DOPA utility extends beyond this application. For instance, it is utilized as a supplement
in fermentation media for the production of (S)-Norcoclaurine in yeast.(Payne et al.,
2021; Pyne et al., 2020) This compound is important as it acts as a precursor in the
biosynthesis of benzylisoquinoline alkaloids (BIAs). BIAs are a broad category of plant
secondary metabolites with varying structures and biological functions. Among them,
significant pharmaceutical compounds are morphine, an analgesic; berberine, an
antibacterial agent; and noscapine, an anti-cancer compound. In BIAs biosynthesis, the
first crucial step involves the enzymatic transformation of dopamine, derived from the

19



decarboxylation of L-DOPA, and 4-hydroxyphenylacetaldehyde (4-HPAA) into (S)-
norcoclaurine, catalyzed by norcoclaurine synthase (NCS) (Figure 1.6) . Therefore, L-DOPA
role in this process underscores its importance in the biotechnological production of

these compounds.
HO HO
j@\/\ * \©\/\
HO NH ~o

2
dopamine 4-hydroxyphenylacetaldehyde

NCS

(S)-norcoclaurine o]

3
O OCH,

morphine V noscapine

|
O N
o X

berberine

Figure 1.6: The biosynthesis of diverse benzylisoquinoline alkaloids such as berberine,
morphine, and noscapine hinges on the condensation of dopamine and 4-
hydroxyphenylacetaldehyde by norcoclaurine synthase (NCS), producing (S)-
norcoclaurine as a crucial intermediate.

1.3.2 Biocatalytic decarboxylation of amino acids

The engineering of bacterial strains capable of fermenting various amino acids from
sustainable carbon sources, such as agricultural or industrial waste, has emerged as a
particularly promising strategy.(Kumar et al.,, 2014; Leuchtenberger et al.,, 2005;
Wieschalka et al., 2013) A significant amount of attention has been directed to ensure
that these advancements do not interfere with the demands of the food industry, thus
balancing our environmental objectives with the sustained delivery of essential goods
and services.(B. Zhang et al., 2020) Moreover, the utilization of protein-rich biomass
waste offers another avenue for sustainable production.(Gupte et al., 2022; Nasri, 2017b)
Indeed, proteins and amino acids hold considerable promise for generating nitrogen-
containing chemicals in a bio-refinery, given that there is no conflict with food production.
For example, the decarboxylation of amino acids can yield valuable amine products,
turning what would otherwise be discarded into valuable chemical precursors.(Li et al.,
2016; Teng et al., 2011; H. Zhang et al., 2016)
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The case study of bio-based nylon production from the natural amine, cadaverine,
illustrates an inspiring example of harnessing amino acid decarboxylases for the
generation of high-value materials from a readily available and renewable carbon source,
such as D-glucose (Figure 1.7). In this instance, Corynebacterium glutamicum
GH30HaLDC, a microbial strain engineered for the expression of lysine decarboxylase
from Hafnia alvei,(Kim et al., 2019) was exploited to decarboxylate L-lysine, yielding
cadaverine - a key precursor in the production of nylon. The resultant cadaverine was
then chemically co-polymerized with sebacic acid to form polyamide PA510, a type of
nylon.

This example stands out not just for the application of biocatalysis in the initial stages,
but for the convenient integration of biological and chemical strategies towards the
production of a commercially significant product. The introduction of a biocatalyst in the
process ensures a renewable and eco-friendly generation of the valuable precursor
cadaverine, while the subsequent chemical polymerization transforms this bio-derived
intermediate into a robust and functional material. Consequently, this process
exemplifies how strategic integration of bio-based processes with traditional chemical
reactions can lead to a more sustainable and environmentally conscious production of
industrially important materials.
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Figure 1.7: Production of bio-based nylon. The engineered microbial strain, C.
glutamicum GH30HaLDC, was utilized to produce 125 g/L of cadaverine through fed-
batch culture, resulting in a 20% increase in yield compared to previous methods.
Cadaverine, obtained by L-lysine decarboxylation by lysine decarboxylase (LDC) from
Hafnia alvei(Kim et al., 2019), is then recovered, purified, and co-polymerized with
sebacic acid to synthesize polyamide PA510, a bio-based nylon with thermal and material
properties comparable to those of traditionally produced PA510. Indeed, the evaluation
of both biological and chemical methodologies is essential in the field of industrial
biotechnology, given its multidisciplinary nature. To decide which approach is most
suitable, a systematic comparison must be carried out (Table 1.2).
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Method Advantages

e Renewable and sustainable by using
biomass feedstocks

e Environmentally beneficial due to less
harmful reagents

Biological
e Highly regio- and stereoselective
e Safer because of milder reaction
conditions (e.g. pressure and
temperature)
e Capable of producing a wider variety of
chemicals
Chemical o groader range of optimal conditions (e.g.
temperature and pressure) for catalysts
e Potential to build the most efficient path
Integrated for a target chemical synthesis by

leveraging the strengths of both
biological and chemical processes

Limitations

Lower reproducibility
due to many variables
to optimize (e.g. cell
status and cultivation
media)

Primarily operated on
organic molecules
More sensitive to the
toxicity of a target
product or
intermediates

Issues with selectivity
Harsher reaction
conditions (e.g. high
temperature and
pressure)

Generation of a
greater amount of
toxic, non-
degradable/recyclable
by-products

Specific limitations
will depend on the
particular integrated
methods used, and
could potentially
involve limitations
from both biological
and chemical
methods

Table 1.2: Competitive strengths and limitations of biological, chemical, and integrated

processes

22



This comparison should also take into account economically relevant factors, including
the cost of raw materials, operational costs, and the technical feasibility of each method.
Through this so-called technoeconomic analysis, one can discern which method,
biological or chemical, might serve as the most efficient and optimal route for a particular
process.(S. Y. Lee et al., 2019)

1.4 Amino acid decarboxylases, amino acid dehydrogenases, and amine
dehydrogenases in the production of amines

The scientific community agrees that a variety of biocatalysts, originating from five major
enzyme classes - oxidoreductases (EC 1.), transferases (EC 2.), hydrolases (EC 3.), lyases
(EC 4.) and isomerases (EC 5.) - play a significant role in the formation of amines.(Mutti &
Knaus, 2021)

In the following paragraphs, the specific role of amino acid decarboxylases (EC 4.1.1.X),
amino acid dehydrogenases (E.C. 1.4.1.X) and amine dehydrogenases is discussed.

1.4.1 Amino acid decarboxylase: L-tyrosine decarboxylase and L-valine
decarboxylase

Amino acid decarboxylases (EC 4.1.1) are a class of biological catalysts commonly present
in various life forms, such as microorganisms, animals, and plants. These enzymes
catalyse the reaction that converts amino acids into the corresponding amine and carbon
dioxide (Figure 1.8).

0
AADC
R%OH R._NH;
NH, )

CO,

Figure 1.8: L-amino acid decarboxylation reaction

The multifunctionality of amino acid decarboxylases originates from the fact that their
roles diverge according to their specific type and the organisms in which they are found.
In animals, they are involved in the biosynthesis of biogenic amines and polyamines. On
the other hand, in bacteria, certain inducible biodegradative enzymes that decarboxylate
amino acids have been suggested to play a role in pH regulation within the bacterial cell
and its environment. One example of such functionality is the glutamate decarboxylase
(GAD), which assists in maintaining the stability of pH levels in the organism growth
environment through the production of amines.(Gut et al., 2006)

The majority of amino acid decarboxylases employ pyridoxal-5'-phosphate (PLP) as their
coenzyme(SANDMEIER et al., 1994a) and can be generally classified in two Fold Types, |
and lll.(Eliot & Kirsch, 2004; Jansonius, 1998)

23



A further classification distinguishes Group I, Group I, and Group lll, for the Fold Type |
enzymes, whereas Fold Type Il enzymes comprise Group IV.(SANDMEIER et al., 1994b)

This classification has been possible thanks to the crystal structures of numerous amino
acid decarboxylases which have been to date successfully elucidated. Group | solely
consists of glycine decarboxylase.(Nakai et al., 2005) Group Il consists in several
decarboxylases, including histidine decarboxylase (HisDC),(Komori et al., 2012) glutamate
decarboxylase (GAD),(Capitani, 2003) L-tyrosine decarboxylase (TDC),(Zhu et al., 2016a)
L-lysine  decarboxylase,(Sagong et al., 2016) and aromatic-L-amino acid
decarboxylase.(Giardina et al., 2011) Group Il includes bacterial L-ornithine
decarboxylase(J. Lee et al., 2007) and biodegradative L-arginine decarboxylase.(Andréll
et al., 2009) Lastly, Group IV contains eukaryotic L-ornithine decarboxylase,(Almrud et al.,
2000) L-arginine decarboxylase,(Tolbert et al., 2003) and diaminopimelate
decarboxylase.(Ray et al., 2002)

The catalytic cycle of PLP-dependent decarboxylases involves nucleophilic attacks,
transaldimination reaction, and proton transfer reactions, leading to product formation
and enzyme regeneration.

As shown in Figure 1.9, the single steps in the mechanism of action are:

1. Formation of the external aldimine (transaldimination): The catalytic cycle initiates
when the incoming substrate amino group performs a nucleophilic attack on the C4’
of the internal aldimine (the original PLP-enzyme complex). This transaldimination
reaction results in the formation of an external aldimine where a new Schiff base
linkage is established between the PLP and the amino acid substrate.

2. Decarboxylation and quinonoid intermediate formation: The ¢ bond between the a-
carbon (Ca) and the carboxylate group of the amino acid substrate is then broken.
The electron rearrangement in the resulting carbanionic intermediate leads to the
formation of a quinonoid intermediate, which is a significant stabilizing contributor
among resonance structures.

3. Protonation of the external aldimine: The quinonoid intermediate undergoes
protonation on Ca by abstracting a proton from an active-site tyrosine residue that
acts as a catalytic acid.

4. Enzyme regeneration (transaldimination): The second round of transaldimination
occurs through the nucleophilic attack by a catalytic lysine. This leads to the
regeneration of the internal aldimine (restoring the original PLP-enzyme complex)
and releases the decarboxylated product, an amine.
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Figure 1.9: Mechanism for the PLP-catalyzed decarboxylation of L-amino acids in
enzymes. The crucial function of PLP in the decarboxylation reaction lies in its electron-
withdrawing properties and electron sink capability. This is achieved through the pyridine
ring of PLP participating in the formation of resonance structures, which are essential for
stabilizing the carbanionic intermediate created during the carbon-carbon bond cleavage
process.

Among various amino acid decarboxylases, L-tyrosine decarboxylase from Lactobacillus
brevis (LbTDC)(K. Zhang & Ni, 2014) stands out. It displays significant potential due to its
elevated activity levels towards L-tyrosine, which, as per previous studies, are
considerably higher than those of plant or insect TDCs. Successful heterologous
expression of this enzyme in E. coli has been achieved,(K. Zhang & Ni, 2014) furthering its
research potential.

Previous studies attempted to chemically decarboxylate L-tyrosine using isophorone, as
organocatalyst, at 150 °C in 2-propanol over the course of 24 hours (Figure 1.10 A).
However, due to the poor solubility of the amino acid in this solvent, the method was
ineffective, resulting in a limited conversion of only 2 %.(Claes et al., 2019) An alternative
strategy, involving the decarboxylation of L-tyrosine with a different enone catalyst, R-
carvone, at a higher temperature of 190 °C in n-propanol for 40 minutes, achieved better
conversion and 67 % yield (Figure 1.10 B).(Jackson et al., 2015)
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Figure 1.10: Organocatalytic decarboxylation of L-tyrosine with (A) isophorone and (B)
(R)-carvone.

Compared to these traditional chemical methods, employing LbTDC presents a more
efficient solution for the decarboxylation process (Figure 1.11).(Gianolio et al., 2022)

(0]

LbTD

OH bThC NH,
NH, 0.2 mM PLP, 37°C, 20 min

HO HO

L-tyrosine tyramine

Figure 1.11: Enzymatic decarboxylation of L-tyrosine at 2.5 mM scale with LbTDC.

The enzymatic approach allows the reaction to be conducted under significantly milder
conditions, specifically at 37 °C, using a biodegradable catalyst, and achieving complete
conversion of the starting material. Although the solubility of L-tyrosine in water is better
than its solubility in organic solvents, it still poses a challenge at a pH of 5, where LbTDC
catalyzes optimally the reaction.(K. Zhang & Ni, 2014) Improving the amino acid solubility
beyond 5 mM, even with the use of surfactants or solubilizing agents, remains a
considerable challenge.(Jiang et al., 2019a)

Typically, amino acid decarboxylases demonstrate a high degree of substrate specificity.
However, LbTDC is active not only towards its natural substrate, L-tyrosine, but has also
activity towards L-DOPA. This ability of LbTDC to accept L-DOPA as an alternate substrate
highlights the enzyme catalytic versatility for different applications.

Another particularly remarkable case of substrate promiscuity has been highlighted with
the use of L-valine decarboxylase from Streptomyces viridifaciens (VImD).(Garg et al.,
2002a) This enzyme displays an exceptional degree of substrate versatility and does not
only act on its natural substrate, but also catalyzes the decarboxylation of a broad range
of amino acids (Table 1.3), including L-alanine (2), L-2-aminobutyrate (3), 2-
aminoisobutyrate (4), L-norvaline (5), L-isovaline (6), L-norleucine (7), L-leucine (8), L-
isoleucine (9), 1-aminocyclopentanecarboxylic acid (10), 1-aminocyclohexanecarboxylic
acid (11), and L-2-phenylglycine (12).(D. I. Kim et al.,, 2021) The products of these
reactions range from ethylamine to benzylamine.
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Table 1.3 : VImD Substrate scope.

The substrates which VImD can accept and transform with actually more than 80%
conversion to their respective short-chain primary amines (SCPAs) were L-valine (1), L-2-
aminobutyrate (3), L-norvaline (5), L-isovaline (6), L-isoleucine (9), and 1-
aminocyclopentanecarboxylic acid (10). These reactions were also catalyzed at mild
conditions and offer a valid alternative to the chemical approach, effectively providing a
platform strain that has the capacity to generate a wide range of bio-derived products.

1.4.1 Amino acid dehydrogenases and amine dehydrogenases

Amine dehydrogenases (AmDHSs) are becoming increasingly recognized for their potential
in chiral amine synthesis, outperforming traditional chemical methodologies.

What importantly distinguishes them are their atomic efficiency and broad versatility,
and particularly their ability to catalyze the asymmetric reductive amination of ketones
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to their corresponding chiral amines (Figure 1.12). This process, which utilizes ammonia
as the amino donor and NAD(P)H as cofactors, is highly efficient, producing only water as
a by-product. Given the environmental and economic advantages, this method is of
considerable importance in the pharmaceutical industry.

o NH, H,0 "
2
R1)L R, = R1/L R,
NADH NAD*

Figure 1.12: Asymmetric reduction of ketones by amine dehydrogenases

There are two primary sources of AmDHs: engineered amino acid dehydrogenases
(AADHSs) and naturally occurring AmDHs.

As far as AADHs, they are engaged in the oxidation of L-amino acids and the reversible
reductive amination of corresponding a-keto acids (Figure 1.13). The presence of the
carboxylic acid group in the keto acids or amino acids is a prerequisite for their catalytic
activity, consequently restricting their substrate range to molecules with this specific
structural attribute.

o NHs HO
R N “~_R
%OH OH
o) ; ; NH,
NADH NAD*

Figure 1.13: General AADHs reaction scheme.

To extend the range of AADHSs applications, a great focus was dedicated to the directed
evolution of these enzymes, leading to the generation of engineered amine
dehydrogenases.

The first engineered AmDH, reported in 2012(Abrahamson et al., 2012), had leucine
dehydrogenase from Bacillus stereothermophilus (BsLeuDH) as the initial protein scaffold
(1LEH).(Baker et al., 1995) With 11 rounds of protein engineering, via combinatorial
active-site saturation testing (CASTing) and site-directed saturation mutagenesis (SDSM),
a novel variant (K68S, E114V, N261L, V291C) was generated with completely inverted
enzyme specificity and an amination activity of 0.69 U/mg towards methyl isobutyl
ketone (MIBK) (Figure 1.14). MIBK, as novel substrate, is the corresponding molecule
when the carboxyl moiety is removed from a-ketoisocaproate.
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Figure 1.14: A. Wild-type leucine dehydrogenase (LeuDH) reaction for the symmetric
reductive amination of a-ketoisocaproate (1) to L-leucine (2); B. Novel amine
dehydrogenase reaction for the symmetric reductive amination of MIBK (3) to (R)-4-
methylpentan-2-amine (4) .

The K68S/E114V/N261L/V291C variant demonstrated both amination and deamination
activities. As far as the deamination, it was shown to be active against (R)-
methylbenzylamine (586.3 mU/mg) and cyclohexylamine (56 mU/mg). In addition,
effective amination activity was measured against cyclohexanone (123.4 mU/mg) and
acetophenone (58.8 mU/mg).

With a similar mechanism as LeuDHs, PheDHs are also members of the larger AADH
family, but they typically exhibit a substrate preference toward aromatic
ketones.(Sharma et al., 2017) Corresponding mutations at positions analogous to K68 and
N261 in BsLeuDH led to similar developments of AmDH activity in PheDHs (Figure 1.15).

NADH N261

Figure 1.15: Exemplified catalytic pocket of LeuDH and PheDH illustrating the catalytic
residues D115 and K80. The amino acid residues targeted successfully for the amination
activity towards ketones were N261 and K68, which are responsible for the coordination
of the carboxylic group of the natural amino acidic substrate. The sequence numbering
used is that of BsLeuDH.

Bommarius et al. also applied similar mutations to the PheDH derived from Bacillus
badius. This mutant, termed PheDH-AmDH (K77S/N276L), was able to carry out the
asymmetric reductive amination of 4-fluorophenyl acetone to (R)-4-fluoro-a-
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methylphenylethylamine, achieving a high enantiomeric excess of 99 %.(Abrahamson et
al., 2013) Similarly, Ye et al. managed to create a triple mutant PheDH (TM_PheDH
K66Q/S149G/N262C) using PheDH from Rhodococcus sp. M4 (Figure 1.16). The variant
was active towards phenylacetone and 4-phenyl-2-butanone (with 5 and 8.8 mU/mg
respectively), giving (R)-amphetamine and (R)-1-methyl-3-phenylpropylamine in >98%
ee, respectively.(Ye et al., 2015)

A.

TM_PheDH
phenylacetone NADH NAD (R)-amphetamine
B. > 98% ee
TM_PheDH
©\/\”/ + NHj \ ©\/Y + HyO
o NADH NAD* NH,
4-phenyl-2-butanone (R)-1-methyl-3-phenylpropylamine

> 98% ee

Figure 1.16: The evolved amine dehydrogenase TM_pheDH, originated from
Rhodococcus sp. M4 PheDH, has been employed for the asymmetric amination of (A)
phenylacetone and; (B) 4-phenyl-2-butanone. This results in the production of (R)-
Amphetamine and (R)-1-methyl-3-phenylpropylamine, respectively.

In contrast to the previously mentioned enzymes which were engineered from closely
related a-AADHs scaffolds (LeuDH, PDB 1LEH and PheDH, PDB 1C1D), lysine e-
dehydrogenases (LysEDHs) have also been utilized.(Tseliou et al., 2019) Although the
LysEDH does not naturally catalyze an asymmetric transformation, acting in fact on the
primary €-amino group of L-lysine, it has been strategically exploited in attempts to
generate AmDHs that carry out the reductive amination of prochiral ketones. Via
computational analyses, a number of potential mutagenesis targets (V130, A131, V172,
F173, H181, Y238, T240, and R242) were identified. Among them, only the variant F173
(LE-AmDH-v1) proved to be able to convert the target ketone, acetophenone to the
corresponding amine (Figure 1.17). The residue F173 had an important role for the
orientation of natural substrate and for the active site hydrophobicity. When mutated to
alanine, the binding pocket expands, reducing the residue size by 4.3 A and allowing the
binding of bulky aromatic ketones such acetophenone.
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Figure 1.17: Reductive amination of acetophenone by LE-AmDH-vl with cofactor
recycling system. After 48 h at 50 °C, the conversion was 82 % with >99 % ee, at a5 mM
scale.

Adding to its new substrate specificity, LE-AmDH-v1 also proved effective in the kinetic
resolution of racemic amines, working in the enantioselective oxidative deamination
direction.(Tseliou et al., 2020) Notably, the previously discovered AmDHs did not exhibit
such a property. Indeed LE-AmDH-vl showcased exceptional activity and
stereoselectivity in the asymmetric synthesis of pharmaceutically relevant R-configured
a-chiral amines, including (R)-a-methylbenzylamines, (R)-1-amino-tetraline, and (R)-4-
aminochromane.

Conversely, natural AmDHs have been discovered in diverse bacteria and eukaryotes,
aided by genome mining and metagenomic technology.(Caparco, Pelletier, et al., 2020)
Although they differ in sequence identities and structural similarities compared to
engineered AmDHs, these naturally occurring variants provide more options for the
synthesis of chiral amines and serve as valuable templates for protein engineering of
AmDHs.

The 2019 study,(Mayol et al., 2019a) by the group of G. Grogan and C. Vergne-Vaxelaire,
unveiled a series of novel native AmDHs (nat-AmDHs). The new AmDHs were identified
from various microorganisms and were annotated in the Uniprot database, often as a
dihydrodipicolinate reductase or as an uncharacterized protein. However, in this study,
these enzymes were revealed to have AmDH activity. The wide substrate scope was made
up by diverse aliphatic ketones and aldehydes, and three non-functionalized amines
(pentan-2-amine, a-methylbenzylamine, and cyclohexylamine).

The novel nat-AmDHs included MsmeAmDH (AOAODG6I8P6), derived from Mycobacterium
smegmatis, MvacAmDH (KOUKTS5), isolated from Mycobacterium vaccae, ApauAmDH
(E3CZE3), derived from Aminomonas, MicroAmDH (C3UMY1), found in Microbacterium
sp., and lastly, CfusAmDH (S9Q235), isolated from Cystobacter fuscus. Among these
proteins when MsmeAmDH is used as protein sequence reference, the percentage of
identity range from 38 up to 89 %.(Mayol et al., 2019a)

From this screening, in the reductive amination direction, the reported highest activities
with MicroAmDH were 614.5mU/mg for cyclohexanone with ammonia, and
851.3 mU/mg for isobutyraldehyde with methylamine as the amine donor. However, for
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the oxidative deamination, only MsmeAmDH displayed an activity of 6 mU/mg against
cyclohexylamine.

After biochemical characterization and substrate spectrum testing, it was not possible to
determinate the cofactor preference (NADH or NADPH) for each enzyme, in fact this
specificity appeared to be substrate dependent. Similarly, to engineered AADHs, these
enzymes exhibit a high Km for ammonia, necessitating the use of an ammonia buffer at
high concentrations, typically between 1-2 M, at a pH of 8.0-9.5. The hypothetical
mechanism of nat-AmDH is described in Figure 1.18.
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Figure 1.18: Putative mechanism of nat-AmDHs. The sequence numbering used is that of
CfusAmDH. In the process, the glutamate (E108) triggers the activation of ammonia. The
ammonia subsequently targets the electrophilic carbon of the substrate's carbonyl group.
As a result, carbinolamine is produced which, upon undergoing dehydration, leads to the
formation of the amine product, after its reduction by the hydride sourced from the
nicotinamide cofactor. In CfusAmDH, for the substrate binding, a hydrophobic cage is
formed between the cofactor and the aromatic rings of the aromatic residues in the first
layer of the pocket.
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In 2020, a new enzyme, MATOUAmMDH2,(Bennett et al., 2022; Caparco, Pelletier, et al.,
2020) which was discovered in an eukaryotic organism, demonstrated unprecedented
activity among nat-AmDHs for aliphatic aldehydes like isobutyraldehyde and pentanal.
Notably, this biocatalyst showed low homology with already characterized nat-AmDHs (<
34%).

In 2021, a new study for the production of small optically active molecules, involving
CfusAmDH, MsmeAmDH, MicroAmDH, and MATOUAMDH2 was reported. These enzymes
demonstrated indeed efficiency in synthesizing hydroxylated or unfunctionalized small 2-
aminoalkanes, with moderate to high enantioselectivities, without requiring any protein
engineering (Figure 1.19).(Ducrot et al., 2021)
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Figure 1.19: Reductive amination reactions catalyzed by nat-AmDHs CfusAmDH,
MsmeAmDH, MicroAmDH, and MATOUAmMDH2. A. Reductive amination system with
recycling of the cofactor by glucose dehydrogenase (GDH). B. Chiral hydroxylated or
unfunctionalized 2-aminoalkanes produced by the system: 11. (S)-butan-2-amine; 12.
Alaninol; 13. (S)-pentan-2-amine; 14. 3-aminobutan-1-ol; 15. (S)-3-metylbutan-2-amine;
16. 3-aminobutan-2-ol; 17. (S)-1-methoxypropan-2-amine; 18. (S)-2-aminobutan-1-ol.

Despite the great potential for nat-AmDHs, clear issues can still be identified, including a
narrow substrate scope and low catalytic activity. Therefore, research in the field of

AmDH-catalyzed reactions has put action to advance and innovate, leading to efforts in
engineering AmDH systems to overcome their typical limitations.

The issue of the limited substrate scope of nat-AmDHs was addressed by primarily
focusing on enlarging the active site. An in silico analysis of the amino acid residues in the
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active sites of the nat-AmDH family revealed it to be predominantly composed of the
sterically demanding aromatic amino acids, which resulted in a notably small active site.
For improved functionality, expansion of this active site was then necessary.

A significant example is the obtained variant of CfusAmDH, based on in silico findings,
where a W145A mutation allowed the integration in the enzyme substrate scope of long
chain aldehydes (Figure 1.20).(Ducrot et al., 2022) The mutant showed activities of 401,
405, and 483 mU/mg towards hexanal, heptanal, and octanal, respectively. The wild-type
version of CfusAmDH demonstrated little to no activity for substrates larger than
pentanal (< 20 mU/mg), in contrast to the engineered variant. Interestingly, this
CfusAmDH W145A showed instead lesser activity than the wild-type enzyme towards the
smaller substrate, pentanal.
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Figure 1.20: Engineered nat-AmDHs catalyzed the reductive amination of ketones and
aldehydes, leading to the corresponding amines. Substrate: 19. pentanal; 20. hexanal; 21.
heptanal; 22. octanal, 23. nonanal; 24. decanal; 25. hexan-2-one; 26. heptan-2-one; 27.
octan-2-one; 28. nonan-2-one; 29. 4-phenylbutan-2-one.

Among nine different AmDHs, considering wt and engineered versions, not only
CfusAmDH W145A, but also the corresponding mutants of ApauAmDH, PortiAmDH, and
MATOUAmMDH2 performed well, with decent conversions for the synthesis of the
corresponding amines.(Ducrot et al., 2022) The reaction involving the conversion of 4-
phenylbutan-2-one was of particular interest. In this case, CfusAmDH W145
demonstrated exceptional performance, achieving a conversion of 52.5 % and an
enantiomeric excess of 99.6 % after 24 hours. This significantly outperformed the wild-
type version, which was reported to have a conversion of less than 1 %.

As previously noted, AmDHs have been mainly utilized for the production of small chiral
amines and also for kinetic resolution. However, their applications extend beyond these
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uses, demonstrating versatility in enzymatic cascades for the deracemization of racemic
amines(Jeon et al., 2017; Patil et al., 2019; Yoon et al., 2019) and in their coupling with
other catalytic steps to synthesize desired products from more cost-effective and readily
available starting materials.(Cai et al., 2020) A particularly noteworthy application
involves coupling AmDHs with alcohol dehydrogenases (ADH), thus creating a hydrogen
borrowing system (Figure 1.21) allowing for efficient cofactor recycling. (Bohmer et al.,
2018a; Houwman et al., 2019; Montgomery et al., 2017; Mutti et al., 2015; Thompson & Turner,
2017a)
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Figure 1.21: Representation of the hydrogen borrowing strategy utilizing both alcohol
dehydrogenase (ADH) and amine dehydrogenase (AmDH). This innovative approach,
predominantly used with engineered AADHs, offers a smart solution for cofactor
recycling. The pioneering work of Mutti et al. in 2015 first showcased the successful
application of this strategy in the literature.

Ultimately, it is outstanding to see how AmDHs have become important tools, especially
in using aldehydes or ketones, to make amine products through reductive amination
chemistries in an environmentally friendly way. Intriguingly, the exploration of the
reverse reaction - oxidative deamination - has not generated the same level of attention
and remains a largely unexplored territory. In this potential research direction, the
production of valuable carbonyl compounds could be the main objective, thereby
opening new avenues for sustainable chemical synthesis.

Specifically, using AmDHs in the well-documented hydrogen-borrowing strategy, where
they are coupled with ADHs, could, starting this time from primary amines, facilitate the
production of valuable alcohols. This approach circumvents issues associated with the
instability and reactivity of certain aldehydes, which would be promptly reduced to
alcohols by the effectively coupled ADH.

1.5 Biocatalyst immobilization and flow applications advantages

The use of enzymes, especially in agueous environments, is typically restricted to one-
time and single-shot applications, which is neither economically feasible nor aligned with
principles of a circular economy. This limitation can be mitigated by immobilizing the
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enzyme on an insoluble and recyclable solid, transforming it into a heterogeneous
catalyst that can be used multiple times.(Sheldon et al., 2021)

With a straightforward definition, enzyme immobilization can be described as the process
where an enzyme is physically confined or localized in a certain defined region of space
with retention of its catalytic activity, and can be used repeatedly or in continuous. This
technique offers a wide array of advantages that can significantly enhance the feasibility
and efficiency of enzymatic processes.

1.5.1 Advantages of immobilized biocatalysts

One of the most prominent benefits is the improved stability that immobilized enzymes
exhibit. They are more resistant to changes in temperature, pH, and other environmental
conditions compared to their free version. This elevated stability can even lead to a
prolonged enzyme lifespan, permitting repeated usage over time. Consequently, the
ability to reuse the biocatalyst substantially reduces costs, contributing to the
sustainability of the process.

Another significant advantage lies in the convenience of product separation. Immobilized
enzymes streamline the process of separating products from the catalyst, allowing the
avoidance of complex recovery steps and thereby enhancing efficiency while lowering
production costs.

Moreover, when enzymes are immobilized, they can be integrated into continuous
operations of enzymatic reactors, using different type and size of reactors, according to
the reaction scale. The enzymes, held in place, allow for a continuous flow of substrates
and products, opening opportunities for automated and large-scale production.

Figure 1.22: 3D cross-section view of a packed bed reactor (PBR). The visual
representation highlights the densely packed biocatalyst-coated support beads within
the reactor.

Upon closer observation of a packed bed reactor (Figure 1.22), it is evident that the
substantial concentration of enzymes compacted into a relatively small volume generate
a high catalytic density, considerably boosting the reaction rate and increasing the
process efficiency. Bringing these benefits together, the immense potential of enzyme
immobilization is greatly relevant in diverse fields and applications.(DiCosimo et al., 2013)
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Taking this into account, the decision to immobilize a biocatalyst still requires a careful
evaluation of factors such as process economics, enzyme activity, stability, recyclability,
and flow conditions, as it is an approach which can require compromises, as it is an
approach which can require compromises.

Despite the multiple advantages this strategy offers, there are also significant drawbacks
that may discourage its use under certain circumstances. One of the most notable
challenges arises from the potential deactivation of the biocatalyst during the
immobilization process. This occurs due to the conformational changes that the enzyme
might undergo when it is bound to the support, which can impact its catalytic activity.
Moreover, activity loss can also be attributed to diffusion limitations, especially with
macromolecular substrates and with big solid support particle sizes. Physical damage to
the immobilized enzyme, caused by abrasive forces, for example from a mechanical
stirrer, can also lead to a decrease in activity.

The costs and the time for the immobilization process could also represent a limitation or
a disadvantage compared to the use of a liquid enzymatic preparation but, in general and
despite these issues, the ability to recycle the immobilized enzyme can often
counterbalance them.

Therefore, it is important to perform a careful evaluation of the process feasibility with
the immobilized biocatalyst, calculating the minimum number of cycles required to reach
the targeted production profit, given the potential activity loss and the investments in
time and process design.

1.5.2 Immobilization of cell-free enzymes and whole cells

Another important aspect to consider is that the act of immobilizing a biocatalyst is not
restricted solely to purified proteins. In fact, the process can also be used on whole cells,
expanding the possibilities for creating efficient biocatalytic systems.(Lapponi et al.,
2022) There are several reasons why the immobilization of whole cells may be more
preferable, but as mentioned before, this decision should also be considered with a case-
by-case approach. Indeed, where multiple enzymes are required for a series of reactions,
whole cells have an important advantage because the entire enzymatic pathway would
proceed in one step, bypassing the need for individual enzyme isolation and purification.
Moreover, whole cells offer a more stable environment, potentially enhancing enzyme
resilience to environmental fluctuations, such as temperature and pH changes.

From an economic point of view, using whole cells often eliminates the expensive and
labor-intensive enzyme purification process. Whole cells also have the capacity to
regenerate enzyme cofactors, augmenting process efficiency and eliminating the
exogenous cofactors addition. However, whole-cell immobilization is not without its
challenges. Potential hindrances include reduced activity due to the cell wall impeding
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substrate access, side reaction from endogenous cellular metabolism and issues related
to cell growth and viability.

1.5.3 Immobilization strategies

Methods of immobilisation of enzymes can be broadly categorized based on the stability
and strength of the enzyme-support interaction, which might be reversible or irreversible,
and whether the process is of a physical or chemical nature (Figure 1.23). Physical
immobilization involves the adsorption of enzymes or cells onto the surface of a support
material or their entrapment within a matrix, without the formation of strong chemical
bonds. These methods often retain the enzyme or cell native conformation and activity
better, but the biocatalyst can also desorb under certain conditions leaking in the reaction
environment. In contrast, chemical immobilization methods involve forming covalent
bonds, cross-links, or ionic bonds between the enzyme or cell and the support. These
bonds are stronger and can improve the stability of the enzyme or cell, but they may also
affect the enzyme conformation and activity or the cell viability.
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Figure 1.23: Different type of immobilization strategies.

Covalent immobilization strategies, by their very nature, result in a more stable
immobilized biocatalyst due to the minimized risk of leakage during the reaction cycle.
Few examples from the literature show how covalent cell immobilization, especially using
agents like glutaraldehyde (GA), ensures robust and stable attachment of cells to
surfaces, thus mitigating the issues of cell detachment coming from adsorbed cell
systems.(Bai et al., 2019; P. Wu et al., 2020) Despite these advantages, the use of cross-
linking agents can result in cytotoxicity and cell viability loss and consequently, covalent
support binding is typically more suited for enzyme immobilization rather than whole cell
immobilization.

The selection of the support material, to which the enzyme or cell is attached, also plays
an important role in the immobilization process. The options range from synthetic resins,
recognized for their durability and practicality, to inorganic materials, such as silica or
magnetic nanoparticles. Hydrogels and biopolymers (such as polysaccharides as alginate,
pectate, carrageenan or chitosan) in particular, offer unique advantages for whole cell
immobilization.(Lapponi et al., 2022; Sheldon et al., 2021) Hydrogels present a soft,
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water-rich environment similar to the natural habitat of the cell, while biopolymers

furnish a biocompatible setting that can often be tailored for specific applications (Figure
1.24).
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Figure 1.24: lonotropic gelation mechanism and outline for the support choice in terms
of hydrogel and biopolymers based on natural polyelectrolyte. Other natural biopolymers
could be exploit with similar strategy upon derivatization with ionizable groups.

Eventually, each method and support type offer unique advantages and challenges, and
the optimal choice depends on the specific application and the properties of the
biocatalyst to be immobilized. Ideally, the designed strategy should maximize the stability
and activity of the immobilized enzyme or cell, while also considering all practical factors
like cost and ease of use.
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1.5.4 Immobilized amino acid decarboxylases and amine dehydrogenases

1.5.4.1 Amino acid decarboxylases

The utilization of amino acid decarboxylases and amine dehydrogenases as immobilized
biocatalysts, particularly in continuous flow operations, has been innovatively
documented in literature.

Given their potential in industrial applications, amino acid decarboxylases, particularly
those acting on Lysine (LDC) and Glutamate (GDC), have attracted a significant amount of
attention. There are multiple examples of successful strategies for their immobilization.
Indeed, one of the first examples of amino acid decarboxylase immobilization dates back
to 1995, and it involves the decarboxylation of L-tyrosine and L-DOPA by the Papaver
somniferum cells.(Stano et al.,, 1995) These cells naturally express L-tyrosine
decarboxylase (EC 4.1.1.25, TDC) and L-DOPA decarboxylase (EC 4.1.1.26, DOPADC). The
immobilization process in this case involved the creation of cross-linked enzyme
aggregates (CLEAs) post-permeabilization in Tween 80, with glutaraldehyde as the cross-
linking agent.

Though this method presents several challenges, including the fragility of the resultant
particles, issues with substrate/product diffusion, and activity loss due to conformational
changes during covalent bond formation. Nevertheless, the process eliminates the need
for a support, as the enzyme itself fulfills this role.

A 2017 study employed a similar approach for the immobilization of lysine decarboxylase
from E. coli, but using a cell-free extract and glutaraldehyde (GA) as the immobilization
agent (Figure 1.25).(S. H. Park et al., 2017) Despite a low recovered activity of just 8 %
and an immobilization yield of 30%, the enzyme aggregates were rapidly recovered and
the residual activity was 53 % after the 10th recycle.
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Figure 1.25: Scheme flow for CLEAs preparation. Glutaraldehyde is a bi-functionalized
cross-linker and can be used to consolidate the precipitated enzyme forming aggregates
via imine bonds.

More recent studies have extended the approach to co-immobilization of lysine
decarboxylase along with its cofactor, Pyridoxal 5'-Phosphate (PLP). In one case, the
enzyme was fused with a chitin-binding domain and then immobilized on chitin via
affinity immobilization.(G. Wei et al., 2022) Experimenting with the chitin degree of
deacetylation (DDA), this approach offered an intriguing strategy to secure both the
enzyme and its cofactor on the same support (Figure 1.26).
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Figure 1.26: A. Deacetylation of chitin to yield free amino group where to anchor via ionic
bond or Schiff case the PLP cofactor; B. Co-immobilization of Lysine decarboxylase, fused
with a linker to the chitin-binding domain (ChBD), via affinity immobilization, and PLP
cofactor. In virtue of the reversibility of the cofactor immobilization, PLP can move
between the enzyme active site and the support surface.

In another experiment, the enzyme and PLP were co-immobilized on barium alginate
beads using polyethyleneimine (PEl), exploiting the ionic interaction between the PLP and
the activated support.(Mi et al.,, 2022) In this case, alginate beads were used in a
continuous flow reactor (Figure 1.27). This 10 mL column reactor, with a diameter of 1.5
cm and a height of 7 cm, was fed by a peristaltic pump that continuously transported a 1
M lysine solution into the reactor at a flow rate of 0.07 mL/min, achieving a productivity
of cadaverine of 14.28 g/(L-h). However, with the progression of the reaction time, there
was a minor decrease in catalytic efficiency. This decrease was attributed to the gradual
loss of enzyme and coenzyme, present also when higher flow rates were trialed.
Moreover, an important component of this experimental setup was the inclusion of an
outlet to allow the generated CO; to escape the reactor without causing an increase in
pressure. Pressure build-up from the production of gaseous by-products such as CO;
during decarboxylation in a closed packed bed reactor can indeed lead to reactor failure
and disrupt the reaction. Consequently, the reactor design should include, if possible, an
effective venting system to regulate pressure. Nevertheless, creating such a setup is not
straightforward and, for this reason, batch processing tends to be the preferred option
at larger scales.

A
gas out
&b—"
o
£ o
CQ peristalstic
—a g
) ) —_—
peristalstic PBR
pump collection flask
feed storage
B

42



Figure 1.27: A. System set up for barium alginate beads with co-immobilized Lysine
decarboxylase and PLP in continuous flow; B. In the beads, the His-tagged biocatalyst is
adsorbed in the matrix and immobilized by ionic interaction with Ba?* . PLP is co-
immobilized on PEI through ionic bridges and reversible imine bonds (Schiff's bases).

1.5.4.2 Amine dehydrogenase

As described previously, the exploitation of AmDHs for reductive amination reactions has
great potential in the synthesis of a-chiral amines. If for transaminases (TAs), an excess
of amine donors such asisopropylamine and alanine is needed, for AmDHs this is replaced
by the use of cost-effective ammonia salts as the amine source. On the other end, as far
as the cofactor dependency, to sidestep the problem of its cost, AmDHs are always
utilized in a dual-enzyme biotransformation, coupled with the cofactor recycling system,
either Candida boidinii FDH (CbFDH) or microbial GDH. However, despite their potential,
AmDHs are hindered by product and substrate inhibition, as well as low productivity, even
under intensified conditions.(Thompson et al., 2019) To mitigate these issues, continuous
flow reactions can be used wherein the substrate and product are constantly removed.
Yet to execute this, advanced research into immobilization techniques is crucial.

43



In the context of biotransformations using immobilized AmDHs, several advances have
been made. In 2017, an innovative methodology was applied to immobilize an engineered
version of AmDH, which was derived from the phenylalanine dehydrogenase of
Rhodococcus sp. M4.(J. Liu et al., 2017) This process, based on affinity immobilization,
utilized magnetic nanoparticles (MNPs) as support (Figure 1.28). A cell-free extract with
a His-tagged version of the enzyme was used for this purpose, allowing selective fixation
on the carrier and enhancing enzyme loading. The result was a highly efficient biocatalyst
with an immobilization yield of over 90% even with high enzyme loading of over 100
mg/g. This immobilized biocatalyst, used in combination with an immobilized GDH,
exhibited excellent performance in the asymmetric reductive amination of 4-phenyl-2-
butanone, resulting in an (R)-enantiomer with 99 % ee and a 74% conversion from the
batch reaction with a working scale of 4 mM in 2 mL final volume.
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Figure 1.28: A. Co-immobilization of AmDH and GDH for the asymmetric reductive
amination to vyield (R)-amphetamine and (R)-1-methyl-3-propylamine with the
mechanism for cofactor recycling.; B. Process of immobilizing his-tagged AmDH on Ni-
NTA MNPs is facilitated directly from the cell-free extract, utilizing a highly specific affinity
attachment approach.

Subsequently, in 2018, B6hmer et al. introduced a revolutionary immobilized system that
incorporated two purified enzymesalcohol dehydrogenase from Aromatoleum
aromaticum (AA-ADH) and a chimeric amine dehydrogenase (Ch1-AmDH). The co-
immobilization of both dehydrogenases on controlled porosity glass Fe(lll)-ion-affinity
beads (EziG) was performed, thereby improving the hydrogen-borrowing biocatalytic
amination process effectiveness (Figure 1.29).(B6hmer et al., 2018b) This method
exploited metal-ion affinity for selective binding of His-tagged enzymes as the one
reported before. The dual-enzyme system showcased good recyclability, maintaining
performance over five cycles and was employed for the preparative scale amination of
(S)-phenylpropan-2-ol yielding a 90% conversion in 24 hours. Yet again, these reactions
were conducted in batch.

Figure 1.29: Co-immobilization of ADH and AmDH via ionic interaction on controlled
porosity glass Fe(lll)-ion-affinity beads (EziG) for the hydrogen-borrowing alcohol
bioamination.

By 2020, a novel strategy emerged in which calcium-phosphate-protein supraparticles
saturated with a leucine zipper binding domain (Zg) were used as a modular
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immobilization platform.(Caparco, Bommarius, et al., 2020) These supraparticles were
employed for the immobilization of cFL1-AmDH and Cb-FDH, each of which was fused to
a complementary leucine zipper domain (Zg) (Figure 1.30). Prior work had already
integrated Zg directly into porous calcium-phosphate supraparticles, but this study took
the concept further by demonstrating Zg/Zzr immobilization of enzymes on a
heterogeneous solid phase, with minimal interference with the enzymes structure or
functionality, as the unchanged kinetic constants for both AmMDHZe and FDHZe showed. In
order to adjust the ratio between AmDHZg and FDHZg, different fluorescent model
proteins, fused with Zg, were used to correlate fluorescence count to protein loading. Not
only their fluorescence provided a clear visualization of protein immobilization on supra-
particles, but it proved also close correlation between the fluorescence count and the
loading solution concentration. The linear trend of enzyme loadings and fluorescence was
also proved using single-enzyme FITC-conjugation experiments, with AmDHZg-FITC and
FDHZe-FITC . The fluorescent uptake of the FITC-enzyme-Ze complexes displayed a near-
identical relative affinity for the supra-particles, confirming the effectiveness of this

strategy.
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Figure 1.30: A. Co-immobilization of cFL1-AmDH and CbFDH for the asymmetric reductive
amination of 5-methylhexan-2-one. B. Reversible immobilization of the biocatalysts
through affinity binding domains with Leucine zipper heterodimers Zg and Zr (glutamate-
and arginine-rich, respectively) on calcium-phosphate-protein supraparticles.

In 2021, Franklin and colleagues pioneered the creation of a continuous flow packed bed
reactor system (Figure 1.31 B).(Franklin et al., 2021) This system was designed for the
asymmetric reductive amination of 5-methyl-2-hexanone using the same chimeric amine
dehydrogenase (cFL1-AmDH) and Cb-FDH (Figure 1.31 A). As in the case of EziG, a
commercial resin (Nuvia IMAC from BioRad) was also chosen as a support, leveraging the
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ionic interaction between the His-tag on the proteins and the nickel ions on the resin. In
fact, the support is composed of a base structure to which NTA (nitrilotriacetic acid)
groups are attached. These NTA groups can bind metal ions that, in turn, bind his-tagged
proteins. This was the first example of a continuous flow reaction system capable of
generating enantiomerically pure (R)-amines with co-immobilized AmDH and FDH,
demonstrating a substantial improvement in operational stability by lasting over 24
hours. However, even after the optimization of the ratio of AmDH to FDH, the packed
immobilized resin in the reactor had a significantly higher AmDH concentration. This
resulted in a portion of the AmDH remaining unexploited and in sub-optimal operating
conditions. A drop in conversion efficiency also arose from the competitive product
inhibition by (R)-amine on the ketone, which, despite the in-continuous mode, could not
be successfully avoided.
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Figure 1.31: A. Co-immobilization on commercial immobilized metal affinity
chromatography (IMAC) resin; B. Flowchart illustrating the continuous operation of the
packed bed reactor system.
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2. Aims and objectives

The core focus of this thesis is the design and development of several strategies that
enable the use of enzymes, frequently in an immobilized state, for the synthesis of both
valuable end-products and flexible reaction intermediates through a sustainable
biocatalytic approach. The specific goals of this study can be outlined as follows:

1. The production of L-dopa using microbial fermentation within a bioreactor, followed
by pairing the fermented product with a continuous flow system. Using an engineered
E. coli strain acquired through a collaboration with Professor Gosset, the aim is to
produce a fermentation broth rich in the aromatic amino acid, expected to function
as a sustainable feedstock for an enzymatic cascade in a continuous flow. A potential
application is the production of a range of interesting aromatic derivatives such as
hydroxytyrosol, a valuable antioxidant.

2. Harnessing the decarboxylation of L-tyrosine in a continuous flow module by
incorporating the immobilized tyrosine decarboxylase derived from Lactobacillus
brevis. The immobilized biocatalyst, strengthened through covalent immobilization,
will find its place in various cascades, benefiting form the enzyme promiscuity
towards L-tyrosine and L-dopa. Chemical steps will be combined within the
continuous flow system in order to leverage the decarboxylation product, tyramine.
This biogenic amine will then serve as a natural precursor for the synthesis of amino
compounds, such as the valuable phytochemical hordenine.

3. Generation of a biocatalytic platform for the synthesis of short-chain primary amines,
employing a cost-effective and accessible strategy, based on the use of valine
decarboxylase for Streptomyces viridifaciens. This system offers a sustainable
alternative to the present amine production methods, which depend heavily on
petroleum cracking. The enzymatic tool in question, composed of the highly
promiscuous VImD, could prove versatile and effective for the eco-friendly production
of varied amino products. Moreover, through its immobilization, the sustainability of
the process will be enhanced by enabling the biocatalyst reuse.

4. Investigate amino acid and amine dehydrogenases for carrying out oxidative
deamination, especially from primary amines such as catecholamines. This will
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broaden the scope of these biocatalysts, which are typically employed in the reverse
direction for the production of chiral amines via reductive amination. The
hypothesized coupling of an amine dehydrogenase with an alcohol dehydrogenase in
a hydrogen-borrowing system will be a novel approach which can be integrated
within continuous-flow enzymatic cascades, such as the one for hydroxytyrosol,
facilitating the convenient regeneration of the NAD(P)H cofactor in one module.

3. Materials and methods

3.1 Materials

Used materials included a Q5 High-fidelity DNA polymerase, 5x Q5 reaction buffer, dNTPs
were purchased from New England Biolabs (NEB). Restriction enzymes (BamHI, Hindlll),
CutSmart buffer, 6x gel loading dye and unstained protein standard (broad range 10-200
kDa) were also sourced from NEB. The primers were synthesized by Microsynth. The
NADH, NAD*, NADPH, and NADP* were acquired from Apollo Scientific.

The following materials were purchased from Fisher Scientific: LB broth, LB broth with
Agar, imidazole, ampicillin sodium salt, kanamycin sulfate, sodium chloride, sodium
hydroxide, tris base, HEPES buffer, sodium borohydride, SYBR Safe DNA gel stain, agarose,
GenelET Plasmid Miniprep kit, GenelJET Gel Extraction kit, N,N,N',N'-
tetramethylethylenediamine (TEMED), bromophenol blue, magnesium sulfate,
potassium iodide, and polyethyleneimine 50 % aqueous solutions (branched, MN
60’000). Additionally, acetonitrile, isopropanol, and chloroform were sourced from the
same supplier.

Yeast extract, N-Z-amine, glycerol, D-sorbitol, potassium phosphate dibasic and
monobasic, ammonium sulfate, a-lactose monohydrate, isopropyl B-D-thiogalactoside,
glycine, D-glucose, ethylenediaminetetraacetic acid, calcium chloride, magnesium
chloride hexahydrate, nickel (ll) chloride hexahydrate, cobalt (ll) chloride, copper (ll)
chloride dihydrate, iron (lll) chloride hexahydrate, manganese (ll) chloride tetrahydrate,
sodium pyruvate, L-phenylalanine, sodium dodecyl sulfate, 2-mercaptoethanol, acetic
anhydride, acrylamide/bis-acrylamide 30% solution, ammonium persulfate, Instant blue,
Bradford reagent, sodium periodate, boric acid, sodium tetraborate decahydrate, sodium
bicarbonate, trifluoroacetic acid, iminodiacetic acid, sodium phenylpyruvate, tyramine, L-
tyrosine disodium salt dihydrate, Cell Counting Kit - 8, MTT, PMS, WST-1 were acquired
from Sigma Aldrich.

The compounds L-valine, L-isoleucine, L-leucine, L-threonine, L-methionine, L-alanine, L-
2-phenylglycine, isobutylamine, and 1-amino-2-propanol, ethylamine, isoamylamine, 3-
(methylthio)propanamine were sourced from Chemie Brunschwig AG.

Enzyme carrier ReliSorb EP400/SS, EP403/S and HFA403/S were kindly donated by
Resindion S.R.L..
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Ethanol absolute was acquired from VWR, while hydrochloric acid (37 %) from Fluka.
Acetic acid was bought by Hanseler.

All reagents were of analytical grade unless otherwise specified.

E. coli strain for the production of L-DOPA was supplied by Prof. G. Gosset (Departamento
de Ingenieria Celular y Biocatalisis, Instituto de Biotecnologia, Universidad Nacional
Autéonoma de México),(Muioz et al.,, 2011) while plasmids of tyrosine decarboxylase
(LbTDC-pRSETb) and phenylalanine dehydrogenase (PheDH-ptac85)(PARADISI et al.,
2007) were belonging to the plasmid library in the University of Nottingham. The amine
dehydrogenases CfusAmDH, MicroAmDH, MATOUAmMDH were supplied by Prof. C.
Vergne-Vaxelaire (Université Paris-Saclay).(Mayol et al., 2019a) The plasmid of the lysine
dehydrogenase (LyseEDH-pET28b) was supplied by Prof. F. Mutti (Amsterdam
University).(Tseliou et al., 2019) The plasmid of VImD (VImD-pET22b(+)) was ordered
through GenScript.

3.2 General methods

3.2.1 Culture media

LB medium: 25 g/L of pre-mix LB powder dissolved in dH20. Premix powder consists of
yeast extract (5 g/L), tryptone (10 g/L) and NaCl (10 g/L).

LB agar plates: 40 g/L of pre-mix LB Agar powder dissolved in dH20. Premix powder
consists of yeast extract (5 g/L), tryptone (10 g/L), NaCl (10 g/L) and 15 g/L agar.

ZYP-5052 Autoinduction media: solution consisting of N-Z-Amine (10 g/L), yeast extract
(5 g/L), (NH4)2504 1M (25 mL/L), KH2PO4 1M (50 mL/L), KzHPO4 1M (50 mL/L) was firstly
autoclaved. Then MgS04 1M (2 mL/L), 1000x trace elements solution (2 mL/L) and 50x
5052 solution (20 mL/L; made with 250 g/L glycerol, 25 g/L glucose and 100 g/L a-lactose
monohydrate in dH20) were added in sterile conditions. Trace elements solution contains
FeCl, (50 mM), CaClz (20 mM), MnCl; (10 mM), ZnSO4 (10 mM), CoClz (2 mM), CuClz (2
mM), NiCl, (2 mM), HCI (60 mM), NazMoO4 (2 mM), NazSeO4 (2 mM) and H3BOs3 (2 mM).

TB medium: N-Z amine (12 g), yeast extract (24 g), glycerol (5 g), K2HPO4 (2.2 g) and
KH2PO4 (9.4 g) and distilled H20 (1L).

SOB medium: N-Z amine (5 g), yeast extract (1.25 g), NaCl (0.25 g), KCI (0.05 g), MgCl,
6H,0 (0.5 g), MgS04 6H,0 (0.6 g) and distilled H,O (250 mL).

M9 L-DOPA Fermentation Medium: five stock solutions (5X) for M9 salts, D-glucose,
MgSQ4, CaCly, and ascorbic acid were prepared and then filtered with 0.2 um filters under
the laminar flow hood. Final medium composition: 6 g/L Na;HPO4, 0.5 g/L NaCl, 3 g/L
KH2PO4, 1 g/L NH4Cl, 10 g/L glucose, 0.247 g/L MgS04, 0.0147 g/L CaCl,.
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Optimized M9Y Fermentation Medium: Based on M9 medium. Final composition: 6 g/L
Na;HPO4, 0.5 g/L NaCl, 3 g/L KH2PO4, 1 g/L NH4Cl, 0.247 g/L MgS04, 0.0147 g/L CaCly, 50
g/L glucose, 2 g/L yeast extract, 0.45 g/L ascorbic acid.

3.2.2 Preparation of chemically competent cells

A colony of desired E. coli strain was inoculated in 10 mL of LB media and grown at 37 °C
and 150 rpm overnight. 1 mL of this cell culture was employed to inoculate 100 mL of LB,
which were then incubated at 37 °C, 150 rpm until they reached OD 0.4. The culture was
chilled then for 30 minutes and centrifuged at 3000 g for 15 minutes at 4 °C to harvest
the cells. The supernatant was discarded, and the pellet resuspended in 50 mL of 100 mM
magnesium chloride on ice. After centrifugating at 2000 g for 15 minutes at 4 °C, the pellet
was resuspended in 25 mL of 100 mM calcium chloride and incubated on ice for 30
minutes. The final step involved the centrifugation at 2000 g for 15 minutes at 4 °C,
followed by resuspension of the pellet in 0.5 mL of a solution containing 85 mM calcium
chloride and 15 % glycerol. 40 uL of the suspension were then aliquoted into 1.5 mL
microcentrifuge tubes and stored at - 80 °C.

3.2.3 Preparation of agarose gel for DNA assay

DNA gel electrophoresis was conducted using 0.8 % (w/v) agarose. To make the solution,
0.32 g of agarose was dissolved in 40 mL of TAE buffer by heating in a microwave until
clear. After cooling, 2 uL of SYBR Safe DNA gel staining were added. The solution was
loaded into the gel cassette, allowed to solidify, and the rack removed. Samples were
mixed with gel loading dye (purple 6x), usually 25 uL of sample and 5 uL of dye. TAE buffer
was added to the gel cassette and samples loaded into the wells, along with the DNA
ladder. Electrophoresis was performed at 75 V and 150 mA for 50 minutes. The gel was
visualized using a UV lamp to observe the DNA bands.

3.2.4 Transformation of competent E. coli cells

0.5-1 pL (100 ng) of plasmid was added to 40 uL of chemically competent cells in a
microcentrifuge tube. The cells were left on ice for 30 minutes and then subjected to
heat-shock at 42 °C for 90 seconds. After cooling on ice for 5 minutes, 250 uL of SOB or
LB media was added to the tube and incubated for 1 hour at 37 °C (150 rpm). 50-150 pL
of the solution was spread onto a LB-agar plate with the appropriate antibiotic and grown
overnight at 37 °C.

3.2.5 Expression of proteins

A single colony was taken from a LB-agar plate containing transformed cells and used to
inoculate 5 mL of LB media with the appropriate antibiotic. The starting culture was
incubated overnight (37 °C, 150 rpm) and then diluted to 0.1 OD in either LB or TB media
(300 mL) containing the suitable antibiotic. Incubation was continued until the ODego
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reached the desired target value (0.6 - 1.2), while shaking at 150 rpm. Cells were then
induced with 0.1-1 mM IPTG, then grown overnight, otherwise specified, at the specific
temperature. Just in the case of HLDH the induction was performed with 0.4 uM of
tetracycline. The cells were harvested by centrifugation at 2500 rpm for 20 minutes at 4
°Cand the supernatant was removed, and the cells washed with water to then be pelleted
down. In the Table 3.1 the conditions for protein expression are reported specifically for
each biocatalysts.

The resulting cell pellet was stored at -20 °C. For the ZYP-5052 autoinduction media, 300
mL of the medium with appropriate antibiotic was inoculated with a single colony and
grown at 37°C with shaking at 150 rpm. After 16 hours, cells were harvested by
centrifugation at 4500 rpm for 20 minutes at 4 °C, and the resulting dry cell paste was
stored at -20 °C.

Temperature Time of

Enzyme Plasmid Medium after expression  Antibiotic
induction (h)
LB, 1% ampicillin
LbTDC pPRSETb 25 5
glucose
TB, 5 g/L ampicillin
TSRTA PET22b(+) 4 25 16 P
lactose
Autoinduction ampicillin
HeWT pRSETb 37 16
ZYP
Autoinduction ampicillin
BsPheDH pPRSETb 37 16
ZYP
LysEDH pET28b LB 25 16 kanamycin
CfusAmDH pET22b-LIC LB 16 16 ampicillin
MATOUAMDH2 pET22b-LIC LB 16 16 ampicillin
MicroAmDH pET22b-LIC LB 16 16 ampicillin
VimD PET22b(+) LB 37 5 ampicillin
HLADH pASK_IBA B 20 16 ampicillin

Table 3.1: Proteins expression conditions

3.2.6 Protein purification

The procedure for cell lysis involved the thawing of the frozen cell pellet (1-3 g) onice and
resuspension in loading buffer as outlined in Table 3.2. The volume of loading buffer used
was approximately 2 mL per gram of dry cells. The resulting suspension underwent
sonication to disrupt the cells, utilizing a 5-second pulse on and 5-second pulse off
sequence for a minimum of 8 minutes with an amplitude ranging from 40-60 %. The
subsequent removal of cell debris was achieved through centrifugation at 14’500 rpm for
45 minutes at 4 °C. This resulted in a cell-free extract that was filtered through a 0.45 pum
pore size syringe filter.
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Purification of the crude protein from the cell lysate was accomplished through loading
onto a His-trap FF crude Ni-affinity column on the AKTA start Protein Purification System,
utilizing the UNICORN start software and Frac30 fraction collector from GE Healthcare.
The column (1 or 5 mL) was initially equilibrated with loading buffer and then loaded with
the crude extract. Non-specific proteins were removed through washing with loading
buffer (5 column volumes) followed by an isocratic step with a 10 % elution buffer/ 90 %
loading buffer mixture (5 column volumes).

The recombinant proteins were finally eluted using 100 % elution buffer as outlined in
Table 3.2, in 1 or 2 mL fractions. The fractions containing the purified protein were
subjected to dialysis at 4°C with mild stirring, using a cellulose membrane with a 14 kDa
MWCO (Sigma Aldrich) inserted into 800 mL of storage buffer. The initial dialysis stage
was conducted for 1 hour, followed by changing the buffer and allowing it to dialyze
overnight at 4 °C. The following day, the proteins were identified through SDS-PAGE
analysis, and their concentration was determined at 280 nm.

Enzyme

LbTDC

TsRTA

HeWT

Loading buffer

25 mM Tris buffer,
300 mM NaCl, 20 mM
imidazole, 0.2 mM

PLP, pH 7.4

50 mM potassium
phosphate buffer,
100 mM NaCl, 20 mM
imidazole, 0.1 mM

PLP, pH 8

50 mM potassium
phosphate buffer,
100 mM NacCl, 20 mM
imidazole, 0.1 mM

PLP, pH 8

Elution buffer

25 mM Tris buffer,
300 mM NaCl, 280
mM imidazole, 0.2
mM PLP, pH 7.4

50 mM potassium

phosphate buffer, 100
mM NaCl, 280 mM
imidazole, 0.1 mM

PLP, pH 8

50 mM potassium
phosphate buffer, 100
mM NaCl, 280 mM
imidazole, 0.1 mM

PLP, pH 8
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Storage buffer

25 mM potassium
phosphate buffer,
150 mM NadcCl, 0.2
mM PLP, pH 7.4

50 mM potassium
phosphate buffer,
0.1 mM PLP, pH 8

50 mM potassium
phosphate buffer,
0.1 mM PLP, pH 8



BsPheDH

LyseDH

CfusAmDH

MATOUAmMDH2

MicroAmDH

50 mM potassium
phosphate  buffer,
100 mM NacCl, 30 mM
imidazole, pH 8

50 mM potassium
phosphate  buffer,
100 mM NaCl, 30 mM
imidazole, pH 8

100 mM potassium
phosphate buffer, 50
mM NaCl, 10 %
glycerol, 30 mM

imidazole, pH 7.5

100 mM potassium
phosphate buffer, 50
mM NaCl, 10 %
glycerol, 30 mM

imidazole, pH 7.5

100 mM potassium
phosphate buffer, 50
mM NaCl, 10 %
glycerol, 30 mM

imidazole, pH 7.5

50 mM potassium
phosphate buffer, 100
mM NaCl, 300 mM
imidazole, pH 8

50 mM potassium
phosphate buffer, 100
mM NaCl, 300 mM
imidazole, pH 8

100 mM potassium
phosphate buffer, 50
mM NaCl, 10 %
250 mM
imidazole, pH 7.5

glycerol,

100 mM potassium
phosphate buffer, 50
mM NaCl, 10 %
250 mM
imidazole, pH 7.5

glycerol,

100 mM potassium
phosphate buffer, 50
mM NaCl, 10 %
250 mM
imidazole, pH 7.5

glycerol,
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50 mM potassium
phosphate buffer,
100 mM KCI, pH 8

50 mM potassium
phosphate buffer,
pH 8

100 mM potassium
phosphate buffer,
10 % glycerol, pH
7.5

100 mM potassium
phosphate buffer,
10 % glycerol, pH
7.5

100 mM
potassium
phosphate buffer,
10 % glycerol, pH
7.5



50 mM potassium .
50 mM potassium

phosphate buffer, 50 mM potassium
phosphate buffer, 300
VimD 300 mM NaCl, 7.5 phosphate buffer,
o mM NaCl, 150 mM
mM imidazole, pH . . pH 7.5
imidazole, pH 7.5
7.5w
. 20 mM potassium .
20 mM potassium 50 mM potassium
phosphate buffer, 280
HLDH phosphate  buffer, phosphate buffer,
mM NaCl, 6m M KCl,
280 mM NacCl, 6m M pH 8.5
2.5 mM d-
KCl, pH 7.4

desthiobiotion, pH 7.4

Table 3.2: Proteins purification conditions

3.2.7 SDS-PAGE preparation and execution

To prepare and execute SDS-PAGE, a 12 % polyacrylamide resolving gel was first prepared
and positioned between two glass plates. The stacking gel was then loaded with a rack to
shape the wells. Meanwhile, samples were diluted with 2x loading dye and heated at 90
°C for 10 minutes. Once both layers of the gel had polymerized, running buffer was
poured into the gel holder. Next, 5-10 pL of sample was added to each gel well, including
one containing the protein ladder (an unstained protein standard with a broad range of
10-200 kDa). The gel was then run at 200 mV and 30 mA in SDS running buffer for
approximately 80 minutes. Finally, the gel was stained using Instant Blue (Expedeon®).

3.2.8 Protein quantification

Protein concentration was measured at 280 nm. 2 uL of the protein sample were pipetted
into a clean EPOC sample well. The absorbance of the protein sample was measured at
280 nm using the EPOC spectrophotometer (BioTek Epoch 2 Microplate
Spectrophotometer). The protein concentration was then calculated using the molar
extinction coefficient (€) and molecular weight (MW) of the protein. The specific values
for these parameters varied depending on the protein being measured.

3.2.9 Sample preparation and HPLC analysis

If the monitored compound was detectable by UV-Vis, a 50 uL sample was taken and
guenched by adding 175 plL of 0.2 % HCl and 175 uL of acetonitrile. The prepared sample
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was then analyzed using High-Performance Liquid Chromatography (HPLC) to determine
the conversion.

For aliphatic amino compound, the reaction was followed by the derivatization of the
amino group using 9-Fluorenylmethoxycarbonyl chloride (FMOC-CI). To prepare the
samples, 50 L of the appropriately diluted reaction mixture (ensuring a maximum of 25
mM of the compound to be derivatized) was added to 100 pL of a 100 mM borate buffer
solution (pH 9), followed by the addition of 200 uL of 15 mM Fmoc-Cl in acetonitrile. The
samples were then resuspended in the mobile phase (0.2 % HCl and acetonitrile and
analyzed with HPLC. Calibration curves from standard solutions of each compound were
used for quantification of substrate and product concentration.

The HPLC (UltiMate 3000 UHPLC Thermo Fisher Scientific) used a C18 column (Waters X-
Bridge specifications). The flow rate was 0.8 mL/min and the oven was set at 45 °C. The
samples were analyzed using a gradient method, which involved an initial solvent
composition of 5 % acetonitrile (B) in 0.1 % trifluoroacetic acid (TFA) in milliQ water (A),
gradually increasing to 95 % acetonitrile over a span of 4 minutes. Alternatively, if peaks
could not be resolved, a water-methanol phase was used with the following method:
water 0.1 % TFA (A), methanol (B), 0-1 min 1 % B, 1-7 min 40 % B, 7-9 min 45 % B, 9-10
min 1 % B, and the flow rate was set to 1 mL/min. In this case, the sample was
resuspended in the HPLC vial in 0.2 % HCI.

3.2.10 Enzymatic activity measurements

To determine the specific activity of an enzyme, either the depletion of substrate or the
formation of product were measured at a specific wavelength.

For oxidoreductases, the activity was assessed by monitoring the production or
consumption of the cofactor NADH during the catalytic reaction at a wavelength of 340
nm (with a molar extinction coefficient of 6.22 mM~ cm™?). One unit of enzyme activity
was defined as the amount of enzyme required to catalyze the formation or depletion of
1 umol of product, substrate, or cofactor per minute.

When working in acrylic 96 well-plates, Biotek Epoch 2 Microplate Spectrophotometer
was used to measure changes in absorbance over time. However, when using cuvettes, a
Cary 60 UV-Vis spectrophotometer (Agilent) was employed. Working with
decarboxylases, HPLC was used to monitor the enzyme activity. The change in absorbance
per minute was then converted into a change in concentration per minute using a
calibration curve.

3.2.10.1 Activity assay of LbTDC

LbTDC(K. Zhang & Ni, 2014) activity measurements were performed using HPLC, specifically
by measuring the conversion of tyrosine to tyramine at 280 nm. One unit (U) of activity
was defined as the amount of enzyme required to catalyze the consumption of 1 umol of
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L-tyrosine per minute under reference conditions, namely 2.5 mM tyrosine, 0.2 mM PLP,
and 30 ul of LbTDC (from a dilution of 100 folds ) in 200 mM sodium acetate buffer, pH
5.0, in a 1 mL Eppendorf. The activity measurements were performed up to 20 minutes
at 5-minute intervals, with the temperature set at 37 °C.

Successful resolution of the peaks was obtained with the elution phase water 0.1 % TFA
- methanol.

3.2.10.2 Activity assay for HeWT and TsRTA

To measure the activity of the enzymes, HeWT(Cerioli et al., 2015) and TsRTA,(Heckmann
et al., 2020) spectrophotometric activity measurements were performed by determining
the production of acetophenone at 245 nm at 25 °Cin a 1.5 mL cuvette (total volume 1
mL) for a duration of 5 minutes. One unit (U) of activity was defined as the amount of
enzyme required to produce 1 umol of acetophenone (with an extinction coefficient of
12.6 mM* cm™?) per minute under reference conditions: 2.5 mM (S)-MBA, 2.5 mM
pyruvate, 0.25 % DMSO, 0.1 mM PLP, and an appropriate amount of enzyme in 50 mM
potassium phosphate buffer at pH 8.0. For TsRTA, (R)-methylbenzylamine was employed.

3.2.10.3 Activity of amino acid dehydrogenases and amine dehydrogenases

To measure the activity of amino acid dehydrogenases and amine dehydrogenases the
Cary 60 or the fluorescence spectrophotometer were used.

To measure the activity of PheDH,(PARADISI et al., 2007) a reaction mixture was prepared
by combining 5 pL of enzyme solution with 5 mM substrate and 1 mM NAD* in 0.1 M
glycine-KOH buffer, 100 mM KCI, 10.4 pH, inside a UV cuvette with total volume of 1 mL.
The formation of NADH was measured spectrophotometrically at 340 nm using the Cary
60, at 25 °C. For the mutants of PheDH, the enzyme concetration in the activity assay was
increased and the activity was monitored over 10 minutes.

The activity of LysEDH(Heydari et al., 2004) was measured introducing 5 pL of soluble
enzyme into the reaction mixture, which was composed of 10 mM L-lysine and 1 mM
NAD" in a total volume of 1 mL solution of 50 mM phosphate buffer at pH 8. The formation
of NADH absorbance at 340 nm was observed over 2 minutes at 25 °C.

With amine dehydrogenases (AmDHs) the fluorescence of the NADH cofactor was
measured using a fluorescence spectrophotometer or the Cary 60. The fluorescence of
the cofactor was excited at a wavelengthvimD of 351 + 9 nm and the emission was
measured at 450 + 30 nm. The change in the fluorescence was monitored in 96 well
plates, over a period of time of 10 minutes, recording the fluorescence value every 30
seconds, and the rate of NADH formation was calculated using the Lambert-Beer law and
the molar extinction coefficient of NADH (6.22 mM™ cm™). Similarly, the cofactor
formation was monitored also at the Cary 60, at 340 nm, in continuous for 10 minutes in
cuvette. The activity of AmDHs was calculated based on the rate of NADH formation
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under these specific conditions: 100 pL of enzyme dilution, 50 mM substrate, 0.1 mM
NAD*, 100 mM sodium carbonate buffer in a final volume of 200 ul for 96 well plates or
1 mL for cuvettes.

3.2.10.4 Activity of VImD

To measure the activity of VImD,(Garg et al., 2002a) 0.025 mg of enzyme were mixed with
a reaction mixture of 5 mM L-valine and 0.1 mM PLP, in 50 mM phosphate buffer, pH 7.5.
The total volume of the reaction mixture was 1 mL, and it was incubated for 20 minutes
at 37 °C with 150 rpm orbital shaking. Every 5 minutes, a 50 uL sample was taken from
the reaction mixture and derivatized with FMOC by mixing with 100 pL borate buffer at
pH 9 and 200 pL of 15 mM FMOC in acetonitrile. The resulting solution was then mixed
with 175 uL of 0.2 % HCl and 175 uL of acetonitrile, filtered and submitted to HPLC
analysis at 265 nm.

The activity of VImD was calculated based on the rate of decarboxylation of L-valine with
the calibration curve of isobutylamine (reaction product).

3.2.10.5 Activity of HLADH

To measure the activity of HLADH,(Quaglia et al., 2012a) a solution containing 1 mM NAD*
and 40 mM ethanol in 50 mM phosphate buffer at pH 8.5 was prepared. The solution was
added to a 1 mL UV cuvette and placed in the Cary 60 spectrophotometer. The
temperature was set to 25 °C. 2 ul of HLADH were then added to the solution to initiate
the reaction. The formation of NADH was monitored by measuring the increase in
absorbance at 340 nm over time. The specific activity was calculated using the molar
extinction coefficient of NADH at 340 nm (6.22 mM™* cm™).
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3.2.11 Enzyme immobilization

To conduct an immobilization study, critical steps must be considered, including the
selection of the optimal support, the appropriate immobilization chemistry, and the
optimal protein loading.

Different immobilization carrier for covalently immobilization have been trialed (Table
3.3).

Epoxydic resin Characteristics

EP4003/S

HFA403/S Particle size: 100-300 pm
H

@ Pores: 40-60 nm

EP400/SS
o]
)LH Particle size: 50-150 um
o}
./\d @ Pores: 40-50 nm
Hydrophilic
Agarose

o Particle size : 50-150 um

)J\H @pores : ~200 nm

0/\<CI)

Table 3.3: Supports involved in the biocatalysts immobilization.

Hydrophilic
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For the immobilization chemistry on the supports described above, covalent
immobilization was the strategy of choice. The handle, decorating the carriers involved
in the immobilization study, were epoxy groups (in epoxy-supports) or aldehyde groups
(glyoxyl supports). In most of the case the immobilization of His-tagged enzymes was
performed using cobalt-IDA-functionalized epoxy resin as an efficient method that
exploits the strong affinity between histidine residues and chelated cobalt ions on the
support.

The optimal protein loading, as crucial parameter for enzyme recovered activity, were
evaluated with a case-by-case approach. Practically, the immobilization process involved
preparing the enzyme solution in an appropriate buffer and incubating it with the
selected support under mild agitation at room temperature or at 4 °C for overnight
immobilization.

Enzyme immobilization was monitored by periodically taking supernatant samples and
comparing them to the initial enzyme solution concentration (control sample). Protein
concentration was assessed at 280 nm by EPOC and SDS-PAGE to confirm complete
immobilization.

Upon reaching the maximum achievable immobilization yield, the support was washed
with water and desorption buffer in case cobalt was present (50 mM EDTA, 500 mM NacCl
in 50 mM phosphate buffer pH 7), and incubated in blocking buffer (3 M glycine in 20 mM
phosphate buffer pH 8.5) overnight. In the end the support was washed again with water
before storing it at 4 °C.

3.2.12 Agarose epoxy functionalization

To prepare the support, agarose (10 g) was mixed with water and acetone, followed by
the addition of NaOH (3.38 g) and NaBHa4 (0.4 g). Epichloridrine (11 mL) was then slowly
added while maintaining low temperatures to prevent epoxide oxidation. The mixture
was incubated overnight at room temperature with gentle agitation. Agarose was then
filtered and washed thoroughly with water. To quantify epoxy groups, the resin (50 mg)
was incubated with 0.5 M HSO4 for 1 hour. After washing with water, it was then
incubated with 0.5 mL of 10 mM NalO4 for an additional hour. The supernatant (100 pL)
absorbance was finally measured in a 96-well plate at 405 nm after mixing the solution
with 500 pL of saturated bicarbonate solution and 500 pL of 10 % (w/v) Kl solution.
Calculations were performed to determine the epoxy group concentration on the agarose
support. Control samples, including a blank, initial solution, and control support, were
also tested to ensure accuracy in the quantification process. In general 1 g of 6BCL
agarose contains 70-75 umols of diols that can be oxidised.
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3.2.13 Support aldehyde functionalization

1 g of epoxy support was mixed with 10 mL of 100 mM H,SO4 and incubated overnight.
After washing with deionized water, the resin was treated with 10 mL of 30 mM NalO4
for 2 hours, followed by washing with water.(Guisan, 1988) For the quantification of the
aldehyde groups at 405 nm, the aforementioned procedure for the quantification of
epoxy group was followed.

3.2.14 Covalent immobilization on glyoxyl support

The protein solution was prepared in a 100 mM NaHCOs buffer, pH 10. After washing the
support with the same buffer, the protein solution was added. After incubation, the Schiff
bases were reduced by adding 10 mg of NaBHa to the suspension, left then under mild
agitation for 30 minutes at 4 °C.

3.2.15 Covalent immobilization on epoxy support with directionality

First, 1 g of epoxy resin was incubated with 2 mL of modification buffer (100 mM sodium
borate, 2 M iminodiacetic acid, 50 mM phosphate buffer, pH 8) under gentle agitation for
2 hours. After washing, the modified support was incubated with 5 mL of metal buffer (1
M NaCl, 5 mg/mL CoCl; in 50 mM phosphate buffer, pH 6) for 2 hours. The support was
then washed and incubated with the protein solution. After immobilization, the support
was washed with 3 mL of desorption buffer (50 mM EDTA, 500 mM NacCl in 50 mM
phosphate buffer, pH 7) to remove the metal and rinsed with deionized water. The
support was then incubated in 4 mL blocking buffer (3 M glycine in 20 mM phosphate
buffer, pH 8.5) overnight, followed by a final wash.(Mateo et al., 2007a)

3.2.16 Polyethyleneimine coating of epoxy supports

To prepare the coating solution, 10 mg/mL of polyethyleneimine was dissolved in 100
mM NaHCOs buffer (pH 10). Subsequently, 10 mL of the prepared solution was combined
with 1 g of the chosen epoxy-support (EP400/SS or agarose) and incubated overnight.
Post-incubation, the epoxy resin was extensively washed with deionized water and stored
at 4°C. The protein solution in 5 mM phosphate buffer (pH 7) was incubated with the
support.

3.2.17 Stability assay for immobilized enzyme against apolar organic solvents

An assay was conducted to evaluate the stability of immobilized enzymes in the presence
of apolar organic solvents. For this experiment, a sample of the immobilized support,
ranging between 20 to 50 mg, was placed in a glass vial. The vial contained a mixture of
an aqueous phase, consisting of the buffer used during the catalysis of the reaction, and
an organic phase, typically toluene. The enzyme-bound support was incubated for
specific time intervals, including 1, 2, 4, and 6 hours. Following each incubation period,
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the resin was thoroughly washed, and an enzyme activity test was performed to
determine the stability of the immobilized enzyme under these conditions. This approach
provided crucial insights into the enzyme's resilience when exposed to apolar organic
solvents.

3.2.18 Alginate beads production

The formation of alginate beads containing whole cells expressing VImd or purified
enzyme was achieved through an extrusion process using a peristaltic pump. A mixture
of 5 % sodium alginate and E. coli cells expressing VImd was prepared to yield 60 or 120
OD in the alginate mixture. Alternatively, for encapsulating purified enzyme, a solution of
10 mg/mL of VImD was mixed with 5 % sodium alginate in a 2:1 proportion (enzyme
solution : sodium alginate). This mixture was then pumped through a PTFE tube with 3
mm diameter, and at the end of the tube, a pipette tip was placed to generate a
continuous flow of droplets. The flow rate was 3 mL/min. These droplets were dropped
into a solution of either CaCl2 or BaCl2, which caused the sodium alginate to crosslink and
solidify, forming beads containing the whole cells or purified enzyme. This method
allowed for the efficient encapsulation of the cells or enzyme within the alginate beads,
creating a biocatalyst suitable for use in biotransformation reactions.

3.2.19 Biotransformations in batch

Enzymatic reactions were performed in 1.5 or 2 mL microcentrifuge tubes, where a
mixture of substrate(s), cofactor (if needed), and biocatalyst(s), either in a free or
immobilized form, were added. The reaction mixture was then incubated at the preferred
temperature for a specified amount of time. After the incubation period, the reaction was
stopped, and samples were taken to analyze the conversion to the product(s).

3.2.19.1 LbTDC biotransformations

For batch reactions using LbTDC, either free or immobilized biocatalysts were used. In the
case of free enzyme, the reaction was performed in 2 mL Eppendorf tubes. The reaction
mixture contained 2.5 mM of substrate (L-tyrosine or L-DOPA), which was suspended in
200 mM sodium acetate buffer pH 5.0, along with 0.2 mM PLP. The free enzyme
concentration in the biotransformation was 0.03 mg/mL. The reaction mixture was then
incubated at 37 °C with constant shaking at 150 rpm. The final reaction volume was 1 mL,
and 100 pulL aliquots were collected at different reaction times. To stop the reaction, 0.2
% HCl was added to all samples, which were then submitted for HPLC analysis.

In the case of immobilized LbTDC, the reaction was performed using 20 mg of the
immobilized biocatalyst instead of free enzyme. The reaction mixture contained 5 mM of
substrate, which was suspended in 200 mM sodium acetate buffer pH 5.0, 0.2 mM PLP.
The reaction mixture was left under mixing at 37 °C with constant shaking at 150 rpm.
The final reaction volume was 2 mL, and 50 plL aliquots were collected at different
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reaction. To stop the reaction, 0.2 % HCl was added to all samples, which were then
submitted for HPLC analysis.

3.2.19.2 HeWT and TsRTA biotransformations with HLADH

Biotransformations using HeWT and TsRTA (free or immobilized) together with HLADH
(free or immobilized) were performed in 2 mL Eppendorf tubes. Substrate (tyramine,
dopamine or 2- phenylethylamine) was suspended in 100 mM sodium phosphate buffer
pH 8.5. When dopamine was chosen, 2.5 mM ascorbic acid was added in the reaction
mixture. The reaction solution was prepared by mixing 5 mM, 10 mM, or 20 mM of
substrate (1 equivalent) with 0.1 mM PLP, NADH and pyruvate (2, 10 or 50 equivalents).
Different ratios of units of activity (U:U) of HeWT:HLADH (1:1, 1:2, 1:3, 1:10) and
TsRTA:HLADH (1:1, 1:2, 1:3, 1:10) were trailed in biotransformations.

The reaction mixtures were incubated at 37 °C, 150 rpm, with a final reaction volume of
1 mL. Aliquots (50 uL) were collected at different time points (0, 1, 2, 3, 4, 6, 24 hours)
and added to 350 ul of the 0.2 % HCI for HPLC analysis.

3.2.19.3 Biotransformation of VImD

Biotransformations using VImD were performed with different enzyme and substrate
concentrations. In particular, the biocatalyst concentrations trialed were 0.5, 1, or 1.5
mg/mL of VImD, added to a reaction mixture containing the substrate, at a concentration
depending on the substrate solubility, in buffer phosphate buffer, with 0.1 mM PLP, pH
7.5. The reaction mixture was then incubated at 37 °C and 150 rpm. The reaction was
then sampled over time up to 24 hours, and the collected aliquots were derivatized with
FMOOC (in all cases of aliphatic substrates) to determine the maximum conversion of the
product using HPLC. After FMOC derivatization, the sample was mixed with 0.2 % HCl and
acetonitrile and submitted for HPLC analysis.

3.2.19.4 Biotransformations with VImD in whole cell alginates

Biotransformations using alginate beads containing whole cells expressing Vimd were
carried out in 2 mL Eppendorf. The batch reaction mixtures were prepared with different
substrates concentrated according to their respective solubilities. 200 mg of alginate
beads were added to 1 mL of reaction mixtures in 100 mM HEPES buffer, pH 7.5. The
biotransformations were then incubated at 37 °C with constant shaking at 150 rpm.
Aliquots were collected at different reaction times to monitor the progress of the
biotransformation. After FMOC derivatization, a mix of 0.2 % HCl and acetonitrile was
added to all samples, which were then submitted for HPLC analysis to determine the
conversion of the substrates and the formation of the desired products.
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3.2.19.5 Biotransformations with VImD in purified enzyme alginates

Biotransformations using alginate beads containing encapsulated free enzyme were
performed in 2 mL Eppendorf where 200 mg of alginate beads with the encapsulated
enzyme were added to a 1 mL reaction mixture. This mixture contained 0.1 M substrate
and 0.1 mM PLP in 0.1 M HEPES buffer, pH 7.5. The biotransformations were incubated
at 37 °C, and agitated at 150 rpm to ensure proper mixing. Aliquots were collected at
different time points during the reaction to monitor the progress and determine the
conversions to product. The samples were prepared for further HPLC analysis, after FMOC
derivatization, in 0.2 % HCl and acetonitrile solution.

3.2.19.6 Scale up of VImD decarboxylation reactions in SpinChem® system

In the SpinChem® system, the VImD decarboxylation reactions were carried out starting
with the preparation of the amino acid starting material, which was solubilized in HEPES
buffer (pH 7.5) containing 0.1 mM PLP, to reach a final volume of 0.2 L. For the set up of
the rotating packed bed reactor, 20 g of whole cell barium alginate beads, prepared as
previously described, were placed into the reactor. The SpinChem® vessel glass jacket
was then connected with tubes to a water bath, which was used to maintain a reaction
temperature of 37 °C. The heating was facilitated by circulating the heated water using a
peristaltic pump. Upon setting the reactor within the SpinChem® vessel, the starting
material solution was added. The reaction was initiated by rotating the reactor at a speed
of 340 rpm. The reaction progress was carefully monitored and the total reaction time
did not exceed 24 hours.

3.2.20 Distillation of isobutylamine from the decarboxylation of L-valine

The L-valine decarboxylation reaction conducted in the SpinChem® system was processed
further for product isolation. The resulting isobutylamine solution was transferred to a
500 mL round bottom flask, which was then connected to a distillation column and placed
in an oil bath for its heating and evaporation. A T-shaped tube was installed at the top of
the distillation column, which accommodated the thermometer and also provided a
connection to the condenser. The condenser, set up for the transformation of vapor into
liquid, was linked with a water stream. Once the vapour began to condense at 50°C, it
was collected as distillate in a series of pre-weighed round bottom flasks arranged in a
spider fraction collector. The distillate from this process was subsequently identified as
pure isobutylamine via NMR analysis.

3.2.21 Liquid-liquid extraction of 1-amino-2-propanol and 3-
(methylthio)propylamine

To isolate 1-amino-2-propanol and 3-(methylthio)propylamine, a liquid-liquid extraction
methodology was implemented. The process was initiated by adjusting the pH of the
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product solutions to pH 10, followed by a centrifugation step to eliminate protein
precipitate from the solution. Different organic phases were trailed for the extraction:
dichloromethane (DCM), ethyl acetate, heptane, methyl tert-butyl ether (MTBE), and
diethyl ether.

Salting-Out Assisted Liquid-Liquid Extraction (SALLE)(Tang & Weng, 2013) was also
attemped. With this approach, NaCl was added until saturation of the basified aqueous
phase. This solution was then transferred to a separatory funnel and was extracted twice
using the same volume of acetonitrile. To facilitate phase separation, hexane was added
to the acetonitrile phase in a volume ratio of 1:20. The acetonitrile phase was collected,
dried using sodium sulphate, and subsequently filtered using a paper filter. The filtrate
was collected into a pre-weighed round-bottom flask, evaporated, and then analyzed via
NMR.

3.2.22 Continuous flow biotransformation process

For enzymatic biotransformations, the employed continuous flow system comprised a
commercially available R2S pumping module and R-4 reactor heater, both sourced from
Vapourtec®. The meso-reactors utilized were Omnifit glass columns (6.6 mm bore x 150
mm length), incorporating glass heat exchangers in the setup. The packed bed reactor
(PBR) was filled with the immobilized biocatalyst before being integrated into the
continuous flow system. When necessary, a T-tube connection was used to allow the
mixing of reagents. Flow rates were adjusted and optimized for each reaction, taking into
account the length of the bed reactor and the required residence time (length [cm] x
0.3421 = total volume [mL]. Total volume [mL] / residence time [min] = flow [mL/min]).
To ensure accuracy, the exiting flow stream was collected in separate vials for each
reaction cycle, with a collection time corresponding to the residence time.

3.2.22.1 Continuous flow decarboxylation with LbTDC

The continuous flow decarboxylation was carried out using LbTDC to convert L-tyrosine
to tyramine or L-DOPA to dopamine. The packed bed reactor (PBR) employed in this
exmperiments had a volume of 1.3 mL. Two protein loadings were tested, 1 mg/g and 5

mg/g.

The stock solutions for the continuous flow reaction were prepared in a 200 mM sodium
acetate buffer at pH 5, with 0.1 mM PLP. In the case of L-DOPA, the buffer was
supplemented with 0.45 mg/mL ascorbic acid. To ensure the complete solubilization of
the substrates in the solution, the maximum concentration in the stock solution was kept
at 5 mM, given the working pH of 5.0. The residence times tested in the experiment were
2.5, 5, 10, and 15 minutes. LbTDC was tested in a continuous flow system using only the
EP400/SS support as immobilized biocatalyst.The temperature of the PBR was set at 37°C.
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3.2.22.2 Continuous flow reactions with HeWT, TsRTA and HLADH

The continuous flow reactions involved transamination followed by hydrogenation,
starting from 2-phenylethylamine or tyramine or dopamine substrates. An immobilized
transaminase, HeWT or TsRTA, and an alcohol dehydrogenase, HLADH, were employed
as biocatalysts. The substrate concentration in the initial stock solution was trialed with
different values as 2.5, 5, or 10 mM. In addition to the aqueous phase, which contained
the substrate, the cofactors and the amino-acceptor (100 mM phosphate buffer, pH 8,
0.1 mM PLP, 1 equivalent of dopamine or tyramine, 2,10 or 50 equivalents of pyruvate, 1
equivalent of NADH), an organic phase was introduced before the packed bed reactor
(PBR) through a T-tube connection. Toluene was used as the organic phase, creating a
segmented continuous flow system. A Zaiput liquid-liquid separator was placed at the
end of the flow stream to separate the two phases, allowing for efficient product recovery
and analysis. The PBR volume was 3.5 mL and the residence time was 30 minutes. The
ration between aqueous phase and toluene was 7:3. The temperature of the PBR was set
at 37°Cor 28 °C.

3.2.22.3 Continuous flow decarboxylation with VImD

The continuous flow decarboxylation process utilized alginates containing the
immobilized VImD enzyme, or in whole cells or as purified enzyme. In the packed bed
reactor (PBR), alginates were carefully placed alongside celite, with the celite-to-alginate
ratio optimized to provide the best biocatalyst stability while minimizing celite usage
(ratio 1:25, celite : alginate). The PBR had a volume of 4 mL, and various residence times
were tested to determine optimal reaction conditions. The stock solution contained the
substrate and PLP cofactor (0.1 mM), prepared in 100 mM HEPES buffer, pH 7.5. To
maintain optimal enzyme activity, the temperature of the PBR was set at 37°C.

3.2.23 L-DOPA fermentation

The VH33AtyrR_DOPA preculture in LB medium with 100 pg/ml ampicillin, 30 pg/ml
tetracycline, and 30 pg/mL kanamycin was incubated overnight at 37°C and 150 rpm.
Subsequently, 300 mL of LB medium, supplemented with 100 pug/ml ampicillin, 30 pug/ml
tetracycline, and 30 pg/mL kanamycin, were inoculated with the preculture to achieve an
ODegoo of 0.1. The cells were then incubated overnight at 37 °C and 150 rpm. The overnight
preculture, with an ODeoo of 3.8, was used as the starting point for flask fermentation and
bioreactor.

3.2.23.1 Storage of the strain VH33AtyrR_DOPA

VH33AtyrR_DOPA is an E. coli cell strain transformed with pJLBaroG®'tktA (aroG"" under
control of the JlacUV5 promoter; and tktA under its native promoter) and
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pTrchpaBCTrctyrCpheAcw  (hpaBC, tyrC and pheAcv under control of the trc
promoter).(Mufoz et al., 2011)

Glycerol stocks were used for long-term storage of VH33AtyrR_DOPA. To prepare a
glycerol stock, an overnight cell culture was first grown in LB with 100 pug/ml ampicillin,
30 pg/ml tetracycline, and 30 pg/mL kanamycin . An aliquot of cell culture was then mixed
with a solution containing 40% glycerol, creating a 50:50 (v/v) mixture in 1.5 mL
Eppendorf tubes. Glycerol, a cryoprotector, helps to protect the cells from damage during
the freezing process. The tubes were placed at - 80°C for long-term storage. When
needed, the cells were taken from the freezer and threw into dry ice in order to keep the
glycerol stock frozen. The glycerol stock was used to strict an agar plate for the
subsequent inoculation of LB medium for the overnight culture.

3.2.23.2 M9 medium preparation

The Minimal salt medium M9 for L-DOPA fermentation in flask was prepared mixing 6 g/L
Na;HPOg4, 0.5 g/L NaCl, 3 g/L KH,PO4 and 1 g/L NH4ClI. To this solution 10 g/L glucose, 0.247
g/L MgSQa, 0.0147 g/L CaCl, were then added. Typically, five stocks solutions (5X) for M9
salts, D-glucose, MgSQa, CaCl; and ascorbic acid were prepared and filtered with 0.2 um
filter under the laminar flow hood, where the final fermentation medium was set up.

The optimized composition of the fermentation medium (M9Y) used in the bioreactor
comprised 6 g/L Na;HPOs, 0.5 g/L NaCl, 3 g/L KH2POa4, 1 g/L NH4Cl, 0.247 g/L MgSOQsa,
0.0147 g/L CaCly, 50 g/L D-glucose, 2 g/L yeast extract, 0.45 g/L ascorbic acid.

3.2.23.3 L-DOPA fermentation in flask

The flask fermentation of L-DOPA from glucose started by using cells from the overnight
preculture of VH33tyrR_DOPA strain. The cells were inoculated into 250 mL flasks
containing 100 mL of LB medium supplemented with 10 g/L D-glucose with 100 pg/mL
ampicillin, 30 pg/mL tetracycline, and 30 pg/mL kanamycin at the initial ODgoo of 0.1. The
shaking flasks were then incubated at 37 C, 150 rpm. After 1.5 h, 0.1 mM IPTG was added,
and the cells were further incubated for another 3 h. After that, the cells were harvested
by centrifugation (2500 rpm, 20 minutes), washed twice with M9 medium, and
resuspended at a wet cell weight concentration of 28 g/L in 250 mL flasks containing 35
mL of M9 medium supplemented with 10 g/L D-glucose and 0.1 mM IPTG. The flasks were
incubated at 3 7°C with 150 rpm shaking. After 24, 42 and 48 hours the
biotransformations were sampled and the filtered aliquots submitted for HPLC analysis.

3.2.23.4 L-DOPA fermentation in bioreactor

The bioreactor for L-DOPA fermentation from glucose was performed at 0.65 L volume.
The fermenter used was a 2 L volume vessel BiostatA (Sartorius), which was autoclaved
along with the medium, a pH probe (Hamilton), an oxygen probe (Hamilton), the stirrer,
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the cooling finger, the exhauster, and the necessary tubes. The base (NH4s0H 3 % v/v) and
acid (HsPO4 3 N) stock bottles, together with the one for the antifoam 204, were also
autoclaved connected and clamped to the vessel lid ports. The selected optimal
fermentation medium was M9Y, whose composition is described in the section 3.2.1
Culture media. The air flow system, measured in cubic centimeters per minute (ccm), was
set at 250 ccm. The stirring was started at 800 rpm and the heating jacket was activated
to keep the temperature of 37°C. The inoculum was then performed through a septum
on the top of the vessel lid using a sterile syringe. An oxygen cascade was implemented
to ensure 60% oxygen saturation. To ensure efficient oxygen transfer to the culture, the
agitation speed was automatically adjusted, minimizing the usage of compressed air.
Samples were taken to measure the ODeoo, the glucose consumption and the L-tyrosine
or L-DOPA production. The fermentation was performed for 68 hours, when the broth
was finally harvested. After the biomass was discarded, the broth was stored at -20° C
with the addition of 0.45 g/L ascorbic acid or adjusting the pH to 2 with 2 M HCI, to
prevent the oxidation of L-DOPA.

3.2.23.5 Glucose quantification

The Megazyme D-Glucose (glucose oxidase/peroxidase; GOPOD) Assay Kit employs high
purity glucose oxidase and peroxidase and was used for the measurement of D-glucose
in the fermentation broth. In principle, in the kit-assay, the first reaction involved is the
oxidation of glucose by a glucose oxidase, which convert D-glucose and water into D-
gluconate and hydrogen peroxide. Hydrogen peroxide is then exploited from a peroxidase
to form, from p-hydroxybenzoic acid and 4-aminoantipyrine, the quinoneimine dye. To
perform the assay, 3 mL of GOPOD reagent (p-hydroxybenzoic acid and sodium azide,
0.095 % w/v, pH 7.4) were mixed with 100 pl of sample solution from the fermenter broth
and incubated at 45 °C for 20 minutes in a thermomixer. The absorbance was measured
in a 1 mL cuvette at 510 nm. The blank was set up with water, used instead of the
fermentation broth. The concentration of D-glucose could be calculated from the ratio
between the absorbance values from the sample analysis and the D-glucose standard
from the kit.

3.2.24 Cloning PheDH

The PheDH gene (pTac85-BsPheDH) was cloned into the pRSETb vector, which contains a
poly-histidine tag. PCR primers listed in Table 3.4 were designed for amplification, using
Q5 High Fidelity DNA Polymerase and following the recommended procedure. The BamHI
and Hindlll restriction sites were used for cloning.

GC
. Length Tm Secondary
Primer Name Sequence content
(bp) (°C) (%) structure
()
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Fwd_HisTag-PheDH | GTAGGATCCAATGGCA 31 73.5 41.9 Very weak
AAACAGCTTGAAAAG

Rev_HisTag-PheDH | GCGAAGCTTTTACTCTT 32 71.9 40.6 Moderate
TTATGTTCCACTTCG

Table 3.4: PheDH cloning primers

After thermocycling, the sample was loaded onto a 0.8 % (w/v) electrophoresis agarose
gel, and the DNA fragment was purified with the GenelET Gel Extraction kit. The purified
PCR product (DNA insert) was digested with BamHI and Hindlll restriction enzymes, along
with the vector backbone. The resulting insert fragments and pRSETb backbone were
purified and ligated with T4 Ligase. The reaction was incubated overnight at 16 °C,
followed by ethanol precipitation using sodium acetate as salt.

The BsPheDH-pRSETb plasmid was transformed into electrocompetent E. coli XL10-GOLD
cells, and a single colony was grown in 5 mL LB supplemented with ampicillin overnight
to propagate the plasmid. The plasmid was then collected using the GenelET Plasmid
Miniprep kit. The obtained purified plasmid was sent for sequencing to confirm the
success of the cloning.

3.2.25 Phenylalanine dehydrogenase in solido screening design

To engineer PheDH in order to obtain amine dehydrogenase activity towards
catecholamines, a screening assay was needed. To identify the active mutant, the
measurement of NADH generated through the conversion of the amino substrate to the
oxidative deamination product was attempted directly on the culture agar plate with
colonies, exploiting different dyes such as MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) and WST-1 (2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium) (Figure 3.1). To set up the method, the natural substrate
of PheDH, L-phenylalanine, was adopted to be converted into phenylpyruvate.

The screening assay procedure started plating the transformed cells onto a nitrocellulose
membrane placed on an agar plate. After the growth of the colonies overnight, the
induction of the protein expression was performed by placing the membrane with
colonies on an agar plate were IPTG was added at 1 mM concentration for 16 hours at
37°C.(Planchestainer et al., 2019)

The depletion of the endogenous cofactor was attempted exposing the cells to WST-1
and PMS (phenazine methosulfate), using the kit CCK-8 (Sigma Aldrich), with the
development of an orange dye coming from the conversion of the endogenous NADH to
NAD*.
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Figure 3.1 : Mechanism of action of MTT or WST-1 with PMS for the formation of colored
formazan salts from NADH.

After washing the membrane with buffer, it was placed on a fresh agar plate and 1 mM
NAD* and 10 mM L-phenylalanine were offered to the cells, along with MTT and PMS. In
this step, different conditions were trialed with 50 uM MTT and 10 uM PMS, and with
100 uM MTT and 20 puM PMS. The colorimetric reaction given by the MTT dye,
precipitating inside the cells, should have allowed to identify by eye the active mutant
colonies, which should have turned dark. The incubation for the colorimetric reaction was
performed in absence of light for 2-4 hours.

Following a different strategy, MTT and PMS were also added afterwards the exposure of
the cells to the substrate and the cofactor, allowing the oxidative deamination reaction
to be catalysed before adding, after 1 or 2 hours, the selected reagents. A negative control
with cell not expressing PheDH was always performed in parallel.

3.2.26 Hordenine production with reductive amination reaction of tyramine

Batch reactions were carried out in 15 mL Falcon tubes. A 2 mL solution of 10 mM
tyramine in 200 mM sodium acetate buffer was combined with the desired volume of 37
% formaldehyde solution. In the initial screening, sodium triacetoxyborohydride (STAB),
cyanoborohydride and sodium borohydride were tested mixing 50 mg each reducing
agent with the tyramine solution to which 200 pL of acetic acid were added. For the
optimization experiments, in the case of STAB, 200 pL of acetic acid and 2 mL of
acetonitrile were mixed with the solution of tyramine and formaldehyde before the final
addition of the reducing agent. For pic-BHs, reactions were conducted with the same
volume of acetic acid for the acidic pH tests or by diluting formaldehyde in 250 mM
sodium carbonate for the experiments at basic pH. The reaction mixture was agitated,
and 50 pl aliquots from the batch reductive amination reactions were collected, mixed
with 0.2 % HCI, and subjected to HPLC analysis.(Gianolio et al., 2022)
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3.2.27 Continuous flow chemo enzymatic system for hordenine production
with homogeneous operation conditions

Feedstock solutions were prepared in 50 mL Falcon tubes. The tyrosine stock solution
consisted of 5 mM L-tyrosine disodium salt hydrate and 0.2 mM PLP in 200 mM sodium
acetate buffer at pH 5. A 62.5 mM formaldehyde solution with 2.5 % v/v acetic acid in
acetonitrile was prepared by diluting the commercial 37 % formaldehyde solution. The
reducing agent STAB was dissolved in acetonitrile at a concentration of 60 mM, and the
suspension was maintained homogeneous with magnetic stirring at 1500 rpm during the
experiment. 1.3 mL PBR with immobilized LbTDC was connected to two T-tubes,
corresponding to the inlets for formaldehyde (62.5 mM formaldehyde, 2.5 % v/v acetic
acid in acetonitrile) and STAB (60 mM STAB in acetonitrile). The feeding flow rate for the
PBR was 0.54 mL/min, the same as for the formaldehyde inlet and exactly half of the
reducing agent feed. In line, a 10 mL flow coil reactor was connected and fed, at the
resulting flow rate of 2.16 mL/min, with the mixed solutions, achieving a residence time
of 5 minutes.(Gianolio et al., 2022)

3.2.28 Continuous flow chemo enzymatic system for hordenine production
with heterogenous operation conditions

The feedstock for the L-tyrosine starting material was created as aforementioned. A 202.5
mM formaldehyde solution was prepared in 250 mM sodium carbonate (pH 11.5) from
the commercial 37 % formaldehyde solution. 1.3 mL PBR with immobilized biocatalyst
was connected to one T-tube, corresponding to the inlet for formaldehyde (202.5 mM
formaldehyde, 250 mM sodium carbonate). The feeding flow rate for the immobilized
LbTDC PBR was maintained at 0.54 mL/min, while the formaldehyde solution was
pumped with a flow rate set at 0.1 mL/min. In line, the first PBR with immobilized enzyme
was connected with a second PBR, containing 300 mg pic-BHs homogeneously mixed with
300 mg celite. The final flow rate was 0.64 mL/min, and the residence time in the PBR
was 2.5 minutes.(Gianolio et al., 2022)

3.2.29 Hordenine isolation and purification

A 300 mL aliquot of the final product solution obtained using the STAB system was
extracted once with an equal volume of ethyl acetate after adjusting the pH to 9.6. The
aqueous phase was then washed twice with the same volume of ethyl acetate, and the
organic phases were combined in a single flask. Sodium sulfate anhydrous was added to
the mixture, which was subsequently filtered. The ethyl acetate was evaporated, leaving
behind the crude product, which was resuspended in 5 mL of acetonitrile. An equimolar
amount of 37 % HCl| solution was added to the suspension to form hordenine
hydrochloride, and the resulting precipitate was dried and submitted for NMR analysis.
For the pic-BHs alternative process, 130 mL of the hordenine solution was extracted with
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ethyl acetate (5 x 30 mL organic phase). After drying with sodium sulfate anhydrous, the
solution was filtered, and the precipitation of hordenine hydrochloride was carried out in
ethyl acetate as previously described. The precipitate was dried and submitted for NMR
analysis.(Gianolio et al., 2022)
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4. Tailoring minimal medium composition for
enhanced L-DOPA microbial fermentation

Unless explicitly stated otherwise, the research presented in this
chapter is the sole and individual work of the author.
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4.1 Introduction

This chapter focuses on the sustainable and cost-effective production of L-DOPA through
bacterial fermentation using E. coli in a minimal medium, M9Y.

The primary goal was to develop a more sustainable and easily adaptable process
compatible with continuous flow systems, and here a methodic strategy to simplify the
fermentation medium and procedure is presented, in comparison to protocols already
reported in the literature. (Fordjour et al., 2019; Mufioz et al., 2011; T. Wei et al., 2016)

The chapter explores the advantages of using D-glucose as a substrate to establish a
benchmark for the efficiency, yield, and product specificity of the fermentation process.
The modifications to the protocol have led to a more straightforward fermentation
process that yields L-DOPA while also reducing overall costs. As previously reported, L-
DOPA can be produced in resting cell biotransformations in minimal medium M9 after
growing biomass in a rich medium(Mufoz et al., 2011). M9 minimal medium is a common,
defined medium that contains only the essential nutrients required for microbial growth,
such as carbon, nitrogen, and minerals. In comparison to LB medium (Luria Bertani
medium), which is a complex medium that contains yeast extract, tryptone, and sodium
chloride, M9 is often used for cell culture in flask, allowing greater control over the
nutrients provided to the microorganisms. Although M9 medium is less complex than LB
medium and can simplify downstream processing and analysis of the fermentation
product, LB medium may be the preferred choice for cell cultivation because it is user-
friendly and has a nutrient-rich composition.

Exploiting the advantages of a fermenter system for process scale-up, the goal was to
sustain both cell growth and fermentation within the same minimal medium thereby
maximizing L-DOPA yields and minimizing costs. Although waste feedstock has not yet
been investigated as potential starting substrates, this chapter would like to set a
foundation for future studies in this direction. This approach would aim to balance
sustainability, cost-effectiveness, and process efficiency, ultimately contributing to the
development of a streamlined fermentation process for L-DOPA production that aligns
with the principles of a circular economy. However, for the sake of reproducibility and
consistency in L-DOPA production, it may be more sensible to start with a defined
composition of the carbon sources, such as D-glucose, rather than waste sources,
especially because in this chapter L-DOPA is intended to be a starting material for a
subsequent process which is realized in coupling the fermenter and flow system.
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4.2 Results and discussion

4.2.1 Carbon flow for the production of L-dopa in VH33AtyrR_DOPA

In the genetically engineered E. coli strain designed for L-DOPA production, the carbon
flow (Figure 4.1) starts with the uptake of D-glucose through the overexpressed galactose
permease (GalP), under the control of a strong trc promoter. The D-glucose is then
metabolized through glycolysis, generating glucose-6-phosphate (G6P), which
subsequently enters the pentose phosphate pathway (PPP) via the overexpressed
transketolase gene (tktA), enhancing the production of erythrose-4-phosphate (E4P) and
phosphoenolpyruvate (PEP). These two precursors are used to synthesize aromaticamino
acids through the shikimate pathway, with the feedback inhibition-resistant aroG"®"
enzyme promoting higher flux. The overexpression of pheAcyv and tyrC genes facilitates
the conversion of chorismate to L-tyrosine.
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Figure 4.1: The biosynthesis of aromatic amino acids in E. coli involves various pathways
and proteins, including glucose transport and phosphorylation. Dashed arrows represent
multiple enzyme reactions, while dotted lines originating from the transcriptional
regulator TyrR indicate the genes repression by this protein. Overexpressed genes were
either from plasmids (aroG"", tktA, pheAcw, tyrC, and hpaBC) or the chromosome (galP).
Enzymes involved in the biosynthesis of L-DOPA are highlighted, with corresponding gene
names and pathways detailed in the figure.

The repression of the tyrB gene in the engineered E. coli strain is important for enhancing
the production of L-DOPA. TyrB encodes an enzyme called tyrosine aminotransferase,
which converts L-tyrosine to 4-hydroxyphenylpyruvate in the normal E. coli metabolism.
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By repressing tyrB, the metabolic flux of L-tyrosine is redirected, preventing its conversion
to 4-hydroxyphenylpyruvate and other downstream metabolites in the tyrosine
degradation pathway. This strategy results in a higher intracellular concentration of L-
tyrosine, which is the direct precursor for L-DOPA production via the overexpressed
hpaBC genes. The hpaBC genes are overexpressed to convert L-tyrosine to L-DOPA via the
4-hydroxyphenylacetate 3-hydroxylase (HpaBC) enzyme. This carefully engineered E. coli
strain ensures a highly efficient carbon flow towards L-DOPA production, obtaining this
valuable compound from D-glucose.

4.2.2 Bacterial strain: transformed plasmids

The bacterial strain for L-DOPA fermentation, which has been engineered by modifying
the phosphoenolpyruvate:sugar phosphotransferase system (PTS) and the aromatic
amino acids biosynthetic pathways, was kindly provided to us by the group of Professor
Guillermo Gosset (Universidad Nacional Auténoma de México, Mexico). In VH33, the
bacterial strain used, PTS has been functionally replaced by GalP, controlled by the potent
trc promoter. This modification, allowing for a constitutive import of D-glucose, confers
a PTS gluc* phenotype to VH33. Such an alteration has been demonstrated to yield
enhanced aromatic production capacity.(Bdez et al., 2001; Escalante et al., 2010; Gosset
et al., 1996) Moreover, to increase L-tyrosine biosynthetic capacity, the protein TyrR, a
transcriptional dual regulator that represses transcription of several genes encoding
enzymes that participate in L-tyrosine biosynthesis in E. coli, was inactivated. In the strain,
two plasmids are transformed for the overexpression of aroG®", tktA, pheAcw, tyrC and
hpaBC (Table 4.1). Despite the absence of a provided plasmid map, the construction of
the plasmids was discerned and an understanding of their functions and structures was
augmented through the utilization of existing literature.

107



For the selection of the strain in liquid culture ampicillin, kanamycin and tetracycline were
employed.

Gene Description

aroG™" | Mutated aroG gene, encodes for DAHPS enzyme, insensitive to feedback
inhibition

tktA Encodes for transketolase, involved in the pentose phosphate pathway

pheAcv | Encodes for chorismate mutase domain from chorismate mutase-
prephenate dehydratase

tyrC Encodes for cyclohexadienyl dehydrogenase, involved in the biosynthesis of
aromatic amino acids

hpaBC | Encodes for a native E. coli hydroxylase complex, HpaBC, responsible in
VH33AtyrR_DOPA of the hydroxylation of L-tyrosine to L-DOPA

Table 4.1: Overview of the transformed genes of the engineered bacterial strain
VH33AtyrR_DOPA for L-DOPA production, in collaboration with the group of Professor
Guillerm Gosset.

aroG™ is a mutated version of the aroG gene that encodes for the 3-deoxy-D-arabino-
heptulosonate 7-phosphate synthase (DAHPS) enzyme, which is involved in the shikimate
pathway of aromatic amino acid biosynthesis. The mutation makes the enzyme
insensitive to feedback inhibition by the pathway's end products, allowing for increased
production of aromatic amino acids.

tktA encodes for transketolase, an enzyme involved in the pentose phosphate pathway,
which produces NADPH and ribose-5-phosphate for use in biosynthesis and redox
reactions.

pheAcv encodes for the chorismate mutase domain from the chorismate mutase-
prephenate dehydratase protein, a bifunctional enzyme in the shikimate pathway that
catalyzes the conversion of chorismate to prephenate.

tyrC encodes for the enzyme cyclohexadienyl dehydrogenase, which is involved in the
biosynthesis of aromatic amino acids.

hpaBC encodes for two enzymatic domains of the 4-HPA 3-hydroxylase,(Chen et al., 2019;
Jones et al., 2016; Prieto & Garcia, 1994) involved in the catabolism of 4-
hydroxyphenylacetate (4-HPA). The expression of hpaBC genes from E.coli W in the
strains VH33 tyrR leads to the synthesis of L-DOPA. (Figure 4.2)

108



FAD O,

HpaC HpaB
-~ \‘ H,0
FADH, /\ 2

NAD*

N

NADH
O O
OH HO OH
HO NH, HO NH
L-tyrosine L-DOPA

Figure 4.2: Overview of the HpaBC cofactor-dependent L-tyrosine hydroxylation. HpaBC,
as flavoprotein monooxygenase, catalyzes the hydroxylation of L-tyrosine. HpaC, the
flavin reductase component, provides the reduced flavin adenine dinucleotide (FADH,)
required by HpaB, the oxidase component of the system. The FADH; interacts with an
oxygen molecule and the substrate, leading to the incorporation of a hydroxyl group in
the ortho position on the aromatic ring. The oxidized FAD from this reaction is
subsequently returned to HpaC for reuse in the next cycle.
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4.2.3 Batch flask fermentation

For the L-dopa fermentation in shaking flasks, different protocols already reported in the
literature were tested. In this study, the growth of cells in a rich and complex medium
was investigated to produce sufficient biomass capable of fermenting L-DOPA directly,
without performing resting cell biotransformations, therefore in one step without the
need to concentrate the cells.

For this purpose, the protocols from Fordjour et al. (1)(Fordjour et al., 2019) and Wei et
al. (2)(T. Wei et al., 2016) were trialed (Table 4.2).

Protocol Medium Carbon source Induction

7 g/L yeast extract, 7.5 g/L 0.1 mM IPTG, 3 h

10 g/L D-glucose, 5 g/L

1 (NH4)2S04,3 g/L K2HPO4,2 g/L after the
glycerol .
KH2POs4, 1 g/L MgS04-7H20 inoculum
0.1 MM IPTG, 6 h
2 Lb, 1 % trace elements® 14 g/L D-glucose after the

inoculum

Table 4.2: (1) Fordjour et al. protocol. In both the protocols, the medium has been
supplemented with 0.45 g/L ascorbic acid. (2) Wei et al. protocol trace elements?®:
FeS04-7H20 10 g/L, ZnSO4-7H20 2.2 g/L, MnS0O4-4 H,0 0.58 g/L, CuSO4-5 H,O 1g/L,
(NH4)M07024-4 H20 0.1 g/L, NaB4O7-10 H,0 0.2 g/L, 10 mL HCl in 1 L.

The complex rich media were compared with the reference protocol (3) employed for the
L-DOPA fermentation using this engineered strain (Table 4.3).

. . Fermentation
Protocol Growth medium Induction .
medium

M9, 10 g/L D-
glucose, 0.45 g/L
ascorbic acid

0.1 mM IPTG after 1.5

3 Lb, 10 g/L D-glucose h from the inoculum

Table 4.3: (3) Munoz et al. protocol. The fermentation medium was prepared as
described in material and methods (M9 medium preparation). IPTG was added in the
growth medium after 1.5 h from the inoculum. The cells were harvested and resuspended
in the fermentation medium with the concentration of 23 g/L after 3 hours from the
induction, and IPTG was added also in the fermentation medium.

Specifically, the optical density (OD) values of cell cultures grown in three different media
were measured 4.5 hours after inoculation (Table 4.4). In the case of protocol (3), after
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4.5 hours the cells have been concentrated to set up a resting cells culture. From the 100
mL cell culture, 0.8 £ 0.25 g of biomass was harvested to be resuspended in 35 mL of M9,
10 g/L D-glucose, 0.45 g/L ascorbic acid, 0.1 mM IPTG. After 24 h the OD values of the
cell cultures for protocols (1) and (2) were, respectively, 4.7 and 4.8, while in the resting
cell culture the OD was 3.6.

Time-measurements of OD
Protocol 45h 24 h
1 1.4 4.7
2 1.5 4.8
3 0.9 3.6

Table 4.4: OD values from samples of cell cultures. The OD in protocol (3) at 24 h
correspond to the one from the resting cell fermentation.

Despite the observed comparable values of OD in the three media, the maximum titer of
L-DOPA obtained at 48 h was lower in the complex rich ones than that obtained in the
resting cell fermentation with M9 medium, respectively 0.2 mM from protocol (1), 0.6
mM form protocol (2) and 1.2 mM from protocol (3) (Graph 4.1 and Tables 4.5 ).

L-DOPA and L-tyrosine production
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Graph 4.1: L-tyrosine and L-DOPA concentration at different time-points in different
media fermentations following the three protocols. For protocol (3), L-tyrosine, as
intermediate, was not detected.

Protocol L-DOPA titer (mV)
1 0.2+0.03
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0.6+0.1
1.2 +0.08

Table 4.5: L-DOPA concentration after 24 hours from samples of different cell culture
protocols.

Instead, the rich complex media were found to promote the production of L-tyrosine
(Graph 4.1). In fact, while they may be effective at promoting initial cell growth, this did
not seem to be the optimal choice for maximizing L-DOPA production. The experiments
were performed in triplicates to ensure data consistency.

4.2.4 Fermentation in bioreactor

The 2 L fermenter was equipped with essential monitoring and control systems, including
temperature, pH, dissolved oxygen, and agitation control, to ensure optimal growth
conditions and L-DOPA production throughout the fermentation process.

4.2.4.1 Optimization of fermentation conditions: airflow and working volume

The optimization of L-DOPA production in the engineered E. coli strain necessitated a
comprehensive approach, encompassing not only genetic modifications and induction
timing but also the meticulous regulation of fermentation conditions, including airflow
and fermenter working volume, to ensure appropriate aeration levels.

The bioreactor airflow rate was of paramount importance to provide a sufficient oxygen
supply, crucial for maintaining efficient metabolic activity and optimal cell growth.
Inadequate oxygen levels could adversely affect the molecular oxygen-dependent
hydroxylation of L-tyrosine (Figure 4.3), which was identified to be the limiting step in L-
DOPA production.

OH OH o o)
0 — HpaBC HO
HO™ Z — oH _ "~ " OH
~ NH
OH OH HO 2 HO NH,
D-glucose L-tyrosine L-DOPA

Figure 4.3: Schematic representation of the metabolic pathway illustrating the
conversion of glucose to L-tyrosine and subsequent L-DOPA synthesis.

By employing an “oxygen cascade strategy” to fine-tune the airflow rate in the fermenter,
an ideal balance of oxygen availability and mixing could be attained. In this strategy,
oxygen was delivered to the fermentation process in a stepwise manner by controlling
the dissolved oxygen concentration in the culture broth through adjusting firstly the
agitation rate (see experimental for more details). This ensured that the engineered E.
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coli cells sustained high metabolic activity and effectively converted available substrates
into L-DOPA.

Another critical parameter for proper aeration in the fermenter was the working volume
of the vessel. Inadequate working volume could negatively impact various aspects of the
aeration process, such as oxygen transfer rate, mixing and mass transfer, subsequently
affecting L-DOPA production during fermentation. The final fermentation process was
carried out with a working volume of 0.65 L and an oxygen cascade ensuring the 60%
oxygen saturation, striking an optimal balance to facilitate efficient L-DOPA production.

4.2.4.2 Three phases optimization to tackle induction time and carbon source
loading

The optimization of L-DOPA fermentation was carried out in three distinct phases where
fermentation medium, induction time and glucose concentration were respectively
screened as key parameters (Table 4.6).

. Induction Glucose Working L. .
Optimization i . Temperature Stirring | Airflow
Time Concentration pH | Volume
phase (°C) (rpm) (ccm)

(0oD) (/L) (L)

0.7 16 37 6.5 0.65 800 250
3.4 16 37 6.5 0.65 800 250
3.4 50 37 6.5 0.65 800 250

Table 4.6: Summary of fermentation conditions and parameters for the three phases of
optimization in L-DOPA production. The different phases are represented by the
variations in induction timing and glucose concentration, while the other parameters,
such as temperature, pH, working volume, stirring, and airflow, remain consistent
throughout the process.

In the first phase, VH33AtyrR_DOPA cells were inoculated in M9Y medium. The preculture
was left in incubation at 37°C overnight in LB medium, and the starting OD for the
fermentation cell culture was 0.1. The vessel volume was 2 L and the selected working
volume was 1 L. The fermentation conditions were namely 37 °C, pH 6.5, 800 rpm stirring,
250 ccm (cubic centimeters per minute) air flow. The induction of proteins expression
was initiated during the exponential growth phase (OD of 0.7). This approach was chosen
to stimulate the production of L-DOPA when cells were in their most active state of
growth. Nevertheless, the final concentration of L-DOPA achieved was poor, equal to 0.3
mM, and the fermentation conditions needed to be optimized.

In the second phase, the induction point was shifted to the stationary phase of the cell
growth, where cells reached an OD of 3.4. This modification aimed to investigate the
potential benefits of inducing L-DOPA production when cells were no longer rapidly
dividing.
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Inducing gene expression during the late stationary phasein E. coli fermentation presents
several advantages that can lead to improved experimental outcomes. Firstly, as the
culture reaches its maximum cell density in this phase, higher overall protein yields or
product formation can be achieved due to the larger number of cells available for
production.

Secondly, bacteria in the late stationary phase are often more stress-tolerant, having
adapted to conditions such as nutrient limitation and the accumulation of toxic by-
products. This increased robustness can be beneficial when expressing foreign proteins
or producing target metabolites that impose additional stress on the cells.

Thirdly, inducing expression during the late stationary phase reduces the metabolic
burden associated with target production, as the cells have completed most of their
growth and replication. Consequently, more energy can be allocated to the production
process, potentially enhancing overall yields.

Under these conditions, an increment of the biomass during the fermentation process
was observed. Although the titer of L-DOPA, namely 7.8 £+ 0.8 mM, improved in the
fermentation broth following a late stationary phase induction, the ratio between L-
tyrosine (precursor) and L-DOPA (final product) remained close to 1 (Graph 4.2). This
suggested that there is a bottleneck in the conversion of L-tyrosine to L-DOPA, possibly
due to the limited enzymatic activity or expression of the HpaBC. Other factors, such as
insufficient cofactor availability, could also contribute to this suboptimal conversion rate.
This imbalance between L-tyrosine and L-DOPA levels indicated that further optimization
of the metabolic engineering strategies and fermentation conditions was necessary to
enhance L-DOPA production, by either increasing the catalytic efficiency of the HpaBC,
boosting its expression, or mitigating any regulatory constraints that may limit its
performance.

L-DOPA and L-tyrosine bioreactor fermentation
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Graph 4.2: Production of L-tyrosine and L-DOPA under the different conditions
corresponding to each optimization phase, at 68 h. In the correlated table: biomass (OD)
at the end of the fermentation process for each optimization phase, and ratio of
intermediate L-tyrosine (L-tyr) over final product L-DOPA, with respective titers.

Following these observations, in the third phase, the carbon source for L-DOPA
production was increased from 16 g/L glucose to 50 g/L. This substantial increase in
glucose concentration aimed at achieving a higher biomass production, potentially
enhancing L-DOPA yield and overall productivity. The cells growth and the glucose
consumption were monitored (Graph 4.3). Increasing by 3-fold the carbon source indeed
afforded more cells in which the HpaBC enzyme, responsible for converting L-tyrosine to
L-DOPA, could be apparently more efficiently expressed as negligible amounts of L-
tyrosine were detected.

As a result, the optimized fermentation conditions led to a significant improvement in L-
DOPA concentration, with an average of 6.9 + 1.2 mM being achieved (Graph 4.3). It is
important to highlight how L-tyrosine has been converted completely in the last synthetic
reaction step, yielding L-DOPA and removing the problematics of unwanted by-product
contamination of the fermentation broth.

L-DOPA and L-tyrosine production in bioreactor from 50 g/L D-glucose
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Graph 4.3: L-DOPA production in blue. L-tyrosine formation and consumption in orange.
D-glucose consumption in grey. OD profile of the cell culture in the bioreactor in yellow.

This marked increase in L-DOPA production demonstrated the effectiveness of the
optimization strategies employed during the fermentation process and highlighted the
potential benefits of fine-tuning the metabolic engineering approaches, carbon source
concentrations, and other fermentation parameters to maximize the production of target
compounds such as L-DOPA.

4.2.4.3 Stabilizing L-DOPA concentration in the fermentation broth

During the later stages of L-DOPA fermentation, particularly after 48 hours, maintaining
a consistent L-DOPA concentration became challenging due to oxidation issues. Ascorbic
acid can be added to mitigate this problem; however, it may be short-lived and also be
oxidized as L-DOPA production continues. To store and preserve the L-DOPA
concentration for a longer period, after harvesting the cell culture from the bioreactor,
the fermentation broth was first centrifuged and filtered to remove any cells and
impurities. The pH of the purified broth was then adjusted from 6.5 to 2 by adding 1 mL
of HCl to a 50 mL Falcon tube filled with the fermentation broth sample. This acidification
step helps preventing the oxidation and degradation of L-DOPA. The samples were
subsequently stored frozen at -20°C (long-term storage) or kept at 4°C for shorter periods
(up to one week) to maintain the L-DOPA concentration and minimize any loss due to
oxidation.

4.3 Conclusion

In conclusion, this study demonstrates the successful production of L-DOPA through
bacterial fermentation using a significantly more convenient and simplified medium
compared to previous reports (Graph 4.4). Remarkably, the adopted synthetic medium
has achieved a cost reduction of 75 % compared to the standard protocol,(Mufioz et al.,
2011) considering the change of the fermentation medium, marking a significant
breakthrough in cost-effective L-DOPA production. The optimal medium was identified
as M9 with the addition of 2 g/L yeast extract (Table 4.7).
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Graph 4.4: Relative cost (%) of the fermentation medium composition comparing the
standard protocol from Mufioz et al. and this work.

Medium Composition

This work medium 6 g/L Na;HPO4, 0.5 g/L NaCl, 3 g/L KH2PO4, 1 g/L NH4Cl,

(M9Y) 0.247 g/L MgS04, 0.0147 g/L CaCl,, 50 g/L D-glucose, 2 g/L
yeast extract, 0.45 g/L ascorbic acid

Reference protocol LB medium, 0.203 g/L MgS04, 0.0147 g/L CaCl,, 0.0001 g/L

medium thiamine, 50 g/L D-glucose, 0.45 g/L ascorbic acid, 1 mL/L

trace elements solution*

*trace elements solution: 27 g/LFeCls, 2 g/L ZnCls,
CoCly'6H20, 2 g/LNax:Mo04-2H,0, 2 g/L CaCl,-2H,0, 0.5 g/L
H3BOs, 100 mL/L HCI

Table 4.7: Fermentation media compositions comparing the standard protocol from
Mufioz et al.(Fordjour et al., 2019) and this work.

MY strikes a balance between a minimal and rich medium, reducing costs, streamlining
broth handling, and simplifying fermentation broth composition.

By optimizing the fermentation conditions and medium composition, we have achieved
a comparable if not slightly higher yield of L-DOPA while promoting a cost-effective and
environmentally friendly approach (Graph 4.5).
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This work  Reference protocol

Graph 4.5: Comparison of L-DOPA production crude yield (g) between this work and the
bioreactor system of Mufioz et al., respectively 0.89 g from 0.65 L fermentation broth and
0.75 g from 0.5 L.

This accomplishment not only highlights the potential of microbial fermentation as a
viable method for L-DOPA production but also underscores the importance of continuous
optimization in the field.

Our work paves the way for further advancements in L-DOPA production from D-glucose
and contributes to the development of more accessible and sustainable products
synthesis from this valuable aromatic amino acid.
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5. Combined chemoenzymatic strategy for
sustainable continuous synthesis of hordenine

Unless explicitly stated otherwise, the research presented in this
chapter is the sole and individual work of the author and it has
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been included in the following publication: S. Gianolio, D.
Padrosa, F. Paradisi “Combined chemoenzymatic strategy for
sustainable continuous synthesis of the natural product
hordenine” Green Chemistry 2022, 24, 8434-8440.

5.1 Introduction

Hordenine (Figure 5.1) is a chemical compound that is found naturally in a variety of
plants, including barley, sprouted barley, and sprouted oats.(Gong et al., 2021) It is
classified as a phenethylamine, which is a class of compounds that includes a wide range
of chemicals, including some that are found naturally in the human body and some that
are synthesized for use in the medical and research fields.

/@/\/N\
HO

Figure 5.1: Hordenine chemical structure

As a natural product, this phenolic phytochemical has a number of potential effects on
the body,(Anwar et al., 2020; Barwell et al., 2011; Hapke & Strathmann, 1995; S.-C. Kim et al.,
2013; Ma et al., 2015; Ohta et al., 2020; Said et al., 2021; X. Zhang et al., 2021) including effects
on the nervous system and the cardiovascular system. It has been suggested that
hordenine may have some potential as a performance-enhancing supplement or weight
loss aid,(Su et al., 2022) although more research is needed to confirm these effects and
to determine the safety and effectiveness of hordenine for these purposes.

Hordenine chemical structure features an amino group in the form of a tertiary amine.
Chemically speaking, hordenine is the N,N-dimethyl derivative of the renowned biogenic
amine, tyramine, which is also its biosynthetic precursor.(Meyer, 1982)

In 1894 Arthur Heffter(Heffter, 1898) was the first to report the isolation of hordenine by
extracting it from the cactus Anhalonium fissuratus and naming it Anhalin. Subsequently,
in 1906, E. Léger isolated an alkaloid from germinated barley (Hordeum vulgare) seeds on
his own and named it hordenine.(Yoshitaka Hashitani, 1925) Ultimately, it was confirmed
that these alkaloids were the same, and the moniker 'hordenine' was preserved for this
substance molecular structure.

Via barley conversion to malt, hordenine is present also in beer. Because of this, a number
of research groups investigated the effects of hordenine and its biokinetic after the
consumption of beer in humans.(Viejo et al., 2020) In the recent study(Sommer et al.,
2020) “Absorption, Biokinetics, and Metabolism of the Dopamine D2 Receptor Agonist
Hordenine (N,N-Dimethyltyramine) after Beer Consumption in Humans”, the plasmatic
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hordenine concentration has been examined and correlated to its bioactivity as an
alkaloid. Hordenine is in fact able to cross the BBB (Blood brain barrier) and work as an
agonist of the Dopamine D2 receptor.

Hordenine has been studied also in the context of melanogenesis for its mechanisms of
action in human epidermal melanocytes.(S.-C. Kim et al., 2013) it exhibits the capability
to impede melanogenesis through the reduction of cAMP production, a critical factor in
the expression of proteins associated with melanogenesis. This implies that hordenine
could be a potent deterrent against hyperpigmentation.

Not only beneficial for human health, hordenine properties have been investigated also
in plants.(J.-W. Zhou et al., 2019) In barley, at concentrations ranging from 0.5 to 1.0 mg
mL?, hordenine inhibits the levels of acyl-homoserine lactones, negatively influencing the
production of the quorum sensing (QS)-related extracellular virulence factors of
Pseudomonas aeruginosa PAO1. Therefore, it shows activity against foodborne pathogen
Pseudomonas aeruginosa acting as a competitive inhibitor for signaling molecules.

The conventional chemical synthesis of hordenine predominantly involves the N-
dimethylation of tyramine. Goyal et al. (2019) introduced a method that utilized carbon-
supported palladium (Pd/C) as a catalyst for N-methylation (Figure 5.2). While this
approach facilitated the synthesis of a variety of N-methylamines, hordenine was
produced in a moderate yield of 54%. The process was dependent on a palladium catalyst
and necessitated high temperatures (130°C) over an extended reaction time (30 hours)
under pressure conditions.

NH, 10% Pd/C N
+ ~
O H3C-OH t-BuOK
HO

130 °C, 30 h

Figure 5.2: Reaction conditions: 0.5 mmol of amine, 10% Pd/C (4.7 mol % Pd, 25 mg), 2
mL of MeOH as a reagent and solvent, t-BuOK (1 mmol, 2 equiv), 30 h, 130 °C, isolated
yield 54%.

In an attempt to develop a more efficient alternative, Sarki et al. (2021) employed RuCls
as a catalyst for N-methylation (Figure 5.3). Although this method was cleaner and more
cost-effective than the previous approach, it continued to rely on metal catalysts and
required an even longer reaction time of 60 hours at 150°C, yielding 76 % of the product.

NH, RUClsxH,0 (20 mol%) ,L
> N
Ho/ﬂj/V ¥ HzC-OH t-BuOK /(j/V
HO

150 °C, 60 h

Figure 5.3: Reaction conditions: 0.5 mmol of amine, RuClz.xH,0 (20 mol %), KOtBu (3
equiv.), 150 °C, 60 h, isolated yield 76 %.
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Further, Natte et al. (2017) presented a synthesis technique for N-methylamines, utilizing
an iron oxide catalyst along with paraformaldehyde (Figure 5.4). This approach
circumvented the need for high pressures of molecular hydrogen typically associated with
reductive amination reactions. Nevertheless, despite an improved vyield of 87 %, the
procedure still required 24 hours of reaction time at 130°C, raising concerns regarding
the environmental impact and the sustainability of this method.

Fe,03/NG@C (5 mol% Fe) |

NH, |
+ (CH50)s. ~
/(j/V (CH20)e-100 Na,COs3, DMSO-H,0
HO HO

130°C, 24 h

Figure 5.4: Reaction conditions: 0.5 mmol amine, 50 mg Fe;03/NGr@C (5 mol% Fe),
5 mmol of paraformaldehyde (150 mg), 0.5 mmol Na;COs3, 2 mL DMSO-water (1:1),
130 °C, 24 h, isolated yield 87 %.

5.2 Results and discussion

5.2.1 Chemoenzymatic approach for Hordenine production

Using biocatalysis instead of metal catalysts in chemical reactions can reduce the
environmental pollution and contribute to a circular economy. Biocatalytic applications
have mild working conditions, use biodegradable components, and non-toxic reagents.

Aiming to adhere to the green chemistry principles,(Alcantara et al., 2022; Y. Liu et al., 2021;
Reetz, 2013; Sheldon & Woodley, 2018) we wanted to design an alternative innovative
process for the production of hordenine,(Gianolio et al., 2022) that minimizes risks and
environmental impact. By initiating the synthesis with L-tyrosine, an innocuous and
abundant raw material, as opposed to tyramine which is hazardous to the respiratory
system, tyramine is formed only as an intermediate in the process, potentially mitigating
exposure. (Figure 5.5) This approach was realized through implementing a continuous
flow process with enzyme immobilization technology .

Step 1 Step 2
@” R @”
L-Tyrosine Tyramine Hordenine
Figure 5.5: general scheme for the conversion of L-tyrosine to hordenine

5.2.2 Identification of the optimal biocatalyst

Bacterial decarboxylases are extremely efficient biocatalysts, but their expression in
heterologous hosts in a soluble manner is often challenging and therefore their
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applications are not as common as for other enzymes. The tyrosine decarboxylase from
Lactobacillus brevis (LbTDC) has been successfully expressed in 2013, (K. Zhang & Ni, 2014)
by means of a cell culture medium supplemented with 1 % of glucose. In 2016, after fine-
tuning the crystallization conditions, the 3D structure of LbTDC was successfully
determined (Figure 5.6).(Zhu et al., 2016b)

Figure 5.6: 3D LbTDC structure (PDB 5HSJ).

The gene for LbTDC (GenBank ABY71221.1) was cloned and transformed into E. coli BL21
(DE3) for overexpression. A culture was grown, induced with IPTG, and incubated for 5
hours (see experimental for details). Cells were harvested, washed, and stored at -20°C.
LbTDC was purified using affinity chromatography and the protein concentration was
guantified using absorbance at 280 nm (see experimental for details). The purified
biocatalyst had good activity against its natural substrate (43.8 U/mg), but its volumetric
yield could not be improved further than 3.5 mg Leurure * due to cell toxicity from tyramine
formation. After dialysis against phosphate buffer, the protein was quantified using
absorbance at 280 nm with molar extinction coefficient estimated by ProtPram (e:
115630 M-1 cm-1). The purified enzyme was obtained at a concentration of 1 mg/mL.

5.2.3 Activity assay of LbTDC

To measure the activity of LbTDC, different options were tested. Initially the activity assay
was performed in 96 well plates measuring the absorbance at 475 nm of the oxidized
unreacted substrate with the reaction of decarboxylation of L-DOPA to Dopamine. The
problems linked to the designed colorimetric essay were the poor reproducibility of the
data and the lack of selectivity in the oxidation at alkaline pH of L dopa and dopamine to
the corresponding quinones (Figure 5.7).
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Figure 5.7: Alkaline oxidation of L-DOPA and dopamine. At 475 nm, the absorbance from
doprachrome and aminochrome is detected.

Eventually, the activity assay for LbTDC was conducted using High-Performance Liquid
Chromatography (HPLC) to measure the conversion of tyrosine to tyramine at 280 nm.
This approach overcame the issues of poor reproducibility and lack of selectivity faced in
the initial colorimetric assay. The details of the procedure and conditions, including
elution phases and settings for the HPLC, are elaborated in the materials and methods
section. This method allowed for more reliable and selective data acquisition.

5.2.4 Immobilization of LbTDC

The low volumetric yield of LbTDC expression represented a problem for the free enzyme
utilization under efficiency and economic points of view. To address this issue,
immobilization was identified as a practical solution. By immobilizing the enzyme on a
solid support, it becomes possible to easily separate the biocatalyst from the reaction
mixture and reuse it for multiple cycles. This is economically advantageous as it minimizes
the necessity for frequent enzyme production.

Moreover, immobilization often enhances the enzyme's stability, preserving its structural
integrity. This leads to reduced dependency on the continual expression of fresh enzyme,
saving both time and resources. Furthermore, when the biocatalyst is immobilized, it
becomes compatible with integration into automated flow systems. This setup allows for
process intensification, maximizing enzyme efficiency in a controlled environment,
making it conducive for scale-up and industrial applications. With the decision to employ
immobilization as a strategy, the investigation focused on using three different
methacrylic resins (EP403/S, HFA403/S, and EP400/SS) functionalized with epoxy handles
for the immobilization of LbTDC. The process involved forming covalent bonds between
the surface epoxy groups of the resin and the lysines in the protein's secondary structure,
using directionality (Figure 5.8). The details of the resins used are provided in Table 5.1.
Methacrylic resins are a type of polymer derived from methacrylic acid, the monomer
contains an acrylic group and a methacryloyl group. These resins are known for their good
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chemical resistance and mechanical properties, and they are often involved in a several
applications, including coatings, adhesives, and plastics.

OH
(1 N~CH2COO 2) ,CHzcoo
CHzCOO' CHZCOO

Epoxy carrier IDA-Epoxy carrier Co?*-Epoxy carrier

Biocatalyst s}i\%@
(Hls)

(©)

B B fh
o Nujﬁ‘(

OH Hls
A NfCHZCOOH G'VC'"E EDTA HIS o
H H.COOH N-CHCOO" N-CH,CO0, /
2 2 ,’
NHCH,COOH CH,COO0" CH,C00™

Figure 5.8: Schematic representation of enzyme immobilization on epoxy-functionalized
supports. The process consists of five key steps: (1) support activation with iminodiacetic
acid (IDA), (2) addition of a bivalent ion (e.g., cobalt) to form a stable complex with IDA,
(3) docking of the enzyme containing a (His)-tag near the support, (4) formation of a
covalent bond between nucleophilic amino acids (e.g., lysine) and epoxy groups, and (5)
blocking of unreacted epoxy groups with glycine to prevent nonspecific binding.

The immobilization of LbTDC with the support through a covalent binding process was
successfully performed with the protocol previously reported.(Mateo et al., 2007b)

Epoxydic resin Characteristics
EP4003/S
6]

Particle size: 100-300 um

HFA403/S @ Pores: 40-60 nm

H OH
/\/N\/l\/o\/\/\o/\%

EP400/SS
Particle size: 50-150 pum
@ Pores: 40-50 nm
Hydrophilic

Table 5.1: supports involved in the immobilization study.
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The activity of the immobilized biocatalyst was tested by mixing it with a reaction mixture
in a tube and shaking it at a specific temperature and speed. The conversion to the
product was analysed every five minutes by HPLC, and the specific activity was calculated
as the amount of product formed per minute for a certain amount of the immobilized
support (see experimental for details). The imm-LbTDC specific activity (U/g) is defined as
pmol of tyramine formed per minute for grams of immobilized support.

For the immobilization study, initially LbTDC loading on the supports was 1 mg/g. After
comparing the obtained recovered activity, EP400/SS was selected for further trials
where the protein loading was increased to 5 mg/g and 10 mg/g (Table 5.2).

. . Recovered .
Epoxydic . . Activity . Stability
. Protein loading activity
Resin (U/g) (%)
(%)
EP403/S 1 mg/g 2.19 5 5
HFA403/S 1 mg/g 4.82 11 10
EP400/SS 1 mg/g 8.76 20 20
EP400/SS 5mg/g 32.85 15 14
EP400/SS 10 mg/g 52.26 12 12

Table 5.2: immobilization study results for EP403/S, HFA403/S, and EP400/SS. Protein
loading study was performed on EP400/SS as optimal support for LbTDC immobilization.

The results of this study showed that all three methacrylic resins were able to immobilize
the biocatalyst effectively and covalently.

However, the EP403/S and HFA403/S resins showed lower levels of retained activity
compared to the EP400/SS resin, suggesting that they may be less suitable for the
immobilization of tyrosine decarboxylase.

5.2.5 Biocatalytic decarboxylation of L-tyrosine with immobilized LbTDC in
batch

The first step in our chemoenzymatic strategy is represented by the biocatalytic
decarboxylation of L-tyrosine disodium salt. The optimized immobilized biocatalyst
showed great stability and robustness during the batch tests. As the enzyme has high
activity against L-tyrosine, a low concentration (0.006 mg mL™?) of the free biocatalyst
was sufficient to achieve full conversion at 2.5 mM scale in 20 minutes at 37°C. When
bound to the support, LbTDC specific activity is reduced by approximately 5-fold.
Nevertheless, in batch biotransformations at 5 mM scale, complete conversion was
systematically obtained for up to five (repeated) cycles of 45 minutes, with 15 mg of
LbTDC-EP400(SS) 5 mg-g™%, in 2 mL reaction volume. Therefore, the enzyme productivity
increased from 415 umol-mg™ to 670 pmol-mg™.
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5.2.6 Batch test with immobilized enzyme and surfactant for process
intensification

For the intensification of the process, we performed batch tests where the solubility of
the starting material was increased by a co-solubilizer. L-tyrosine is an amino acid that is
not very soluble in the reaction buffer at pH 5 and enhancing its solubility can be useful
for the scale-up of the process. Jiang et al. screened nine different surfactants and co-
solubilizers succeeding in improving the conversion to tyramine with LbTDC in
batch.(Jiang et al., 2019b)

We investigated three different co-solubilizers (Triton-X100, Tween 20 and PEG 400) to
identify the best choice in terms of cost-effectiveness, sustainability and stability impact
on the immobilized biocatalyst reaction system (Graphs 5.1 and 5.2). Comparing prices
from the same supplier, PEG400 was the cheapest option, while TritonX-100 was the
most expensive. However, although not yielding a limpid solution, Tween 20 (15 % v/v)
allowed to increase the solubility of L-tyrosine up to 30 mM, obtaining a micro-suspension
and leading to full conversion to tyramine after 16 h (biotransformation condition: buffer
acetate pH 5, 0.2 mM PLP and 15 % Tween 20, 0.05 mg/mL LbTDC) at 37°C.

Surfactant cost Surfactants effectiveness in

biotrasformation

200 30

100

R . ]

0
PEG 400 Triton X-100 Tween 20 15% PEG 400  10% Triton X-100 10% Tween20  15% Tween 20

L — Tyramine (mM)

Price (CHF/L)

Graphs 5.1 and 5.2: Comparison in terms of cost between the involved surfactants.
Comparison in terms of tyramine concentration after 16 h biotransformation among the
surfactants employed in the biotransformation set up.

To identify the optimal concentration of Tween 20 in the biotransformations, further
experiments were performed, assessing the effectiveness of the surfactant at 10 %, 15 %
and 20% v/v (Table 5.3).

L-tyrosine disodium salt Tween 20 Control M.c. M.c.
(mM) (% v/v) (%) (%)

10 5 73 95

30 10 39 84

40 15 34 75
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Table 5.3: Batch biotransformations with the immobilized biocatalyst scaling-up the
concertation of L-tyrosine disodium salt hydrate with the co-solubilizer Tween 20. The
controls have been set up without adding the surfactant in the biotransformations . The
biocatalyst concentration was 0.05 mg/mL and the analysis of the sample was after 16 h.

For what concerned the impact of Tween 20 on the stability of the immobilized
biocatalyst, the activity of LbTDC was measured by the standard activity assay after the
overnight biotransformations in presence of the surfactant in different concentrations
(Table 5.4).

Tween 20 Activity
(% v/v) (%)
10 99
30 103
40 106

Table 5.4: Reusability of imm-LbTDC after 24 h biotrasformation.

Recycling the immobilized support presented the difficulty of an accurate wash of the
resin, which carries residues of substrate or product on itself. Despite this, compared to
the control with fresh immobilized enzyme, tests on resins from biotransformations with
Tween 20 showed, like the control, complete conversion of the substrate to tyramine.

Therefore, the experiments suggested that Tween 20 did not hamper significantly the
activity of the immobilized biocatalyst and contributed to a 6-fold increase in TON
(Turnover Number) of the immobilized biocatalyst compared to the biotrasformations in
the absence of surfactant, where the maximum L-tyrosine concentration was 5 mM.

Tween 20, also known as polysorbate 20, has already a wide range of applications in
biotechnological and industrial processes. Itis commonly used as a component of cell
culture media to help solubilize nutrients and other compounds(Zhuang et al., 2021) and
to improve the efficiency of cell growth and proliferation. It has been used as a solubilizing
agent in the formulation of drugs,(Nguyen et al., 2022) including some vaccines, to
improve the solubility and stability of the drug. Tween 20 is also used as an emulsifying
agent(J.-Y. Park et al., 2022) in food processing to help mix together ingredients that do
not normally mix well, such as oil and water. In the personal care industry, the surfactant
is used in a variety of preparations, such as shampoos, conditioners, and lotions, to help
improve the consistency and spreadability of the product.

However, the use of Tween 20 in industrial processes can introduce some challenges.
Generally, the use of surfactants in industrial processes can become problematic,
particularly for downstream work up and purification. One of the main challenges is the
potential environmental impact of surfactants, as many of these compounds are
synthetic and not biodegradable. They can be toxic to aquatic life and can accumulate in
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the food chain, leading to potential health risks. Another important problem is the
potential for product contamination, as surfactants can sometimes be difficult to remove
from products and can cause contamination. This can lead to product quality issues.

The use of surfactants can also impact the efficiency of downstream processes, such as
filtration or separation, and may require additional steps to remove them, which can
increase the cost and complexity of the downstream step(s).

Considering this last point, the decision to employ Tween 20 for hordenine production in
a chemoenzymatic system was abandoned. In addition, further issues arose with the
scale-up of the experiment and the transition from batch to continuous flow systems. In
fact, while a fine dispersion in solution favors the enzymatic activity in batch, over time
the cloudy micro-suspension of L-tyrosine caused significant back pressure in the flow
instrumentation. Therefore, the starting material concentration for the decarboxylation
reaction was limited to 5 mM and further work was carried out directly in a flow system.

5.2.7 Immobilized enzyme integration into the continuous flow system

In a meso-reactor, 1 g of immobilized support with LbTDC was packed to be integrated
into the continuous flow system. The 1.3 mL PBR (packed bed reactor) was fed with the
substrate solution (5 mM L-tyrosine in sodium acetate buffer pH 5, 0.2 mM PLP). Different
protein loadings and Tr (residence time) were trialed as reported in the Table 5.5.

Protein Loading Tr M.c.
(mg/g) (min) (%)
1 10 >99
1 87
5 5 >99
5 2.5 >99

Table 5.5: Experiments in flow for the conversion of L-tyrosine disodium salt to tyramine,
testing the possibility to decrease the Tr exploiting the same amount of immobilized
support (1 g EP400SS-LbTDC).

With this PBR (1g imm-LbTDC-EP400/SS 5 mg/g) it was possible to achieve complete
conversion to tyramine in just 2.5 minutes Tg, at the flow rate of 0.54 mL/min.

This PBR showcased also remarkable operational stability, establishing itself as an
extremely resilient system. Using 1g imm-LbTDC-EP400/SS 5 mg/g, it adeptly maintained
full conversion of the starting material for over 56 reaction cycles of 2.5 minutes. Notably,
after 103 cycles, the system persisted in achieving conversion rates exceeding 95 %.
Moreover, even after a prolonged 8-hour operation, equivalent to 192 reaction cycles,
the conversion held above 90 %.
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5.2.8 Optimization of the reductive amination step to convert tyramine to
hordenine

After the successful set-up of the first bio-conversion step, the optimization of the
reaction conditions for the chemical reductive amination was initially performed
independently from the biocatalytic reaction.

As previously reported in the literature, tyramine can be dimethylated, exploiting
formaldehyde and sodium cyanoborohydride (NaBH3CN) in ammonium acetate buffer.(K.
Guo et al.,, 2007) The possibility to achieve the complete conversion of tyramine was
investigated in batch, employing less hazardous reducing agents as sodium borohydride
(NaBH4) and sodium triacetoxyborohydride (STAB) (Table 5.6). From initial batch, tests in
buffer with NaBHa4in excess were the only ones not effective.

entry Reducing agent Time (h) M.c. (%)
1 Sodium borohydride 24 15
2 Sodium triacetoxyborohydride 24 95
3 Sodium cianoborohydride 24 96

Table 5.6: Reaction mixture was 5 mM Tyramine, 50 mg of reducing agents, 100 pl acetic
acid, 200 mM sodium acetate buffer pH 5. Reaction volume was 1 mL.

Due to the sodium triacetoxyborohydride instability under aqueous solvent conditions,
acetonitrile (MeCN) was used as an aprotic co-solvent in the reaction to prevent its
degradation and reduce the equivalents required. Different molar equivalents (eq.) of the
reagents were tested to identify the minimum required for the complete conversion of
tyramine to hordenine (Table 5.7). Firstly, the reductive amination was performed in
batch and afterwards in continuous with a coil reactor. Despite different conditions tried,
at least 50% MeCN had to be used.

Tyramine Formaldehyde STAB MeCN t M.c.
(mM) (eq.) (eq.) (% v/v) (h) (%)

5 69 12 50 1 94

5 30 7 50 1 88

15 30 7 50 1 96

Table 5.7: Optimization of the equivalents ratio in batch for hordenine production via
reductive alkylation of tyramine with STAB.
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5.2.9 Continuous flow reductive amination of tyramine in homogeneous

mode

In flow the amount of formaldehyde and STAB were further reduced, and the reaction

scale was increased to 40 mM tyramine (Table 5.9).

Tyramine | Formaldehyde STAB MeCN Rt M.c.
(mM) (Eq.) (Eq.) | (%v/v) | (min) (%)
15 25 7 50 25 >99
15 12.5 5 50 25 95
15 10 5 50 25 88
Flow 15 12.5 5 75 4.62 >99
20 12.5 5 75 4.62 >99
30 12.5 3.3 75 4.62 >99
40 12.5 2.5 75 4.62 82

Table 5.9: Experiments for the reductive amination of tyramine in continuous flow with
STAB.

However, with the aim of coupling the two steps to establish a telescoped process, the
working concentration of tyramine was again reduced to 5 mM, as this is the solubility
limit of the first module.

With this condition, we identified 12.5 eq. formaldehyde and 12 eq. STAB as the optimal

conditions, at room temperature, with 75 % v/v acetonitrile (Table 5.10).

Tyramine | Formaldehyde STAB MeCN t M.c.

(mM) (Eq.) (Eq.) (% v/v) (min) (%)

Batch 5 69 13 50 60 94
Flow 5 12.5 12 75 4.62 96

Table 5.10: Comparison of the experiments performed in batch and in flow at the real
working concentration of 5 mM tyramine.

After the optimization tests, the PBR with the immobilised biocatalyst was coupled with
two T-tubes, corresponding to the inlets for formaldehyde (62.5 mM formaldehyde, 2.5
% v/v acetic acid in acetonitrile) and for the reducing agent (60 mM STAB in acetonitrile).
In line, a 10 mL flow coil reactor was connected and fed, at a flow rate of 2.16 mL/min,
with the mixed solution, consisting into 25 % v/v Tyrosine solution, 25 % v/v
formaldehyde solution and 50 % v/v reducing agent suspension (Scheme 5.1). This one
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was kept under magnetic stirring of 1500 rpm in order to obtain a homogeneous
suspension. We achieved almost full conversion (96 %) with the optimized reaction
conditions and a Rt of 4.62 min. The temperature and pressure control of the flow
chemistry coil have been investigated but the reported conversions values belong to the
study case when the reaction has been performed at room temperature without any back
pressure (Table 5.11).

Formaldehyde | STAB MeCN Pressure | Temperature RT M.c.
(Eq.) (Eq.) (% v/v) control control (min) (%)
12.5 12 75 yes yes 9.23 93
12.5 12 75 no yes 9.23 83
12.5 12 75 yes no 9.23 92
12.5 12 75 no no 9.23 93
12.5 12 75 yes yes 4.62 94
12.5 12 75 no yes 4.62 87
12.5 12 75 yes no 6.92 93
12.5 12 75 no no 4.62 96

Table 5.11: Hordenine production starting from 5 mM tyramine (1eq), trialing different
residence time under temperature (37°C) and pressure (8 bars) control.

A volume of 300 mL of final product solution was collected from the continuous
flow process (Scheme 5.1) and hordenine was extracted in ethyl acetate after adjusting
the pH to 9.6 (see experimental for details). Hordenine chloride was formed by the
addition of an equimolar amount of HCIl. The product was isolated with a yield of
90 % via precipitation and confirmed by NMR analysis.

As result of our biocatalyst productivity and of the conversion velocity, the system shows
a space-time-yield (STY) of 2.68 ghordenine'L'*-ht), improving by 50% the best result
reported to date.(Natte et al., 2017)
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Scheme 5.1: Continuous flow chemoenzymatic system for the hordenine production with
STAB in homogeneous mode. Solution A: 5 mM L-L-tyrosine disodium salt hydrate, 0.2
mM PLP in 200 mM sodium acetate buffer. Solution B: 62.5 mM formaldehyde, 2.5 % v/v
AcOH in MeCN. Solution C: 60 mM sodium triacetoxyborohydride in MeCN. System
conditions: 4.62 min residence time in the flow coil reactor volume.

5.2.10 Continuous flow reductive amination of tyramine in heterogeneous
mode

Clearly, the requirement for MeCN adversely affected the sustainability of the process
when using STAB as the reducing agent. Given these sustainability concerns, it was
deemed necessary to seek an alternative, environmentally friendly reducing agent.
Picoline borane (pic-BH3) was initially not considered due to its significantly higher cost
compared to STAB. Moreover, it was observed to efficiently reduce the imine
intermediate formed from tyramine and formaldehyde only when employed in large
excess in acetate buffer. Additionally, in aqueous conditions, pic-BHs was insoluble,
making it not ideal for a homogeneous continuous flow process, where the reducing
agent needed to be mixed with the in-line formed imine intermediate.

Despite these challenges, pic-BHs; was ultimately selected for further testing as a green
alternative (Table 5.11), with the understanding that a redesign of the flow process would
be necessary.

Tyramine Formaldehyde pic-BHs oH t M.c.
(m\) (eq.) (eq.) (h) (%)

5 30 24 4.5 1 45

5 60 24 4.5 24 99

5 60 48 4.5 1 78

5 30 24 9 1 96

Table 5.11: Optimization of the equivalents ratio in batch for hordenine production via
reductive alkylation of tyramine with pic-BHs.
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It is noteworthy to mention that STAB was initially tested and effectively used at pH 4.5,
taking inspiration from the literature, where sodium cyanoborohydride was used at acidic
pH for the dimethylation of tyramine in sodium acetate buffer.(K. Guo et al., 2007)

However, during the course of my experiments, it became evident that picBH3 displayed
optimal performance under different pH conditions compared to STAB. As detailed in
the tests shown in Table 8, pic-BH3 required an alkaline environment (specifically, a pH
of 9) to achieve efficient reductive alkylation of tyramine within a 1-hour timeframe.

These observations emphasize the critical role of the reaction's pH and its influence on
the relative rates of the different mechanisms that can occur during reductive
amination with an amine and an aldehyde.

Two different pH-dependent mechanisms of action can occur during a reductive
amination reaction between an amine and an aldehyde (Figure 5.9).

Following a nucleophilic addition at acid pH, the aldehyde is the electrophile (abundant
form), and the deprotonated amine is the nucleophile (limited form), attacking the
carbonyl group to then form the imine intermediate. This mechanism is generally
favoured when the amine is a tertiary amine, as tertiary amines are less nucleophilic and
are more likely to react in presence of large amount of electrophile. This mechanism is
favored at acidic pHs.

On the other hand, a nucleophilic addition at basic pH, the deprotonated amine is clearly
still the nucleophile but it is now very abundant, rapidly adding to the aldehyde to
generate the intermediate imine. This intermediate is then reduced to the final amine
product by the reducing agent. This mechanism is generally favoured when the amine is
a primary or secondary amine, as these types of amines have a more nucleophilic
character. In general, the nucleophilic addition mechanism is favored at basic pH values.
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Figure 5.9: Reductive amination mechanisms at acid and basic pH.

Both mechanisms can occur, depending on the conditions of the reaction, and the relative
rates of the two mechanisms can be influenced by a number of factors, such as the nature
of the amine and aldehyde, the solvent, and the presence of catalysts or other reagents.
Given the surprising pH-dependent differences in conversions, obtained with STAB and
picBHs, it appears plausible that the different behaviors could be indeed due to the
different mechanism of action that leads to the generation of the imine intermediate and
subsequent rate of reduction.

Ultimately, pic-BHs, which is non-toxic and has been used in literature for reductive
amination in water,(Cosenza et al., 2011; H. Orrego et al., 2018; Ruhaak et al., 2010;
Sato et al., 2004) was proved indeed beneficial due to its solubility in various solvents
and near-insolubility in water. In fact, this feature led to a strategic shift from a
homogeneous to a heterogeneous flow process, making the experiment more
sustainable and environmentally friendly. To utilize this characteristic, a packed bed
reactor (PBR) was used in a continuous flow system with the reducing agent (300 mg)
bulked up with an equivalent amount of celite (Scheme 5.2).
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Scheme 5.2: Continuous flow chemoenzymatic system for the hordenine production with
pic-BHsz in heterogeneous mode. Solution A: 5 mM L-tyrosine disodium salt hydrate, 0.2
mM PLP in 200 mM sodium acetate buffer. Solution B: 202.5 mM formaldehyde, in 250
mM sodium carbonate (pH 11.5).

The previously reported batch experiments pointed out that pic-BHs was more efficient
in reducing the imine intermediate at alkaline pH rather than acidic pH. With this
assumption, a medium of 250 mM sodium carbonate (pH 11.5) was used for the
formaldehyde feedstock solution, allowing for the reductive amination reaction to occur
at pH 9.

With this alternative strategy 130 mL of a 5 mM feedstock solution were processed
within 4 hours. The system achieved almost complete conversion using only 7.5
equivalents of formaldehyde and a residence time of 2.5 minutes. The space-time yield
(STY) was determined to be 11.4 ghordenine'L1-h?), representing a 4-fold improvement
over the results obtained with STAB. The final product, hordenine hydrochloride,
wasisolated via liquid-liquid extraction followed by HCl titration, with an isolated yield
of 77 %.

5.3 Conclusion

In this chapter an alternative method for the synthesis of the natural product hordenine
was presented (Figure 5.10).

In-line

Biocatalytic CH;0 Reductive extraction
0 decarboxylation alkylation |
MOH ( >\ I ook Y EE s /@A/N\
NH3
HO B\ \ HO
L-tyrosine g hordenine

Figure 5.10: Continuous flow scheme for the conversion of L-tyrosine to hordenine. In the
first reactor, the biocatalytic decarboxylation of L-tyrosine converts the amino acid into
tyramine, then alkylated in the second reactor with formaldehyde by employing a
reducing agent.

Through the innovative introduction of a continuous flow system that incorporates a two-
step cascade process, L-tyrosine has been efficiently decarboxylated into tyramine using
immobilized LbTDC. This is immediately followed by the in-line reductive alkylation of the
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formed intermediate under mild conditions. Alternative reducing agents to replace
sodium cyanoborohydride were explored; STAB and pic-BH3 emerged as the top
contenders, both offering impressive isolated yields of hordenine in remarkably short
residence times, as little as 5 minutes.

What sets this method apart is the great efficiency of the biocatalytic step. It streamlines
the process design by eliminating the unreacted substrate and the by-products of side
reactions. In selecting the reagents, | paid special attention to their availability,
environmental impact, and effectiveness. For instance, L-tyrosine is an natural amino acid
that is also readily available. . Despite the loss of chirality via decarboxylation in the first
step, the in situ synthesis of tyramine eliminates the safety hazards associated with
handling this chemical.

While STAB is undeniably a viable and safe option, its reliance on acetonitrile detracts
from the sustainability of the process. In contrast, pic-BHs, albeit more expensive, proved
to be an invaluable asset. Its seamless integration into the flow as a solid reagent in an
in-line Packed Bed Reactor (PBR) was a game-changer.

In determining the environmental footprint of our system, | calculated an E-factor (a ratio
representing the kilograms of waste generated per kilogram of the desired product) of 36
when using pic-BHs suspended in celite. This stacks up well against standard
pharmaceutical processes in the same developmental stage, which generally have E-
factors ranging from 25 to 100.

In essence, this process was carefully engineered to put sustainability and safety front
and center. It serves as a persuasive illustration of the synergies that can be harnessed by
integrating biocatalysis with chemical synthesis in continuous manufacturing. With the
value of the starting material, L-tyrosine, skyrocketing by an astonishing 200-fold (from
1.72 €/g for L-tyrosine disodium salt hydrate to 382 €/g for hordenine), this approach
shows how profitability and sustainability can go hand in hand in hordenine production.
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6. Production of short chain primary amines with
immobilized valine decarboxylase

Unless explicitly stated otherwise, the research presented in this
chapter is the sole and individual work of the author.
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6.1 Introduction

In line with the global shift towards sustainable and green practices, our investigation
also seeks to contribute to environmentally responsible strategies for the production of
amines, which are currently derived from petroleum cracking processes or produced by
dehydrating appropriate alcohols with ammonia using a catalyst under a harsh
condition.(Eller et al., 2000) The aim is to support this sector by offering a more
ecologically sound alternative that leverages the efficiency of biocatalysis. By doing so,
not only the scientific understanding of these processes is going to increase, but also a
more sustainable enzymatic method is fostered, as alternative to the chemical
production.

To this end, the bioconversion of abundantly available natural molecules, such as amino
acids, presents significant potential.(Z. Guo et al., 2019; Pelckmans et al., 2017; Sen &
Baidurah, 2021) This chapter focuses on the biocatalyst L-valine decarboxylase from
Streptomyces viridifaciens.(Garg et al., 2002b) This exploration delves into the enzyme
substrate scope, investigating its catalytic activity and the prospects of expanding its
use. Moreover, the possibility of immobilizing this biocatalyst is examined, to potentially
set up the way for its effective and recurrent use in industrial applications.

6.2 Results and discussion
6.2.1 VImD expression and purification

The expression of L-valine decarboxylase, known as VImD, has previously been achieved
with satisfactory volumetric yields based on established literature protocols.(D. I. Kim et
al., 2021) However, through refinement of the expression conditions, this yield has been
successfully enhanced (Table 6.1). The important adjustments involved modifying the
post-induction incubation temperature and duration. By reducing the temperature from
37 to 20 °C and extending the incubation period from 5 hours to 24 hours post-induction,
the volumetric yield of VImD effectively increased, going from 180 mg/L to 300 mg/L.
Initially, the results of the expression conditions were evaluated through protein
electrophoresis using a gel (Figure 6.1). Even though the gel analysis was normalized
based on the amount of buffer used for sonication of the pellet from each condition, the
result did not clearly highlight the improvement due to the modified condition. At the
same time, no toxic effects from protein expression were identified in the biomass. This
means that no cell lysis was detected, and the OD levels were not diminished compared
to the standard cell culture condition, indicating that the cells were not suffering.
Subsequently, the obtained pellets were utilized for protein purification and the VImD
volumetric yield were compared (Table 6.1).
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. Expression Culture . Biomass | Volumetric
Expression . Temperature Biomass . .
condition time C) volume () yield yield

iti g

(h) (L) (s/L) (mg/L)
1 5 37 0.3 13 4.3 175
2 24 20 0.3 1.9 6.3 300

Table 6.1: Comparison of expression conditions for VImD.

P2 CE2 M P1 CE1

Figure 6.1: Gel electrophoresis (SDS-PAGE) showing two conditions in the expression
study for VImD. Despite suboptimal sonication efficiency, a comparative analysis of
soluble and insoluble fractions under two conditions((1) 5-hour protein expression from
LB cell culture at 37 °C and (2) 24-hour protein expression from LB cell culture at 20 °C)
exhibits minimal variation. P1: insoluble fraction from condition 1; CE1: soluble fraction
from condition 1; M: marker; P2: insoluble fraction from condition 2; CE2: soluble fraction
from condition 2.

In the process of purifying VImD using the AKTA purification system, a 5 mL column was
employed. However, during the purification process, it was observed that the His-tagged
protein did not show strong affinity for the Ni-NTA resin. To mitigate potential loss of
VImD during the purification step, a buffer solution with a relatively low concentration of
imidazole, 7.5 mM, was used (Buffer A). Only this buffer was then utilized for washing the
resin to remove aspecific protein interactions, post-loading of the crude extract, showed
a minimization of the His-tagged protein loss during the process. Expression and
purification were controlled by SDS-PAGE (Figure 6.2). The specific activity measurements
of the enzyme against L-valine, conducted according to the protocols outlined in the
Materials and Methods section, shown that the enzyme exhibited a specific activity of 4.7
U/mg.

171



M P CE E w1 PP

=188 t
~100 '
~75 PN
~63 — . —
~48 j
~35
~28 | ..

Figure 6.2: Gel Electrophoresis (SDS-PAGE) depicting the expression and purification
stages of VImD. Distinct bands correspond to the targeted protein VImD, demonstrating
successful expression and subsequent purification. M: marker; P: insoluble fraction; CE:
soluble fraction; E: eluted crude extract; W1: wash with buffer A (50 mM phosphate
buffer, 300 mM NacCl, 7.5 mM imidazole, pH 7.5); PP: purified protein

Addressing the point concerning the potential influence of protein structure on the
observed lower affinity of the His-tag for the nickel resin, in silico visualization was used
for further insights. Upon examination of the protein structure, no evidence of structural
impediments were apparent (Figure 6.3). Specifically, the His-tag at the N-terminal did
not appear to be obscured or hidden within the protein tertiary structure, which would
otherwise have hindered its interaction with the nickel ions.

—y
N-terminal ( S & 7al
—\#{.} .l);",/«

-»'b'{“)t &

Figure 6.3: This image showcases the structural models of VImD obtained through
AlphaFold prediction. In the picture, the N-terminal is highlighted in red indicating the
His-tag location.

6.2.2 Enzyme biotransformations with free enzyme

During biotransformation experiments using the free enzyme, various aliphatic amino
acids were tested as substrates (Table 6.2). The concentration of biocatalyst, after
optimization tests, was maintained at a consistent level of 1.5 mg/mL, and each
biotransformation reaction was carried out with 0.1 M substrate in a total volume of 1
mL. The result for this initial trial of biotransformation is shown in Graph 6.1.
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Entry Amino acid - substrate Amine - product

OH HZN\)\

isobutylamine

<

NH,

L-valine

<

OH “ " NH,
NH; ethylamine
L-alanine
0]
NH, . .
isoamylamine
L-leucine
= O
4 \/\HJ\OH \)\/NHZ
NH, 2-methylbutylamine
L-isoleucine
OH O
PABE o
5 Sl /k/NHZ
NH, .
1-amino-2-propanol
L-threonine

OH _S. _~_NH;
NH 3-(methylthio)propanamine

)
\

n
&O

L-methionine

Table 6.2: Substrates and corresponding products for VImD biotransformations.

L-valine, L-leucine, and L-isoleucine, at a scale of 0.1 M, achieved a complete conversion
in relatively short times, specifically 1 hour for L-valine, 2 hours for L-isoleucine and 6
hours for L-leucine. L-alanine exhibited a slightly lower conversion of 61 % over a duration
of 24 hours. L-threonine and L-methionine had maximum conversions of 80 % and 75 %,
respectively, over the same duration of 24 hours. This data implies that certain amino
acids, notably L-valine, L-leucine, and L-isoleucine, can be converted with greater
efficiency in relatively short timeframes. However, it is also evident that with a stable
enzyme, substantial conversions can be achieved over extended periods for a broader
range of substrates. L-alanine, being smaller, may not form strong interactions in the
enzyme catalytic pocket, possibly limiting its decarboxylation. Conversely, amino acids
with polar functional groups, as L-threonine and L-methionine, may form additional
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hydrogen bonds in the active site, potentially enhancing their stability and conversion
rates.

Batch biotransformations at 0.1 M scale with free VImD

100

75 Amino acid

[lL-alanine

[ L-isoleucine
50 B L-leucine

I L-methionine
[]L-threonine
[]L-valine

Conversion (%)

25

0 5 10 15 20 25

Time (h)

Graph 6.1: Conversions of the various amino acids to their corresponding products,
calculated using the corresponding product calibration curves. The sole exception is for
the product of L-isoleucine, which is calculated based on substrate depletion. This

comprehensive representation provides an overview of the biotransformation
efficiencies for each tested amino acid.

While expanding the substrate scope, other amino acids such as L-serine, allo-threonine,
L-2-phenylglycine and 1-amino-cyclopentanecarboxylic acid were also evaluated (Table
6.3). Among these compounds, the last two were already tested in previous work.(D. I.
Kim et al., 2021) However, these substrates did not yield particularly promising results for
potential scale-up applications and, because of factors such as poor solubility, low
conversion rates, or lack of bioavailability, they were not further considered in the
context of this study.

Amino acid -

Amine - product Problematics
substrate

O

HO\/\
HOYJ\OH Wi low conversion

NH; ethanolamine
L-serine
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- QH
oH /:\/NH2 lack of
NH . . e
2 1-amino-2-propanol bioavailability

Allo-threonine
(0]

OH ©\/NH2 poor solubility, lack

NH, of bioavailability

L-2-Phenylglycine

benzylamine

0]

OH lack of
Table %2 O\NHz 6.3:

1-amino bioavailability,

cyclopentanecarboxylic cyclopentylamine toxicity
acid

Summary of additional substrates tested for VImD biotransformation scope. These
substrates were found to be less relevant for the objectives of the project.

6.2.3 Covalent immobilization on inert supports

Efforts were undertaken to covalently immobilize VImD to an inert carrier. The supports
evaluated in this study included EP400/SS, HFA 403/S, and agarose, as shown in Table 6.4.

Support Resin decoration Properties

A <
EP400/SS ( ' Q

@ pores: 40 — 60 nm
= H\)Oi/o Particle size: 100 — 300 pm
HFA403/S ! )’\/ o
) @ pores: ~200 nm
Agarose (
8 \)/\<CI> Particle size: 50-150 pm

Table 6.4: Comprehensive overview of the various immobilization supports trialed in this

study, along with their specific properties including particle pore diameters and particle
sizes.

Initial trials utilized agarose and EP400/SS for immobilization, exploiting the chemistry of
immobilization where the protein is docked onto the support surface by the cobalt rapid
interaction and directionality. These experiments indicated a higher recovered activity
when using agarose as a support. However, methacrylic resins with a linker were also
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considered due to their potential suitability. Table 6.5 highlights VImD performance for

different hydrophobic and hydrophilic carriers.

Protein Immobilization | Immobilization | Recovered | Expressed

loading Support yield before yield activity activity

(mg/g) desorption (%) (%) (%) (U/g)
2.5 EP400/SS >99 95 6 % 0.7
2.5 HFA403/S 96 41 <1% n.d.
2.5 Agarose >99 >99 28 % 3.3

Table 6.5: This table summarizes the initial trial conducted with different immobilization
supports for VImD, with the protein loading of 2.5 mg/g, detailing each support
performance in terms of enzyme immobilization efficiency and recovered activity of the
immobilized biocatalyst. The free enzyme VImD activity was 4.7 U/mg.

Experiments for the immobilization of VImD were conducted both at room temperature
and at 4°C. Lowering the temperature to 4°C has been found to enhance enzyme stability,
thereby preserving its activity, especially in those cases where longer immobilization
times are required. In fact, the immobilization time for methacrylic resins was 6 hours,
while the experiment with agarose was carried out overnight for 16 hours.

VImD appeared to have a greater affinity for hydrophilic supports. Interestingly, with the
HFA403/S resin, close to complete immobilization was obtained after 6 hours. Yet,
following the desorption procedure involving the specific buffer (50 mM EDTA, 500 mM
NaCl in 50 mM phosphate buffer pH 7) to remove the Co?* metal ion, important in
directing the protein towards the support surface, the immobilization yield declined to
41 %. This suggests that VImD may primarily be adhering to the resin via hydrophobic
interactions.

Upon increasing the protein loading, it was observed that this approach beneficially
contributed to the immobilization of a greater amount of units (U) per g of hydrophilic
supports, such as agarose and EP400/SS, generating a more active resin (Table 6.6).

Protein . ] Recovered Expressed
. Immobilization yield . .
loading Support (%) activity activity
(1]
(mg/g) (%) (U/g)
5 EP400SS 95 8 1.8
5 Agarose >99 24 5.4
20 EP400SS 80 5 3.7
20 Agarose 72 23 16.2

Table 6.6: Effect of increased protein loadings on the immobilization efficiency.
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Considering an alternative to covalent immobilization, the physical entrapment of whole
cells within alginate beads was explored as a potentially feasible strategy. This decision
came from the fact that VImD demonstrated robust expression, making space to the
prospect of circumventing the purification step before the immobilization. Moreover, this
alternative could potentially avoid the observed activity loss associated with covalent
immobilization. Finally, as far as the cost-effectiveness of the process, this second type of
immobilization strategy has lower costs, making it particularly attractive for the purpose
of scaling up the biotransformations.

While quantifying the concentration of leaked protein, an investigation was also carried
out to assess the activity of the leaked biocatalyst. To achieve this, a 200 puL sample of the
reaction solution from the SpinChem® system, which was used for the decarboxylation of
L-threonine, was collected 8 hours into the process. This sample was then incubated in a
1.5 mL Eppendorf tube at 37 °C for 16 hours. Following this incubation period, the
concentration of 1-amino-2-propanol in this small sample was compared to that in the
main SpinChem® system. Compared to the product concentration at the 8-hour point,
the conversion in the incubated sample increased by 10%, resulting in just under two-
thirds of the total consumption of the starting material. However, it did not achieve the
nearly complete conversion that was observed at the end of the process in the main
SpinChem® system. Thus, it can be concluded that the VImD that leaked from the alginate
matrix retains only a reduce part of its activity, after being released into the solution

6.2.4 Alginates production with Ca*? and Ba*?

Alginate, an unbranched anionic polysaccharide primarily sourced from brown algae
(Phaeophyta), is built from two main units: a-L-guluronic acid and b-D-mannuronic acid
(Figure 6.4.) These units are linked in a 1-4 fashion and form structures of homopolymeric
blocks (blocks of the same unit, either GGG or MMM) or heteropolymeric blocks (blocks
containing alternating units, referred to as MGM).
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Figure 6.4: Alginate structure.

Alginate beads present an effective medium for immobilizing amino acid decarboxylases
due to their unique gel-forming capability with divalent cations.(Bhatia et al., 2015; J.
Huang et al., 2007; Q. Wang et al., 2011; Zhao et al., 2016) This simple yet proficient
process encapsulates whole cells within the bead matrix, allowing substrate and product
diffusion. The approach simplifies immobilization by avoiding enzyme purification and
potentially enhancing biocatalyst stability.

In order to produce VImD whole cell alginate beads, after protein expression, the biomass
was harvested and mixed with 5 % sodium alginate solution in a 1:1 ratio. The cell
suspension was pumped drop-by-drop into a solution containing a divalent positive ion
using a peristaltic pump. For 25 mL of mixture of cells and alginate, 500 mL of ions solution
was used. This divalent cations (Ca*? or Ba*?) plays a crucial role in the polymerization of
alginate by enabling the formation of ionic bonds with the carboxylic groups present on
the alginate matrix (Figure 6.5). This process allows the immobilization of the cells within
the solidified alginate polymeric structure. Initially the cell-alginate suspension was
pumped into a solution of 200 mM calcium chloride to form alginate beads .

However, these beads were found to be degrading during batch biotransformation with
L-valine to isobutylamine at 0.1 M scale, lasting only about an hour. The instability was
evidenced by the noticeable dissolution of the alginate matrix following product
formation (Figure 6.6).
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Figure 6.5: Schematic depiction of the ionotropic gelation process of sodium alginate.
Upon the addition of a divalent ion such as Ca?*, ionic cross-linking occurs, leading to the
formation of a gel matrix.
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Figure 6.6: Calcium alginate beads dissolution. The illustration demonstrates how the
addition of positively and negatively charged species can disrupt or weaken the ionic
bonds between the carboxyl groups of alginate and Ca2+ ions, resulting in the dissolution
of the solid matrix.

This dissolution was attributed to the displacement of calcium ions by the newly formed
isobutylamine. At pH 7, isobutylamine carries a positive charge on the amino group,
allowing it to disrupt the ionic interactions between calcium ions and the carboxylic
groups on the alginate matrix, thereby leading to the breakdown of the beads. To further
investigate this phenomenon, a proof-of-concept experiment was carried out. A volume
of 2 mL of degraded alginate beads solution was collected after biotransformation and
aliqguoted into two microcentrifuge tubes. One of them was treated with the same
volume of 200 mM CacCl; solution, while the other one, serving as a control, was added
with water. Interestingly, the concentration of isobutylamine was found to be higher in
the sample to which CaCl; was added.
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Graph 6.2: Variation of isobutylamine concentration. (1) Sample from dissolved calcium
alginate supplemented with water; (2) sample supplemented with 200 mM calcium
chloride solution.

This observation suggested a reversible mechanism of competition between positively
charged species, further supporting the hypothesis that isobutylamine can displace
calcium ions from the alginate matrix, and that the addition of more calcium ions can
partially reverse this process.

Upon encountering the issue of bead instability and decrease in activity increasing the
CaCl; (up to 800 mM concentration), a promising alternative was found in substituting
Ca?* with Ba?* as the divalent cation in the solution. Indeed, this improved the rigidity of
the alginate beads.(Harper et al., 2014; Mgrch et al., 2006) According to the literature,
barium is capable of forming stronger ionic bonds, thus increasing the stiffness of the
beads and enhancing the polymerization process. This change made the beads more
resilient and less susceptible to dissolution.(Harper et al., 2014)

Another approach to enhance the stability of the alginate beads involved revisiting the
choice of catalytic buffer for the reaction. Specifically, the phosphate buffer, which carries
negative charges, was replaced with HEPES. This change was made because HEPES, being
a zwitterionic buffer,(Weber, 1992) is less likely to interfere with the ionic cross-linking
that gives the alginate beads their structure and stability.

6.2.5 Small batch biotransformations (0.1 M scale)

Performing batch biotransformations with barium alginate beads, it became evident that
the VImD can operate efficiently even within the cell system entrapped in the polymeric
matrix of alginate. As shown by the Graph 6.3, comparing the performance of the free
enzyme and the use of whole cells in alginate beads, no detrimental effect on the
conversions is observed regarding the immobilized biocatalyst. In fact, all the recorded
conversions are comparable between the two systems, which reinforces the viability of
the alginate beads approach as sustainable production method.

Comparison of batch biotransformations at 0.1 M substrate scale: free enzyme vs
whole cell alginate beads
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Graph 6.3: Comparative analysis of biotransformations at 0.1 M scale (free enzyme vs
whole cell alginate beads).

For an estimation of the biocatalyst concentration in the biotransformations conducted
with whole cell alginate beads, and to compared those with the free enzyme ones, a
correlation was drawn between the pellet used for alginate production and the potential
purified protein yield derived from that biomass (Table 6.7). Further, by considering the
weight of produced beads from that specific biomass, it was possible to calculate the
quantity of enzyme, in mg, per g of alginate beads. This approach provided a more
accurate representation of the biocatalyst concentration in the two different types of
biotransformations, thus facilitating a more robust comparison.

Parameter Value
Biomass used for alginate preparation [g] 4
Purified protein yield [Mg protein/g biomass] 47.4
Alginate yield [g] 15
Protein per alginate [mg/g] = 471";*4 = 12.5 [Mgprotein/Lalginate]

Table 6.7: Estimation of enzyme concentration in whole cell alginate beads. This table
illustrates the calculations utilized to estimate the amount of VImD enzyme encapsulated
within alginate beads when using whole cell preparations. The approximation is based on
the purified protein yield from biomass and the resultant weight of the produced alginate
beads.

While these results offer an indication of the amount of VImD inside the whole-cell
alginate beads, it should be noted that the calculations do not take into account the
protein quantity remaining in the insoluble fraction after sonication during the
purification process. Therefore, it is acknowledged that the effective protein
concentration within the alginate beads may be inaccurate, if part of the enzyme is in
inclusion bodies or, on the other hand, fully soluble. Consequently, the estimated
concentration of 2.5 mg/mL of enzyme in the whole cell alginate beads batch
biotransformations, where 200 mg of beads were employed, is just a ballpark figure.
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6.2.6 Reusability and stability of free purified enzyme and whole cell alginate
bead systems

The reusability of VImD in whole-cell alginate beads was examined in small batch
biotransformations, using L-valine as the substrate, on a scale of 0.1 M. Prior to each new
biotransformation, the biocatalyst was carefully washed with water. The same 200 mg of
alginate beads were successfully reused for five consecutive cycles, consistently yielding

complete conversion to the product after just one hour of biotransformation in each cycle
(Graph 6.4).
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Graph 6.4: Reusability of the immobilized biocatalyst as whole cell barium alginate beads.
Each cycle was performed with 200 mg of alginates beads for the conversion of L-valine
at 0.1 M concentration.

Afterwards the stability of the different biocatalyst versions was investigated. The
stability of the free enzyme and the whole cells alginate beads was assessed after 10 days
of storage at 4°C. This was achieved by comparing the conversion efficiency after the

storage period with the original performance under the same biotransformation
conditions (Table 6.8).

Biocatalyst system Relative stability after 10 days at 4°C (%)
Free Enzyme 44
Alginate with Whole Cells 98

Table 6.8: Comparative stability of different biocatalyst systems after 10 days at 4 °C. The
relative stability is presented as a percentage of initial activity.

This result suggests a superior preservation of enzyme function within the whole cell

alginate beads, possibly due to additional protective effects conferred by the cellular
environment.

182



6.2.7 Scale-up of whole cell alginate bead biotransformations

Following the promising results obtained from the batch biotransformations, the scale up
the reaction was set up, pushing the biotransformation towards its limit by operating
close to the maximum substrate solubility level (Table 6.9 and Graph 6.5).

. . Maximum
] Concentration Time ]
Biocatalyst Conversion
(M) (h) )
(%)
. free enzyme 6 15
L-alanine . 1.28
alginate beads 24 33
L. free enzyme 24 61
L-methionine - 0.28
alginate beads 24 86
. free enzyme 24 70
L-threonine - 0.71
alginate beads 24 93
. free enzyme 6 99
L-valine - 0.32
alginate beads 6 99

Table 6.9: Scale-up biotransformations using free enzyme (VImD concentration 1.5
mg/mL) and whole cell alginate beads (VImD ~2.5 mg/mL). This table shows the substrate
concentrations, reaction times, and maximum conversions for the substrate where the
concentration level was possible to be increased above 0.1 M.

Comparison of scaled-up batch biotransformations

L-alanine L-methionine L-threonine L-valine
_ 100- 024 0.66 0.32 0.33
s .
< 0.50
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Graph 6.5: Conversions to primary amine in scale-up condition for the selected substrates
at 6 and 24 hours using the free version of VImD or entrapped whole cell in alginate
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beads. The labels above the graph bars indicate the achieved mean concentration values
in molarity (M).

When working with significantly higher substrate concentrations, particularly in the cases
where there is a slower reaction time, it was observed that the alginate beads with whole
cells consistently yielded better conversions at 24 h (Graph 6.5). This improved
performance can likely be attributed to enhanced biocatalyst stability within the whole-
cell system, that therefore does not allow enzyme inactivation or precipitation.

6.2.8 SpinChem® system with whole cell alginate beads

The feasibility of implementing them in the SpinChem® system with a rotating bed reactor
was then examined. For the scale-up in the SpinChem®, three substrates from the
substrate scope were selected for investigation: L-valine, L-threonine, and L-methionine.
With L-valine, the natural substrate of VImD, the reusability of the immobilized
biocatalyst was particularly explored. Impressively, the same batch of whole cell alginate
beads was successfully reused for two separate SpinChem® batch biotransformation,
each consisting of 200 mL of 0.32 M L-valine (Graph 6.6, A and B). In both instances, the
biotransformation achieved excellent conversions after 5 h, demonstrating the
robustness and recyclability of the whole-cell alginate bead system in the scaled-up
process.

A. B.

Performance of whole-cell alginate beads Reusability of whole-cell alginate beads
SpinChem® reactor for decarboxylation of SpinChem® reactor for decarboxylation of
L-Valine at 0.32 M scale L-Valine at 0.32 M scale
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Graph 6.6: A. Performance of whole cell alginate beads in SpinChem® reactor for
decarboxylation of L-Valine. B. Reusability after one cycle of whole cell alginate beads in
SpinChem® reactor for decarboxylation of L-Valine.

Compared to L-valine, L-methionine has a similar maximum solubility level at pH 7.5. In
order to enhance the productivity of the biocatalyst, and therefore the amount of product
which is possible to obtain from the biotransformation, conducting consecutive additions
of L-methionine as a solid powder to the reaction vessel was trialed, in order to increase
the substrate concentration while the decarboxylation reaction was depleting it. In this
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way it was possible to investigate the biocatalyst performance in a heterogeneous
reaction environment inside the SpinChem®. However, this experiment was not
successful, as the attempt to enhance the solubility of L-methionine through multiple
additions did not yield the desired outcome (Graph 6.7). In this case, the maximum
conversion reached was only 25 % (0.18 M) after a 24-hour period. The process started
with an initial substrate concentration of 0.25 M. Subsequently, L-methionine, in powder,
was added in two separate times at the 5-hour and 7-hour, resulting in doubling and
tripling the initial substrate concentration, respectively. After the first initial addition, L-
methionine appeared to dissolve almost entirely. However, subsequent attempts to offer
more substrate to the system resulted in a suspension which did not dissolve, even after
16 hours of stirring at 37 °C. Continuing the experiment without complete dissolution of
the substrate in the reaction mixture complicated the monitoring of substrate
consumption. In fact, the measurement of L-methionine concentration via HPLC was
incomplete, as the undissolved amino acid was filtered out prior to the analysis.
Eventually, after 24 hours, while cleaning the SpinChem®, a solid residue was observed
accumulated within the inner cavity of the metal reactor. This residue, which was L-
methionine, as the HPLC analysis confirmed, had absorbed part of the reaction solution,
which contributed to an underestimation of the final conversion to product.

Performance of whole-cell alginate beads in SpinChem® reactor
for decarboxylation of L-methionine in heterogeneous phase
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Graph 6.7: Performance of whole-cell alginate beads in the SpinChem® reactor for the
decarboxylation of L-methionine.

Due to the difficulties with L-methionine solubility at higher concentrations, the approach
was adjusted. The initial substrate concentration was lowered to 0.30 M, which resulted
in a homogenous reaction environment. Over a 24-hour period, the conversion improved
to 54% reaching again a maximum product concentration of 0.18 M (Graph 6.8).

Performance of whole-cell alginate beads in SpinChem® reactor
for decarboxylation of L-methionine at 0.30 M scale
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Graph 6.8: Decarboxylation of L-methionine with whole-cell alginate beads in the
SpinChem® reactor with a substrate solution at 0.33 M scale.

Looking at the third amino acid involved in the scale-up in the SpinChem® reactor, the
decarboxylation process for L-threonine yielded promising results. Benefiting from L-
threonine high solubility at pH 7.5, we were able to set up the reactor in a similar fashion
to the L-valine setup, but with an initial substrate concentration of 0.71 M. Over a 24-
hour monitoring period, the decarboxylation of L-threonine in the SpinChem® system
resulted in a 90% conversion (Graph 6.9). This consistently high yield, obtained in
duplicate, underscores the efficacy of utilizing whole cell barium alginate beads in this
batch mode and clearly established the robustness of this platform for such biocatalytic
processes.
Performance of whole-cell alginate beads in SpinChem® reactor
for decarboxylation of L-threonine at 0.71 M scale
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Graph 6.9: Performance of whole-cell alginate beads in the SpinChem® reactor for the
decarboxylation of L-threonine.

6.2.9 Purified VImD barium alginate beads

An attempt was also made to immobilize the purified VImD in barium alginate beads. This
was accomplished by combining the purified enzyme solution with sodium alginate at a
v/v of 1:3, resulting in a final VImD concentration in the alginate of 2.5 mg/mL. Although
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the performance of these beads was mostly similar to that of the whole cell alginate on a
scale of 0.1 M substrate (data not shown), protein precipitation was evident in the
biotransformation supernatant. As confirmed by the SDS gel, after 24 hours of incubation
at 37 °C with shaking, the enzyme was observed to be leaking from the beads in most of
the biotransformations (Figure 6.7).

Figure 6.7: Gel electrophoresis (SDS-PAGE ) of biotransformation surpernatants. A.
supernatant from L-isoleucine biotransformation; B. supernatant from L-leucine
biotransformation; C. supernatant from L-alanine biotransformation; D. supernatant
from L-threonine biotransformation; E. supernatant from L-valine biotransformation; F.
supernatant from L-methionine biotransformation; M. ladder.

Given these results, the advantage of reusability inherent to immobilized biocatalysts in
continuous mode operation could not be tested as the enzyme leaks continuously during
the experiment, and the potential reuse would be significantly compromised.

6.2.10 SpinChem® system with cell crude extract in dialysis membrane

To evaluate the system and explore alternative scale-up methods to the use of
immobilized biocatalysts, a modification was made to the rotating packed bed reactor,
where the whole cell barium alginate beads were replaced with crude cell extract. For
this procedure, 3 g of wet cell pellet from cells stored at -20 °C were resuspended in 50
mM phosphate buffer containing 100 mM NaCl at pH 7.5. Following sonication,
centrifugation, and filtration, the supernatant (10 mL) was utilized to fill four dialysis bags
within the SpinChem reactor, equating to a total protein load of approximately 150 mg
of VImD. This estimate was derived from the protein quantification in the crude extract
at 280 nm with the EPOC. Despite the protein not being purely isolated in the solution,
VImD was evidently overexpressed, as confirmed by previous SDS gel analysis. This
supports the conclusion that the concentration measured at 208 nm in the crude extract
offers a reliable estimate of the actual protein concentration. The enzyme activity of the
crude extract was also evaluated, comparing it to that of the free form of the enzyme.
The activity assay showed that the crude extract maintained approximately 70 % of the
activity level of the purified protein. However, when compared to the SpinChem® system
that employed whole cell alginate, this conditions were not as satisfactory as anticipated,
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primarily because the biocatalyst loading within the reactor did not match. Nevertheless,
we proceeded to set up the SpinChem® system for the decarboxylation of L-threonine,
noting that the biocatalyst concentration was approximately 60 % of what was used in the
whole cell barium alginate beads SpinChem®. After 24 hours, the conversion to 1-amino-2-
propanol was 25 %, which appeared significantly lower compared to the 85 % conversion
achieved with the previously set up immobilized biocatalyst system (Graph 6.10). Moreover, the
protein solution in the dialysis bag was significantly cloudy indicating enzyme precipitation.

SpinChem with Crude Extract in dialysis bags
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Graph 6.10: Performance of crude extract beads in the SpinChem® reactor for the
decarboxylation of L-threonine.

6.2.11 Downstream for the isolation of the products

For the downstream processing of the amine production from the scaled-up
biotransformations, where the chosen amino acids underwent decarboxylation using
whole cells entrapped in alginate beads, various strategies were explored, each tailored
to the specific reaction substrate. With the intention of further manipulating the amino
product, the objective of the purification process was to yield the product in its pure
amino form, avoiding its conversion into a salt form.

6.2.11.1 Isobutylamine isolation

For the L-valine biotransformation, distillation emerged as the method of choice due to
the physical properties of the product, isobutylamine. According to literature,
isobutylamine has a boiling point ranging between 64 and 71 °C, making it readily
separable from the aqueous solvent medium and the substrate. The significantly higher
boiling point of L-valine at 213 °C further simplifies this separation.

Distillation is a purification technique widely employed in industry, offering the
advantage of avoiding processes like filtration and chromatography, which are less
preferred due to their lower scalability and efficiency. Focusing on the efficiency, on the
other hand, a lab scale set up is always less efficient in terms of yield compared to large
industrial scale. This is normally attributed to excessive wall heat loss in a small
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apparatus.(Schoenmakers & Spiegel, 2014) As such, it was expected that the yield of purified
isobutylamine from the SpinChem® system would be limited. In this experiment, 200 mL
product solution was introduced into a 500 mL round-bottom flask together with a
magnetic stirrer, and heated up with an oil bath (Figure 6.8). This system took around 3
hours to reach a uniform temperature and initiate evaporation within the distillation
column. After continuous heating the round-bottom flask at 110°C, the heat began to
propagate to the column. To minimize heat loss from the glass walls, aluminium foil was
wrapped around the column.

Figure 6.8: Distillation set up for the purification of isobutylamine from the SpinChem?®
system.

After collecting the distilled isobutylamine in a weighed round-bottom flask, the
gravimetric yield was calculated to be 30%. An NMR analysis was then performed and
confirmed the purity of the product.

For the other amino products, namely 1-amino-2-propanol and 3-(methylthio)-
propylamine, derived from L-threonine and L-methionine respectively, distillation was
not a suitable strategy for their purification and isolation from the aqueous reaction
medium. This is due to the high boiling points of these products, which are 159 °C for 1-
amino-2-propanol and 169 °C for 3-(methylthio)-propylamine, making distillation
impractical for their recovery.

6.2.11.2 Liquid-liquid extraction for 1-amino-2-propanol and 3-(methylthio)-
propylamine

To isolate and purify the products derived from L-threonine and L-methionine, the
strategy of liquid-liquid extraction was attempted. This technique takes advantage of the
differential solubility of substances in two immiscible liquid phases, typically water and
an organic solvent, to separate and concentrate the desired product. With amine
products, it is usually sufficient to raise the pH above the corresponding pKs, in order to
have the amino group predominantly not protonated, and extract the basified solution
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with an apolar solvent. However, this approach proved to be ineffective in this case,
specifically dealing with 1-amino-2-propanol (pKa value of 9). Due to its chemical
structure, the molecule is hydrophilic and does not migrate easily to the organic phase,
even at pH > 9. In a small-scale setup, various organic solvents including dichloromethane
(DCM), ethyl acetate, heptane, methyl tert-butyl ether (MTBE), and diethyl ether were
tested, but none resulted in a satisfactory extraction upon checking on TLC with ninidrine.

An additional challenge arose when attempting the liquid-liquid extraction approach with
an aliquot of the product solution from the scaled-up system. When the solution was
basified to pH 10, precipitation occurred in the aqueous phase. Further investigation
confirmed that the precipitate was the VImD biocatalyst, which had leaked into the
reaction bulk in the SpinChem® system. (Figure 6.9).
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Figure 6.9: Gel electrophoresis (SDS-PAGE) of scaled-up system solution and resulting
precipitate. (A) Sample of the initial solution from the scaled-up system. (B)
Resuspended pellet, harvested following the basification of the aqueous phase.

After unsuccessful attempts of extracting 1-amino-2-propanol, salting-out assisted liquid-
liquid extraction (SALLE) was trialed as an alternative strategy.(Tang & Weng, 2013) In this
case, the ionic strength of the aqueous phase is increased by adding NaCl, which lowers
the solubility of less polar compounds in water and thus encourages their partitioning
into the organic phase, which was acetonitrile (MeCN) in this case. MeCN, a polar aprotic
solvent, is capable of dissolving a broad spectrum of polar and non-polar compounds. Its
miscibility with water decreases as the ionic strength of the solution rises, enabling it to
serve as an effective extracting phase. As an added benefit, MeCN exhibits low toxicity,
is relatively inexpensive, and can be easily removed by evaporation.

As in previous work, the addition of a small amount of hydrophobic solvent to the
acetonitrile-water system was adopted to enhance phase separation.(G. Liu et al., 2010)
In this case, hexane was added in a volume ratio 1 to 20 to the acetonitrile directly in the
separatory funnel. After drying with sodium sulphate and filtering the organic phase, the
organic solvent was removed at the rotavapor. For 1-amino-2-propanol, despite different
attempts, the gravimetric yield was always lower than 5 %, while with and 3-(methylthio)-
propylamine, 54 % yield was obtained. The isolated products were also submitted for
NMR analysis, which confirmed in both cases the identity with the products. The isolated
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materials were also subjected to NMR analysis which confirmed the purity of the
products.

6.2.11.3 Trituration of 1-amino-2-propanol

An alternative strategy to isolate 1l-amino-2-propanol was via trituration. To do so,
lyophilization of the product solution and selective solubilization of 1-amino-2-propanol
in organic solvent were performed. Two approaches were employed for the lyophilization
step. In the first approach, the aqueous solution (a 50 mL aliquot) was directly frozen in
a round bottom flask using liquid nitrogen. Alternatively, in the second approach, the
freezing of the product solution was performed only after the hydrochloride salt of the
amine was generated. The hydrochloride salt was obtained by adjusting the solution pH
to 1, using 37 % HCI. The second approach was hypothesized to reduce the impact of
lyophilization on the final yield, thereby reducing the likelihood of product loss during the
process. However, for the product to be solubilized in the organic phase, the free form of
1-amino-2-propanol was necessary. Consequently, solid NaOH was added to the round
bottom flask with a minimal volume (2 mL) water post-lyophilization. The organic solvents
used in the experiments were MeCN and DCM. Spotting the solvent on TLC and staining
with ninhydrin revealed that the product in the organic phase was not pure. After
evaporating the solvent under vacuum, yields were disappointingly low, under 5 %.

6.2.12 Quantification of the leaked protein in the SpinChem® product
solution

Although the alginate beads did not show visible signs of damage following the
SpinChem® batch biotransformation, and the harvested product solution was clear,
evidence of protein contamination became apparent during the downstream handling
steps for the decarboxylation products of L-threonine and L-methionine. In fact, this
deduction was based on the product solution foamy appearance during the liquid-liquid
extractions, where it formed an emulsion with the organic phase. Additionally, protein
precipitation occurred upon adjustment of the solutions pH. This precipitated protein was
subsequently identified as VImD via SDS gel analysis. The determination of VImD leakage
from the whole cell barium alginate beads into the product solution was conducted using
a calibration curve on an SDS gel (Figure 6.10). The concentration of leaked VImD in the
200 mL biotransformation volume within the SpinChem® system was determined to be
0.10 mg/mL and 0.16 mg/mL, measured at 8 hours and 16 hours after the start of the
process, respectively. These samplings were conducted on the scale-up decarboxylation
of L-threonine.

While quantifying the leaked protein concertation, an investigation was also carried out
to assess the activity of the leaked biocatalyst. To achieve this, a 200 puL sample of the
reaction solution from the SpinChem® system, which was used for the 24-hour
decarboxylation of L-threonine, was collected 8 hours after the process started. This
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sample was then incubated in a 1.5 mL Eppendorf tube at 37 °C for 16 hours. Afterwards,
the concentration of 1-amino-2-propanol in this small sample was compared to that in
the SpinChem® system. Compared to the product concentration at the 8-hour point, the
conversion achieved in the incubated sample increased by 10%, while at the end of the
process in the SpinChem® system, nearly complete conversion was observed. Thus, it can
be concluded that the VImD that leaked from the alginate matrix retained at least part of
its activity, after being released into the solution.
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Figure 6.10: Calibration curve of VImD protein derived from SDS gel analysis. The gel
image (left) displays varying concentrations of VImD for calibration purposes, along with
samples from the product solution harvested from the SpinChem® system. The graph
(right) illustrates the derived calibration curve, used to quantify the amount of VImD
protein leaked into the product solution. M. Marker; A. 1.23 mg/mL; B. 0.62 mg/mL; C.
0.31 mg/mL; D. 0.15 mg/mL; E. 0.07 mg/mL, F. 0.04 mg/mL; G. Whole cell barium alginate
beads SpinChem 8h sample; H. Whole cell barium alginate beads SpinChem 16h sample.

6.3 Conclusion

The successful immobilization of VImD using two distinct strategies was performed.
Covalent immobilization of the purified enzyme form and physical entrapment within
barium alginate of whole cells expressing VImD proved to be valid strategies to be
investigated. Both techniques proved promising, yet the latter, being more time- and
cost-efficient, was extensively optimized. Subsequently, it was incorporated within the
SpinChem® rotating packed bed reactor to foster a sustainable and carbon-free
production of primary amines. These amines have diverse industrial applications: for
instance, iso-butylamine and amylamine serve as food additives, the latter also being
used for drilling applications alongside other isomers. Ethylamine, on the other hand, is a
key precursor for several herbicides and a stabilizer for chlorine in swimming pools.

Moreover, the scope of enzyme substrates has been expanded to incorporate new amino
acids like L-threonine and L-methionine. Together with L-valine, these novel starting
materials have been successfully decarboxylated in scaled-up biotransformations. A
substantial enhancement in the system productivity was realized with L-valine, achieved
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through the reuse of the immobilized biocatalyst. This resulted in an increase in the
process Space-Time Yield (STY) by a factor of 6, reaching 2.3 g/L/h, as compared to the
system with VImD previously reported in the literature for isobutylamine.(D. I. Kim et al.,
2021)

However, throughout the study, an unexpected leaching of the enzyme from the whole
cell alginate beads was identified. This discovery prompts further exploration into the
potential impact of this phenomenon on the process. Specifically, it raises questions
regarding the reusability of the immobilized biocatalyst, which proved to be particularly
effective for L-valine. Indeed, L-valine, being a particularly favorable substrate, required
significantly shorter biotransformation times, suggesting that the concentration of the
immobilized biocatalyst needed for full conversion into isobutylamine is also lower
compared to other substrates. This could be the reason why the reusability of the
SpinChem reactor was possible over two consecutive cycles, even with the observed
leakage of VImD into the reaction solution. It's important to note that the leakage of VImD
appears to be time-dependent; however, whether this leakage is influenced by different
substrates/products has not yet been explored. Understanding the factors affecting
enzyme leakage is critical for optimizing the process to ensure the efficiency and
reusability of the immobilized biocatalyst.
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7. Exploring the potential of amine dehydrogenases
in oxidative deamination for aldehyde production

Unless explicitly stated otherwise, the research presented in this
chapter is the sole and individual work of the author.
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7.1 Introduction

Hydrogen borrowing is a synthetic strategy that entails the internal transfer of hydrogen
atoms within a molecule or a pair of molecules during a sequence of reactions. In the
context of biocatalysis, this could involve the cooperation of two enzymes, where one
performs an oxidation (hydrogen removal) and the other performs a reduction (hydrogen
addition), essentially 'borrowing' and 'returning' the hydrogen atom.

The term "hydrogen borrowing" comes from the strategy used in synthetic chemistry
where a hydrogen atom is "borrowed" from a molecule, used in a first reaction, and then
returned to the molecule.

For example, in the context of the amination of alcohols (Figure 7.1), this term can be
explained through a three-step reaction process: oxidation, imine formation and
reduction.(Hamid et al., 2007)

R/\OH R/\N’R’
I
oxidation reduction
(- Hp) (+ Hp)
imine formation
X _R'
R&O - R/\N

H,NR'
Figure 7.1: Conversion of alcohols into amines by hydrogen borrowing.

In the first step, an alcohol is activated via oxidization to a carbonyl compound using a
transition metal catalyst. In this step, a hydrogen atom is removed from the alcohol
molecule, which is then held (or "borrowed") by the catalyst. Afterwards, the carbonyl
compound reacts with an amine, leading to the formation of an imine. Finally, the imine
is reduced back to an amine by the same transition metal catalyst and during this
reduction, the hydrogen that was "borrowed" in the first step is returned to the carbonyl
compound.

A standard instance is shown in Figure 7.2, where the aniline (1) undergoes alkylation,
predominantly producing the secondary amines (2) together with some tertiary amine,
which is also produced due to dialkylation.(Watanabe et al., 1984)

excess R/\OH

H
|
©/NH2 RuCl,(PPh3)3 (1.0 mol%) ©/N\/R
180 °C, 5h
1 2
60-88%

Figure 7.2: Ruthenium catalyzed N-alkylation of amines.
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The net result is the transformation of alcohols into amines, all without the need for
external hydrogen sources. This internal transfer of hydrogen allows for more efficient
and sustainable catalysis, which is why the concept of "hydrogen borrowing" is so
attractive in chemistry and subsequently translated into biocatalytic applications.

The hydrogen borrowing strategy is indeed an efficient solution for catalyzing desired
biotransformations involving dehydrogenases, recycling the cofactor simultaneously,
because it allows for the conservation of the reducing equivalents in the system. This
occurs by coupling an oxidation reaction, where the cofactor is reduced (gaining
electrons, or in this case, a hydride), with a subsequent reduction reaction, where the
cofactor is oxidized (losing electrons). This interplay between two reactions essentially
borrows hydrogen atoms from the starting material and returns them to the end product,
enabling the recycling of the cofactor NAD(P)H within the same enzymatic system without
the need for additional input.

In the work from Mutti et al., a highly enantioselective hydrogen-borrowing amination
method for both primary and secondary alcohols was presented, involving two
biocatalysts, an Alcohol Dehydrogenase (ADH) and an Amine Dehydrogenase (AmDH)
(Figure 7.3).(Mutti et al., 2015) The reaction cascade utilizes successfully NADH in
catalytic amounts to transport the hydride from the oxidation phase to the reduction

phase.
OH NH,
R * R’ R/*\R'
NAD*
ADH NADH H,0
AmDH
j\ NH3/NH,*
R R’

Figure 7.3: Two-enzymes system employed for the hydrogen borrowing amination of
alcohols. In the initial oxidation phase, ADHs from Aromatoleum sp., Lactobacillus sp., or
Bacillus sp. were utilized for the conversion of the alcohol substrates. In the subsequent
reduction step, AmDH vyields the production of (R)-configured amines.

Important to consider is that for a successful implementation of this hydrogen borrowing
strategy, the ADH should be aselective, and additionally, the cofactor preference for both
the oxidizing and reducing enzymes should be the same.(Thompson & Turner, 2017b)

An example of a novel potential application for the hydrogen borrowing strategy can be
seen in the specific context of the hydroxytyrosol cascade.(Contente & Paradisi, 2018) The
novelty in this instance stems from the exploration of AmDH catalysis in the direction of
oxidative deamination. As was highlighted in the introduction chapter, this direction has
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remained largely unexplored up to now, suggesting that this approach could open up new
avenues for research and application.

In this case, this approach could be applied to convert dopamine, the catecholamine
deriving from the decarboxylation of L-DOPA, into DOPAL, the corresponding aldehyde,
via an oxidative deamination reaction that is NADH-dependent (Figure 7.4 A). In this step,
an amine dehydrogenase could catalyze the deamination of dopamine, generating
DOPAL, reducing NAD* to NADH. This would be followed by the conversion of the DOPAL
intermediate into the final product, hydroxytyrosol, a valuable antioxidant, generating an
economic profit where the value increases by a factor of 1000 from substrate to product.
This reduction could be catalyzed by an alcohol dehydrogenase such as horse liver alcohol
dehydrogenase (HLADH),(Quaglia et al., 2012b) as reported in previous work. The
reduced cofactor NADH from the previous reaction would be oxidized back to NAD®,
transferring its hydrogen atoms to DOPAL, and thus recycling the cofactor within an
enzymatic cascade. This could represent an efficient in-line process, streamlining the
conversion of dopamine to hydroxytyrosol with minimal loss of energy and resources,
thus highlighting the potential of hydrogen borrowing in biocatalysis. This approach could
serve as an alternative to the established enzymatic flow cascade for hydroxytyrosol
production (Figure 7.4 B). In the existing process, the w-transaminase from Halomonas
elongata (HeWT),(Cerioli et al., 2015) which catalyzes the transamination reaction
converting dopamine to the corresponding aldehyde, is coupled with HLADH. The
proposed method could eliminate the need for pyruvate as an amino acceptor and for
ethanol as a co-substrate for NADH regeneration.

A
HO NH, HO OH
dopamine hydroxytyrosol
>
Oxidative deamination NADH Reduction
NHs
HO:©\/\
HO ~o
DOPAL
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HO NH, /_\ HO No HO OH
dopamine hydroxytyrosol

pyruvate  L-alanine DOPAL NADH NAD*

glucose ;_4, gluconolactone

Figure 7.4: A. Schematic representation of the proposed hydrogen-borrowing strategy
for the enzymatic hydroxytyrosol cascade. The cycle illustrates the interconversion of the
cofactors NADH and NAD+, fueling the biocatalytic transformations; B. Telescoped
enzymatic cascade for hydroxytyrosol synthesis. The cascade involves the w-
transaminase from Halomonas elongata (HeWT) catalyzing the transamination reaction
between dopamine and pyruvate, followed by horse liver alcohol dehydrogenase
(HLADH) reducing DOPAL to the final product, hydroxytyrosol.

Amine Dehydrogenases (AmDHs) and Amino Acid Dehydrogenases (AADHs) are two
classes of enzymes that hold substantial potential in biocatalysis due to their unique
catalytic capabilities.

AmDHs are enzymes that catalyze the NAD(P)H-dependent asymmetric reductive
amination of aldehyde and ketone substrates, with concurrent reduction or oxidation of
the cofactor.(Ghislieri & Turner, 2014; Patil et al.,, 2018) These enzymes typically
demonstrate high substrate specificity and excellent enantioselectivity, enabling them to
generate optically pure amino products.

AADHs, on the other hand, are involved in the oxidation L-amino acids and the reversible
reductive amination of the corresponding a-keto acids using NAD(P)H as cofactor.(F. Zhou
et al., 2022) Like AmDHs, they too show high substrate specificity and enantioselectivity.
With their inherent properties, these enzymes have been further harnessed through
engineering methods and the resultant engineered amine dehydrogenases perform a
symmetric synthesis of a range of chiral amines.

So far, there have been no scientific studies showing that AmDHs or AADHSs can exploit
their capabilities in oxidative deamination of primary amines to produce aldehydes, and
only a few works have investigated the direction of oxidative deamination from
secondary amines.(Abrahamson et al., 2012; Tseliou et al., 2020) This lack of reported
evidence suggests a gap in our current understanding of these enzymes potential catalytic
functions and emphasizes the need for further research in this area.

To date, there has been a significant expansion in the substrate scope of a number of
amine dehydrogenases.(Ducrot et al., 2022)

CfusAmDH (6IAU), MicroAmDH (C3UMY1), MATOUAmMDH2 (7ZBO) were the AmDHs
examined in this chapter (Figure 7.5).(Mayol et al., 2019b)
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Figure 7.5: 3D structural representations of the AmDHs involved in the screening for the
oxidative deamination reaction. a. CfusAmDH, b. MATOUAmMDH, c. MicroAmDH.

By engineering the active sites of these enzymes, the groups of Gideon Grogan and Carine
Vergne-Vaxelaire broadened their substrate scope to accept various aldehydes into their
catalytic repertoire.(Ducrot et al., 2022; Mayol et al., 2019b) Long chain aldehydes such
as pentanal, hexanal, heptanal, octanal, nonanal and decanal can now be successfully
aminated by these biocatalysts. Additionally, aldehydes with branched or aromatic
structures, such as 2-methylbutanal, 2-methylpropanal, and benzaldehyde are also
accepted. Of particular interest for the topic of this chapter, the substrate scope of these
AmDHs has been expanded further to include also 4-phenylbutan-2-one. This starting
material has a greater similarity to dopamine, in comparison with the previously
mentioned aldehydes. CfusAmDH-W145A mutant has shown great efficacy in this
reaction, achieving a conversion of 52.5 % into S-4-phenylbutan-2-amine (ee=99.6 %)
(Figure 7.6). (Ducrot et al., 2022)

o) NH,
w AmDH @/\/v\
4-phenylbutan-2-one (S)-4-phenylbutan-2-amine

Figure 7.6: Conversion of 4-phenylbutan-2-one into its S-enantiomeric amine, catalyzed
by the mutant Amine Dehydrogenase CfusAmDH W145A. The figure demonstrates the
enzyme's ability to facilitate the reductive amination reaction, showcasing its potential
in its expanded substrate scope.

7.2 Results and discussion

7.2.1 AmDHs expression and purification

AmDHs were expressed following the protocol outlined in the Materials and Methods
section. Upon reaching optimal growth, AmDH expression was induced and the cells were
harvested and lysed to release the recombinant protein. The crude extract was clarified
and the AmDH was isolated using Ni-NTA affinity chromatography (Figure 7.7).

CfusAmDH MATOUAmMDH MicroAmDH
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Figure 7.7: SDS-PAGE gels displaying the purification stages of the AmDHs, specifically
CfusAmDH , MATOUAmMDH?2, and MicroAmDH. The gels provide a visual representation
of protein purity across different purification steps, confirming the successful isolation of
the target AmDH enzymes. M: marker; C: cell lysate; CE: crude extract; P: pellet; E: eluted
flow through; W1: wash with buffer A; W2: wash with 10% buffer B; PP: purified protein
(38 kDa). Buffer A: 100 mM phosphate, 50 mM NaCl, 10 % glycerol, 30 mM imidazole, pH 7.5.
Buffer B: 100 mM phosphate, 50 mM NacCl, 10 % glycerol, 250 mM imidazole, pH 7.5.

The biomass production, indicating the cell growth, was consistent across all three AmDH
variants, CfusAmDH, MATOUAmMDH2 and MicroAmDH, with a measurement of
approximately 3 g/L. The volumetric yield, representing the total amount of the AmDH
produced in the bacterial culture, was determined for each variant. Finally, the protein
concentration of the AmDH after dialysis was determined. These results are summarized
in Table 7.1.

AmDH Variant Biomass Volumetric Yield Protein Concentration After
(/L) (mg/L) Dialysis (mg/mL)
CfusAmDH ~3 37.5 mg/L 5
MATOUAmMDH2 ~3 22.5 mg/L 2.5
MicroAmDH ~3 20.3 mg/L 1.4

Table 7.1: Compilation of key expression parameters for each amine dehydrogenase
(AmDH) involved in the study.

7.2.2 AmDHs screening for oxidative deamination activity

The investigation into the activity of amine dehydrogenases (AmDHs) was methodically
conducted in two stages. In the initial stage, the enzymatic activity of CfusAmDH,
MATOUAmMDH2, and MicroAmDH against substrates 2-phenylethylamine, isobutylamine,
and pentylamine was assessed via a spectrofluorometer (Figure 7.8).

N
©\/\NH2 HzN\)\ HoN

2-phenylethylamine isobutylamine pentylamine

Figure 7.8: Substrates for AmDH oxidative deamination activity monitoring NADH
fluorescence.
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This technique facilitated real-time monitoring of the reaction by recording the emission
from the NADH product every 10 seconds over a 10-minute period. The fluorescence of
the cofactor was excited at a wavelength of 351 £ 9 nm and the emission was measured
at 450 = 30 nm. The experiments were conducted under varying enzyme concentrations
and pHs to determine their impact on enzymatic performance (Table 7.2 -4).

To ensure accurate quantification of NADH, a calibration curve was generated prior to
the activity measurements, confirming a linear correlation between NADH concentration
(uM) and fluorescence intensity (relative fluorescence units, RFU) (Graph 7.1).

NADH fluorescence calibration curve
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Graph 7.1: Calibration curve for the measurement of fluorescence of different NADH
concentrations in the range of 5 and 70 uM.

Enzyme L.
. Activity
Enzyme Substrate concentration pH
(mU/mg)
(mg/mL)
CfusAmDH isobutylamine 1.5 9.0 n.d.
. . 200 +
CfusAmDH isobutylamine 1.5 9.5
":! 0.015
% CfusAmDH isobutylamine 0.16 9.5 n.d.
L CfusAmDH pentylamine 1.5 9.0 n.d.
CfusAmDH pentylamine 1.5 9.5 n.d.
CfusAmDH pentylamine 0.16 9.5 n.d.
CfusAmDH 2-phenylethylamine 1.5 9.0 n.d.
CfusAmDH 2-phenylethylamine 1.5 9.5 n.d.
CfusAmDH 2-phenylethylamine 0.16 9.5 n.d.
Enzyme L.
"0 ] Activity
™~ Enzyme Substrate concentration pH
Qo (mU/mg)
2 (mg/mL)
= | MATOUAmMDH2 isobutylamine 1.25 9.0 n.d.
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85+
MATOUAmMDH2 isobutylamine 1.25 9.5
0.031
MATOUAmMDH2 isobutylamine 0.16 9.5 n.d.
MATOUAmMDH2 pentylamine 1.25 9.0 n.d.
MATOUAmMDH2 pentylamine 1.25 9.5 n.d.
MATOUAmMDH2 pentylamine 0.16 9.5 n.d.
MATOUAmMDH2 | 2-phenylethylamine 1.25 9.0 n.d.
MATOUAmMDH2 | 2-phenylethylamine 1.25 9.5 n.d.
MATOUAmMDH2 | 2-phenylethylamine 0.16 9.5 n.d.
Enzyme .
. Activity
Enzyme Substrate concentration pH
(mU/mg)
(mg/mL)
MicroAmDH isobutylamine 0.30 9.0 n.d.
MicroAmDH isobutylamine 0.30 9.5 7 £0.001
< 10+
~ MicroAmDH isobutylamine 0.16 9.5
% 0.001
L MicroAmDH pentylamine 0.30 9.0 n.d.
MicroAmDH pentylamine 0.30 9.5 n.d.
MicroAmDH pentylamine 0.16 9.5 n.d.
MicroAmDH 2-phenylethylamine 0.30 9.0 n.d.
MicroAmDH 2-phenylethylamine 0.30 9.5 n.d.
MicroAmDH 2-phenylethylamine 0.16 9.5 n.d.

Table 7.2-4: Summary of the results from the activity screening at the spectrofluorometer
of AmDHs against range of substrates under varying experimental conditions. Each table
reports the enzymatic activity, unless not detected (n.d.), monitoring the fluorescence of
NADH at 450 = 3 nm.

The data gathered from the spectrofluorometer during the screening process did not
provide a consistent pattern to conclusively determine the activity of the AmDHs. In fact,
the inconsistencies in the data prevented the identification of robust trends or clear
interpretations (Figure 7.9).
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Figure 7.9: Activity measurements of CfusAmDH (A), MATOUAmMDH?2 (B), MicroAmDH (C)
against pentylamine. Conditions: 50 mM pentylamine, 0.1 mM NAD+ in 200 ul sodium
carbonate buffer 100 mM, pH 9.5. The biocatalyst concentration used varies depending
from the enzyme: 1.25 mg/mL CfusAmDH, 1.25 mg/mL MATOUAmMDH2, 0.30 mg/mL
MicroAmDH.

One notable inconsistency was the variation in fluorescence values, at time 0, on the Y-
axis across different amines and enzymes components assays. This discrepancy suggested
that there were other factors influencing the fluorescence measurements besides the
intended variables. A consistent starting point value between the sample measurement
and the blank was observed (Graph 7.2). This consistency suggests that the high level of
fluorescence is not attributable to the addition of the enzyme solution. Given the high
level of relative fluorescence units (RFU) on the Y-axis, there is a strong possibility that
the signal might have reached saturation. This could potentially hinder the effective
monitoring of NADH formation. Notably, these levels substantially exceeded those within
the range of the calibration curve, which further complicates accurate interpretation and
measurement of NADH formation. As far as the reproducibility, the activities values
recorded in specific for CfusAmDH and MATOUAmMDH2 against isobutylamine did not
consistently correlate with the variations in enzyme concentration. As such, these results
were discarded and needed to be reassessed.

Furthermore, the alkaline pH required for catalysis raised concerns regarding the stability
of the cofactor (NADH) over time at pH 9.5. An alkaline pH might not have promoted the
stability of the cofactor, potentially impacting the reliability of the results
obtained.(Knaus et al., 2017) With this hypothesis, these alkaline buffer condition could
possibly account for the observed negative trendlines in the experiments, which may be
a manifestation of cofactor degradation. However, it is worth noting that the perceived
negative trendline might in fact be flat and only appears negative when the scale on the
Y-axis is magnified.

MATOUAmMDH2 oxidative deamination activity measurements

160000
140000 .-a"."o--o-onou‘.:.:,'::.:,‘.u‘.‘ |

120000 '$8:9:0:8:9:9:9
100000

80000

60000

Fluorescence (RFU)

40000
20000

0
0 2 4 6 8 10 12

Time (min)

Graph 7.2: Time-dependent fluorescence comparison of blank (enzyme-free sample) and
MATOUAmMDH2 activity against pentylamine. The blue dots and trendline represent the
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blank with a slope of -947.41, while the red dots and trendline depict the activity assay,
derived from duplicate experiments, with a slope of -743.27.

Following the unsuccessful attempt to identify a positive slope for the monitored activity
using the initial method, an alternative approach was tested. A UV spectrophotometer
was employed to continuously monitor the signal of NADH absorbance at 340 nm. All
three AmDHSs, namely CfusAmDH, MATOUAmMDH2 and MicroAmDH were re-tested. The
trial focused on the enzymes activity against isobutylamine, 3-amino-2-propanol,
pentylamine, butylamine, and 4-amino-1-butanol (Figure 7.10). This shift in substrates
aimed to explore the potential of AmDHs in catalyzing the oxidative deamination
reaction, in line with prior studies that reported specific activity of AmDHs against
aldehydes.(Mayol et al., 2019b)

OH
HZN\)\ )\/NHZ HNT

isobutylamine 3-amino-2-propanol pentylamine
butylamine 4-amino-1-butanol

Figure 7.10: Substrate scope for investigating AmDH oxidative deamination activity
monitoring NADH formation at 340 nm.

The results of the UV activity screening were also unsuccessful. All measurable slopes
approximated the blank line slope, resulting in low specific activities ( below 2 Um/mg)
measured in milliunits per milligram.

To exclude the possibility that the enzymes may have a different preference for NADH
and NADPH, the cofactor preference of each enzyme was evaluated through the oxidative
deamination of isobutylamine. The evaluation of the cofactor preference was a critical
step undertaken to ensure that the assay was able to capture the maximum potential
enzymatic activity. This assessment ensured that each enzyme was tested under its
optimal conditions, facilitating a fair and accurate comparison across different AmDHs.

Notably, CfusAmDH exhibited a higher activity with NADP* than with NAD?,
demonstrating respective activity levels of 1.5 mU/mg and 0.7 mU/mg (Graph 7.3).
Comparing these results with those reported in previous literature seemed to be
challenging, as existing studies on this particular AmDH do not clearly establish a
preference for one cofactor over another. Moreover, it appears that the cofactor
preference may vary depending on the substrate used in the reaction.

Cofactor Preference of CfusAmDH monitored via UV Absorbance
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Graph 7.3: Time-dependent UV absorbance monitoring at 340 nm of the reaction
catalyzed by CfusAmDH with isobutylamine as the substrate. This experiment investigates
the enzyme preference between the cofactors NAD* and NADP*. In green color is the
blank trendline (slope -0.0040), in violet color is the NAD* reaction (slope 0.0010) and in
blue color is the NADP* trendline reaction (0.0021). Reaction conditions: CfusAmDH 0.25
mg/mL, 30 mM isobutylamine, 1 mM NAD(P)* in 1 mL final volume of 100 mM buffer
sodium carbonate pH 9.5. Time monitoring: 10 min.

For MATOUAmMDH?2 and MicroAmDH, NAD* emerged as the preferred cofactor, because
no difference from the blank trendline was detected with NADP* in the trialed reaction
with isobutylamine (Table 7.5).

Specific Activity vs isobutylamine
(mU/mg)
AmDH NAD* NADP*
CfusAmDH 0.7 1.5
MATOUAmMDH?2 1.8 n.d.
MicroAmDH 0.7 n.d.

Table 7.5: Cofactor preference of AmDHs. Reaction conditions: CfusAmDH 0.25 mg/mL,
MATOUAmMDH2 0.25 mg/mL, MicroAmDH 0.45 mg/mL, 30 mM isobutylamine, 1 mM
NAD(P)* in 1 mL final volume of 100 mM buffer sodium carbonate pH 9.5. Time
monitoring: 10 min. In the table, 'n.d." indicates that activity was not detected with the
corresponding cofactor.

Unfortunately, repeating the experiments, minimal activity values were reported (Table
7.6), suggesting that the biocatalysts under consideration for the hydrogen borrowing
strategy, in the targeted enzymatic application, could not meet the anticipated
performance levels.
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Enzyme

. Activity
Enzyme Substrate concentration | Cofactor | pH
(mU/mg)
(mg/mL)
. . 1.5+
CfusAmDH isobutylamine 0.25 NADP* 9.5
0.0009
) . . 0.7+
MicroAmDH isobutylamine 0.45 NAD* 9.5
0.0010
. . 09+
MicroAmDH pentylamine 0.45 NAD* 9.5
0.0012
. 4-amino-2- 04+
MicroAmDH 0.45 NAD* 9.5
propanol 0.0020
. . 1.8+
MATOUAmMDH2 isobutylamine 0.25 NAD* 9.5
0.0021
. 1.5+
MATOUAmMDH2 butylamine 0.25 NAD* 9.5
0.0019
. 1.5+
MATOUAmMDH?2 | 4-amino-1-butanol 0.25 NAD* 9.5
0.0006

Table 7.6: Results of the AmDHs activity screening

monitoring the absorbance of NADH at 340 nm.

utilizing the Cary60 UV-Vis
Spectrophotometer. The table presents the enzymatic activities as determined by

The results underline the importance of enzyme selection in biocatalysis and suggest the

need for further exploration and optimization of other potential biocatalysts for the

hydrogen borrowing strategy between dopamine oxidation to DOPAL and DOPAL

reduction to hydroxytyrosol.

In a final attempt to prove the system, despite evidence suggesting that the selected

AmDHs were incapable of converting amine to aldehyde, a series of biotransformation

experiments were conducted with changes in pH (8.5 and 9.5), and type of cofactor used
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(NAD* or NADP*). The reactions were also performed both with the individual AmDH
enzymes (CfusAmDH, MATOUAmMDH2, MicroAmDH) and in a bienzymatic
biotransformation setup with HLADH. The goal of these experiments was to fully assess
the potential of this strategy and explore any conditions where the biocatalysts activity
might be favoured. Unfortunately, neither aldehydes nor alcohols from isobutylamine,
pentylamine, butylamine, and 4-amino-1-butanol were detected under any of the tested
conditions up to 48 h (data not shown).

Eventually, the last attempt to find an appropriate biocatalyst capable of converting an
aromatic primary amine, such as dopamine, into its corresponding aldehyde, was
performed with the mutated version of CfusAmDH.(Ducrot et al., 2022) This mutation
involved a single residue at position 145, changing a tryptophan (W) into an alanine (A).
This allowed the enzyme (CfusAmDH W145A) to convert, as previously mentioned, 4-
phenylbutan-2-one into the corresponding aromatic secondary amines via reductive
amination, expanding the scope of substrates that could be effectively
transformed.(Ducrot et al., 2022)

7.2.3 Optimization of expression and purification for CflusAmDH W145A
mutant

The expression and purification process of the mutant CfusAmDH W145A involved some
key optimizations in comparison to the standard protocol. Traditionally, protein
expression was induced at an OD of 0.7 with 1 mM IPTG and the expression was carried
out at 16 °C. In the revised protocol, induction was performed at a higher OD of 1.2 but
with a reduced IPTG concentration of 0.5 mM, and the expression temperature was
raised to 20 °C (Figure 7.11). This new methodology provided significant improvements
in protein yield, with the concentration of the purified protein at 280 nm reaching 10.4
mg/mL and a volumetric yield of 125 mg/L.

CfusAmDH W145A

M CE P E W1 W2PP

——

~180 ‘
~130 i
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Figure 7.11: SDS-PAGE gel of CfusAmDH W145A purification stages. M: marker; C: cell
lysate, CE: crude extract; P: pellet; E: eluted; W1: wash with buffer A; W2: wash with 10%
buffer B; PP: purified protein. Buffer A: 100 mM phosphate, 50 mM NaCl, 10 % glycerol,
30 mM imidazole, pH 7.5. Buffer B: 100 mM phosphate, 50 mM NacCl, 10 % glycerol, 250
mM imidazole, pH 7.5.
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7.2.4 Screening of CfusAmDH W145A activity

A series of experiments were conducted to evaluate the enzymatic activity of the
CfusAmDH W145A mutant. Initial tests were carried out with 2-phenylethylamine at a
concentration of 25 mM. In these trials, various enzyme concentrations (0.1 -1.1 - 2.2
mg/mL) were used in combination with 1 mM NADP*, the preferred cofactor as suggested
by previous literature for this mutated variant.(Ducrot et al., 2022) The reactions were
buffered using carbonate at pH 9.5 and were monitored continuously over a period of 10
minutes at temperatures of both 30°C and 37°C. The outcomes showed only a minor
degree of activity, ranging from 1-3 mU/mg.

To confirm the enzyme activity against a known substrate from the literature, a
subsequent activity assay was performed using 4-phenyl-2-butanone as the substrate.
Conditions for this trial were as follows: 10 mM 4-phenyl-2-butanone, 0.1 mg/mL enzyme
concentration, 0.2 mM NADPH, and 2 M NH4HCO; buffer at pH 8.5, 30°C. This experiment
yielded a more promising result of 33 mU/mg, indicating a good negative slope, aligning
well with results reported in the literature.(Ducrot et al., 2022)

Further testing was conducted using octanal as a substrate to corroborate the enzyme
activity against a known substrate from the literature. The experimental conditions
mirrored the previous tests, and the activity observed was in line with reported values,
yielding an activity of 511 mU/mg, which compares favorably to the 483 mU/mg cited in
the literature.(Ducrot et al., 2022) These results conclusively dispelled any concerns
regarding the performance of the biocatalyst, firmly establishing its functionality and
effectiveness.

7.3 Conclusion

In this initial screening of the selected natural AmDHs (CfusAmDH , MATOUAmMDH?2, and
MicroAmDH), no significant activity was reported in the oxidative deamination direction.
This suggests that the reaction is not intrinsically favorable, and that significant
engineering of the biocatalysts would be necessary to create an active site favorable to
this specific catalysis. Unfortunately, the ambitious goal of finding an AmDH active against
dopamine, to involve in the hydroxytyrosol cascade, was not achieved in this stage.
Dopamine was not included as a substrate in this screening due to its tendency to oxidize
at the catechol moiety under the employed alkaline pH conditions. Initially, 2-
phenylethylamine was chosen as a substrate instead, due to its structural similarity to
both dopamine and 4-phenyl-2-butanone, yet the experimental outcomes did not yield
positive results. Future investigations will need to address these challenges to expand the
utility of AmDHs in oxidative deamination.
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A.1 Screening of engineered amino acid
dehydrogenases for oxidative deamination reaction

Unless explicitly stated otherwise, the research presented in this
chapter is the sole and individual work of the author.
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A.1.1 Background

In addition to naturally occurring Amine Dehydrogenases (AmDHs), engineered Aromatic
Amino Acid Dehydrogenases (AADHs) represent another intriguing class of biocatalysts
that could potentially facilitate the oxidative deamination of primary amines. AADHs have
been effectively manipulated to act on ketones, bypassing the need for a carboxylic group
typically required by these enzymes.(Abrahamson et al., 2012; Tseliou et al., 2019; Ye et
al., 2015) This feature expands the substrate scope of these enzymes, potentially enabling
new synthetic pathways.

Presented in this appendix is the investigation concerning two specific Amino Acid
Dehydrogenases (AADHs), Phenylalanine Dehydrogenase (BsPheDH) from Bacillus
sphaericus(Asano et al., 1987) and Lysine €-Dehydrogenase (LysEDH) from Geobacillus
stearothermophilus.(Tseliou et al., 2019) The goal was to harness the considerable
potential of these enzymes and adapt them for the oxidative deamination reaction,
expanding their substrate scope to primary aromatic amines. Specifically, similar to the
approach outlined in chapter 7, these enzymes were aimed to be incorporated within a
hydrogen-borrowing system for the enzymatic cascade of hydroxytyrosol (Figure Al.1).
Coupled with horse liver alcohol dehydrogenase (HLADH), this system would facilitate the
conversion of dopamine to hydroxytyrosol, ensuring efficient recycling of the NADH

HO NH, HO OH

cofactor.

dopamine hydroxytyrosol
)
BsPheDH or NADH
LysEDH NHs HLADH
oxidative deamination reduction
HO:©\/\
HO ~o
DOPAL

Figure Al.1: Hydrogen borrowing strategy with AADHs and HLADH in the hydroxytyrosol
cascade application.

Selection of AADHs for oxidative deamination reaction towards aromatic primary amines

The selection of the two AADHs, BsPheDH and LysEDH, was primarily driven by their
previously described substrate scopes.
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Figure Al.2: Schematic representation of the reactions undergone by the natural
substrates for BsPheDH (A) and LysEDH (B).

BsPheDH is structured as an octamer, with each of its eight subunits weighing 42 kDa and
consisting of 381 amino acids. Over time, various mutations have been made at different
positions in the active site to enhance our understanding of its functions.(Asano et al.,
1987; Khorsand et al., 2017; PARADISI et al., 2007; Seah et al., 1995) This enzyme exhibits
an uncommon characteristic in its class, as it demonstrates similar activities towards L-
phenylalanine and L-tyrosine. The asparagine (N) at position 145, unique to B. sphaericus,
appears to interact favorably with the hydroxyl group of a tyrosine substrate, as
suggested by modeling studies, leading to the promiscuous activity.(Seah et al., 2002)
This biocatalyst showed promise for further engineering, given its observed activity
towards L-DOPA as well.

Activity
Substrate
(U/mg)
L-phenylalanine
o]
87.5
OH
NH,
L-tyrosine
o]
50.1
OH
Ho NH,
L-dopa
i 12.3
"o OH '
HO NH,

Table Al.1: Specific activities of His-tagged BsPheDH towards L-phenylalanine, L-tyrosine
and L-DOPA measuring NADH formation at 340 nm. Conditions: 5 mM substrate, 1 mM
NAD*, 0.007 mg/mL BsPheDH, in 0.1 M glycine-KOH, 100 mM KCI, pH 10.4, 1 mL final
volume.
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On the other hand, LysEDH possesses a unique ability to act on the epsilon amino group
of its natural substrate, lysine. This feature makes LysEDH particularly interesting as it
already demonstrates the capability to target primary amines without the presence of
the carboxylic group in alpha position, converting L-lysine into 2-Amino-6-oxohexanoic
acid.(Tseliou et al., 2019) The activity of LysEDH was measured to be 0.5 U/mg, assessed
under the conditions outlined in the materials and methods section.

By leveraging this peculiarity and exploring the potential of LysEDH to act on a broader
range of primary amines, the aim was to exploit the inherent versatility of these enzymes
and develop them into valuable biocatalysts for various applications.

Al.2 Findings

Expression and purification of PheDH and LysEDH

The expressions of both PheDH and LysEDH were executed following the procedures
delineated in the Materials and Methods section. The gene for PheDH was subcloned
from the plasmid ptac85 into the pRSETb plasmid, obtaining the His-tagged enzyme for
easier purification. It was ensured that this modification to the protein sequence did not
affect the protein expression, solubility, or activity. In fact SDS-PAGE analysis confirmed
successful expression and no adverse effects from the introduction of the His-tag.

BsPheDH was expressed in Autoinduction medium (Figure Al1.3) while LysEDH in LB
medium (Figure A1.4).

In the case of PheDH, protein precipitation was encountered during the dialysis process,
particularly when a 0.05 M phosphate buffer at pH 8 with 0.1 M KCl was used. However,
this issue was effectively resolved by switching to a TRIS-HCI buffer. This modification
ensured a successful dialysis process and resulted in the final yield of a purified PheDH
preparation, underscoring the significance of careful buffer selection in preserving
protein stability during purification procedures.

kDa,
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Figure Al.3: SDS-PAGE analysis of different stages of PheDH purification. Lanes are as
follows: (1) Marker; (2) Crude cell extract; (3) Diluted crude extract (1:10); (4) Pellet; (5)
Wash buffer A; (6) Flowthrough; (7) Wash with 10% buffer B; (8) Purified protein (1.6
mg/mL). Buffer A: 50 mM potassium phosphate buffer, 100 mM NaCl, 30 mM imidazole,
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pH 8. Buffer B: 50 mM potassium phosphate buffer, 100 mM NacCl, 300 mM imidazole,
pH 8.

e M CE P E WL W2 PP M o
| 2
5 %

b

151!

50
40

50
40

141
iy -

e -

25 e 25
20 20

Figure Al1.4: SDS-PAGE analysis of the expression and purification of LysEDH. M. Marker;
CE. Crude cell extract; P. Pellet; E. Flowthrough; W1. Wash with buffer A; W2. Wash with
10 % of buffer B; PP. Purified protein. Buffer A: 50 mM potassium phosphate buffer, 100
mM NacCl, 30 mM imidazole, pH 8. Buffer B: 50 mM potassium phosphate buffer, 100 mM
NaCl, 300 mM imidazole, pH 8.

Screening of AADHSs for oxidative deamination reaction

Both wild-type and mutant versions of the AADHs were screened measuring the activity
of the purified enzymes. The activity was monitored by either tracking the absorbance of
NADH at 340 nm or by following the formation of cofactor with fluorescence using a
spectrofluorometer.

As expected, the wild-type versions of both BsPheDH and LysEDH could not convert the
targeted substrates, 2-phenylethylamine and tyramine, into its corresponding aldehyde.
This presented the necessity of engineering these biocatalysts to enhance their
performance for the desired reaction. 2-phenylethylamine and tyramine were the
primary amine utilized in the screening, because dopamine can easily oxidase under the
alkaline pH reaction conditions.

Engineered AADHSs for oxidative deamination of aromatic primary amines

From a collaboration with the group of Professor Mutti, from Amsterdam University, the
mutant LysEDH F173A was tested against 2-phenylethylamine.(Tseliou et al., 2019) In
fact, among the variants generated by Tseliou et al. , LysEDH F173A emerged as the most
promising candidate for our specific goal, because of its activity towards aromatic
ketones, such as acetophenone and propiophenone (Figure A1.5).
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Figure A1.5: Scheme of the biocatalytic reductive amination performed by LysEDH F173A
variant towards acetophenone (R = H) and propiophenone (R = CH3s).

For BsPheDH, a targeted approach was used for mutagenesis, which was guided by in
silico visualizations and docking experiments. To implement the strategy of transposing
mutagenesis, various examples from the literature were examined. From these works, it
was noted that an effective strategy involved altering the lysine (K) and asparagine (N)
residues, which establish ionic interactions with the carboxylic acid present in the
substrates.

One example is the work by Ye et al., who performed the engineering of PheDH from
Rhodococcus sp. M4.(Ye et al., 2015) This enzyme shares 35.33 % identity and 52 %
similarity with PheDH from Bacillus sphaericus. In their work, mutations were introduced
at positions K66 and N262, which resulted in a superior triple mutant
(K66Q/S149G/N262C). This mutant showed activity (8.8 mU/mg) with the substrates
phenylacetone and 4-phenyl-2-butanone, thereby expanding the substrate scope beyond
alpha-keto acids through the removal of the carboxyl moiety.

Other significant examples were provided by the works of Bommarius et al. on PheDH
from Bacillus badius(Abrahamson et al., 2013) and Leucine dehydrogenase (BsLeuDH)
from Bacillus stearothermophilus.(Abrahamson et al., 2012)

The mutant PheDH-AmDH (K77S/N276L) was able to carry out the oxidative deamination
of 1,3-dimethyl butyl amine (1,3-DMBA) with an activity of 166.3 mU/mg, in 0.1 M glycine
buffer, pH 10 with 1 mM NAD", at 25 °C.

On the other hand, the engineered LeuDH variant K68S/E114V/N261L/V291Cm
completely loses its activity on its natural substrate, L-Leucine, but was active in the
oxidative deamination direction against (R)-methylbenzylamine (586.3 mU/mg) and
cyclohexylamine (56 mU/mg), in 250 mM NaCOs buffer at pH 10 with 1 mm NAD*.

With the 52 % identity and 68 % similarity between BsLeuDH and BsPheDH, the
corresponding amino acid residues lysine (K) and asparagine (N) were targeted for
mutagenesis in BsPheDH (Figure Al1.3). The aim was to adapt its active site to
accommodate the desired aromatic primary amine.
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E114

Figure A1.6: Model of the active site of BsPhe with PLP (light blue), where dopamine
(orange) has been docked. The labeled residues in dark green are from BsLeuDH and are
superimposed over the homology model sequence of BsPheDH, obtained with Protein
Homology/analogY Recognition Engine V 2.0 (Phyre?). BsPhe active site catalytic residues
are D126 (light green) and K91 (red). The target residue for mutagenesis were K79 (violet)
and N277 (yellow).

In the case of K79, a variety of strategic rationales were employed to guide the mutation
of the lysine residue. This amino acid, with its positively charged side chain, plays a critical
role in coordinating the carboxylic group in the enzyme natural substrates. As part of this
mutagenesis experiment, three different mutants were generated at position 79: K79Q,
K79E, and K79M.

The rationale behind the K79Q mutation involved replacing the lysine with glutamine, an
amino acid with a polar uncharged side chain. This modification was expected to enhance
the enzyme adaptability to substrates that are smaller and have higher hydrophobicity,
such as the corresponding primary amines of L-phenylalanine, L-tyrosine, or L-DOPA, due
to the absence of a carboxylic moiety.

The K79E mutation, on the other hand, followed a different rationale. Here, lysine was
replaced with glutamic acid, which has a negatively charged side chain. This mutation was
expected to improve coordination of the positively charged amino group of the primary
aromatic amine substrates in the active site, due to the potential electrostatic interaction
with the negatively charged side chain of glutamic acid.

Lastly, the rationale for the K79M mutation was based on the fact that L-methionine, with
its long aliphatic hydrophobic side chains, could increase the overall hydrophobicity of
the active site pocket, enabling better accommodation for substrates with increased
hydrophobicity This change aimed to increase the overall hydrophobicity of the active
site pocket, promoting better accommodation of the targeted aromatic primary amines.
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In silico visualization of the mutations using Chimera and PyMol programs revealed how
the mutants interacted with L-dopamine. Furthermore, the expression of the three
BsPheDH mutants targeting K68 was examined, and SDS-PAGE analysis confirmed that
these proteins were present in the soluble fraction following centrifugation of the cell
lysate.

Screening the activity of purified mutants by monitoring cofactor formation at 340 nm

The approach of monitoring NADH formation at 340 nm using the Cary 60 for the activity
assay with 2-phenylethylamine and tyramine yielded no positive results for all the
mutants tested, which included the three mutants of BsPheDH and the LysEDH F173A
mutant. The used conditions are described in the section 3.2.10.3 of materials and
methods. Furthermore, for the mutants derived from direct mutagenesis of K79 in
BsPheDH, activity towards L-phenylalanine was also lost. This raised the question of
whether the mutations that targeted this particular amino acid residue had completely
disrupted the enzymatic activity, in both reaction directions. To investigate this, the
activity towards phenylpyruvate was assessed. While the mutations had a significantly
negative impact on enzyme activity, the enzyme retained some activity, with a measured
activity of 0.1 U/mg. For investigating BsPheDH activity towards phenylpyruvate 5 mM
substrate was employed with 1 mM NADH in 50 mM Tris-HCI buffer, 100 mM KCI, 400
mM NH4Cl, pH 8.

Screening of the activity of purified mutants at the spectrofluorometer

The strategy to monitor the formation of NADH from the oxidative deamination reaction
with 2-phenylethylamine using a spectrofluorometer yielded positive results during the
screening of BsPheDH mutants (Figure A1.7). This promising outcome set also the
foundation for further mutations targeting the N277 residue. As shown in the Table A1.2,
the mutant K79Q scored the best result in terms of specific activity over the other single
mutant versions, with 93 mU/mg.

NH 2 O
[:::T/A\V/ 2 mut-BsPheDH [:::T/A\é§ + NH;

NAD* NADH

Figure Al.7: Reaction scheme for the oxidative deamination reaction of 2-
phenylethylamine in the screening for BsPheDH mutants.

As per existing literature, coordinated mutation of residues involved in carboxylic acid
binding, specifically, for BsPheDH, K79 and N277, can result in a combined beneficial
effect, unlocking the capacity of the enzyme to function as an AmDH. Hence, in the direct
mutagenesis approach, also the N277 residue was considered. In the selection of an
amino acid replacement for N277, references from the literature were taken into
consideration,(Abrahamson et al., 2013; Ye et al., 2015) where cysteine (C) and leucine
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(L) were employed. These amino acids are known to provide a comparable influence in
terms of steric hindrance and hydrophobicity.

From the monitoring of the activity at the spectrofluorometer, the double mutant
showed an improved activity of 124 mU/mg (Table A1.2 and Graph A1.1)

Biocatalyst Activity
(mU/mg)
WT 24
K79Q 93
K79E 3
K79M 17
K79Q N277C 124

Table A1.2: Specific activity of the purified wt and mutated versions of PheDH towards 2-
phenylethylamine. Conditions: 0.16 mg/mL of enzyme, 20 mM 2-phenylethylamine, and
0.1 mM NAD*, total volume of 200 uL. Readings were taken every 30 seconds over a
period of 10 minutes, exciting the NADH at 351 + 9 nm and recording its emissions at 450
+30 nm.
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Graph A.1.1: Specific activity measuraments of the single mutant PheDH K79Q and of the
double mutant PheDH K79Q N277C, compared with BsPheDH wt. Assay conditions as in
Table A1.2.

Biotransformations with PheDH K79Q N277C

The double mutant PheDH K79Q N277C was tested in biotransformations involving 2-
phenylethylamine. Multiple strategies were explored, initially incorporating a
stoichiometric amount of NAD* at a 20 mM scale. The reaction pH was adjusted, trying
different values as pH 8, 9, and 9.5, alongside varying the biocatalyst concentrations (0.3,
0.6, 1, and 1.5 mg/mL). A biphasic system containing 25 % toluene was also attempted
with 1 mg/mL of PheDH K79Q N277C, with the aim of driving the reaction equilibrium
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towards the product by extracting the formed 2-phenylacetaldehyde into the organic
phase. The lack of significant conversion led to the hypothesis that the absence of a
driving force, provided by a recycling system, might play a critical role in achieving a
successful outcome in the biotransformation. A different strategy, the hydrogen
borrowing method, was then employed. The biotransformation was coupled with HLADH
in a bienzymatic system, using a ratio of 1 to 3 between the amount of mutant and
HLADH, at a concentration of 0.15 mg/mL for the mutant, at pH of 9, and a 20 mM
substrate scale. Despite these modifications, the biotransformations did not yield the
expected results.

Colony screening of BsPheDH mutants

As the strategy of site-directed mutagenesis did not yield an active biocatalyst for
dopamine-like primary amines, the approach of random mutagenesis was considered as
a potential solution. In order to do this, a screening assay should have been set up.

The screening of mutants was planned to be conducted directly from the agar plates
where the transformed cells with the mutated PheDH gene would grow. The aim was to
differentiate colonies based on their ability to produce NADH after receiving the reaction
solution containing 2-phenylethylamine and NAD".

For the sake of convenience in subsequent procedures, the colonies were placed onto a
nitrocellulose membrane, enabling easy transfer from one plate to another. For instance,
to induce protein expression, the membrane hosting the transformed cells was
subsequently shifted onto another agar plate that contained 1 mM IPTG.

To measure the formation of the reduced cofactor NADH, tetrazolium salts, which are
known to correlate with cellular metabolic activity, were utilized.(Berridge et al., 2005;
Coyle et al., 2023; Stockert et al., 2018; Tsukatani et al., 2008) The process involves the
conversion of tetrazolium salts from colourless or lightly coloured aqueous solutions into
intensily dark coloured formazans. This change has been widely used as a marker of redox
metabolism and effective in quantifying NADH production. MTT (2-(4,5-dimethyl-2-
thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide) and WST-1 (2-(4-lodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium), were the tetrazolium salts
considered in this screening assay (Figure A1.8). The MTT, possessing a net positive
charge, is typically absorbed by cells through the plasma membrane potential, whereas
WST-1, a second-generation tetrazolium dye, because of its negatively charged groups,
rendering it mostly impermeable to cells, forms water-soluble formazans. In our solid
phase cell screening, the presence of intracellular insoluble formazan crystals was
advantageous. In fact, unlike many applications of this dye, there was no necessity to
solubilize it in a 96-well plate to read the absorbance in a spectrophotometer. Along with
the tetrazolium salt, PMS (1-methoxy-5-methyl-phenazinium methyl sulfate) was also
offered to the cell colonies. PMS is used as an intermediate electron carrier from the
production of NADH or NADPH to the reduction of tetrazolium salts to colored formazans.
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WST-1, which is more stable in the presence of PMS than MTT, can be purchased in a
ready-to-use kit (CCK-8) where both substances are pre-solubilized.
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Figure A1.8: Molecular structure of the used tetrazolium salts, MTT and WST-1, and of
the intermediate electron acceptor PMS.

In the designed screening process, the transformed colonies on the agar plate were first
sprayed with the reaction solution (10 mM Phenylalanine, 1 mM NAD™* in 0.1 M glycine-
KOH buffer, pH 10.4). Subsequently, either the MTT and PMS solutions were applied
sequentially, or the CCK-8 kit solution containing WST-1 and PMS was used in a single
step. Following this, the transformed plates were incubated for a period of 2 to 4 hours,
in the dark.

In the preliminary phase of the screening assay design, BL21 E. coli cells were transformed
with the wild-type gene of BsPheDH. The experiment aimed to serve as a proof of concept
for the next steps of the direct evolution. Regrettably, when the control plate
(transformed with an empty plasmid) was compared, there was no visible difference
indicating that colonies expressing BsPheDH had an increased concentration of NADH
after receiving the reaction solution.

This observation led to the identification of two issues: firstly, the spraying of the reaction
solution, which was either followed immediately, or after a 30-minute incubation, by the
tetrazolium salt, resulted in a partial dissolution of the colonies and presented difficulties
in volume dosing. Secondly, a, evident issue arose from the background signal given by
the NADH already present in the cells, which also darkened the control plate colonies.

In an attempt to resolve the first issue, the reaction solution, tetrazolium salts, and PMS
were mixed with agarose for electrophoresis (0.8 %), for a final volume of 10 mL, to
facilitate the screening using a gel-sandwich technique.(R. Huang et al., 2016; Kugler,
1979)

The gel-sandwich technique is a methodology designed to overcome the drawbacks
associated with applying liquid reagents directly onto colonies. The concept is
straightforward: the colonies on the agar plate are sandwiched between two layers; one
is gel containing the necessary reagents for the screening assay, and one is the agar layer
it self. This creates a more stable, controlled environment for reagents to interact with
the colonies. By encapsulating the colonies between these two layers of gel, we ensure
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the uniform distribution of reagents, limiting any potential damage or displacement of
the colonies.

Importantly, care was required when combining the components with the melted
agarose solution. It was a compromise between mixing while the agarose was still in a
liquid state, and being mindful of the temperature of the agarose solution to avoid
thermal degradation of the reaction components.

Because of this overcomplicated part of the agarose handling, eventually the reaction
reagent solution was offered to the colonies on the plate using a paper filter, matching
the diameter of the agar plate. This filter was soaked with the specific volume of reaction
solution (6 mL) and was then transferred from its soaking petri dish onto the dish
containing the cell colonies.

Regrettably, an effective strategy to mitigate the problem of background signal
interference from endogenous NADH was not found. Nevertheless, an attempt was made
to design a multi-step system, which incorporated a step to deplete endogenous NADH
prior to conducting the screening assay (Figure A1.9). Two distinct strategies were
attempted following the scheme in Figure A1.10.

In the fist approach, the CCK-8 kit was initially employed with the aim of converting all
existing NADH in the cells to its oxidized form, NAD*, by facilitating a reaction with PMS
to form formazan from WST-1. After performing three washing cycles, by transferring the
nitrocellulose membrane with the colonies to new petri dishes with buffer until the
orange coloration was entirely removed, the screening was executed. The screening
involved adding the reagent solution and subsequently the MTT and PMS, thereby
revealing the NADH specifically produced from the oxidative deamination of L-
phenylalanine.

In the second strategy, the reaction solution initially added contained phenylpyruvate (10
mM phenylpyruvate, 400 mM NH4CI, 100 mM KCl in 50 mM Tris HCI, pH 8). The aim was
to utilize the endogenous NADH in the reductive amination of the alpha-keto acid to
synthesize phenylalanine. Similar to the first strategy, washing in buffer was performed
to remove reagents and products, followed by conducting the screening as previously
described with MTT and PMS.
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Figure A1.9: Schematic overview of the in solido screening assay for the random
mutagenesis of PheDH.
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Figure A1.10: Schematic reaction schemes applied for the depletion of the endogenous
NADH in cells for the elimination of the background signal in the colonies screening assay.
A. NADH is oxidized to NAD", reacting with PMS. The reduction of PMS is followed by the
formation of WST-1 formazan dye. B. NADH is used in the reductive amination of
phenylpyruvate.

The in-situ screening project was ultimately discontinued following numerous attempts,
due primarily to the persistent challenge of mitigating interference from background
signals. Notably, when utilizing a 96-well plate setup with purified enzymes, the CCK-8 kit
effectively discriminated between the reaction wells (which contained BsPheDH or
LysEDHm, their natural substrate and NAD*) and both the blank and negative control
wells. However, while this approach was successful, the use of purified enzymes would
not be a feasible strategy for the high-throughput screening needed for the assessment
of random mutagenesis mutants.

Conclusion

The experimental focus on BsPheDH and LysEDH proved challenging, and unfortunately,
the discussed attempts did not succeed in generating active mutants for the desired
oxidative deamination reaction towards dopamine. While these results were not fruitful,
they lay an essential groundwork for future research. With the incorporation of advanced
bioinformatics tools and the development of an effective high-throughput screening
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method, there is promising potential to overcome the obstacles which were met in this
study. Hopefully, different future strategies could lead to the beneficial expansion of the
substrate scope of these biocatalysts, opening new avenues for innovation and practical
application in the field.
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A.2 Hydroxytyrosol multi-enzymatic cascade

Unless explicitly stated otherwise, the research presented in this
chapter is the sole and individual work of the author.
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A.2.1 Background

Multi-enzymatic cascades have emerged as a promising approach for producing high-
value products in a sustainable and eco-friendly manner.(Benitez-Mateos et al., 2022; Chen
et al., 2019; Hwang & Lee, 2019; Wohlgemuth, 2021) This method involves the sequential
arrangement of enzymes that work together to convert substrates into final products,
providing enhanced control and flexibility to customize enzymatic reactions for specific
purposes. The use of immobilized purified enzymes has been identified as a key strategy
for optimizing these external pathways, as it significantly improves enzyme stability and
reusability, resulting in a more efficient and cost-effective process.

One challenge in constructing multi-enzymatic cascades is balancing the diverse
requirements of different enzymes, which may have varying optimal pH, temperature, or
substrate concentrations for their activity. However, this challenge can be addressed
through careful optimization and fine-tuning of reaction conditions, which is possible
through immobilized biocatalysts compartmentalization in bioreactors. This approach
offers great promise for enhancing the efficiency and sustainability of industrial
processes.

In this appendix the efforts to successfully synthesizing hydroxytyrosol,(Bertelli et al.,
2020) an antioxidant of great value that is challenging to obtain from natural sources
extraction, are described. The cascade was designed to employ a series of enzymes,
starting with LbTDC,(K. Zhang & Ni, 2014) which is responsible for the decarboxylation of L-
DOPA, the initial substrate. Subsequently, the process proceeded with a transaminase,
TsRTA,(Heckmann et al., 2020) which was introduced as a substitute for the enzyme
HeWT,(Cerioli et al., 2015) already applied in previous literature.(Contente & Paradisi, 2018)
The final stage involved the use of HLADH(Quaglia et al., 2012a) to reduce DOPAL,
ultimately yielding hydroxytyrosol. This multi-enzyme cascade aims to provide a cost-
effective, environmentally friendly, and efficient method for producing hydroxytyrosol
(Figure A2.1). This approach can be particularly beneficial given that the natural sources
extraction yields are typically low and require significant quantities of organic solvents.
Hydroxytyrosol has notable applications in the pharmaceutical, nutraceutical, and
cosmetic sectors.

o
HO HO HO. HO
s OH soc j@\ﬂ HeWT / TsRTS j@\ﬁ HLADH j@w
HO HO NH, /\ HO No / N\ HO OH

L-DOPA

dopamine pyruvate L-alanine ~ DOPAL NADH NAD+  hvdroxytyrosol

Figure A2.1: Hydroxytyrosol multi-enzymatic cascade.

One of the most challenging steps in this cascade was the production of DOPAL, which is
an extremely reactive intermediate.(Bloch et al., 2023) The conversion of dopamine to
DOPAL is catalysed by HeWT, and it is a critical step in this synthesis because the
intermediate is highly unstable and prone to oxidation, which can result in the formation

271



of by-products. Further, the performance of a different transaminase, TsRTA, was
investigate for catalyse this step.

The main by-product from the reactivity of DOPAL is given from Pictet-Spengler
condensation of DOPAL with dopamine, leading to the formation of unwanted side
products as tetrahydropapaveroline (Figure A2.2).(Holbrook et al., 2022)

HO OH OH
HO HO

HO NH, O

-H,0 Pictet-Spengler

—_—

SN H* N
+ Hzo H

.
HO O
HO ~o OH OH

imine intermediate

dopamine

DOPAL )
tetrahydropapaveroline

Figure A2.2: Formation of the by-product tetrahydropapaveroline from the Pictet-
Spengler condensation between DOPAL and dopamine

To overcome this challenge, HLADH is expected to rapidly reduce DOPAL to
hydroxytyrosol, limiting its exposure to the reaction environment. Another reported key
strategy for effectively exploiting the reactive intermediate DOPAL was the
implementation of a segmented flow with aqueous buffer and toluene.(Contente &
Paradisi, 2018) This was based on the principle that separating the reaction mixture into
two immiscible phases (water and toluene) inside the flow system line, allows for the
isolation of the reactive intermediate, DOPAL, from the other components in the reaction
mixture, and leads to effective stripping of this apolar aldehyde from the hydrophobic
supports used for the immobilization. In order to exploit the segmented flow with
toluene, the stability of the biocatalysts had to be guaranteed in organic phase, therefore
the enzymatic immobilization became essential for the successful result of the synthesis
even in batch.

A.2.2 Findings

Enzymes immobilization

The selection of L-tyrosine decarboxylase form Bacillus brevis (LbTDC), Thermomyces
stellatus R-selective transaminase (TsRTA), and horse liver alcohol dehydrogenase
(HLADH) for the hydroxytyrosol synthesis cascade was based on their specific roles in the
pathway, their substrate scope and their availability for purification.

The immobilization of LbTDC and TsRTA was achieved using covalent immobilization on
an epoxy support with cobalt directionality. Because PLP (pyridoxal 5'-phosphate) is the
cofactor required for the activity of both LbTDC and TsRTA enzymes, the immobilization
of these biocatalysts on the support was attempted with the co-immobilization of the
cofactor on the support.
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The immobilization of HLADH was performed on glyoxyl supports exploiting the covalent
bond formation between support aldehydes handles and enzyme amino groups.

Immobilization of LbTDC

In the immobilization study for LbTDC, EP403/s, HFA403/S, EP400/SS, were the
methacrylic support investigated. The results for the immobilization with this resin is
described in Chapter 5. An additional support trialed for LbTDC was epoxy-agarose (Table
A2.1). The coating with PEI 60 kDa was successfully applied to EP400/SS and epoxy-
agarose to retain the cofactor PLP ionically and by Schiff base bond.

Specific Support | Recovered

Protein . . . Stability
Support ] activity Activity activity
loading . (%)
(U/mg) (U/g) (%)
Epoxy-agarose 1 6.8 6.8 16 15
Coimm-PLP-EP400/SS 1 2.8 2.8 7 4
Coimm-PLP-Epoxy-
1 5.6 5.6 13 10

agarose-

Table A2.1 : Immobilization experiments of LbTDC on different supports. The protein was
covalently immobilized through epoxy handles with Co?* directionality. The specific
activity of the free enzyme LbTDC was 43 U/mg. The stability test shows the recoved
activity of the immobilized biocatalyst after 1 week storage at 4 °C.

The immobilization buffer used was 100 mM phosphate buffer, 0.1 mM PLP, pH 7.4.
When the support was coated with PEl, the buffer employed was 10 mM phosphate
buffer, pH 7.4. After washing the co-immobilized enzyme with the cofactor, the retained
PLP was above the 90 % for both supports.

Immobilization of TsRTA and HeWT

In the immobilization study for HeWT, EP403/S, EP400/SS, and epoxy-agarose were used
as carriers. Additionally, EP403/S and epoxy-agarose were coated with PEIl. The protein
loadings tested were 5 mg/mL and 10 mg/mL.

The resin-to-volume ratio in the immobilization experiment was maintained at 1:10. The
immobilization process typically occurred within 6 hours, leading to full immobilization
yield. The immobilization buffer used was 100 mM phosphate at pH 8. When the support
was coated with PEI, the buffer employed was 10 mM phosphate, 0.1 mM PLP, pH 8. After
washing the co-immobilized enzyme with the cofactor, the retained PLP was around 85
% in the case of EP400/SS and 90% for epoxy-agarose.

Starting from a HeWT with an initial specific activity of 1.1 + 0.3 U/mg, the different
supports and protein loadings yielded the values reported in Table A2.2.
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] . . Support Recovered
Protein Specific activity

Support loading (U/mg) Activity activity
(U/g) (%)
Coimm-PLP-EP403/S 10 0.7 7 45
EP400/SS 5 0.34 1.7 35
Coimm-PLP-Agarose 5 0.33 1.65 30

Table A2.2: Imobilization experiments of HeWT on different supports. The protein was
covalently immobilized through epoxy handles with directionality. The specific activity of
the free HeWT was 1.1 U/mg.

To address the issue of the observed low activity on the supports (< 45 % recovered
activity) in the HeWT immobilization, an immobilization study using TsRTA was conducted
as an alternative TA. In this study, EP400/SS and EP403/S were selected as the supports
to investigate, with and without co-immobilization of the cofactor. Striking for a high
number of units of activity on support the protein loading trialed were 10 mg/g and 20
mg/g (Table A2.3).

Protein . . Expressed
. Specific activity . Recovered
Support loading activity L.
(U/mg) activity (%)
(mg/g) (U/g)
Coimm-PLP-EP403/S 10 2.05 20.53 91
Coimm-PLP-EP403/S 20 1.97 39.76 88
EP403/S 10 2.23 22.58 99
EP403/S 20 1.89 37.74 84
EP400/SS 10 2.1 21.0 95

Table A2.3 : Immobilization experiments of TsRTA on different supports. The protein was
covalently immobilized through epoxy handles with directionality. The specific activity of
the free TsRTA was 2.25 U/mg.

The resin-to-volume ratio in the immobilization experiment was maintained at 1:10. The
immobilization buffer used was 100 mM phosphate at pH 8. The immobilization reached
completion after 6 hours of incubation at room temperature and mild shaking. When the
support was coated with PEI, the buffer employed was 10 mM phosphate, 0.1 mM PLP,
pH 8. After washing the co-immobilized enzyme with the cofactor, the retained PLP was
around 80 % for EP400/SS and 85 % for agarose.
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Immobilization of HLADH

In the immobilization study for HLADH, which features a strep-tag at the N-terminus
rather than a His-tag, the chemistry employed was based on imine bond formation. This
was achieved by reacting the aldehydic handles on the support with the nucleophilic
amino groups present in the protein structure. The imine bonds were then reduced to
stable covalent bonds using sodium borohydride.

The different protein loading trialed were 5 and 10 mg/g. The supports of choice were
EP403/S and EP400/SS, which were promising in previous immobilization experiments as
well for TsRTA. The procedure for the immobilization in this case was previously described
in the paragraph “Covalent immobilization on glyoxyl support” in the Materials and
methods section.

Protein

. Specific activity = Support Activity Recovered
Support loading .
(U/mg) (U/g) activity (%)
(mg/g)
EP403/S 5 1.1 5.5 74
EP403/S 10 0.8 8.0 60
EP400/SS 5 0.7 3.5 a7
EP400/SS 10 0.6 6.0 41

Table A2.4 : Immobilization experiments of HLADH on different supports. The protein was
covalently immobilized through aldehydic handles. The specific activity of the free HLADH
was 1.48 U/mg.
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Enzymes stability in organic solvents

The enzymes stability in biphasic systems with toluene was already reported for HeWT
and HLADH.(Contente & Paradisi, 2018) The stability in organic solvents was then
investigated only for TsRTA (Tables A2.5 A,B) and LbTDC (Table A2.6), involving ethyl
acetate (EtOAc) and toluene in the experiments. After the incubation, performed in 1 mL
glass vials, the resin was recovered by filtering the solution, and an activity test was
subsequently performed.

Stability in organic solvent system of 20 mg/g imm-TsRTA-EP403/S

Recovered Recovered
EtOAc tivit Toluene tivit
activi activi
(%) Y (%) Y

(%) (%)

10 69 10 98
20 70 20 97
30 68 30 90

Table A2.5 A Table A2.5B

Tables A2.5 A, B: Recovered activity for 20 mg/g imm-TsRTA-EP403/S after 4 hours
incubation time under agitation at 37 °C, with different percentages of (A) EtOAc and (B)
toluene.

Stability in toluene of 5 mg/g imm-LbTDC -EP400/SS

Recovered
Toluene tivit

activi

(%) Y
(%)
10 49
20 52
30 49

Tables A2.6: Recovered activity for 5 mg/g imm-LbTDC-EP400/SS after 4 hours incubation
time under agitation at 37 °C, with different percentages of toluene.

It was anticipated that ethyl acetate, despite representing a greener alternative, being a
much more polar solvent than toluene and partially soluble in water, would have a
greater impact on enzyme activity. This is because ethyl acetate can strip water molecules
away from the protein surface, potentially leading to the denaturation of the protein
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structure. Thus, for the selection of the organic solvent to be used in the segmented
continuous flow, toluene remained the chosen option.

Batch enzyme biotransformations

The experimental setup for the batch biotransformation involved the use the immobilized
transaminase and alcohol dehydrogenase to study the conversion of dopamine to
hydroxytyrosol, as well as the conversion of tyramine and 2-phenylethylamine to tyrosol
and 2-phenylethanol, respectively.

The selection of tyramine and 2-phenylethylamine as substrates for the batch
biotransformation optimization phase aimed to test the enzymatic cascade using
compounds with a chemical structure similar to dopamine, while avoiding the formation
of the highly reactive intermediate, DOPAL. This experimental design allowed for the
evaluation of the efficiency and selectivity of the biocatalysts in a controlled environment
before moving on to the targeted substrate.

To investigate the performance of the immobilized TsRTA in batch with tyramine and 2-
phenylethylamine, a biphasic batch biotransformation was conducted (Figure A2.3). The
experiment was carried out with 20 mM substrate, 40 mM pyruvate (2 eq.) as amino
acceptor, 2 mg/mL of TsRTA (50 mg of EP400/SS with protein loading 20 mg/g), for a total
volume of 0.5 mL. Toluene, for the organic phase, was also added at 20% v/v.

The reactions was monitored up to 24 hours by thin-layer chromatography (TLC)
analyzing both the aqueous and organic phases. The TLC solvent systems used were n-
butanol/acetic acid/water in a ratio 7:2:1 or hexane/ethyl acetate in a ratio 7:3.

Ninhydrin was used as the revealing agent, which allowed for the detection of alanine
formation and substrate depletion in the aqueous phase. However, no aldehyde
formation was detected under UV or spotting the TLC with iodine. During the analysis,
the standard for 4-hydroxy-phenylacetaldehyde, the corresponding product of tyramine,
was not available, while the standard for 2-phenylacetaldehyde, the corresponding
product of 2-phenyletylamine, was.

A
2 mg/ mL TsRTA

0 0.1 mM PLP 0
30 % toluene, 37 °C 0 OH

SO
NH,
1 3
2 mg/ mL TsRTA ®
mg/ mL Ts HO
HO Q 0.1 mM PLP \©\/\ Q
+ OH +
Ny : o Yo
NH, 30 % toluene, 37 °C @)
0 NH,
2 3 5 6
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Figure A2.3: Schematic transamination reactions for the conversion of 2-
phenylethylamine (1) and tyramine (2) into 2-phenylacetaldehyde (4) and 4-hydroxy-
phenylacetaldehyde (5). The amino acceptor used was pyruvic acid (3), which was
transformed into alanine (6). The reactions were monitored at 4 and 24 hours

To monitor the transamination reaction from dopamine, the biotransformation setup
was modified to shift even more the equilibrium towards DOPAL formation, using 5 mM
substrate, 50 equivalents of amino acceptor (pyruvate), 0.1 mM PLP, 2.5 mM ascorbic
acid, and 2 mg/mL TsRTA for a final volume of 3 mL in a glass screw-top vial.

Cc
2 mg/mL TsRTA

HO 0 0.1 mM PLP HO o]
:©\/\ ¥ )kH/OH + \‘)kOH
0, )
HO NH, 30 % toluene, 37 °C o Xo
o) NH;
7 3 8 6

Figure A2.4: Schematic transamination reactions for the conversion of dopamine (7) to
DOPAL (8). The amino acceptor used was pyruvic acid (3), which was transformed into
alanine (6).

Also in this case, the detection of alanine formation and substrate depletion in the
aqueous phase was observed on TLC, but no aldehyde product could be identified. An
attempt was made to use FMOC derivatization of alanine to estimate the conversion of
the starting material to the product after 24 hours of biotransformations. However, the
results were not conducted in duplicate and did not display a logical or consistent trend.

It is possible that the lack of observation of the aldehyde product or of the corresponding
by-products, resulting form the condensation of the starting material with DOPAL, was
due to the stickiness of the compounds on the resin.

Unfortunately, it was observed that the immobilized TsRTA was almost completely
deactivated after overnight incubation with the reaction solution or with a solution of the
product (10 mM phenylacetaldehyde in buffer). This raised concerns in terms of the
immobilized biocatalyst reusability.

Flow multi-enzyme biotransformations

The implementation of the transamination reaction in a continuous flow system was
expected to improve the outcome of the biotransformation compared to the batch mode.
In fact, in a continuous flow setup, the product would be effectively stripped from the
support in the reactor, with a favorable impact on the lifetime of the immobilized
biocatalyst. With this consideration in mind, a preliminary attempt was made to carry out
the transamination reaction of dopamine to the corresponding aldehyde, DOPAL, in the
flow system shown in Scheme A2.1. Unfortunately, the results did not differ from the
batch biotransformation, where alanine formation could be detected along with
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substrate depletion, but no traces of the product were found in the organic phase. The
immobilized biocatalyst thou retained almost all the activity after 4 hours of reaction.

To achieve a minimum volume of organic phase that the phase separator (PS) was able
to separate, an inlet with EtOAc was connected downstream of the packed-bed reactor
(PBR). To pump the substrate solution (20 mM dopamine, 40 mM pyruvate, 0.1 mM PLP,
2.5 mM ascorbic acid in 100 mM phosphate buffer, pH 8) and the organic phase (30 %
v/v), achieving a residence time of 30 minutes in the PRB, HPLC pumps were used to
generate a flow rate of 0.05 mL/min.

EtOAc

Substrates stock solution @— imm-TsRTA-EP403/S ()

Organic phase
- aldehyde

5
Toluene o 37°C Aqueous phase
-PLP

- D-alanine

Scheme A2.1: Continuous flow system for the transamination reaction catalysed by
TsRTA, to convert dopamine into DOPAL. The segmented flow was created by combining
aqueous phase and toluene through a T-shaped tube in a ratio of 70:30. Substrate stock
solution: 20 mM dopamine, 40 mM pyruvate, 0.1 mM PLP, 2.5 mM ascorbic acid in 100
mM phosphate buffer, pH 8. PS: phase separator.

Another attempt, with optimized conditions, was made using the less challenging
substrate 2-phenylethylamine, on a smaller scale of 5 mM. The equivalents of amino
acceptor were increased from 2 to 10. Ina 3.5 mL PBR, 2.25 g of resin were packed, mixing
together TsRTA and HLADH in a mass ratio (mg/mg) of 1:8, corresponding to a units of
activity ratio of 1:1.5 (Scheme A2.2). The resin time was kept at 30 minutes. In this case,
the conversion to 2-phenylethanol was complete, and the final product was recovered in
the organic phase.

Organic phase
- alcohol

Substrates stock solution @—

Aqueous phase
-PLP

- D-alanine

- NAD(H)

Toluene @—

Scheme A2.2: Continuous flow system for the bienzymatic reaction catalysed by TsRTA
and HLADH, to convert 2-phenylethylamine into 2-phenylethanol. The segmented flow
was created by combining aqueous phase and toluene through a T-shaped tube in a ratio
of 70:30. Substrate stock solution: 5 mM substrate, 50 mM pyruvate, 0.1 mM PLP, 5 mM
NADH in 100 mM phosphate buffer, pH 8. PS: phase separator.
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The rationale behind housing both immobilized biocatalysts in one reactor followed
different reasons. It aimed to readily convert the reactive intermediate, thereby
streamlining the reaction pathway and pushing the transamination reaction equilibrium
in favour of the product, improving overall reaction efficiency. Moreover, this approach
could also mitigate the reactivity of the aldehyde, which might otherwise affect the
substrate/product itself, the enzyme, or the resin, turning it into the corresponding
alcohol.

With a similar setup, mimicking the conditions reported above, substituting dopamine for
2-phenylethylamine, and adding the final product hydroxytyrosol was finally detected in
the HPLC. However, it was not found, as anticipated, in the organic phase, but rather in
the water phase. In fact, the LogP value of hydroxytyrosol is 0.13, according to ALOGPS.
This value, which is close to zero, indicates the relative solubility of the compound in both
water and non-polar phases. While monitoring the conversion to hydroxytyrosol and the
consumption of the starting material, dopamine, fluctuations were observed across the
seven cycles of 30-minute fractions that were collected in flow. This could indicate that
equilibrium within the reactor was not achieved although this was unexpected, as
equilibrium has typically been assessed after the third fraction in similar setups.

Hydroytyrosol conversion

15 2 2.5 3 3.5 4.5

4

Concentration (mM)
o [ N w

Time h)
B hydroxytyrosol

Graph A2.1: Conversions of hydroxytyrosol in continuous flow with dopamine as starting
material. The transamination and the reduction were realized in the same PBR with the
conditions described in Scheme A2.2.

Despite various attempts to scale the dopamine concentration to 10 mM, the conversion
of the product consistently remained within the range of 1 to 2 mM. The experiments
were not further continued with the multi-enzymatic cascade in flow.

Instead, a flow reaction was set up solely for the decarboxylation of L-dopa, produced
from the bioreactor in minimal medium. A 1.5 mL packed-bed reactor (PBR) containing 5
mg/g imm-LbTDC-EP400/SS was employed (Scheme A2.3), which was able to convert
over 85 % of the amino acid starting material to dopamine. This conversion was achieved
with a residence time of 10 minutes and was maintained consistently over 10 cycles
(Graph A2.2). This result confirmed the feasibility of coupling the bioreactor L-DOPA
solution, obtained as described in Chapter 4, with the hydroxytyrosol cascade. Notably,
the pH of the L-DOPA solution did not require adjustment from the pH in the bioreactor
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to be fed into the PBR with LbTDC. This is an aspect that, on the contrary, would need to
be addressed with a NaOH feed for the connection between the decarboxylation step,
performed at pH 5.5, and the transamination step, performed at pH 8.

imm-LbTDC-EP400/SS
5 mg/g

L-DOPA solution .
from fermentation broth @ I88%888I dopamine
1.5mL
37 °C

Scheme A2.3: Continuous flow system for the decarboxylation reaction of L-DOPA with
LbTDC. The flow rate was set at 0.15 mL/min to achieve a residence time of 10 minutes.
The L-DOPA solution, consisting of 6 mM L-DOPA at pH 5.6, was obtained from the
fermentation broth after centrifugation and filtration of the bioreactor fermentation
medium. Additionally, 0.1 mM PLP and 0.45 g/L ascorbic acid were added to the
solution.

Dopamine conversion

100
80
60
40
20

Conversion (%)

10 20 30 40 50 60 70 80 90
Time (min)
dopamine
Graph A2.2: Conversions of dopamine in continuous flow from L-DOPA, obtained via
bacterial fermentation in bioreactor.

Conclusion

In conclusion, the performance of the multi-enzymatic cascade in the hydroxytyrosol
project did not meet expectations and could not be achieved at the same level of
productivity as reported in existing literature. This outcome, although disappointing,
should not overshadow the several efforts spent for advancing the process. Tackling the
modular design of the cascade, the introduction of novel biocatalyst has been attempted,
in regards to the use of LbTDC and TsRTA. Moreover, the concept of feeding the cascade
with L-DOPA and in-line producing dopamine, which is prone to oxidation at the pH 8
required for the transamination step, emerged as a beneficial strategy for both
sustainability and cost-effectiveness of the process. Importantly, L-dopa can be
fermented from the ubiquitous and bioavailable starting material glucose, making it a
sustainable feed for the antioxidant cascade production. The inclusion of LbTDC as an
additional module to the cascade could further enhance this approach.
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Figure A3.1: Stacked NMR spectra for L-valine and isobutylamine comparison. (3) L-Valine
in deuterated water, serving as the substrate reference. (2) Standard isobutylamine
spectrum in deuterated water. (1) Distilled isobutylamine fraction, analyzed in
deuterated water to determine product purity post-distillation
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Figure A3.2: NMR spectrum for isolated isobutylamine via distillation.
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Figure A3.3: NMR spectrum for isolated 3-(methylthio)-propylamine via SALLE.
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Figure A3.4: Stacked NMR spectra for the comparison of the L-methionine
decarboxylation product with its standard. (1) L-methionine decarboxylation product, 3-
(methylthio)-propylamine, in deuterated chloroform. (2) Standard 3-(methylthio)-
propylamine spectrum in deuterated chloroform.
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Figure A3.5: Stacked NMR spectra for the comparison of the L-threonine decarboxylation
product with its standard and its starting material. (1) Standard of L-threonine; (2) 1-
amino-2-propanol from trituration with DCM; (3) Standard of 1-amino-2-propanol.
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Figure A3.6: NMR spectrum for isolated 1-amino-2-propanol via trituration with DCM.
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