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ABSTRACT

ABSTRACT

The field of biocatalysis is receiving increased attention over the years, owing to the incontrovertible necessity for
sustainable processes. As essential part of biocatalysis, enzymes fulfil the demand for greener reactions thanks to
their valuable properties, while providing simpler synthetic routes with higher selectivity than the traditional
hazardous methods. Potentially, enzymes are remarkable catalysts but most of the times, they require special
optimization before being effectively applied at industrial scale, which translates into significant investment of
work and time. In this regard, the combination of enzymes as tool to assist a reaction or to carry out particular
functions can facilitate the process.

A series of biocatalytic tools have been created in this work to tackle specific problems. Afterwards, they were
tested to evaluate their efficacy during the utilization.

To enable faster conversion of alanine derivatives into acrylates, the addition of a cascade reaction was attempted
for continuous depletion of the by-product ammonia, resulting in a shift of reaction equilibrium towards the
product formation (chapter 4). In fact, the non-oxidative deamination of aliphatic substrates is an unnatural
reaction for phenylalanine ammonia lyases, which require a tool to enhance the conversion. Consequently, the
combination of a glutamate dehydrogenase with a formate dehydrogenase appeared as valid implementation,
since the first enzyme consumes ammonia for the reductive amination of a-ketoglutarate into glutamate with
NADH, while the second protein regenerates continuously the cofactor. To optimize the two biocatalysts system,
an immobilization screening was successfully performed with following co-immobilization onto the shared
support, so that the faster substrate exchange could increase the reaction velocity (chapter 5). This biocatalytic
tool possessed higher stability than the free proteins and could be reused several times by simply recovering the
active immobilized enzymes from the bulk. These features satisfy the essential requirements for industrial
application.

As further optimization of the enzymatic tool, a fusion protein has been effectively produced locating even tighter
the glutamate and the formate dehydrogenase (chapter 6). The genetic linkage of the two domains did not impact
on their activity, offering an efficient bifunctional protein that required less manipulation with consequent

industrially appealing savings in terms of time and costs. The immobilized fusion protein could be reuse for
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several cycles of biotransformations, and it proved to efficiently remove small and high amounts of ammonia
(300 mM) with greater conversion rates and improved stability than the wild type enzymes.

The immobilized fusion protein was applied in continuous flow reaction as tool to assist the phenylalanine
ammonia lyase. Despite this last enzyme did not apport any considerable result, the fusion protein could
effectively deplete the produced ammonia for an efficient cascade reaction.

To investigate the versatility of the tool, more information on the fusion protein design was required. This has
been achieved by changing the glutamate dehydrogenase with a different enzyme, the alanine dehydrogenase
(chapter 7). Although more efforts were needed for their expression, two fusion proteins were successfully
developed. Unfortunately, they did not retain full activity after the fusion, given the particular subunits assembly.
However, the most active fusion protein showed better results than the wild type enzymes when employed in
association to a transaminase biocatalyst, as optimized tool to regenerate the amino donor (alanine) and remove
the inhibitory side product (pyruvate).

Finally, a cascade reaction has been developed to produce continuously danshensu (chapter 8), which is a high
potential pharmacological compound that is not yet appropriately harnessed for the extremely high cost of
manufacture. A novel enzyme was successfully found and characterized for the purpose, namely the hydroxy
phenyl pyruvate reductase from Mentha x piperita, which was combined with a phenylalanine dehydrogenase to
offer a sustainable tool for danshensu formation. After optimization of enzymes immobilization, the cascade

reaction was successfully applied to continuous flow biotransformation, achieving a productivity of 5 mM/h.
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1. INTRODUCTION

1.1 BIOCATALYSIS

Biocatalysis is a fast-developing field of synthetic chemistry, which has had an increasing impact on chemical and
pharmaceutical industry during the past decades, leading to the advancement of greener, environmentally
friendly, and more efficient synthetic processes.”* In this sense, the field of biocatalysis can be inserted in the
concept of Green Chemistry.

In fact, Green Chemistry is the design of chemical products and processes that minimize or eliminate the use or
generation of hazardous substances with the aim of reducing pollution at its source. It applies across the life cycle
of a chemical product, including its design, manufacture, use, and ultimate disposal.> Concept and guidelines of
Green Chemistry have been developed by the chemists Paul Anastas and John Warner, together with a framework

of a cohesive set of 12 Principles (Figure 1) which every reaction should comply with.*
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Figure 1. The 12 Principles establishing the concept of Green Chemistry.*
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Biocatalysis has emerged as one of the best solutions to achieve Green Chemistry, with many benefits over
chemical synthesis. In fact, enzyme catalysed reactions fulfill almost all the demands of Green Chemistry: they
normally exhibit excellent atom economy, preventing the formation of waste and undesired products. In addition,
biocatalysts normally operate in mild conditions and aqueous systems, facilitating the handling of the reaction
and avoiding the use of hazardous solvents or toxic reagents. Biocatalysts can also shorten the synthetic route
and achieve high yields with excellent chemo-, regio-, and stereo-selectivities.>

The considerable growth of this field is being partially driven by the recent advances in several technologies, like
metagenomics, bioinformatics, protein engineering, high-throughput screening and analysis. These techniques
provide access to new and more productive biocatalysts which can be tuned for a wide variety of unnatural
substrates and allow for reactions that are currently unknown or rare in nature.’ The expanding area of
biocatalysis and the adjacent technologies offer a universe of opportunities to implement advantageous and
sustainable processes in industrial production of chemicals and pharmaceuticals.

Over the past 20 years, the application of enzymes as catalysts for the manufacture of complex molecules has
become increasingly widespread. Nowadays, multiple molecules are synthetized via biocatalytic processes,
especially to make chiral compounds for pharmaceuticals as well for the flavors and fragrance industry.”® For
example, duloxetine is an active pharmaceutical ingredient (API) that is used in the indication area of depression
and incontinence.” A key intermediate in the synthesis, the duloxetine alcohol, is produced in the BASF company
by the robust alcohol dehydrogenase (ADH) from Lactobacillus brevis and the keto reductase EbN1 from
Aromatoleum aromaticum. Both the enzymes are highly selective for the reduction of the ketone precursor to the
(S)-enantiomer. Moreover, a mutant of the second enzyme acted fast and robust in mixed solvent systems,
accepting rac-2-butanol or isopropanol for the recycling of the expensive cofactor NADH and achieving around
90% conversion (Figure 2a).5'°

A further example is the application of the engineered transaminase ATA-117 for the synthesis of the diabetes
drug Sitagliptin by Merck and Codexis from the prochiral precursor pro-Sitagliptin." The biocatalyst was able to

convert the ketone to the final API with excellent enantioselectivity at 92% yield using isopropylamine as amino
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donor (Figure 2b). The enzymatic route resulted in higher overall yield than the previously used chemical process,

with 53% higher productivity, reduced total waste and elimination of the transition metal catalyst.®

o OH OO
S KRED EbN1 S
O

9 <] cl C Cl

+ (S)-duloxetine alcohol <SJ)\/\ H -
NADH NAD ~90% conversion \

0 . , OH Duloxetine
\)\ KRED EbN1 \)\

2-butanone 2-butanol

O O NH, O
b) NN NI
pro-Sitagliptin Fs )Niz )?\ Sitagliptin Fs

92% y, >99.95% ee
Isopropylamine Acetone

Figure 2. Enzymatic synthesis of duloxetine alcohol (a) and Sitagliptin (b).

Looking to the future, there are numerous key trends and scientific breakthroughs that are promising to have a
significant influence on accelerating the discovery, development and application of biocatalysts.” Consequently,
biocatalysis will become more widely used in the manufacture of chemicals, pharmaceuticals, or intermediates,

realizing increasing impact in the future.>°

1.2 ENZYMES AS BIOCATALYSTS

Biocatalysis involves the use of enzymes for the preparation of chemicals with added values, that are traditionally
made using chemical synthesis.”> Enzymes are highly effective catalysts, whose function is to lower the activation

energy for a reaction and thereby enhance the rate of specific chemical reactions without being consumed in the
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process.”® As macromolecular catalysts, they promote reactions through pathways that would be difficult, if not
impossible, to access with small-molecule catalysts because of competition with other lower-energy reaction
pathways.'4

The biocatalysts are able to accept a wide range of simple or complex molecules as substrates, as well as to catalyze
reactions with enantio- and regioselectivity without the need of protection and deprotection steps, that are
common in selective organic synthesis. Moreover, modern enzymatic processes lead to high product
concentrations with moderate undesirable by-products, provided that the enzymes do not require expensive
cofactors.”

Enzymes can be considered as a toolbox which offers uncountable possibilities to successfully tackle the many
challenges on the way to synthetize target molecules.” The available choice is immense. In this regard, a first
selection relies on one of the classes of enzymes (Figure 3), clustered according to the nature of the required

reaction.™

EDUCTASES

OXIDASES

- ®
TOOLBOX OF
ENZYMES

Figure 3. List of the main enzyme classification based on the reaction that the enzyme catalyzes.
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Inside these classes, there are several other subclasses depending on specific features of each group of enzymes.

Some examples are shown in the following paragraphs.

1.3 AMMONIA LYASES

The enzymes belonging to the family of ammonia lyases (EC 4.3.1) catalyze the reversible non-oxidative cleavage
of C-N bonds, typically of a-amino acids, to yield unsaturated or cyclic alkenes and ammonia. Afterwards, the
structurally, functionally, and mechanistically diverse family is sorted into 31 different EC subclasses where,
among others, seven main groups can be identified, based on the specific analogy in the catalyzed reaction and

accepted substrates (Figure 4)."

ASPARTATE AMMONIA LYASES

O O

DAL
HO HO
H,

METHYLASPARTATE AMMONIA LYASES

HO i MAL HO i
OH =—= X~"oH * NHs
H,

ETHANOLAMINE AMMONIA LYASES

0
EAAL
TRV, B 5 N XX

HYDROXY AMINO ACID DEHYDRATASE/DEAMINASES

0] LSDD 9]
* DSDD
HO/\HJ\OH — \g)kOH + NH;
NH,
OH NH, DGDD OH O
HO o — o OFf + NH,
OH OH OH

13



1. INTRODUCTION

AROMATIC AMINO ACID AMMONIA LYASES
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Figure 4. Representative reactions catalyzed by the most important classes of ammonia-lyases.’

Aspartate Ammonia Lyases (DALs): belong to the aspartase/fumarase superfamily and catalyze the reversible

deamination of L-aspartic acid to fumaric acid. Also known as aspartases, they work in a very specific manner,

and any attempt of engineering has so far failed. Thus, only a limited range of aspartic acid analogues has been

synthetized with aspartases.'

Methylaspartate Ammonia Lyases (MALs): are related to the superfamily of enolases and catalyze the deamination

of (2S,3S)-threo-3-methylaspartate to 2-methylfumaric acid with the presence of Mg>* and K* as cations. This
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type of enzymes accepts various substituted aspartate derivatives. Engineered MAL variants have also been
developed successfully.!

Ethanolamine Ammonia Lyases (FAAL): transform ethanolamine into acetaldehyde and ammonia through the
interaction of cofactor adenosylcobalamin (coenzyme B,,). The synthetic applications of this subclass of enzymes
is rather limited.’

Hydroxy Amino Acid Dehydratase/Deaminases (LSDD/DSDD/DGDD): are part of the PLP (pyridoxal 5-
phosphate)-dependent enzyme family, where PLP is used as an imine to convert the C-N bond of a f-hydroxy-a-
amino acid to a C=0 bond. As for these enzymes, no preparative application is known.’

Aminoacyl-CoA Ammonia Lyases: eliminate ammonia on previously CoA activated 3-alanine to give acryloyl-CoA
(BACALSs) and on 3-aminobutyryl-CoA to produce crotonyl-CoA (ABCALs). However, these biocatalysts are
unlikely to be employed in large scale applications, due to the difficulty of accessing CoA derivatives as substrates.'
Amino Acid Cyclodeaminases: distinguish between L-ornithine cyclodeaminases (OCD), which result in the
production of L-proline and ammonia, and L-lysine cyclodeaminases (KCD), that deaminate L-lysine to L-
pipecolic acid. These reactions are carried out by nicotinamide adenine dinucleotide (NAD*) cofactor molecule.
Practical applications lead to the improvement of industrial processes for cyclic amino acids generation.!
Aromatic Amino Acid Ammonia Lyases: form a,B-unsaturated acids through nonoxidative deamination of L-
phenylalanine (PALs; EC 4.3.1.24), L-tyrosine (TALs; EC 4.3.1.23), L-histidine (HALs; EC 4.3.1.3). In addition, it
has been reported a putative tryptophan ammonia lyase (WAL) but its existence in nature has not been confirmed
yet."”

Phenylalanine ammonia lyases are necessary for biosynthetic purposes. Indeed, these enzymes yield cinnamic
acid for the biosynthesis of phenylpropanoids in plants, towards polyhydroxylated aromatic compounds, like
flavonoids, lignin, anthocyanins, stilbenes, and for the biosynthesis of several antibiotic compounds in bacteria.'®"?
Tyrosine ammonia lyases serve the same role producing coumaric acid from tyrosine. Their metabolic purposes
are strongly related to PALs functions, but they are also involved in more specific pathways.*

This subclass of ammonia lyases do not require cofactors or a radical mechanism. With 100% atom efficiency,

their productivity can be optimized through directed evolution and rational engineering, possess regio- and
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enantioselectivity, are suitable for cascade reactions, and can be employed for biotherapeutic applications.
Although they have already found applications in industry, and various pharmaceutical processes have been
patented, aromatic amino acids ammonia lyases are expected to become considerably more relevant in the future

as far as industrial and medical fields are concerned.*
1.3.1 Phenylalanine and tyrosine ammonia lyases (PAL - TAL)

Aromatic amino acid ammonia lyases are closely related and share high similarity to aromatic 2,3-aminomutases.
Both contain the MIO (3,5-dihydro-5-methylidene-4H-imidazol-4-one) catalytic group, that mediates ammonia
elimination, and further ammonia addition for the 2,3-amino shift reaction of aminomutases, acting as an

electrophile.” As showed in Figure 5, the lyase activity is the step in common of these two families of enzymes.

Aromatic Amino Acids Aminomutases

NH, NH;

Ar Ar Ar
HZN\K 4’ f &' NH
2
OOH OOH OOH

Aromatic Amino Acids Ammonia Lyases

Figure 5. Reaction’s plot catalyzed by aromatic amino acid ammonia lyases and aminomutases.

The MIO five-membered heterocycle is a dehydroalanine derivative formed by internal cyclization and elimination
of two water molecules of an active site tripeptide, typically Ala-Ser-Gly (Figure 6). The mechanism of formation
is post-translational and autocatalytic, where the neighboring protein residues of MIO moiety prevent the
formation of stabilizing hydrogen bonds and to enforce the proper alignment of donor and acceptor orbitals for
bond creation.?* Moreover, the MIO group is located on an electropositive platform formed from six a-helices
which are associated with the active site and are oriented with their positive resultant dipoles aligned similarly,

increasing the MIO electrophilicity further.>
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Figure 6. Mechanism of formation of the MIO electrophile by cyclization and double dehydration of the Ala-Ser-Gly motif.'

PALs and TALs are homotetramers mainly built of a-helices of varying lengths. Fach subunit assumes a
“seahorse” shape interlocking head-to-tail with two other subunits, maximizing adjacent interactions and yielding
a close-fitting construction. In addition, a complete active site comprises residues from three separate monomers,
even though the MIO group and its anchoring helices are all contained within a single monomer. Thus, the four
monomers in the tetrameric structure create four active sites, each consisting of a MIO catalytic moiety placed at
the base of a funnel of residues leading from the active site to bulk solvent. These residues are part of the only
section of B-sheet that is longer than three protein residues. Furthermore, most of the active-site amino acids are
highly conserved or have conservative replacements.*

Eukaryotic PALs are approximately 215 residues larger than the prokaryotic PALs. These additional residues are
mainly located at the N-terminal and at the C-terminal ends of the protein, with the aim to control substrate entry
and product release.

Each active site is covered by two flexible loops: an inner one which is tightly packed and forms interactions with
the substrate, and an outer loop which serves as an external cap, forming a barrier to bulk solvent and preventing

access to the Ala-Ser-Gly triad. The inner loop contains an essential catalytic tyrosine residue, highly conserved
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among all PALs. The loop moves between a closed conformation, allowing the tyrosine catalysed abstraction of
the substrate’s $-proton, and an open conformation which permits product release and substrate access.**

A significant difference between the structures of lyases and mutases is in the loop regions. The latter enzymes
generally have a more rigid catalytic loop than the former ones, to ensure the re-addition of ammonia onto the
o,B-unsaturated intermediate before product release. On the contrary, the catalytic loops are highly mobile in
lyases.*

The mechanism of MIO-dependent ammonia lyases has been discussed for many decades, leading to two main
possible pathways, one based on an amine-MIO group intermediate and elimination pathway, and the other on a
Friedel-Crafts type reaction. The first reaction mechanism involves the direct interaction between the electrophilic
catalytic triad and the deprotonated amino group of the substrate, through a covalent bond, which facilitates the
formation of a better leaving group. The pro-S proton from the -position is abstracted by an enzymatic base to
generate a carbanion intermediate, and immediately after the secondary ammonium ion leaves through a EicB
elimination mechanism, in order to yield the product. Lastly, the amine bound to the MIO is protonated by an
acidic active site residue, so that ammonia can be eliminated, along with the unsaturated acid release, and the
cycle can be completed, with a regenerated active site.*

In the Friedel-Crafts type reaction the aromatic ring of the substrate attacks the MIO electrophile to form a
covalent ring-MIO intermediate, which renders the f-hydrogens more acidic by generating a positively charged
complex. This mechanism leads to the removal of the B-proton by an enzymatic base, followed by the ammonia’s
elimination and regeneration of the MIO group.>3252

The amino-MIO mechanism is now generally accepted as the most plausible, largely because of structural data,
computational simulations, and evidence of conversion of substrates that are not able to react via a Friedel-Crafts
type reaction.!

A catalytic tyrosine residue situated on an inner mobile loop lid is involved in the proton abstraction, while a
second tyrosine residue interacts with the amine group of the substrate, protonating the amine-MIO complex
after the release of the unsaturated acid product.?” Another key catalytic site is one amino acid residue, in general

phenylalanine for PALs, histidine for TALs and serine for HALs, placed near the MIO motif, indicating a role in
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forming favorable interactions with the side-chain group of the substrate. Therefore, it has been demonstrated
that this conserved residue acts as a key determinant of the aromatic amino acid ammonia-lyases’ substrate
specificity. Comparably, its exactly consecutive residue is a highly conserved leucine in PALs and TALs, and
histidine in HALs, whose position is still good to interact with the ring of the substrate. The aromatic binding
pocket is very hydrophobic and is made up of multiple leucine residues, while the carboxylate binding pocket is
made up from a very sensitive network of hydrogen bonding. Besides, the developing enolate on the MIO group
interacts with an asparagine’s hydrogen.?®

Several aromatic and cyclic amino acids with or without substitutions of the ring have been demonstrated to be
accepted as substrates by the phenylalanine ammonia lyases, both for the deamination and the re-amination
reaction. Nevertheless, there is very little knowledge about the reactivity of these enzymes with aliphatic
compounds. Indeed, only L-Propargylglycine is known to be used as non-aromatic acyclic substrate, as well as to
be deaminated to form (E)-pent-2-en-4-ynoic acid. Phenylalanine ammonia lyase from Petroselinum Crispum is
the enzyme employed and the kinetic constants’ calculation gave a Ky 30-times higher than for L-Phenylalanine,
indicating significantly weaker binding of the non-aromatic acyclic substrate than the natural one, and a turnover
number (Ke:) only six-times lower than that for L-Phenylalanine, thus indicating that electronic effects in the
elimination step were not significantly different between the two substrates. Kinetic constants values of L-
phenylalanine and L-propargylglycine with PcPAL are respectively 0.52 mM and 16.0 mM for the Ky and 2.28 s™

and 0.37 s for the Ke (30°C, Tris buffer 0.1 M pH 8.8, 120 pug mL™" PcPAL).>
1.3.2 Phenylalanine ammonia lyase from Anabaena variabilis (AvPAL)

The PAL from the cyanobacterium Anabaena variabilis is significantly similar in sequence to eukaryotic PAL
enzymes, although it is more similar in size (AvPAL has 567 residues) to the smaller prokaryotic HAL enzymes
than the larger plant PAL enzymes (PcPAL has 715 residues).>°

As all the other PALs, this protein exists as homotetramer, weighting 64 kDa per subunit. It possesses a substrate

preference for L-phenylalanine, which is converted to trans-cinnamic acid at the optimal pH of 8.5. Moreover,
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the formation of p-coumaric acid from L-tyrosine has been identified after prolonged incubation, while no
detectable activity with L-histidine was found.*>°

AvPAL was introduced in clinical trials of phenylketonuria enzyme replacement therapy since it lacks the
protease-sensitive lid loop found in all eukaryotic PALs. Being less sensitive to proteases results in greater in vivo
stability.3°733

Furthermore, the amination reaction was tested and the biotransformation of many cinnamic acid derivatives at
high concentration of NH,* gave high conversion numbers, proving that this bacterial PAL is a potentially
attractive biocatalyst for the industrial scale synthesis of high value, non-natural amino acids.*34737 Nevertheless,
these experiments were all performed with E. coli whole cells harboring the AVPAL biocatalyst, meaning that the

reusability of the biocatalyst has not been appropriately considered yet.
1.3.3 Phenylalanine ammonia lyase from Rhodotorula glutinis (RgPAL)

The PAL from the red yeast Rhodotorula glutinis exhibits MIO dependent R-lyase activity.3® It has a molecular
weight of 75 KDa with a sequence of 706 amino acids and exhibits the highest catalytic ability among the reported
PALs to convert L-phenylalanine to t-cinnamic acid (4.3 U/mg at 50°C, pH 8.0).* In addition, RgPAL catalyzes
the conversion of L-tyrosine to p-coumaric acid. The K, value for L-tyrosine was calculated as 0.56 mM, which is
half that of L-phenylalanine (1.3 mM), indicating that the RgPAL exhibited higher affinity towards L-tyrosine
compared to L-phenylalanine.?

RgPAL has been already immobilized on a modified mesoporous silica support (MCM-41) through covalent
binding, achieving high recovered activity (95% with a protein loading of 50 mg/g) and stability (80% activity
was retained after 30 reuses). The immobilized enzyme was employed for the production of D-phenylalanine
(ee>99%) by asymmetric resolution of racemic DL-phenylalanine in a recirculating packed-bed reactor reaching
a productivity of 7.2 g L h™in the scaled-up process.*

The company DSM choose this biocatalyst for the ton scale synthesis of (S)-2-indolinecarboxylic acid, which is a

key intermediate in the production of angiotensin 1-converting enzyme inhibitors such as Indolapril and
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Perindopril. The amino acid intermediate was obtained at 91% yield with 99% ee using whole E. coli cells

containing the recombinant RgPAL protein.®

1.4 OXIDOREDUCTASES

One class of enzymes that is especially beneficial for industrial applications is the family of oxidoreductases. They
are widely used in wastewater treatment, food and textile industry, synthesis of biologically active substances,
and other technological processes, successfully replacing the conventional catalytic systems.*

Oxidoreductases are a diverse class of enzymes widely distributed among microbial, plant, animal organisms,
engaged in modulating the redox homeostasis and cellular signalling cascade.*>43

They catalyze oxidative and reductive reactions, which are normally reversible.*#* Moreover, they can act on a
wide range of both organic substrates including alcohols, amines and ketones and inorganic substrates including
small anions such as sulfite, and metals such as mercury.*® In the enzymatic reactions, the electrons' transfer
takes place from one substrate to another. The substrate from where electrons are transferred is termed as an
electron donor (reductant) and the substrate to which it is transferred is called an oxidant or an electron
acceptor.®3 In particular, NAD(P)H-dependent oxidoreductases oxidize a substrate by transferring a hydride (H-)
group to a nicotinamide adenine dinucleotide cofactor (either NAD* or NADP™), resulting in the reduced form
NADH or NADPH.# This class has the highest average number of steps per reaction, with almost six steps in each
reaction. This may indicate that, in general, redox chemistry is relatively difficult to effect.4®

Oxidoreductases can be classified according to their sequence or three-dimensional structure and they can also
be classified according to their signature catalysis and/or coenzyme-dependence.** The first classification relies
on 22 subclasses, including dehydrogenases (for hydride transfer), oxidases (for electrons transfer to molecular
oxygen), peroxidases (for electron transfer to peroxidases), and oxygenases (for oxygen transfer from molecular

oxygen to the substrate, 34349
1.4.1 Formate dehydrogenase from Candida boidinii (CbFDH)

Formate dehydrogenase (FDH; EC 1.17.1.9) is an oxidoreductase being involved in the NAD*-dependent oxidation

of formate anion to carbon dioxide (Figure 7). It is an abundant enzyme that plays an important role in energy
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supply of methylotrophic bacteria and in response to stress in higher plants. In both eukaryotic organisms and
microorganisms, the quaternary structure is composed of two chemically identical subunits and the total
molecular mass ranges from 70 to 100 kDa. FDH displays relatively low specific activity, a low affinity for formate

ion but is highly specific to both formate and NAD*.5°

o FDH
) CO;
Y
NAD  NADH
Formate

Figure 7. System of reaction of the enzymatic group of formate dehydrogenase.

FDH is widely used as NADH recycling system in enzymatic synthesis with dehydrogenases. As a notable example,
the company Degussa (Germany) has developed an industrial scale process for the production of L-tert-leucine
with FDH as coupled enzyme for cofactor regeneration, and this is one of the largest enzymatic process in
medicinal chemistry.>® The major advantages of the FDH are the following: the reaction is irreversible under
normal conditions, shifting the equilibrium to the product formation, the sodium or ammonium formate is a
cheap substrate, the CO. is an inert product that can be easily removed from the reaction environment, the pH
optimum of catalytic activity is wide, ranging from 6 to 9.4%5'

The FDH from yeast Candida boidinii was firstly purified in 1976.5> The enzyme exists as homodimer of 42 kDa
per subunit.

Cristal structures of this protein are also available and many modifications were attempted over the years for

various reasons, like increased stability and catalytic activity.>3™>

1.5 AMINO ACID DEHYDROGENASES

The superfamily of amino acid dehydrogenases are oxidoreductases that catalyze the oxidation of amino acids to
2-ketoacids and the reductive amination of 2-ketoacids in the presence of ammonium salts to amino acids. They

also require other molecules, such as cofactors and cosubstrates, for optimal activity.>°
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Amino acid dehydrogenases are ubiquitous in nature with a central role in amino acid metabolism. They are
mostly NADH-dependent and active only toward ketones bearing a carboxylic acid group in the vicinal position,
and ammonia is the only reported amine accepted as substrate.>”

The members of this superfamily show distinct substrate specificities; glutamate dehydrogenase recognizes and
binds glutamate in preference to all other amino acids, leucine, alanine and valine dehydrogenase catalyze the
oxidation of short, aliphatic amino acids only, and phenylalanine dehydrogenase has a marked preference for
aromatic amino acids as substrate, although it will also accept smaller hydrophobic amino acids with reduced
efficiency.s®

The catalytic mechanism of amino acid dehydrogenases has been also well studied. In the case of glutamate and
phenylalanine dehydrogenases, the mechanism is very similar. Initially, an Asp residue acts as a general base and
abstracts a proton from the a-amino group of the amino acid. Then, a hydride ion is transferred to NAD(P)* from
the Ca, forming an intermediate a-imino acid. Finally, the intermediate imino acid is hydrolyzed to the
corresponding a-keto acid and ammonium.#

This class of enzymes has received increasing attention in the past years for their use in the preparation of
enantiopure amino acids. Indeed, L-a-amino acids are fundamental building blocks in pharmaceutical industry.>
For example, L-norvaline is a precursor for the synthesis of the antihypertensive drug perindopril, whereas L-
tert-leucine is an intermediate for the production of the potent HIV inhibitor atazanavir.®>®' Similarly, the amino
acid derivative L-3-fluoroalanine is produced for its antibiotic activity and employed for the synthesis of fluoro
amino drugs.®*®3 Then, L-phenylalanine is a starting material for the artificial sweetener aspartame.® All these
four compounds are shown in Figure 8.

Biocatalysis has demonstrated a higher efficiency compared to the chemical methods to yield enantiomerically
pure natural and unnatural a-amino acids.> In this context, amino acids dehydrogenases assume key importance.
Furthermore, this class of biocatalysts have been extensively used as cofactor recycling systems to provide NADH
or NAD" to a coupled enzyme, like the alcohol dehydrogenase. Additionally, they were employed as auxiliary
enzymes in combination with w-transaminases to in situ regenerate the required amine donors, while shifting

the thermodynamic equilibrium towards the target transamination reaction.®
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Figure 8. Chemical structure of perindopril, atazanavir, aspartame, L-3-fluoro-alanine.

1.5.1 Alanine dehydrogenase from Halomonas elongata (HeAlaDH)

Alanine dehydrogenase (AlaDH; EC 1.4.1.1) catalyzes a reversible reaction of biological and technological

importance, which has been utilized for various applications of biotechnological, food and pharma industries.*®

AlaDH is a physiologically important enzyme that acts at the interface of nitrogen and carbon metabolism in

microorganisms.® It is a special type of amino acid dehydrogenases that has low sequence similarities with other

enzymes of the same class, as glutamate and phenylalanine dehydrogenases.®

The reaction involves the reversible oxidative deamination of L-alanine to yield pyruvate and ammonia by using

the cofactor NAD* (Figure 9).
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H,0 + COOH AlaDH \g/COOH + NHs
T T

NAD" NADH

L-alanine Pyruvic acid

Figure 9. Reaction mechanism of the alanine dehydrogenase.

The halophilic y-proteobacterium Halomonas elongata achieves a broad salt tolerance, in fact it can survive in salt
saturated brines (>5 M, 30% NaCl).*” However, H. elongata is a halo adapted bacterium, which allows for
heterologous expression of its proteins inside Escherichia coli, avoiding less conventional expression systems
needed for true halophilic proteins.®® The alanine dehydrogenase from H. elongata has been recently cloned with
a N-terminal His-tag as well as characterized, showing very good activity and stability at molar concentrations of
sodium chloride. The enzyme is a hexamer, and each subunit has a molecular weight of 42 KDa with 399 amino

acids.®
1.5.2 Glutamate dehydrogenase from Clostridium symbiosum (CsGluDH)

Glutamate dehydrogenases (GluDH; EC 1.4.1.2-4) belongs to superfamily of AaDHs and catalyze the oxidative
deamination of L-glutamate to give 2-oxoglutarate and ammonia with concomitant reduction of NAD(P)* as
cofactors (Figure 10).”° GluDHs are found in nearly every organism and play an important role in nitrogen and

carbon metabolism.”

GIuDH

H,0 + HOOC\/\(COOH HOOC COOH + NH,
NH, 7N V\g/

NAD(P)" NAD(P)H

L-glutamic acid 2-oxoglutaric acid

Figure 10. Mechanism of reaction of the enzymatic class of glutamate dehydrogenases.

Bacterial glutamate dehydrogenases are homohexamers that show similar structures, while the eukaryotic

enzymes can be hexameric or tetrameric. The hexamer structure is possessed by mammalian enzymes, with a
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subunit molecular weight of approximately 55 kDa. They are structurally similar to their bacterial counterparts
except for a nucleotide binding ‘antenna’ near the C-terminus, which is important in the regulation of catalytic
activity. Instead, tetrameric enzymes have a subunit molecular weight of approximately 115 KDa.”

The GluDH from the anaerobic bacterium Clostridium symbiosum is a NAD*-dependent enzyme, being involved
in the first step of the hydroxyglutarate pathway of glutamate fermentation. This enzyme is homohexameric like
the other bacterial GluDHs and each monomer weigh 49 KDa with 450 amino acids.” Crystal structures of this
protein are also available in different resolution degrees.>®7°75 The six subunits of CsGluDH are arranged
symmetrically as two back-to-back trimers.” Then, each subunit is organized into two domains separated by a
deep cleft. The first domain, domain I, consists of the N-terminal portion of the polypeptide chain (residues 1 to
200) and residues 423 to the C-terminus. This part of the enzyme is designated for the binding of the substrate.
The second smaller domain, domain 11, is assembled from the contiguous stretch of residues from 201 to 366 and
it is responsible for cofactor binding. In the assembled hexamer, an approximately spherical cavity is present and
formed by the C-terminal end.”

This enzyme undergoes a slow reversible transition between a high-activity and slow-activity state that is pH,
temperature and ionic strength dependent or triggered by the binding of various ligands.” Moreover, the enzyme
shows normal Michaelis-Menten kinetics at neutral pH, whereas it is highly cooperative, with Hill coefficients of

up to 6, at higher pH values.”
1.5.3 Phenylalanine dehydrogenase from Bacillus sphaericus (BsPheDH)

The NAD*-dependent L-phenylalanine dehydrogenase (PheDH; EC 1.4.1.20) is an amino acid dehydrogenase that

catalyzes the reversible oxidative deamination of L-phenylalanine to phenylpyruvate (Figure 11).

H,O + COOH PheDH COOH + NHj;
NAD  NADH
L-phenylalanine 3-phenylpyruvic acid

Figure 11. Reaction scheme of the phenylalanine dehydrogenase class.
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PheDH is found in a limited number of Gram-positive, aerobic bacteria and shows considerable amino acid
sequence homology to leucine dehydrogenases.”

The PheDH from Bacillus sphaericus was firstly investigated in 1987; it showed similar activity towards L-
phenylalanine and L-tyrosine as well as some minor reactivity for aliphatic substrates.” ® The overall quaternary
structure is octameric, while the weight of the eight singular subunits is 42 KDa with 381 amino acids.

Over the past years, this enzyme has been mutated in several positions in order to achieve different properties
compared to the wild-type biocatalyst. For example, the substitution of glycine-124 and leucine-307 for alanine
and valine, respectively, displayed enhanced activity for aliphatic amino acids.” In addition, the mutation of the
asparagine at position 145 for alanine, leucine or valine residues resulted in improved activity towards substituted

aromatic derivatives of phenyl pyruvate for creating non-natural amino acids.®?

1.6 HYDROXYPHENYLPYRUVATE REDUCTASES (HPPR)

Rosmarinic acid is an ester of caffeic acid and 3,4-dihydroxyphenyllactic acid and a common secondary plant
product in species of the Lamiaceae and Boraginaceae.® In the rosmarinic acid biosynthetic pathway, many
enzymes are involved, like the already mentioned PAIL, and in particular a hydroxyphenylpyruvic acid reductases
(HPPR; EC 1.1.1.237) catalyze the NAD(P)H dependent reduction of 4-hydroxyphenylpyruvic acid to the

corresponding lactic acid (Figure 12).%

HPPR COOH

COOH /O/V
ST 7N AT

NAD(P)H NAD(P)
4-Hydroxyphenylpyruvic acid 4-Hydroxyphenyllactic acid

Figure 12. Scheme of reaction catalysed by the HPPR enzymes.

HPPRs are a group of enzymes belonging to the class of oxidoreductases and, more specifically, to the family of
D-isomer-specific 2-hydroxyacid dehydrogenases.® Only very few HPPRs have been cloned and then isolated by

purification yet, as for example the HPPR from Coleus blumei (Lamiaceae).®® The crystal structure of the enzyme

27



1. INTRODUCTION

from Coleus blumei (CbHPPR) has been also determined, and confirmed that HPPR is a dimer with a molecular
mass of 34113 Da per subunit. The structure was found similar to those of other members of the enzyme family
and consisted of two domains separated by a deep catalytic cleft.% This enzyme showed activity with either 4-
hydroxyphenylpyruvate (HPPA) or 3,4-dihydroxyphenylpyruvate (DHPPA) as substrates but needs a free 4-
hydroxyl group in the substrate, consequently reduction of phenylpyruvate resulted very low (less than 2% with
respect to DHPPA). Both the cofactors NADH and NADPH can serve as the electron donors.®® In addition to
CbHPPR, two other enzymes of this group have been characterized, which origin from Salvia miltiorrhiza
(SmHPPR) and from Arabidopsis thaliana (HPPR2 and HPPR3).%7%® The recombinant SmHPPR enzyme exhibited
activity with phenylpyruvate (PPA), HPPA and DHPPA using NADPH as co-substrate. HPPR2 revealed both
hydroxypyruvate reductase (HPR) and HPPR activities, whereas HPPR3 showed a strong preference for HPPA. In

both cases, NADPH was the cofactor showing activity.®®

1.7 BIOCATALYTIC CASCADES

In nature, biosynthetic processes exploits cascades to construct complex natural products from a relatively simple
set of starting materials.

Biocatalytic cascades are reaction sequences in which each chemical step is catalysed by an enzyme, where the
product of one biocatalytic step becomes the substrate for the next transformation.”#

Biocatalytic cascades typically feature two or more enzyme-catalysed steps (functional group interconversions or
bond forming) with at least one enzymatic transformation and without intermediate isolations. Since some
intermediates can be unstable to isolation and require efforts for efficient work up, the use of a cascade process
can be beneficial to overcome these challenges. From an industrial perspective, biocatalytic cascades are especially
attractive as they result in reduced waste, time and costs efficiency as well as more streamlined manufacturing.”
The simplest examples of industrial enzyme cascades involve combinations of a biocatalyst with a co-factor
recycling enzyme and a co-substrate. Building on simple reactions, several intricate multi-step cascades have been
successfully assembled, solving problems aroused by the combination of different biocatalysts. Indeed, setting up

the required conditions for one enzyme may disfavour the ability of a second enzyme to work properly in the
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multi-step process. However, protein engineering has become a valuable tool to implement features to enzymes
and enable their increasingly efficient optimization in the context of such cascades, where each enzyme operates
in the presence of others, under continuously changing conditions as substrate, reaction intermediates, and
product concentrations fluctuate over the course of the reaction.

To cite a remarkable example, Merck and Codexis developed a total enzymatic synthesis of the HIV drug islatravir

built on three key steps (Figure 13).

1 2
GOase
HO // Catalase HO /// PanK HO ///
HO on MRP Ho X _o AK HoPO__ N _O
O (air) O

97% e )k .
OPO3H

DERA NH,

Ho 4/ PPM N

- S PNP SN
HO4PO N O 4 -
3 \)\¢ - 0 NH = HO 0 <N | N/)\F + H2PO4
2 o (by product)
Z S Sucrose
<N R HO' /’
N F
H Islatravir SP T
1% overall yield \
| Fructose

Glucose 1-phosphate

Figure 13. Multistep enzymatic synthesis of islatravir. Evolved enzymes: GOase, galactose oxidase from Fusarium
graminearum; PankK, pantothenate kinase from E. coli; DERA, deoxyribose phosphate aldolase from Shewanella halifaxensis;
PPM, phosphopentamutase from E. coli; PNP, purine nucleoside phosphorylase from E. coli. Auxiliary enzymes: HRP,
horseradish peroxidase from Amoracia rusticana; Catalase from Bos taurus; AcK, acetate kinase from Thermotoga maritima;

SP, sucrose phosphorylase from Alloscardovia omnicolens. '
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The overall enzymatic cascade required fewer than half the number of steps of the previously reported synthetic
routes, which were ranging between 12 and 18 steps. **

The full biocatalytic cascade used five engineered biocatalysts and four auxiliary enzymes to stereoselectively
assemble islatravir from simple achiral building blocks. Additionally, the nine-enzyme biocatalytic cascade
reactions took place at neutral pH, in aqueous solvents, and at room temperature, which saved energy and
simplified the operational footprint.*°

Islatravir could be isolated in greater than 95% purity and in 51% overall yield.”*

Currently, biocatalysed synthesis has become a priority in the chemical and pharmaceutical industry, owing to
the economic pressure and public concern about environmental pollution. The replacement of chemical processes
with cleaner, safer, and more eco-friendly biocatalytic processes has strongly demanded.?9? In this sense, the
development and the application of new enzyme cascades in industry emerge to be crucial to promote a

widespread adoption of biocatalysis.

1.8 ENZYME IMMOBILIZATION

Enzymes are active mostly at mild, near-ambient conditions of temperature and pH, and preferentially in aqueous
media, requirements that became essential goals for industrial processing in order to develop a more sustainable,
environmentally friendly, green chemistry.**

However, the features underlying the biological origins of enzymes constitutes in most cases a critical limitation
for their exploitation as industrial catalysts given the poor stability under operation conditions. Hence, scientists
have been encouraged to create new tools for increasing enzyme stability and, among all envisaged strategies,
immobilization enables to build up robust and recoverable biocatalysts capable of withstanding the harsh
conditions of an industrial process.®

Enzyme immobilization consists of the confinement of enzyme molecules onto/within a support/matrix
preserving the enzyme catalytic activity by stabilizing the structure of the enzymes. Thus, as compared to free
enzymes in solution, immobilized enzymes are more robust and more resistant to environmental changes. In

addition, heterogeneous immobilized enzymes systems allow the easy recovery of both enzymes and products,
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multiple reuses of enzymes, continuous operation of enzymatic processes, rapid termination of reactions, and
greater variety of bioreactor designs. It is a technical process that enables the advantages listed in Figure 14 both

in a practical and an economical point of view.%

Iasy handling ancdl
separation of products
after reaction

Integration into completion
continuous Design of
flow systems solvent-free
reaction systems
ENZYME
Development
of multi IMMOBILIZATION Reusage
enzymatic systems and recycle
for several
operational
cycles

Stability towards variations

of temperature, pH and

organic solvents Prevention
of microbial
contamination

Figure 14. Advantages of enzyme immobilization.959¢

Nevertheless, there are also some drawbacks derived from enzyme immobilization, in particular mass transfer
issues and loss of activity due to conformational distortions.®® As a consequence, the science and technology of
enzyme immobilization plays a key role in biocatalysis field as it allows and promotes the improvement of
techniques and conditions required by the enzyme to be immobilized, in order to minimize side effects. Indeed,
over the last few years, an array of techniques has been developed and new materials have been adapted to
support biological catalysts.”

Enzymes may be immobilized by a variety of methods (Figure 15), which may be broadly classified as physical

and chemical, such as reversible and irreversible, depending on the nature, stability and strength of the
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interaction. As for the support, it can be a synthetic resin, an inorganic material, a hydrogel, a nanoparticle or a

biopolymer.9%9®
Enzyme Immobilization Methods
Physical Interactions Chemical Interactions
Entrapment Encapsulation Adsorption Affinity / Covalent Bond
Chelation
Physical Ionic Covalent Covalent with Crosslinking
Interactions Interactions C @ Disulfide Bond Support Aggregates
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Figure 15. Methods of enzyme immobilization

The physical immobilization is used to identify methodologies in which the enzyme is constrained and physically
separated from the medium via entrapment or encapsulation.*

In general, physical immobilization strategies aim at retaining the structural integrity of the enzyme without
imparting any distortion to the structure, and therefore maximizing catalytic activity. Whether the enzyme is
entrapped in a matrix as disordered or polydisperse aggregate, or more orderly encapsulated as oligo- or single
unit in a more tailored materials, the challenge is predominately represented by the substrate diffusion from the
bulk to the active site of the catalyst and of the product out.?® Moreover, because it does not require the formation
of covalent bonds, the physical immobilization of enzymes is (in theory) reversible.'*

Chemical immobilization is intended for all processes that require direct interaction between the enzyme and the
support.” This interaction can be weak (reversible) or stable (irreversible).

As for the first one, adsorption and affinity are the representative techniques involved.

The adsorption of the catalyst to the support may be driven by either physical or ionic interactions.

In physical adsorption the enzymes are linked through hydrogen bonding, van der Waals forces, or hydrophobic

interactions, whereas in ionic binding the enzyme molecules are attached through salt bridges. The process
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leading to the formation of non-specific physical adsorption is mild and easy to perform and usually preserve the
catalytic activity of the immobilized biocatalyst. However, the reversible nature of the interaction may cause the
leaching of the enzyme from the support.'****

On the contrary, ionic exchange interactions represent an excellent, reversible immobilization strategy that can
confer a great degree of stability, often comparable with covalently immobilized systems."**

The affinity immobilization is based on the genetic modification of the enzyme with a binding element (an affinity
protein, a discrete protein domain, or a peptide tag, usually fused on the N- or C- terminal end), which attaches
to a matrix displaying the complementary affinity ligand or a transition metal salt. The latter one binds by
coordination the enzyme element. The specificity of the affinity interaction promotes the desired orientation of
the enzyme.9%99103

The concept of irreversible immobilization means that once the biocatalyst is attached to the support, it cannot
be detached without destroying either the biological activity of the enzyme or the support. Irreversibly
immobilized enzymes are typically more stable under different extreme conditions, such as temperature or
organic solvents, compared with their free, non-immobilized counterparts.'*3

One of the most common procedures of irreversible enzyme immobilization is the covalent coupling, that can
greatly improve the operational performance and cost-effectiveness of biocatalytic processes thanks to the stable
interaction between the support and the biocatalyst. A wide variety of reactions have been developed depending
on the functional groups available on the carrier, which frequently involve the following side chains of the amino
acids: lysine (e-amino group), cysteine (thiol group), aspartic and glutamic acids (carboxylic group) giving rise to
enzymes linked to the support through amide, ether, thioether, or carbamate bonds.%*'°3

Enzymes attached covalently by disulfide bonds to solid supports are instead reversibly immobilized. Indeed, this
bond can be broken by reaction with a suitable agent like dithiothreitol (DTT) under mild conditions. Additionally,
since the reactivity of the thiol groups can be modulated by changing the pH, the activity yield of the methods

involving disulfide bond formation is usually high, provided that an appropriate thiol-reactive adsorbent with

high specificity is used.%®
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Immobilization of enzymes that generate insoluble, active catalysts, in the absence of a physical support by simply
forming enzyme aggregates (CLEAs) or enzyme crystals (CLECs) via cross-linking of enzyme units, is also
included in the irreversible chemical methods.*®

Many methods, sometimes specific for a given support or enzyme have been developed. However, no single
method and support is the best for all enzymes and their various applications. This is because of the widely
different chemical characteristics and composition of enzymes, the different properties of substrates and

products, and the various uses of the product.?®

1.9 FLOW BIOCATALYSIS

With the growing interest in biocatalysis, a number of complementary technologies have arisen for the
development of intensified, more environmentally sustainable and industrially relevant biocatalytic processes. In
particular, there is growing interest in performing enzyme-catalyzed transformations in continuous flow, where
the concept of “continuous flow” defines a very general range of chemical processes that occur in a continuous
flowing stream."**

More in details, the continuous flow system begins with a fluid containing starting material, which is pumped
through a reactor in a continuous manner to yield a stream of product. A pump (or series of pumps) injects the
solution(s) into the reactor.'*>

The biocatalytic vessel may be a packed bed reactor (PBR), a flow coil, a microfluidic device, a membrane or a
wall-coated reactor. The packed bed reactors are the most used type of flow reactor by reason of easy-handling
and high stability. They consist of a tube filled with particulate biocatalyst (immobilized enzyme or cells) that
remains in a fixed position while the reaction medium flows inside the column to form a continuous liquid phase
between the particles. The latter ones are suspended and move constantly, consequently the clogging of the bed

and the poor distribution of the flow are avoided.*®

The main components of a continuous flow system for biocatalytic reactions are shown in Figure 16.
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Figure 16. Continuous flow biocatalytic reactor.

Flow biocatalysis may be performed using whole-cells, immobilized enzymes or free enzymes. Immobilized
enzymes are mostly chosen for flow biotransformations because the downstream processes are simpler and the
reaction is performed faster than using whole cells, for the high specificity of previously purified biocatalyst.
Immobilized enzymes are retained and reused unlike free enzymes, and the lifetime is longer owing to the greater
stability of immobilized enzymes towards denaturing agents.'*>°°

Flow processing has the potential to accelerate biotransformations due to enhanced mass transfer, with a
substantial decrease in reaction time, from hours to a few minutes, and an improvement in space-time yield, with
increases of up to 650-fold as compared to batch processes. In addition, the continuous flow reactors permit to
control and optimize parameters in real-time, like temperature and flow rate, in order to maximize the efficiency
of the biocatalytic reaction and minimize the generation of waste. Biocatalysis combined with flow chemistry has
also the advantage to avoid harsh mixing with subsequent increased biocatalyst stability and promote extensive
application in cascade reactions. Moreover, many strategies are available with the aim to separate the product
from the starting materials, so that the first one is effectively recovered and in-line purified, while the last ones
can be recycled for several consecutive biotransformations, leading to a more efficient process. Besides, analytical

techniques have been also interfaced with flow reactors to monitor the progress of the reaction in real time and

adjust conditions for an improved productivity.'*4'°®
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Continuous flow biocatalysis is highly developed with well-established guidance on the potential advantages and

challenges to implementation.'** There are many examples of immobilized enzymes application in flow processes

for the synthesis of pharmaceutical motifs and high-value molecules. As more enzymes become commercially

available, the push towards greener and more cost-effective biotransformation's will increase, and continuous

flow biocatalysis will rapidly expand and diversify over the next few years.
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2. AIMS AND OBJECTIVES

The current thesis work focuses on the development of diverse systems, which allow for the application of
combined biocatalysts on specific reactions. The final purpose of each optimized cascade biotransformation is
summarized as follows:

1. The production of high valuable acrylate derivatives, which are extremely important building blocks to
generate polymers and various products. Since the current industrial manufacture employs fossil based
starting materials, an enzymatic reaction would be promising to obtain these compounds in a sustainable
and alternative way. Suitable candidates are MIO-dependent aromatic amino acids ammonia lyases.

2. The determination of high levels of ammonia in solution, which might be essential in many situations,
as to analyze bioreactions forming this molecule (usually by-product), to assess the quality of water
samples, to monitor the ammonia levels in body fluids. In this regard, ammonia is known to be harmful
for aquatic life or humans. An enzymatic tool consisting of a glutamate and a formate dehydrogenase
would be of high interest, not only for the ammonia quantification but also for its removal in order to
prevent toxicity or to enhance a slow bioreaction by depleting the by-product. Besides, the co-
immobilization of the two biocatalysts would provide a reusable and more stable tool.

3. The development of a fusion protein, which genetically combines the two former enzymes in one
bifunctional biocatalyst. In this way, the closer location of the active sites would increase the efficiency,
while the simplified preparation (expression, purification, immobilization) would impact on the
sustainability of the process with reduced costs and time spent for the manipulation of one enzyme
instead of two. The comparison between the co-immobilized wild type enzymes and the engineered
fusion protein gives the opportunity to choose the most efficient system for the ammonia treatment.

4. The evaluation of the optimized tool offered by the fusion of two proteins, by changing the glutamate
dehydrogenase domain. In this context, the effective benefit of the alanine dehydrogenase in combination
with the formate dehydrogenase has been already demonstrated as coupled system in the transaminase
reaction. Nonetheless, their low stability in reaction conditions translates for the need of further
optimization, considering that the immobilization did not provide any improvement. Consequently, the
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creation of a second bifunctional enzyme would allow for testing the versatility of the fusion protein
system and at the same time, improving the tool assisting the transaminase.

The sustainable production of the active compound danshensu, which owns excellent properties but
cannot be exploited in the medical field because of the excessive price. Therefore, the implementation of
a biocatalytic cascade reaction for its conversion starting from a low-cost substrate would offer an
alternative method for the application in industrial manufacture. This tool involves a phenylalanine
ammonia lyase, a phenylalanine dehydrogenase and a novel hydroxy phenyl pyruvate reductase, that is

accurately selected and then characterized for the first time.
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3.1 MATERIALS

Qs High-fidelity DNA polymerase, 5x Qg reaction buffer, dNTPs, 5x Q5 high GC enhancer, Gibson assembly
cloning kit, nuclease-free water, restriction enzymes (Dpnl, BamHI, Sacl, EcoRI), CutSmart buffer, unstained
protein standard (broad range 10-200 kDa) and 6x gel loading dye purple were purchased from New England
Biolabs (NEB). HyperLadder 1 kb was acquired from Bioline. Primers were synthetized by Microsynth.
Nicotinamide adenine dinucleotide >98% (reduced form) disodium salt (NADH), nicotinamide adenine
dinucleotide >97% free acid (NAD*), Nicotinamide adenine dinucleotide phosphate reduced tetrasodium salt
(NADPH) and B-Nicotinamide adenine dinucleotide phosphate sodium salt (NADP*) were obtained from Apollo
Scientific.

LB broth, LB broth with Agar, imidazole, ampicillin sodium salt, kanamycin sulfate, sodium chloride, sodium
hydroxide, tris base, sodium borohydride, SYBR Safe DNA gel stain, agarose, GeneJET Plasmid Miniprep kit,
GeneJET Gel Extraction kit, N,N,N',N'-tetramethylethylenediamine, bromophenol blue, magnesium sulphate,
potassium iodide, polyethyleneimine 50% aq. (solution branched MN 60,000), acetonitrile, isopropanol,
chloroform were bought from Fisher Scientific.

Yeast extract, N-Z-amine, glycerol, D-sorbitol, potassium phosphate dibasic and monobasic, ammonium sulfate,
a-lactose monohydrate, isopropyl B-D-thiogalactoside, glycine, glucose, ethylenediaminetetraacetic acid, calcium
chloride, magnesium chloride hexahydrate, nickel (II) chloride hexahydrate, cobalt (I) chloride, copper (II)
chloride dihydrate, iron (III) chloride hexahydrate, manganese (II) chloride tetrahydrate, sodium selenite, sodium
molybdate, zinc sulfate heptahydrate, L-alanine, sodium pyruvate, L-phenylalanine, a-ketoglutaric acid, glutamic
acid, 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, 9-Fluorenylmethoxycarbonyl chloride, dithiothreitol, trifluoroacetic acid,
iminodiacetic acid, ethylenediamine, picrylsulfonic acid, bovine serum albumin protein standard (2 mg/vial),

4,4,4-trifluorocrotonic acid, 2-amino-4-pentenoic acid, 2,4-pentadienoic acid, t-cinnamic acid, methyl
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chloroformate, L-dopa, caffeic acid, sodium phenylpyruvate, 3-Aminophenylboronic acid, 4-Mercaptophenyl
boronic acid were acquired from Sigma Aldrich.

3-(3,4-dihydroxyphenyl)-2-oxopropanoic acid, (R)-3-(3,4-dihydroxyphenyl)-2-hydroxypropanoic acid, 3-(4-
hydroxyphenyl)-2-oxopropanoic acid, 2-Hydroxy-3-(4-hydroxyphenyl) propanoic acid, L-3-phenyllactic Acid, (R)-
2-hydroxy-3-phenylpropanoic acid were purchased by BLD pharma.

Enzyme carrier ReliSorb EP400/SS was kindly donated by Resindion S.R.L., while Lifetech ECR8204F,
ECR8304F, ECR8285 were gently provided by Purolite Ltd.

Ammonium formate, ammonium chloride and ethanol absolute were acquired from VWR, while hydrochloric
acid (37%) and sulfuric acid (96%) from Fluka. Formic acid was bought by Hanseler.

All other reagents were of analytical grade unless otherwise specified.

Plasmids of PALs were supplied by Prof. N. J. Turner (University of Manchester), while plasmid of glutamate
dehydrogenase (CsGlutDH-pTac85) was given by Dr. M. A. Sharkey (University of Nottingham). The plasmid of

MpHPPR was ordered through GenScript.

3.2 GENERAL METHODS

3.2.1 Culture mediums

LB medium: 25 g/L of pre-mix LB powder dissolved in dH,O. 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 dH.O. 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), (NH,).SO, 1M
(25 mL/L), KH,PO, 1M (50 mL/L), K.HPO, 1M (50 mL/L) was firstly autoclaved. Then MgSO,, 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 dH,O) were added in sterile conditions. Trace elements solution contains
FeCl, (50 mM), CaCl, (20 mM), MnCl, (10 mM), ZnSO, (10 mM), CoCl, (2 mM), CuCl, (2 mM), NiCl, (2 mM), HCI

(60 mM), Na,MoO, (2 mM), Na,SeO, (2 mM) and H;BO; (2 mM).
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TB medium: N-Z amine (12 g), yeast extract (24 g), glycerol (5 g), K.HPO, (2.2 g) and KH,PO, (9.4 g) and distilled
H.O (1L).
SOB medium: N-Z amine (5 g), yeast extract (1.25 g), NaCl (0.25 g), KCI (0.05 g), MgCl, 6H20 (0.5 g), MgSO,

6H.0 (0.6 g) and distilled H,O (250 mL).

3.2.2 Chemically competent cells preparation

A single colony of E. coli of the desired strain was inoculated into 50 mL of LB media and grown at 37°C and 150
rpm to an ODso, of approximately 0.4. The culture was then placed on ice for 30 minutes and subsequently
harvested by centrifugation at 3000 g for 15 minutes at 4°C. The supernatant was discarded, and the cell paste
was resuspended in 50 mL of an ice-cold 100 mM magnesium chloride solution. After harvesting by centrifugation
at 2000 g for 15 minutes at 4°C and then discarding the supernatant, the pellet was resuspended in 25 mL of an
ice-cold solution of 100 mM calcium chloride and incubated on ice for 30 minutes. After centrifuging (2000 g, 15
minutes, 4°C), the pellet was resuspended in 0.5 mL of an ice-cold solution containing 85 mM calcium chloride

and 15% (v/v) glycerol. Finally, 40 pL were aliquoted in 1.5 mL microcentrifuge tubes and stored at -80°C.

3.2.3 Electro competent cells preparation

A single colony of E. coli of the desired strain was inoculated into 50 mL of LB media and grown at 37°C and 150
rpm to an ODgo, of approximately 0.4. The cells were chilled on ice for 30 minutes and then harvested by
centrifugation at 3000 g for 15 minutes at 4°C. The pellet was then carefully resuspended in ice-cold sterilized
water followed by centrifugation (3000g, 15 minutes at 4°C). The wash step was repeated with 25 mL of water
and then 15 mL of glycerol 10% (v/v) in water. The pellet was finally resuspended in 0.5 mL of the same solution

as the previous step and 50 pL were aliquoted in 1.5 mL microcentrifuge tubes and stored at -80°C.

3.2.4 Agarose gel preparation

DNA assay gel electrophoresis was performed using an agarose concentration of 0.8% (w/v). The solution was
made by dissolving agarose powder (0.32 g) in 40 mL of TAE buffer by heating it in a standard microwave until
the solution was completely clear. When the temperature was low enough without leaving it solidify, 2 pL of SYBR

safe DNA gel staining were added. The solution was then loaded into the gel cassette with the rack inserted and
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left to solidify. Samples were prepared appropriately mixing them with the gel loading dye purple (6x), generally
25 uL of sample with 5 pL of dye. The rack was removed, TAE buffer poured into the gel cassette and samples
loaded in the wells. The DNA ladder was also added. The electrophoresis was conducted at 75 V and 150 mA for

50 minutes. A UV lamp was then employed to visualize the DNA bands in the gel.
3.2.5 Transformation of competent E. coli cells

Transformation of chemically competent cells was performed by adding 0.5-1 pL (100 ng) of the plasmid to a
microcentrifuge tube containing 40 pL of the chemically competent cells. The competent cells were left on ice for
30 minutes and after that, the sample was heat-shocked at 42°C for 9o seconds. The sample was then cooled on
ice for 5 minutes and 250 pL of either SOB or LB media was added to the tube. The cells were then left to grow
for 1h at 37°C (150 rpm). Then, 50-150 pL were spread onto a LB-agar plate containing the appropriate antibiotic,
where the cells were grown overnight at 37°C. For the electroporation, 1 pL of plasmid was added to 50 pL of
electrocompetent cells and then transferred into an ice-cold electroporation cuvette. Cells were electroporated at
1.8 KV for approximately 5 ms, followed by the addition of 350 pL of SOB media immediately after. Cells were
transferred to a 1.5 pL microcentrifuge tube and left to grow for 1 hour at 37°C (150 rpm). Around 150 pL were

spread onto a LB-agar plate containing the appropriate antibiotic, where they were grown overnight at 37°C.
3.2.6 Protein overexpression

A volume of 5 mL of LB media supplemented with appropriate antibiotic (100 pg/mL ampicillin or 50 pg/mL
kanamycin) was firstly inoculated with a single colony taken from the LB-agar plate where competent cells where
previously transformed. The starting culture was then incubated overnight (37°C, 250 rpm) and an aliquot was
diluted 1:100 in LB or TB media (300 mL), containing suitable antibiotic, to be incubated at 37°C, while shaking
(150 rpm) until ODso, reached approximately 0.6. After that, cells were cold-shocked for 30 minutes, then induced
with 0.1-1 mM of IPTG and left to grow overnight at a specific temperature (see Table 1 for details).

Cells were harvested by centrifugation (4500 rpm, 20 minutes, 4°C) and the supernatant was accurately removed.

Dry cell pellet was stored at -20°C until needed.
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When ZYP-5052 autoinduction media was employed, 300 mL of the medium containing the appropriate antibiotic
were inoculated with a single colony and grown at 37°C, 150 rpm. After 8 hours, the culture was cold-shocked for
30 minutes and then incubated overnight at a specific temperature (see Table 1 for details).

Cells were harvested by centrifugation at 4500 rpm for 20 minutes at 4°C and dry cell paste was stored at -20°C.

Table 1. Expression conditions for each protein in use.

Plasmid Temperature
Enzyme Expression Media Antibiotic
Backbone after induction
AvPAL pET16b Autoinduction ZYP 20°C Ampicillin
RgPTAL pET16b Autoinduction ZYP 20°C Ampicillin
CsGluDH pTac85 Autoinduction ZYP 30°C Ampicillin
CsGluDH
pRSETDb Autoinduction ZYP 30°C Ampicillin
(His-tagged)
CbFDH pET28b Autoinduction ZYP 25°C Kanamycin
HeAlaDH pRSETb TB + 1 mM IPTG 30°C Ampicillin
Fusion Protein
pET28b LB + 0.1 mM IPTG 20°C Kanamycin
Hiss-FDH-GluDH
Fusion Protein
pET28b LB + 0.1 mM IPTG 20°C Kanamycin
Hiss-FDH-AlaDH
Fusion Protein
pET28b LB + 0.1 pM IPTG 16°C Kanamycin
AlaDH-FDH-Hise
BsPheDH pRSETDb Autoinduction ZYP 25°C Ampicillin
MpHPPR pET15b Autoinduction ZYP 25°C Ampicillin
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3.2.7 Protein purification

For cell lysis, frozen cell pellet was thawed on ice and resuspended in loading buffer (see Table 2 for details),
around 2 mL per gram of dry cells. The resulting suspension was sonicated to disrupt cells, using 5 seconds pulse
on, 10 seconds off for minimum 8 minutes, with 40-60% amplitude. Cell debris was removed by centrifugation
(14500 rpm for 45 minutes at 4°C) to yield a cell-free extract which was filtered through a syringe filter with a
0.45 [Um pore size.

For purification, the cell lysate containing crude protein was loaded onto a His-trap FF crude Ni-affinity column
on the AKTA start Protein Purification System running UNICORN start software with Frac3o fraction collector,
all from GE Healthcare. The column was firstly equilibrated with loading buffer, then loaded with crude extract,
washed with loading buffer (10 column volumes), followed by an isocratic step with 10% elution buffer/ 90%
loading buffer (10 column volumes) to remove any non-specific proteins bound onto the column. Recombinant
proteins are finally eluted with 100% elution buffer (see Table 2 for details) in 1 mL fractions. Fractions containing
purified protein were dialyzed at 4°C with mild stirring, using a cellulose membrane (14 kDa MWCO Sigma
Aldrich) inserted in 800 mL of storage buffer. A first dialysis stage was left to run for 1 hour, then the buffer was
changed with a fresh one, that was left for a couple of hours, and finally the proteins were dialyzed overnight
with a third fresh buffer. The day after, proteins were identified by SDS-PAGE and analyzed to determine the

recovered concentration.

Table 2. Purification conditions for each protein in use.

Enzyme Loading Buffer Elution Buffer Storage Buffer
50 mM potassium 50 mM potassium
phosphate buffer pH 8.0, phosphate buffer pH 8.0, 50 mM borate
AvPAL
300 mM Na(l, 300 mM Na(l, pH 8.3
20 mM imidazole 300 mM imidazole
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50 mM potassium

phosphate pH 7.5, phosphate pH 7.5, 50 mM borate
RgPAL
300 mM NaCl, 300 mM NaCl, pH 8.5
30 mM imidazole 300 mM imidazole
50 mM potassium 50 mM potassium
phosphate pH 7.5, phosphate pH 7.5, 50 mM potassium
CsGluDH
100 mM NaCl, 100 mM NaCl, phosphate pH 7.5
30 mM imidazole 300 mM imidazole
25 mM potassium 25 mM potassium
phosphate pH 7.0, phosphate pH 7.0, 25 mM potassium
CbFDH
100 mM NaCl, 100 mM NaCl, phosphate pH 7.0
30 mM imidazole 300 mM imidazole
50 mM potassium 50 mM potassium
phosphate pH 8.0, phosphate pH 8.0, 50 mM potassium
HeAlaDH
100 mM NaCl, 100 mM NaCl, phosphate pH 8.0

30 mM imidazole

300 mM imidazole

Fusion Proteins

50 mM potassium
phosphate pH 7.5,
300 mM NaCl,

30 mM imidazole

50 mM potassium
phosphate pH 7.5,
300 mM NaCl,

300 mM imidazole

50 mM potassium

phosphate pH 7.5

BsPheDH

50 mM potassium
phosphate pH 7.5,
100 mM Na(l,

30 mM imidazole

50 mM potassium
phosphate pH 7.5,
100 mM NaCl,

300 mM imidazole

10 mM potassium

phosphate pH 8.0,

5 mM 2-mercaptoethanol
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50 mM potassium 50 mM potassium
phosphate pH 7.0, phosphate pH 7.0, 50 mM potassium
MpHPPR
300 mM NaCl, 300 mM NaCl, phosphate pH 7.0
30 mM imidazole 300 mM imidazole

3.2.8 Purification of pTac-85 CsGluDH (without His-tag)

Pellet obtained by harvesting cells were resuspended with 100 mM potassium phosphate buffer pH 7.5 and
sonicated to disrupt cells. Cell debris was removed by centrifugation and the proteins contained in the cell-free
extract were then precipitated with 70% saturation of (NH,).SO,, by leaving the salt in the solution for 2 hours at
4°C while mildly stirring. Afterwards, the solution was centrifuged for 20 minutes at 4500 rpm, the supernatant
discarded, and the precipitate was resuspended with buffer to perform three dialysis at 4°C in 100 mM potassium
phosphate buffer pH 7.5.

Specific activity was found by combining 25 mM NH,CI as ammonia source, 25 mM a-ketoglutaric acid and 0.1

mM NADH.

3.2.9 SDS-PAGE preparation and execution

The 12% polyacrylamide resolving gel was prepared and loaded in between two glasses pieces. When the
polymerization occurred, the stacking gel was loaded in combination with a rack to shape the wells. In the
meantime, samples were diluted with 2x loading dye and heated at 9o°C for 10 minutes. After the two layers of
gel were polymerized, running buffer was poured into the gel holder, and each gel well was filled with 5-10 pL of
sample, included one containing the protein ladder (unstained protein standard, broad range 10-200 kDa). The
assay was run at 300 mV, 30 mA in SDS running buffer for around 8o minutes and then the gel was stained with

Instant Blue (Expedeon®) or Coomassie blue staining.

3.2.10 Cloning of CsGluDH - pRSETb

The GluDH gene (pTac85-CsGluDH) was cloned into pRSETb vector that contains a poly-histidine tag. The

primers listed in Table 3 were designed for the PCR.
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Table 3. List of primers and their specifications.

GC

Entry Primer Name Sequence Length "l;m content Secondary
[bp] [°C] structure
[%]
1 Fwd_HisTag-GluDH = GCATTCGGATCCGATGAGCAAGTATGTTGACAGAG 35 79.4 48.6 Weak
2 Rev_HisTag-GluDH GACTTCGAATTCTTACCAAGCAATGCCCTGAG 32 75.7 46.9 Very weak

The restriction sites BamHI and EcoRI were employed for the cloning. The DNA was amplified by PCR using Q5
High Fidelity DNA Polymerase and following the procedure recommended by the supplier. After the
thermocycling step, the sample was loaded to a 0.8% (w/v) electrophoresis agarose gel and the DNA fragment
was purified with the GeneJET Gel Extraction kit. The purified PCR product (DNA insert) was digested by BamHI
and EcoRI restriction enzymes, incubating the reaction mixture at 37°C for 60 minutes. The same was done for
the vector. The insert fragments and the backbone of pRSETb were purified as described before and subjected to
ligation using T4 Ligase. The reaction was left overnight at 16°C, followed by ethanol precipitation using sodium
acetate as salt.

The CsGluDH-pRSETb plasmid was transformed in electrocompetent E. coli XL.10-GOLD cells. A single colony
was grown in 5 mL LB supplemented with ampicillin for an overnight to propagate the plasmid, to be then
collected using the GeneJET Plasmid Miniprep kit. The obtained purified plasmid was sent for sequencing to

confirm the success of the cloning.
3.2.11 Genetic construction design of fusion proteins

The primers in Table 4 were designed for gene cloning of GluDH-FDH fusion protein.

Table 4. List of primers and their specifications.

Primer Length Tm  GC  Secondary
Entry Name Sequence [bp] [°C] [%] structure
Fwd_Linker-
1 W GIu]l)Her GGCGGTGGTGGCAGCGCTAGCATGAGCAAGTATGTTGACAG 41 88 59 Moderate
Rev_GluDH-
2 PET28b TGGTGGTGGTGCTCGAGTTTGAGCTCTTACCAAGCAATGCCCTGAG 46 88 54 Strong
Fwd_GluDH-
3 PET28b CTCAGGGCATTGCTTGGTAAGAGCTCAAACTCGAGCACCACCAC 44 86 55 Strong
Rev_FDH-
4 Linker GCTAGCGCTGCCACCACCGCCGGATCCTTTTTTATCGTGTTTAC 44 87 55 Moderate
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The gene of the recombinant GluDH-FDH fusion protein was developed using the pET28b plasmid as backbone.
A linker was implemented between the two protein domains and four restriction sites were included in specific
positions of the DNA sequence (EcoRI, BamHI, Nhel, Sacl).

The primers in Table 5 were designed for gene cloning and site-directed mutagenesis of AlaDH-FDH fusion
proteins. The gene of the two fusion proteins was developed using the pET28b plasmid as backbone and a linker

was included between the two domains. The four restriction sites were added as for the previous case.

Table 5. List of primers and their specifications.

Length Tm GC  Secondary

E Pri N S-3

ntry rimer Name Sequence (5’ - 3") [bp] ] [%] structure
Fwd_Linker-

1 W AIag;I e GTGGTGGCAGCGCTAGCATGAAGATCG 27 78 59 None
Rev_AlaDH-

2 e;]ET;Sb CGAGTTTGAGCTCTCAGCCGATCAAGC 27 76 36 Weak
Fwd_AlaDH-

3 WpﬁTsz CTTGATCGGCTGAGAGCTCAAACTCGAGCACCACCAC 37 84 57 Strong
Rev_FDH-

4 Linker GCTAGCGCTGCCACCACCGCCGGATCCTTTTTTATCGTGTTTAC 44 87 55  Moderate

5 Fwd_A6242C CGGTAAACACGATAAAAAATCAGGATCCAAACTCGAGCACC 41 80 44 Weak

6 Rev_A6242C TACGCTTTCGTCACATATTCGCCATTCAGCAGAATG 36 80 44 Weak

7 Fwd_AlaDH ATGAAGATCGCCGTGCCGAAGGAAATCAA 29 79 48 Weak
Rev_AlaDH Very

8 . GCTAGCGCTGCCACCACCACCGGAGCCGATCAAGCTGGCGGCTTC 45 95 69

Linker strong

Fwd_Linker-

9 FDH GGTGGTGGTGGCAGCGCTAGCCATATGGAATTCAAAAGATC 41 84 51 Strong
Rev_pET28b-

10 AlaDH CCTTCGGCACGGCGATCTTCATGCTGCTGCCCATGGTATATC 42 88 57 Strong

For the development of the AlaDH-linker-FDH-(Hiss-tag-C) construct, the vector FDH-pET28b was firstly
mutated in a single position (6242 bp) where the stop codon is located. For the purpose, a Q5 site-directed
mutagenesis kit (New England Biolabs) was employed following the protocol given by the supplier. The designed

primers are listed in Table 5, entry 5 and 6.
3.2.12 DNA amplification: PCR of the insert

As for the cloning of the GluDH-FDH fusion protein, primers 1 and 2 (Table 4) were employed to amplify the

insert, which is displayed in Figure 1. The DNA template was the plasmid of the pRSETb-CsGluDH.
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As for the cloning of His-FDH-AlaDH, primers 1 and 2 (Table 5) were used for insert amplification. Instead,
primers 7 and 8 were used for the development of AlaDH-FDH-His. In both cases, the DNA template was the
plasmid of the AlaDH in pRSETb.

The reaction components were mixed with the conditions suggested by the supplier of the Q5 Polymerase and

then, the thermocycling was run following a TOUCH-UP PCR protocol.

Fwd Primer 5’ GGCGGTGGTGGCAGCGCTAGC ATGAGCAAGTATGTTGACAG 3'

)

982139

Rev Primer 5’ GAGCTC TTACCAAGCAATGCCCTGAG 3’

T
Sacl

Figure 1. PCR of the insert for the GluDH-FDH fusion protein.

The annealing temperature of the first 10 cycles was programmed as a gradient increase per cycle (1°C ramp),

th

starting from a temperature of 58°C in the first cycle to then reach 68°C in the 10" cycle. The annealing

temperature of the next 20 cycles was configured as 68°C.
3.2.13 DNA amplification: PCR of the vector

Primers 3 and 4 (Table 4) were added to the reaction mixture to run the PCR of the vector for the cloning of the
GluDH-FDH fusion protein (Figure 2). Primers 3 and 4 (Table 5) were added to the reaction mixture to run the
PCR of the vector for His-FDH-AlaDH cloning. Similarly, primers 9 and 10 were used for AlaDH-FDH-His
development.

The reaction was done with the components suggested by the supplier, where the added DNA template was the

plasmid pET28b-CbFDH in all the three cases.
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Figure 2. PCR of the vector.

The mixed solution was placed in a thermocycler and a TOUCH DOWN PCR was run. In this case the annealing
temperature of the first 10 cycles was gradually decreasing (1°C ramp), while the annealing temperature of the

last 20 cycles was configured at 58°C.
3.2.14 Digestion with DpnI

The restriction enzyme Dpnl was added in a volume of 1 pL to the PCR tube containing the 50 pL solution of

amplified DNA. A further neutralization step was run by incubating the samples at 80°C for 10 minutes.
3.2.15 Gibson assembly

The insert and the vector were analyzed using absorbance measurements at wavelengths of 260 nm and 280 nm.
The Az60/Ass0 ratio provided a rapid indication of nucleic acid concentration in ng/pL. The results were
overestimated, because of the presence of interfering components. Therefore, an approximation was done to then
calculate the concentration in pmols (calculations were done as described in the manual provided by the supplier).
Similarly, the reaction mixture was prepared according to the supplier recommendations for a total volume of 10
uL. The samples were placed in a thermocycler and incubated at 50°C for 60 minutes. The Gibson Assembly
enables to incorporate the insert to the vector by combining the overlapping extremities of the DNA fragments in

a single-tube isothermal reaction. This method works through three different enzymes (Figure 3):
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overlapping fully assembled
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Gibson Assembly DNA
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Figure 3. Overview of the Gibson Assembly method.

- The exonuclease, that creates single-stranded 3 overhangs to facilitate the annealing of fragments that share
complementarity at one end.

- The polymerase, that fills in gaps within each annealed fragment.

- The DNA ligase, that seals nicks in the assembled DNA.

Both the insert and the vector contained overlapping areas that were going to anneal in the Gibson assembly, as

shown in the Figure 4.

PCR product / DNA fragment
INSE

PCR product / DNA fragment
VECTOR

Hﬁg

pET28b

Figure 4. Overlapping areas of insert and vector DNA for GluDH-FDH fusion protein.
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A previous step of Dpnl digestion with further heat-inactivation as well as sample refinement with the PCR
purification kit were done before the assembly of the HeAlaDH with the vector containing the CbFDH sequence.
After completing the Gibson Assembly of His-FDH-AlaDH gene, the assembled product was transformed and the
grown colonies were subjected to PCR. The amplification was done using the T7 promoter as forward primer and
T7 terminator as reverse primer. All the amplified genes were loaded to an agarose gel for a larger screening and
the colony related to the sample showing a 2.5 Kb size was chosen for plasmid propagation, sequencing and
further studies.

Regarding the AlaDH-FDH-His, one colony was taken after transformation of the assembled product into E. coli

DHsa, which was directly used for plasmid replication, isolation and sequencing.
3.2.16 Optimization of fusion proteins overexpression

A first screening of different growth conditions was performed by pouring 1 mL of an overnight cell culture
prepared with a single colony in 5 mL of LB media (kanamycin 50 mg/mL) to 50 mL of LB broth supplemented
with kanamycin, using 250 mL Erlenmeyer flasks. The cultures were then incubated at 37°C with 150 rpm
shaking. When the ODso, reached 0.5-0.6, the flasks were cold-shocked and then induced with different
concentrations of IPTG (0.1, 0.5 and 1.0 mM final concentrations). These three conditions were tested at 20 and
37°C. Moreover, 1 mL of the starting culture was added to 50 mL of autoinduction media containing kanamycin,
thereafter the cells were left to grow at 37°C for 6 hours, cold-shocked and incubated at 20°C.

After the overnight, the grown cultures were harvested by centrifugation. From the cell pellet of each sample, 100
mg were taken and resuspended in 1 mL of buffer. Then, 800 pL of the mixture were poured in a microcentrifuge
tube and sonicated (6 minutes of 5 seconds on, with 5 seconds off, 30% amplitude). The disrupted cells were
centrifuged (14500 rpm for 45 minutes at 4°C) and the supernatant was separated from the insoluble fraction.
The crude extracts were also submitted to two activity assays, one to assess the activity of glutamate
dehydrogenase and one to determine the enzymatic activity of formate dehydrogenase. For this purpose, a 96-
well plate was filled with 1.5 pL of diluted crude extract and 236 pL of substrates solution (see next paragraph for

conditions).
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Following tests related to AlaDH-FDH-His expression were done with LB as medium, while the IPTG
concentrations were reduced to 0.01 and 0.0001 mM (overexpression at 16°C). In one case, the heat shock was
performed at 47°C with 30 minutes incubation of the flasks inside a water bath and in a second case, the LB media

was supplemented with 94 g/L of D-sorbitol.

3.2.17 HeWT preparation

The enzyme expression, purification and characterization was done following previously published protocols."*
3.2.18 Protein quantification

The protein concentration has been determined through the Bradford assay.

The analysis was performed in a 96 well plate, where 5 pL of the sample were mixed to 250 pL of Bradford
reagent. After incubating it for 5 minutes at room temperature, the absorbance value was measured at 595 nm.
The protein concentration was calculated by creating a calibration curve with assayed samples of bovine serum
albumin (BSA) having known concentrations ranging from 0.1 to 1.4 mg/mL. Samples with unknown protein
quantity were prepared with different dilution factors in order to choose the results given by values included in
the range. For specific proteins, the concentration was determined by measuring its absorbance at 280 nm, using
molar extinction coefficients and molecular weights: 24,500 M™ cm™ and 42 KDa for HeAlaDH, 51,465 M™ cm™
and 43 KDa for CbFDH, 74,260 M™ cm™ and 82 KDa for the AlaDH and FDH fusion proteins. For BsPheDH, the

following molar extinction coefficient was used: 11.7 x 10 g”" mL cm™.
3.2.19 Size Exclusion Chromatography (SEC)

The purified fusion protein was applied to a gel filtration column (Superdex 200 10/300 GL, GE Healthcare),
which was equilibrated with buffer (50mM Tris/HCl, 150mM NaCl, pH 7.5) and mounted onto an AKTA Pure
instrument (GE Healthcare). The flow rate was set at 0.5 ml/min. A calibration curve was made by plotting the
elution times of the following protein standards: carbonic anhydrase (29 KDa), albumin (66 KDa), alcohol
dehydrogenase from yeast (150 KDa), 3-amylase from sweet potato (200 KDa), apoferritin from horse spleen
(443 KDa), thyroglobulin bovine (669 KDa). Blue dextran (2,000 KDa) was employed to determine the void

volume and to check column packing. The elution of the standard proteins and the sample was followed by
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absorbance readings at 280 nm. The molecular weight of the fusion protein was calculated through the elution

time fitted in the equation obtained from the calibration curve.
3.2.20 Enzyme characterization

The specific activity was calculated by following the formation or depletion of a substrate or a product at a specific
wavelength where only that analyzed compound absorbs. As far as the activity of oxidoreductases, it was assessed
by following the production or the consumption of NADH during the catalytic reaction at a wavelength of 340 nm
(€340 6.22 mM ™ cm™).

One unit is defined as the amount of enzyme which catalyzes the formation or depletion of 1 pmol of product,
substrate or cofactor per minute.

The specific activity assays were performed with BioTek Epoch 2 Microplate Spectrophotometer in acrylic 96
well-plates. The specific activity was measured in triplicate as change in absorbance per minute, which was then
transformed in change of concentration per minute using the Lambert-Beer law and the extinction coefficient of
the analyzed compound in those specific conditions. The obtained value (U/mL) was divided by the amount of
protein (mg/mL) added in the reaction mixture. Consequently, the specific activity was calculated in U/mg.

The kinetic properties of the enzyme were measured in triplicate on seven or more different concentrations of
substrate at same conditions of temperature and pH. The initial rate (mM/min) was calculated from the initial
change in OD per minute using the molar absorption coefficient calculated from a standard calibration curve. The
kinetic constants were determined by plotting concentration of the substrate versus the relative slope of
concentration per minute and then fitting a non-linear regression curve using GraphPad Prism software.? The
kinetic constants represent the activity per active site.

Kwm and Kee were estimated in the following units: mM and s™.

3.2.20.1 Activity assay of PALs

Reaction mixture was prepared with 125 pL of purified enzyme solution (adequately diluted) and 125 pL of 50
mM L-Phenylalanine solution in 100 mM borate buffer pH 8.3 (final concentration: 25 mM) at 30°C.
The activity was measured using the wavelength specific to t-cinnamic acid (300 nm, extinction coefficient 3.865

mM™ cm™).
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3.2.20.2 Activity of WT CsGluDH and WT CbFDH

Measurements of specific activity concerning GluDH were done in potassium phosphate buffer 50 mM pH 7 at
25°C using 0.3 mM NADH, 200 mM ammonium chloride, 10 mM a-ketoglutaric acid disodium salt for the
reductive amination, while 1 mM NAD* and 40 mM L-glutamic acid monosodium salt for the oxidative
deamination. The specific activity of the formate dehydrogenase was found in 25 mM potassium phosphate buffer
pH 7.5 at 25°C adding 100 mM sodium formate and 1 mM NAD".

The kinetic parameters were determined by measuring the dependence of initial rate on substrate concentration
at 25°C in potassium phosphate buffer 50 mM pH 8. For oxidative deamination reaction, glutamic acid
concentration was varied from 0.1 and 20 mM in the presence of 1 mM NAD*. For the reverse reaction, a-
ketoglutaric acid concentration was ranging between 0.05 and 20 mM at a fixed concentration of 200 mM
ammonium chloride; ammonium chloride was varied from 1 to 200 mM at 10 mM a-ketoglutaric acid. In both
cases, the concentration of NADH was 0.3 mM. The kinetic constants for the formate dehydrogenase were found
by using a range between 1 - 100 mM formate concentration at 1 mM NAD". Reactions were made in a 96-well
plate by adding the enzyme to the substrate solution (a volume of 2.5 pL containing around 5 pg/mL of enzyme
to 235 WL of substrate solution in phosphate buffer) and incubating for 10 minutes to allow the enzyme to adjust
to the environment. The measurement started after mixing the cofactor (12.5 UL with 20 mM NAD* or 6 mM

NADH) and following the absorbance at 340 nm with a plate reader.

3.2.20.3 Activity and stability of GluDH - FDH fusion protein

Each protein domain was evaluated singularly (GluDH: 10 mM a-ketoglutaric acid disodium salt and 200 mM
ammonium chloride for reductive amination, 40 mM L-glutamic acid monosodium salt for oxidative deamination,
in potassium phosphate buffer 50 mM pH 7.5; FDH: 100 mM sodium formate in potassium phosphate 50 mM pH
7.5). The assay was started by the addition of the cofactor in the reaction environment (0.2 mM of NADH or 1.0
mM of NAD* as final concentration).

The kinetic constants were found in triplicate by measuring the dependence of initial rate on substrate
concentration at 25°C in potassium phosphate buffer 50 mM (pH 8.0 for GluDH and pH 7.5 for FDH). For

oxidative deamination reaction of GluDH, glutamic acid concentration was varied from 0.1 to 10omM in the
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presence of 1 mM NAD". For the reverse reaction, a-ketoglutaric acid concentration was ranging between 0.05
and 20 mM at a fixed concentration of 200 mM ammonium chloride; ammonium chloride was varied from 1 to
200 mM at 10 mM a-ketoglutaric acid. In both cases, the concentration of NADH was 0.35 mM. The kinetic
constants for formic acid in the reaction of FDH were found by using a range between 1 and 100 mM formate
concentration at 1 mM NAD*. The cofactor affinity was also evaluated by changing the concentration of NADH
from 0.01 to 0.4 mM (10 mM a-ketoglutaric acid, 200 mM ammonium chloride) and 0.1-1.0 mM for NAD* (40
mM glutamic acid for GluDH and 100 mM formic acid for FDH). Reactions were made by adding an appropriate
amount of enzyme to the substrate solution and incubating the mixture for at least 10 min to allow the enzyme
to adjust to the environment. The measurement started after mixing the cofactor and following the change in
absorbance at 340 nm.

The stability and activity assays at different temperatures and pH were executed in triplicate by incubating the
biocatalyst solution at different temperatures (pH 7.5) or at chosen pH values (temperature 25°C) and
withdrawing samples at regular times for proceeding with specific activity assays of the fusion protein in parallel
with the original GluDH and FDH. The activity of the enzyme was also checked using the previous protocol at
several pH and temperature conditions. The reagents were prepared with the chosen pH or incubated at the
chosen temperature before proceeding with the activity tests. The results were fitted in a graph showing the trend

of the stability/activity of both glutamate and formate DH at chosen temperature or pH values.

3.2.20.4 Activity and stability of AlaDH - FDH fusion protein

Each protein domain was evaluated singularly (AlaDH oxidative deamination: 40 mM L-alanine in 100 mM
NaHCO; pH 10; 2.5 mM sodium pyruvate and 250 mM ammonium chloride in 100 mM potassium phosphate
buffer 50 mM pH 8.0 for reductive amination; FDH: 100 mM sodium formate in potassium phosphate 25 mM pH
7.5). The assay was started by the addition of the cofactor in the reaction environment (0.5 mM of NADH or 1-3
mM of NAD* as final concentration).

The kinetic constants were found in triplicate by measuring the dependence of initial rate on substrate
concentration at 25°C in the same buffers mentioned before. For oxidative deamination reaction of AlaDH, L-

alanine concentration was varied from 0.1 to 60 mM in the presence of 1 mM NAD®, while the cofactor
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concentration ranged from 0.1 to 3.0 mM (40 mM L-alanine). For the reverse reaction, pyruvate concentration
was varied from 0.1 and 4 mM at a fixed concentration of 250 mM ammonium chloride; ammonium chloride was
ranged between 10 to 500 mM at 2.5 mM sodium pyruvate. In both cases, the concentration of NADH was 0.5
mM. The kinetic constants for formic acid in the reaction of FDH were found by using a range between 2 and 135
mM sodium formate concentration at 3 mM NAD*. The cofactor affinity was also evaluated by changing the
concentration of NADH from 0.03 to 0.5 mM (2.5 mM pyruvate, 250 mM ammonium chloride) and 0.1-3.0 mM
for NAD* (40 mM alanine for AlaDH and 100 mM formate for FDH). Reactions were made by adding an
appropriate amount of enzyme, diluted in 10 pL, and the cofactor solution (10 pL) in the 96 well plates. The
measurement started after mixing the substrates (180 pL) and following the change in absorbance at 340 nm.

The stability and activity assays at different temperatures and pH were executed in triplicate by incubating the
biocatalyst solution at different temperatures (pH 7.5) or at pH values from 3 to 10 (temperature 4°C) and
withdrawing samples at regular times (2, 24, 48 hours) for proceeding with specific activity assays of the fusion
protein in parallel with the WT enzymes. The activity was checked using the previous protocols. The results were
fitted in a graph showing the trend of the stability of both alanine and formate DH at chosen temperature or pH

values.

3.2.20.5 Activity assay of BsPheDH

Reaction mixture was prepared with 10 pL of diluted enzyme solution (500-1000-fold), 10 pL of NAD* (final
concentration 2.5 mM) prepared in milliQ water and 380 pL of L-Phenylalanine (10 mM as final concentration)
in 100 mM KCI and 50 mM Gly-NaOH buffer pH 10.4 at 25°C. The activity was measured following the NADH
formation at 340 nm. When L-Dopa was used as substrate, two solutions were prepared: one with L-Dopa and 5
mM [3-mercaptoethanol in water, one with the concentrated KCl and Gly-NaOH (final concentrations 100 mM

and 50 mM respectively).

3.2.20.6 Activity assay of MpHPPR

Reactions were performed in a 2 mL Eppendorf by adding 10 pL of enzyme (diluted as needed), 100 pL of
NAD(P)H (final concentration 10 mM) in milliQ water and 890 pL of substrate (30 mM final concentration) in

potassium phosphate buffer pH 7.0 (final concentration 50 mM) and 5 mM [3-mercaptoethanol. The reaction
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mixture was incubated at 37°C, and samples were withdrawn over time to be analyzed by HPLC. The reaction

product was identified and quantified through the equation obtained with a calibration curve.
3.2.21 Assembly prediction of GluDH-FDH fusion protein by MD

In silico analysis have been performed to predict the assembly of the fusion protein, when a short peptide linker
of GSGGGGSAS is integrated between the two protein domains. The two 3D structures for GluDH (PDBid: 2YHF)
and the formate dehydrogenase (PDBid: 5DNA) were constructed using UCSF Chimera to mimic the hexameric
form, known to be the predominant with size exclusion chromatography.* After mimicking the assembly, the loop
to connect both proteins was modelled using the DaReus server.> The final PDB file has been obtained after local
minimization with openMM software, which is a toolkit for molecular simulation using high performance GPU

code.’
3.2.22 Biotransformations in batch

The enzymatic reactions were performed in a microcentrifuge tube where a 1 mL mixture was added, containing
substrate(s), cofactor (if needed) and biocatalyst in a free or immobilized form. The reaction was left in incubation
at the preferred temperature for a certain amount of time. Afterward, the reaction was stopped, and samples

were taken and analyzed in order to assess the rate conversion of the product(s).

3.2.22.1 Batch Biotransformation of aliphatic substrates with AvPAL

Reaction mixtures were prepared in borate buffer 100 mM pH 8.3 with the following components: 10-30 mM
alanine or derivative (allylglycine and 3-trifluomethyl-alanine), 30 mM a-ketoglutarate, 50 mM formate, 1 mM
NADH. For the biotransformation, 40 mg of immobilized AvPAL (5 mg/g) and, if added, 20 mg of immobilized
fusion protein (5 mg/g) were employed. The 1 mL reaction was prepared in a 2 mL Eppendorf tube, and then
incubated at 37°C, under shaking (150 rpm). The biotransformation was followed by taking samples at different

times and analyzing them analytically with the GC-FID.

3.2.22.2 Batch biotransformation using pTac-85 CsGluDH

The biotransformation was performed by using AvPAL (0.5 mg/mL) and CsGluDH (around 0.2 mg/mL) with 10

mM NADH, 10 mM a-ketoglutaric acid, 10 mM L-phenylalanine in 100 mM borate buffer pH 8.3. Two control
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biotransformations were run in parallel by using the same substrates and only one of the two enzymes. The
reaction mixtures were incubated at 30°C, while shaking, for 96 hours. Samples were taken over time, derivatized
with FMOC chloride and analyzed by HPLC. Another biotransformation was also run in the same conditions,

using 0.4 mg/mL of GluDH.

3.2.22.3 Biotransformation using soluble and co-immobilized WT GluDH and WT FDH

After co-immobilizing the two biocatalysts, the biotransformations were carried out in 1 mL reaction volume
containing 50 mM a-ketoglutarate, 200 mM ammonium chloride, 1 mM NADH, 200 mM sodium formate in
potassium phosphate buffer 50 mM pH 7.5.

The two biocatalysts were added singularly when the employed form was soluble (final concentration: GluDH 0.1
mg/mlL, FDH 0.8 mg/mL) while an amount of 20 mg of resin was inserted in the reaction environment when the
enzymes were co-immobilized (GluDH 5 mg/g and FDH 40 mg/g). Both the two biotransformations were started
by adding the cofactor, then samples were taken over time to assess the yield of conversion by derivatizing the
substrate (a-ketoglutarate) and the product (glutamic acid) with methyl chloroformate, extracting with

chloroform and analyzing through GC-FID.

3.2.22.4 Biotransformations of GluDH-FDH fusion protein

Enough free or immobilized biocatalyst was added to a 2 mL tube containing 1 mL of reaction mixture
(50/300/400 mM a-ketoglutaric acid disodium salt, 200/400/300 mM ammonium chloride, 200/400 mM
sodium formate and 1 mM NADH in 50 mM potassium phosphate buffer pH 7.5). A control without enzyme was
run in parallel. The mixture was then incubated at 37°C under agitation (150 RPM) and aliquots were taken over
time. Samples were analyzed by GC-FID after derivatization of a-ketoglutarate and glutamate with methyl

chloroformate.

3.2.22.5 Batch biotransformations of AlaDH-FDH fusion protein with HeWT

Reactions were performed with appropriate enzymes concentration, and the desired substrates. At different
times, a volume of 50 pL was quenched with 225 pL. HCl 0.2% and 225 pL of acetonitrile. These samples were

then analyzed by HPLC.
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Dialysis assisted reactions were done as previously published.”

3.2.22.6 Batch biotransformations of RgPAL

The immobilized biocatalyst was weight and added in a 5 mL glass vial. The substrate solution with 5-20 mM
caffeic acid, 5 mM 3-mercaptoethanol and 0.5-2 M ammonium salt (usually ammonium sulfate) at a chosen pH
was added in the glass vial. After appropriately sealing it, a stream of nitrogen was employed to remove all the
oxygen present in the liquid/gas environment (with a plastic balloon previously filled with the gas and connected
with the inside of the solution through a needle; a second needle was used to flow the oxygen molecules out). The
vials were also wrapped with tin foil to avoid any source of light. Samples were then incubated at 37°C with 150
rpm. After 6 or 24 hours, the glass vials were open, samples were taken and quenched with HCI/ACN to be

analyzed by HPLC.

3.2.22.7 Batch biotransformations of BsPheDH and/or MpHPPR

Biocatalyst(s) were added in soluble or immobilized form to a 2 mL tube, where L-Dopa or another substrate
(final concentration of 10 mM) was added together with 5 mM [3-mercaptoethanol and 50 mM Tris HCI buffer
pH 8.5. An appropriate amount of cofactor was inserted to start the reaction, which was then incubated at 25°C

with 150 rpm.
3.2.23 Samples preparation and analyses

When the compound under monitoring was absorbing in the UV-vis, a sample of 100 UL was withdrawn and the
reaction was simply quenched by adding 450 pL of HCl 0.2% and 450 pL of acetonitrile. The prepared sample
was then injected in the HPLC (High-Performance Liquid Chromatography) to determine the rate of conversion.
When aliphatic amino acids were analyzed, the biotransformation was followed through derivatization of the
amino group with Fmoc-Cl (9-Fluorenylmethoxycarbonyl chloride). Preparation of the samples was done adding
100 UL of the reaction mixture to 200 L of borate buffer solution (100 mM pH 9), followed by addition of 400
UL of Fmoc-Cl 15 mM in acetonitrile. After vortexing this solution, 200 pUL were taken and inserted in a vial; 400

UL of acetonitrile and 400 pL of milliQ water were incorporated to have a final volume of 1 mL inside the vial,
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that was then run in the HPLC. Standard solutions of each compound were analyzed to create calibration curves
for quantification of samples after biotransformation.

The HPLC (UltiMate 3000 UHPLC Thermo Fisher Scientific) was implemented with a C18 column (Waters X-
Bridge SPECIFICATIONS). The flow rate was left at 0.8 mL/min and the oven was set at 45°C. The samples were
run using a gradient method from 5:95 to 95:5 (milliQ water 0.1% TFA and acetonitrile) over 4 minutes.
Samples preparation for GC-FID analyses required a previous derivatization procedure using methyl
chloroformate as reagent, in combination with methanol and pyridine.® Derivatized compounds (glutamic acid
and a-ketoglutaric acid) were then extracted with chloroform and loaded to Agilent 8860 GC System with 7693A
Automatic Liquid Sampler (temperature of inlet: 250°C, FID detector: 275°C) where the column oven
temperature was initially held at 75°C for 1 minute, then increased to 200°C with a ramp of 25°C per minute and
a final hold of 4 minutes, using nitrogen as gas carrier with a flow of 6.5 mL/min and CP-Chirasil-Dex CB 25m

X 250 pm X 0.25 pm as GC column.
3.2.24 Enzyme immobilization

The chosen support was left in incubation with the enzyme solubilized in the appropriate buffer. Typically, 1 g of
support was added to 1 mL of a solution containing 1 mg of protein and incubated at room temperature under
mild agitation. When the loading capacity was increased, 1 g of support was incubated with 1 mL of solution
encompassing the desired amount of protein. The protein load is defined as the amount of protein that has been
immobilized per gram of carrier (mg/g).

Small amounts of supernatant were taken over time to detect enzymatic activity, that was compared to the activity
of the initial enzyme solution that was offered to the carrier (control sample). To better confirm the full
immobilization, the protein concentration was then checked by Bradford assay and SDS-PAGE. When the
maximum achievable yield was obtained, the support was washed.

The activity assay was performed by adding approximately 10 mg of support to a 2 mL reaction mixture
containing substrates and cofactor (if needed) and monitoring it using the same procedure as for the activity
assay of the free enzyme. The aim was to determine the expressed activity in U/g (units of enzyme catalyzing the

formation of 1 umol of product per minute per gram of support), the specific activity in U/mg (expressed activity
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divided by the amount of protein loaded to the carrier) and the recovered activity, defined as a percentage
calculated from the ratio between the specific activity of the immobilized enzyme and the specific activity of the
free enzyme. All the procedures are done at room temperature, if not otherwise stated, under mild agitation. The
washing steps are performed with deionized water. All the resins are stored at 4°C after preparation or
immobilization. Samples of supernatant, of boiled support (10 mg in 20 UL of water, 10 minutes at 99°C) and
samples of control were run in an SDS-PAGE to confirm the immobilization yield and the covalent binding of all

the subunits of the enzyme.

3.2.24.1 Activation of epoxy resin to obtain aldehyde groups

For the preparation of the support, 1 g of epoxy resin was mixed with 10 mL of 100 mM H,SO, and incubated
overnight. The support was washed with deionized water, incubated with 10 mL of 30 mM NalO, for 2 hours and

washed again.

3.2.24.2 Quantification of aldehyde groups

50 WL of the initial solution of 30 mM NalO, and 50 WL of the final solution of the same after incubation with the
support (flow-through) were assayed by adding 500 pL of KI 10% (w/v) in H,O and 500 pL of saturated sodium
bicarbonate. The absorbance at 405 nm was measured in a 96 well plate and the number of mols of NalO, that

have reacted with the diols to form the aldehydes were calculated.

3.2.24.3 Covalent immobilization on glyoxyl groups

The protein solution was prepared in 100 mM NaHCO; buffer pH 10. After washing the support with the same
buffer, the protein solution was added. After incubation, the support was washed and the Schiff bases were
reduced by incubating the support with 10 mg of NaBH,, in 10 mL of 100 mM NaHCO; pH 10 for 30 minutes at

4°C.2

3.2.24.4 Covalent immobilization on epoxy groups by first interaction with a metal

Firstly, 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 left in incubation with 5 mL of metal buffer (1 M NaCl, 5 mg/mL CoCl, in 50 mM phosphate buffer
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pH 6) for 2 hours. The support was then washed and incubated with the protein solution in phosphate buffer 50
mM pH 8.5. When immobilization occurred, the support was washed with 3 mL of desorption buffer (50 mM
EDTA, 500 mM NaCl in 50 mM phosphate buffer pH 7) to remove the metal and rinsed with deionized water.
The support was left in 4 mL blocking buffer (3 M glycine in 20 mM phosphate buffer pH 8.5) for an overnight

and then washed.™

3.2.24.5 Covalent immobilization on epoxy groups by first interaction with ethylenediamine

Firstly, 1 g of the epoxy resin was prepared by adding 6 mL of a solution made with 2% (v/v) ethylenediamine
(EDA) in 100 mM NaHCO; buffer pH 8.5. The solution was kept in contact with the support for the appropriate
length of time in order to achieve the desired number of amino groups. Typically, 2 hours were enough to obtain
a good ratio between the two functional groups. The support was then washed with deionized water, 1 M NaCl
and again with deionized water. The protein was solubilized in 5 mM phosphate buffer pH 7 and the support was
equilibrated with the same buffer before incubating it with the protein solution. When the enzyme was bound,
the support was washed with buffer and successively incubated with 1 mL of 5 mM NaHCO, buffer pH 10 for at
least 2 hours at 4°C. Afterwards, the support was washed, left in 4 mL blocking buffer (prepared as previously

described) for an overnight and washed again."

3.2.24.6 Coating of epoxy or glyoxyl resin with polyethyleneimine

A solution of 10 mg/mL of polyethyleneimine was prepared in 100 mM NaHCO; buffer pH 10. Then, 10 mL of this
solution was mixed to 1 g of support and incubated overnight. After that, the epoxy resin was washed with an
excess of deionized water and stored at 4°C, while the glyoxyl resin was both washed and incubated with 1 mg of
NaBH, in 10 mL of 100 mM NaHCO;, buffer at pH 10 for 30 minutes under gentle shaking at 4°C. The protein
solution was prepared in 5 mM phosphate buffer pH 7, the same buffer that was employed to equilibrate the

support before adding the protein. When the immobilization was obtained, the resin was washed.**3

3.2.24.7 Qualitative assay to compare the rate of amino groups functionalization

After the functionalization with ethylenediamine and after the coating with polyethyleneimine, the modified

support was qualitatively analyzed to estimate the presence of primary amines available on the surface by
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comparing the intensity of the color obtained after reacting them with picrylsulfonic acid. For the qualitative assay
with picrylsulfonic acid, an adapted version of a previously reported protocol was used.® 200 pL of 100 mM
NaHCO; buffer pH 10 were added to 20 mg of either the functionalized supports and the non-modified resin
(blank). Then, 20 pL of picrylsulfonic acid were inserted and left in incubation for 10 minutes at room
temperature under agitation. Every support was filtered, washed 3 times with 500 UL of saturated NaCl and 3
times with 500 pL of 100 mM NaHCO;, buffer pH 10.

The intensity of the color increases as the amount of the primary amino groups possessed by the support.

3.2.24.8 Cross-linking with glutaraldehyde

For the cross-linking of enzymes on PEI using glutaraldehyde as agent, an adapted version of a previously
reported protocol was used.* A solution of 0.5% (v/v) of glutaraldehyde was prepared in 5 mM potassium
phosphate buffer at pH 7.0. For 1 gram of resin, 4 mL of the solution were added and left in incubation for 2
hours, while shaking. Then, the resin was washed with an excess of the 5 mM buffer. The resin was left at room

temperature for 18 hours to achieve higher degree of cross-linking.
3.2.25 Immobilization and operational stability of WT CsGluDH and WT CbFDH

Different strategies of immobilization were chosen, using the resins ReliSorb EP400/SS (Resindion S.R.L.) and
Lifetech ECR8204F, ECR8304F, ECR8285 (Purolite Ltd.). The resins EP400/SS and ECR8204F were activated to
obtain aldehyde groups. A part of them was employed for the covalent immobilization on glyoxyl groups, while
the other part was functionalized with PEI, 60 KDa for the respective immobilization. The same epoxy resins were
also modified with IDA and cobalt, with EDA or with PEI for the relative immobilizations. The biocatalysts were
also immobilized directly to Lifetech ECR8304F and ECR8285 (protein eluted in 5 mM phosphate buffer pH 7).
All the carriers presenting amino groups were qualitatively analyzed using picrylsulfonic acid as reagent.

The immobilization yield and the recovered activity were calculated, by following the same conditions as for the
activity assays (oxidative deamination direction for GluDH).

For the co-immobilization, ReliSorb EP400/SS was firstly treated to get glyoxyl groups and after that, it was

coated with PEI 60 KDa. The two enzymes were incubated with the carrier both simultaneously and stepwise
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adding firstly GluDH and then FDH, and vice versa, to compare any difference in recovered activity. Different
amounts of enzymes as well as different ratios were loaded.

The operational stability of the immobilized biocatalysts was checked by running sequential biotransformations
in the same conditions (20 and 40 mg of resin in 1 mL solution containing 50 mM o-ketoglutarate, 200 mM
ammonium chloride, 1 mM NADH, 200 mM sodium formate in potassium phosphate buffer 50 mM pH 7.5, while
the reaction was left in incubation at room temperature for 30 minutes) to then assess the loss of conversion yield
over cycles. Samples were collected, derivatized with methyl chloroformate and analyzed by GC-FID. The rates of
conversion obtained from the two parallel sets of biotransformations were combined to give an average value of

retained activity for each cycle, which was then plotted in a graph.
3.2.26 Immobilization and operational stability of GluDH-FDH fusion protein

The EP400/SS resin was firstly activated with glyoxyl groups and then coated with PEI 60 KDa. Several protein
loadings were tested: 1, 5 and 10 mg per Gram of resin.

The immobilized protein was tested in terms of operational stability by performing consecutive
biotransformations and checking the decrease of relative rate of conversion for each cycle of reaction. The
biotransformations were prepared in 1 ml total volume containing 50 mM a-ketoglutaric acid disodium salt, 200
mM ammonium chloride, 200 mM sodium formate and 1 mM NADH in potassium phosphate buffer 50 mM pH
7.5, adding 10-40 mg of immobilized biocatalyst. The reaction was left in incubation at 37°C under agitation for

30 min, then the supernatant was taken for sample preparation and subsequent GC-FID analysis.
3.2.27 Continuous flow biotransformation

The flow reactors consisted of a R2S pumping module and a R-4 reactor heater, which were both commercially
available from Vapourtec®. The instrument was equipped with a glass heat exchanger assembled with an Omnifit
glass column (6.6 mm bore x 150 mm length), properly filled with an appropriate amount of immobilized
biocatalyst (fixed bed reactor). Reagents were mixed using a T tube before entrance to the column. The flow rate
was varied and optimized for each reaction, depending on length of bed reactor and required residence time
(length [cm] x 0.3421 = total volume [mL] / residence time [min] = flow [mL/min]). The exciting flow stream

was collected in different tubes, one for each cycle of reaction (collection time corresponding to residence time).
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The preparation and the analysis of the collected samples were based on the reacting substances, following the

protocols described in paragraph 3.2.23.

3.2.27.1 Continuous flow biotransformation of aliphatic substrates with AvPAL

Reaction mixtures were prepared in borate buffer 100 mM pH 8.3 with the following components: 15, 30 or 60
mM allylglycine or 3-trifluomethyl-alanine, 30 mM a-ketoglutarate, 50 mM formate, 1 mM NADH. For the packed
bed reactor, 1.6 g of immobilized AVPAL (10 mg/g) and 0.4 g of immobilized fusion protein (6 mg/g) were
accurately mixed. The 1 mL reaction was prepared in a 2 mL Eppendorf tube, and then incubated at 37°C, under

shaking (150 rpm). The reaction was followed by analyzing the samples of each cycle.
3.2.28 Extraction of L-Dopa with phenyl boronic acid (PBA)
The two derivatives of PBA were 3-Aminophenylboronic acid and 4-Mercaptophenylboronic acid.

3.2.28.1 Liquid-liquid extraction (LLE)

A solution of 20 mM 4-Mercapto-PBA in water (with appropriate pH adjustment) and a second one of 10 mM L-
Dopa in 2 M ammonium sulfate pH 8.5 were prepared. Equal volumes ( 500 pL) of the two solutions were mixed
in a 2 mL tube. Then, 1 mL of organic solvent was carefully added to the 1 mL aqueous solution. After mixing and
centrifuging, the two phases were separated. The solvent phase was supplemented with 1 mL of acidic aqueous
solution. After mixing and centrifuging, the water phase was collected. Samples were taken in all the LLE steps
for TLC analysis (ALUGRAM® Xtra SIL G/UV - 0.2 mm silica gel 60 with fluorescent indicator) with ethyl acetate

as mobile phase. TLC sheets were analyzed by UV lamp (PBA) and ninhydrin solution (L-Dopa).

3.2.28.2 Solid-phase extraction (SPE)

The methacrylate resin EP400/SS was functionalized with the PBA derivatives. As for the 3-aminophenylboronic
acid, the resin was previously activated to aldehydes and then 40 mM of the compound were incubated in
presence of 100 mM NaHCO; buffer pH 10 (1 mL of solution for 100 mg of resin). After 3 hours incubation at 25°C
while shaking, the resin was washed and incubated with NaBH, in 100 mM NaHCO, pH 10 (1 mg/mL) for 30

minutes. As for the 4-mercaptophenylboronic acid, a 40 mM solution in 100 mM NaHCO; buffer pH 10.0 was
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incubated with the epoxy resin (1 mL /100 mg resin) for 2 hours. The functionalized resins were washed with an
excess of water.

For the extraction, 100 mg of the two resins were loaded separately in a 1 mL column. Firstly, they were
equilibrated with an alkaline solution to obtain the reactive boronate form RB(OH)*". Then, the 20 mM L-Dopa /
2 M ammonium sulfate solution pH 8.5 was loaded to the column. After removing the flowthrough, the resin was
washed from the contaminants maintaining an alkaline pH. Finally, the resin retaining the catechol was eluted
with an acidic solution and/or 50 mM Tris HCI buffer. Each sample was analyzed by HPLC to calculate the specific

amounts of L-Dopa that was effectively loaded or washed away.
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4.1 INTRODUCTION

Acrylic acid (IUPAC: propenoic acid) is one of the main chemicals synthetically prepared in industry. Indeed, the
global annual production is around 6 million tons with a growing demand of 4-5% per year."?

This molecule and its derivatives are extremely important building blocks to produce polymers as well as for the
manufacture of various products, such as plastics, textiles, leather, paper, coatings, elastomers, adhesives,
sealants, detergents, flocculants, polishes, paints, and super absorbent products. 34

The current industrial production of acrylic acid involves gas-phase catalytic oxidation of fossil-based 1-propene
via acrolein as intermediate."* Nevertheless, there is a growing demand for an alternative process to obtain acrylic
acid in an efficient and sustainable way, for the purpose of reducing the contribution to global warming caused
by the greenhouse effect, lowering the worldwide environmental pollution, and preserving the already limited,
and expensive, fossil resources. Bio-based acrylic acid, that is the material produced from renewable carbon
resources, holds a great importance as precursor to obtain highly valuable intermediates and many bio-based
polymers.

However, most of the alternative chemical production routes were abandoned as they were found to be
economically unattractive, use non-environmental friendly catalysts or have low acrylate yields.3* Direct
biochemical routes are also taken into consideration, but the obtained concentrations of acrylic acid are low. Thus,
no one has developed to date a full biotechnological process to produce acrylic acid or its esters that would give
sufficiently high yields to enable a viable industrial application."

The manufacture of acrylic acid might be realized by the action of an ammonia lyase capable of using a-alanine
as substrate. Nonetheless, a natural alanine ammonia lyase has not yet been found. Consequently, it would be
extremely interesting to employ naturally occurring ammonia lyases to develop a biocatalyst which can effectively
react with alanine, as an alternative and sustainable strategy to produce highly valuable compounds.

Suitable candidates are MIO-dependent aromatic amino acids ammonia lyases, which catalyse the non-oxidative
deamination of phenylalanine, tyrosine and/or histidine to form unsaturated acids. Phenylalanine ammonia lyase

from Anabaena variabilis has been selected for this purpose. So far, L-propargylglycine is the only aliphatic
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molecule known to be accommodated as substrate by PALs. Indeed, L-propargylglycine could be reversibly
transformed by PcPAL into (E)-pent-2-ene-4-ynoate.>
Consequently, more information about the behaviour of these enzymes on non-aromatic and acyclic compounds

is required to then open up new opportunities on the biocatalytic production of aliphatic acrylates.

4.2 RESULTS AND DISCUSSION

4.2.1 Protein expression, purification and activity

The expression of AvPAL led to an average of 15 grams of cell pellet per liter of culture. After purification, a protein
yield of around 10-15 mg/L was obtained. The final concentration was quite low, but still sufficient to work with
for further analysis. The dialyzed fraction was also checked on SDS-PAGE, which confirmed the purity of the
protein solution as well as the molecular weight (64 KDa). The specific activity of AVPAL was calculated as 0.6 +

0.1 U/mg at 30°C with L-Phenylalanine as substrate, in 50 mM borate buffer pH 8.3.

4.2.2 Protein immobilization

First tests of biotransformation of both L-phenylalanine and aliphatic substrates with AvPAL showed a visible
enzyme precipitation due to loss of stability in reaction conditions. Consequently, it has been decided to perform
immobilization studies with the aim of increasing the stability and the reusability of the biocatalyst.

The enzyme was firstly immobilized on EP400/SS functionalized with epoxides, IDA and cobalt (Figure 1, left).

- NH
N-">C00, H/\v/ 2
H - 2+ H
coo---Co
Free epoxy groups and Free epoxy groups and
epoxides functionalized epoxides functionalized with EDA
with IDA and Cobalt

Figure 1. Heterofunctionalization of a support with the related chemistries.
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However, no activity was recovered. Consequently, the enzyme stability was investigated by incubating some
aliquots of AVPAL with the different reagents used during the immobilization process.

The protein was found to lose all the activity after 1 hour of incubation with 1 mM CoCl,, NiCL, and CuSO,. Due
to the loss of stability with metals, the enzyme was then immobilized through a different strategy, using
methacrylate resin functionalized with EDA (Figure 1, on the right).

The heterofunctionalization of the support provided two different functional groups available for the protein
immobilization. The external primary amines of EDA interacted through a weak bond with one of the available
side chain carboxyl groups of the enzyme (glutamate/aspartate residues) to drive its attachment on the support
(mild physical absorption). Successively, the epoxy groups form covalent bonds with side chain amino groups of
enzyme’s lysine residues available on the surface.

In this contest, the crystal structures of AvPAL (PDBid: 3CZO and 5L.TM) were analyzed in Pymol, which exhibited
good amounts and well-distributed lysine and aspartate/glutamate residues.® The Figure 2 shows the tetrameric
crystal structure of AvPAL, where lysine residues are colored in blue, glutamic acid residues are shown in red,

while aspartic acid residues are in pink.

Figure 2. Crystal structure of AvPAL with Lys, Glu, Asp residues shown as licorice sticks. Visualization with Pymol.®
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This image confirms the availability of the three side-chain amino acids on the surface of the quaternary structure
and their regular distribution. For each carboxyl group (Asp/Glu) interacting ionically with the primary amines
on the support, there would be a lysine residue forming a covalent bond with epoxides. As a result, a balanced
distribution of amino ed epoxy groups on the resin is also essential.

The resin was incubated with a solution of EDA to create a covalent bond between superficial epoxides and one
amine group of the molecule, while the other one being available for the enzyme interaction. Consequently, the
epoxy methacrylate supports were incubated with EDA for different time frames to achieve several rates of
heterofunctionalization. In this way, different ratios of epoxy and amino groups were available on the surface of
the resin. After that, the resin was qualitatively assayed with picrylsulfonic acid, which reacted with the available
primary amines to yield a colored product. The intensity of the color increased as the amount of the amino groups.
The support not being functionalized with EDA acted as the blank color. Figure 3 shows assayed EP400/SS resin
after its incubation with EDA from 2 to 24 hours. The increase of incubation time corresponded to an
intensification of the color, confirming that the functionalization with amino groups was progressively developed

over time.

-«
Resin 2h 4h (S 24h

. -t » y' >
P X J

Figure 3. EP400/SS incubated with EDA for 2, 4, 6 and 24 hours.

Results of immobilization are shown in table 1. AvPAL was immobilized onto the heterofunctionalized EP400/SS
resin (loading capacity 1 mg/g) achieving 100% immobilization yield. Nevertheless, the support functionalized for
4, 6 and 24 hours with EDA reached half recovered activity compared to the value obtained for the resin incubated
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for 2 hours. Therefore, the latter one was chosen for further studies. A higher number of amino groups on the
carrier and thus a lower number of epoxy groups for covalent binding resulted in a less efficient immobilization.
A recovered activity of 80 + 5% was calculated with a protein loading of 1, 5 and 10 mg per gram of resin. The

expressed activity was respectively 0.48, 2.4 and 4.8 U/g.

Table 1. Results of AvPAL immobilization.

Resin Functional groups and Incubation Protein Immobilization Recovered
Immobilization strategy time to Loading Yield Activity
functionalize
[mg/g] [%] [%]

Epoxides + IDA + Cobalt
EP400/SS for oriented covalent bonds 1 / 0

5 /Amino (EDA) 2 hours 5 100 8o0ts
poxy/Amino
EP SS
400/ for oriented covalent bonds
10
4, 6, 24 hours 1 100 40t5
15 min 95 503
30 min 95 50 + 2
Epoxy/Amino (EDA) .
ECR8204F 6
204 for oriented covalent bonds o mmn ! 94 70%2
90 min 94 60 + 4
120 min 94 60 £ 2

AvPAL was also immobilized on Purolite Lifetech ECR8204F. The support was incubated with EDA for different
time values to achieve different ratios of heterofunctionalization. One hour with EDA gave the best results in
terms of immobilization, achieving 70% recovered activity. A shorter time of contact showed lower activity (50%

for 15- and 30-minutes incubation), which may be due to an insufficient number of amino groups to drive the
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first interactions. A higher time of contact did not increase the recovered activity either, which resulted as 60%
when EDA was incubated for go and 120 minutes.

Although the obtained recovered activity was high, it was 10% lower than the activity succeeded with Resindion
carrier, subsequently Lifetech ECR8204F was not chosen for further studies.

The operational stability of AVPAL was tested after immobilization on EP400/SS. It showed only a 10% loss of
activity after 10 cycles of biotransformations, meaning that the immobilized AvPAL was stable enough to be
employed many times before reducing its biocatalytic activity.

To our knowledge, AvPAL has never been immobilized before and it has been mainly applied as whole-cell
biocatalyst. Instead, RgPAL was previously immobilized using several strategies, like the loading on hollow fiber
cartridges and within semipermeable microcapsules. Also, cross-linked enzyme aggregates (CLEAs) were
prepared as carrier-free immobilization strategy or linked to a mesoporous silica gel as a support material.
However, all these cases showed low recovered activity.”® RgPAL was then immobilized into gelatin on polyester
films for the use in phenylketonuria diagnosis, but the yield of immobilization was low, ranging around 35%.°
Similarly, PcPAL was immobilized on magnetic nanoparticles, as well as on carboxy- and amino- single-walled
carbon nanotubes. Nevertheless, the enzyme presented low yield, activity and/or stability in the ammonia

addition reaction.'”" No examples of PALs being immobilized on a methacrylate resin have been reported before.
4.2.3 Biotransformation of PALs towards aliphatic substrates

Because of its mechanism of conversion (E1cB), PALs do not accept alanine as substrate, which is coherent with
the results of preliminary biotransformations where no product was detected. The mechanism of conversion E1cB
involves the abstraction of the proton in 3-carbon by a tyrosine residue of the enzyme (Figure 4). This is possible
through the aromatic ring of the natural substrate (phenylalanine in this case) which increases the acidity of the
proton. As alanine does not present any functional group near [-carbon that could increase the acidity of the
proton, it has been decided to try some alanine derivatives that contain electron withdrawing groups (EWGs).
The inductive effect of these groups increases the acidity of the proton in B-carbon and thus would allow its

abstraction by the enzymatic base.
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Figure 4. Scheme of PAL mechanism of reaction (Ec1B).

If the reaction takes place, AVPAL will form a,B-unsaturated carboxylic acids which can serve as useful building

blocks in organic synthesis. A sustainable and alternative way to produce o,-unsaturated acids is of high interest.

Allylglycine and 3-trifluomethyl-alanine were chosen as substrates for the biotransformation of the immobilized

AvPAL to check whether the aliphatic substrates can be accommodated and effectively converted by the biocatalyst

(Figure 5).

O AVPAL O
A OH WJ\OH + NH;3
NH,
2-allylglycine penta-2,4-dienoic acid
F O  awAL ¢ F O
NH,
3-trifluromethyl-alanine 3-trifluoromethyl-acrylic acid

Figure 5. AVPAL deamination of allylglycine and 3-trifluoromethyl-alanine.

It is worth to mention that initially two other enzymes were tested in parallel with AvPAL, namely RgPAL and the

PAL from Planctomyces brasiliensis. However, first attempts did show very low product formation only when
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using allylglycine as substrate and AvPAL showed the highest conversion among the three enzymes. For this
reason, AVPAL has been chosen as biocatalyst for the purpose of this chapter.

After 24 hours of biotransformation, 30 mM allylglycine were converted to 1 mM penta-2,4-dienoic acid,
corresponding to 3.3% of conversion. After 96 hours of reaction with AvPAL, the conversion increased to a 6%
with 1.9 mM of biocatalysed product. These promising results confirmed the effective conversion of an aliphatic
substrate. Nevertheless, the reaction advanced very slowly achieving quite low rates of conversion. Moreover, the
slow performance of the enzyme on aliphatic substrates led to an undetectable biocatalytic activity on 3-
trifluoromethyl-alanine if the reaction took place. At this point, the biotransformation requires optimization to

increase the level of conversion.
4.2.4 Biotransformation of AvPAL with coupled reaction

It is plausible that the deamination reaction is reversible, thus the re-amination of the product may happen in
parallel as limiting step of the substrate conversion. Therefore, the coupling of the ammonia lyase reaction with
a second enzyme that can scavenge the free ammonia after its production would be highly beneficial. This would
prevent the reverse reaction to happen as well as boost the deamination of the unnatural substrates by removing
one of the products, since the conversion proved to be very low.

Glutamate dehydrogenase catalyzes the amination of a-ketoglutaric acid to glutamic acid using NADH as cofactor.
It has been decided to couple this enzymatic system to the ammonia lyase reaction to avoid the re-amination of
the acrylate product, depleting the availability of free ammonia. Indeed, each molecule of ammonia obtained by
AvVPAL activity is then employed by glutamate dehydrogenase to give glutamic acid. Moreover, the coupled
reaction was associated with a formate dehydrogenase to regenerate the NADH cofactor by converting formic
acid into carbon dioxide, as shown in Figure 6.

The two coupled biocatalysts were opportunely chosen, characterized and then co-immobilized to increase the
stability and reusability of the system by locating them in close vicinity. Moreover, a fusion protein between the
two proteins has been developed for the optimization of the coupled system.

The parts related to the glutamate dehydrogenase and the formate dehydrogenase analysis are described in

Chapter 5 and 6 with the relative results and discussion. The immobilized fusion protein was used for the purpose.
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O AvPAL o o O GuoH O O
R/\TJKOH————>rv‘\y)k0H + NH; + HO OH-——_>HO/H\//\TJKOH+*bO
NH, 0 /Y NH,
Acrylic acid derivative o-ketoglutaric acid Glutamic acid

NADH NAD"

L/ o

co, + H'

Formic acid

Figure 6. Reaction scheme of AVPAL deamination coupled with GluDH - FDH ammonia scavenger system.

Firstly, the activity of AVPAL was assayed in presence of each element involved in the coupled reaction, from the
substrates to the products. No inhibition by any of these compounds was detected.

Afterwards, the 10 and 30 mM-scale biotransformations of allylglycine and 3-trifluoromethyl-alanine were
replicated with the addition of the immobilized fusion protein. Unfortunately, the conversion did not improve,
and the results stayed the same as previous batch biotransformations. This outcome revealed that the opposite
reaction was not responsible of the low conversion. Also, the coupled system was not enough to shift the overall
AvPAL reaction towards the product formation by depleting the ammonia from the environment. Most likely, the
low rate is due to a kinetic issue where the Ku value of the aliphatic substrates is very high, resulting in very low
velocity rates while working at the 10 mM or 30 mM scale. The solution of this issue may rely on higher substrate
concentration and biocatalyst amount in the biotransformation system. The latter option is possible by packing
grams of immobilized enzyme in a bed reactor for the use in flow biocatalysis.

It is worth to mention that different ratios of immobilized AvPAL and fusion protein were also tested for the batch
biotransformation, going from 7:1 to 1:1. Nevertheless, the conversion to acrylates did not change, confirming that

the fusion protein was not the limitation in the reaction.
4.2.5 Biotransformation of AvPAL with coupled reaction in continuous flow

To further enhance the biocatalytic reaction, 10 mg of AVPAL were immobilized per gram of resin, corresponding

to twice the loading compared to previous experiments.
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Then, a sufficient amount of immobilized AvPAL was packed in the reactor to ensure high velocity of conversion
(1.6 grams, meaning 16 mg of AVPAL).

The fusion protein was also immobilized on EP400/SS and 400 mg of 6 mg/g (2.4 mg of fusion protein) were
mixed accurately with the previous biocatalyst. The same support for both immobilizations was employed to
allow equal distribution of the two proteins, resulting in about 7:1 ratio (AvPAL - fusion protein).

Three different concentrations of substrate were prepared (15, 30 and 60 mM) to compare the conversion in the
similar condition as batch biotransformation. These different amounts were also chosen to better understand
how the concentration and the kinetic impact on the reaction velocity. Due to the slow rate of batch reaction, long
retention times (30 or 60 minutes) were set up.

The results of allylglycine conversion are listed in table 2.

Table 2. Results of continuous flow reaction with allylglycine as substrate.

Allylglycine Residence time Molar conversion Product
concentration [minutes] [%] concentration
[mM] [mM]
30 4 0.65
15
60 5 0.80
30 3 0.90
30
60 4 1.10
30 1 0.75
60
60 2 0.95
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The quantity of product was equivalent to the concentration of formed glutamic acid as stochiometric amount (1
molecule of allylglycine produces 1 molecule of penta-2,4-dienoic acid and 1 molecule of ammonia, which then

reacts with 1 molecule of a-ketoglutarate to produce 1 molecule of glutamic acid, as shown in Figure 7).

O AvPAL O O O GuwpH © O
WJ\OH — WJ\OH + NH3 + HO OH — HoWOH + H0
NH, O m Hy
2-allylglycine penta-2,4-dienoic acid a-ketoglutaric acid Glutamic acid
NADH NAD®

L\ o

co, + H —_
FpH HO™ °H

Formic acid

Figure 7. Reaction scheme of AvPAL deamination of allylglycine coupled with GluDH - FDH.

This confirmed that the fusion protein effectively acted as coupled system to remove the ammonia, even if the
reaction was not enhanced by shifting the equilibrium towards the product generation. As a matter of fact, the
penta-2,4-dienoic acid concentration was ranging around the 1 mM as achieved with the batch system.
Furthermore, the comparability between the products of both AvPAL and fusion protein offered a dual
confirmation of the conversion and excluded any doubts about stickiness of acrylates to the methacrylate resin
used for the immobilization.

The continuous flow reaction improved positively the time scale, which was reduced from the 24 hours of batch
reaction to the 30/60 minutes for analogous conversion. The highest values were obtained with the 30 mM
concentration of allylglycine achieving 3-4% conversion and 0.9-1.1 mM of product with 30 and 60 minutes of
residence time. The values are quite similar, meaning that doubling the residence time does not offer valuable
improvement.

In addition, samples were collected for 15 cycles of each reaction condition, which were sufficient to assess any
delayed increase of productivity. In this regard, the product concentration was detected in equal amount from the
third to the last cycle, without showing any unspecific growth. Moreover, the mixture of the immobilized

biocatalysts was tested after all the cycles of flow reaction to determine the retained activity. A batch
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biotransformation with 30 mM L-Phenylalanine was run for monitoring the AvPAL activity. In parallel, the fusion
protein could convert the produced ammonia into glutamic acid by using the 30 mM a-ketoglutarate, 50 mM
formate and 1 mM NADH available in the reaction environment. The immobilized AvPAL retained more than 90%
of the initial activity, while the fusion protein was fully active as coupled system. Indeed, the concentration of ¢-
cinnamic acid (product of AvPAL) and the concentration of glutamic acid were always equivalent over time

(Figure 8). This confirmed that the system has been always active during the different cycles of flow

biotransformation.

100
90
8o
70
60

40
30

20

Conversion [%]

0 24 48 72 96 120
Time [h]

—@— t-Cinnamic acid production Glutamic acid formation

Figure 8. Results of conversion of L-Phenylalanine and a-ketoglutarate using immobilized AvPAL and fusion protein after

flow reaction (85 mg of resin in total, AVPAL and fusion protein with ratio 5:1)

The continuous flow reaction was also tested with 3-trifluoromethyl-alanine to see if the high quantity of packed
immobilized AvPAL could yield any trace of acrylate product. Unfortunately, the 30 mM or 60 mM substrate
concentration did not exhibit any decrease, while no products for both AvPAL and fusion protein were detected.
Increasing the residence time up to 9o minutes did not help either.

Given that propargylglycine has been successfully converted by a PAL, allylglycine was expected to give

comparable results, as they share a similar structure. The double or triple bond near the B-carbon is important
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to offer sp®/sp hybridization. This allows for increased acidity of the B-proton with its subsequent abstraction by
the enzymatic base. Instead, the B-carbon of the 3-trifluoromethyl-alanine has vicinal sp? hybridization that does

not offer enough acidity to permit the B-proton abstraction, even if CF; is an EWG.

4.3 CONCLUSION

The natural substrates for phenylalanine ammonia lyases are aromatic. However, propargylglycine and now also
allylglycine are aliphatic substrates that showed to be effectively accommodated by PALs, even if the conversion
resulted very low. Other aliphatic substrates, instead, were now accepted by these enzymes, despite the presence
of an EWG to increase the acidity of the B-proton. In fact, AVPAL did not convert neither alanine nor 3-
trifluoromethyl-alanine to produce aliphatic acrylates. As a result, a different class of enzymes is required to
perform the desired reaction and new protein candidates need to be accurately selected. Further investigations
are necessary before implementing a sustainable biocatalytic process independent from the exhaustion of fossil

resources for the generation of acrylates and the production of the derived bio-based polymers.
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CHAPTER 5.

EFFICIENT CO-IMMOBILIZATION OF
GLUTAMATE AND FORMATE DEHYDROGENASE FOR A REUSABLE
BIENZYMATIC TOOL TOWARDS AMMONIA REMEDIATION

N’ ! " HOOCWCOOH — HOOC\/\rCOOH + HO
0

NADH NAD*

CO, + H +—— H/|L
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5.1 INTRODUCTION

Ammonia (NH,) is a colourless, acrid smelling gas at room temperature and pressure, that readily dissolves in
water and becomes liquid ammonia or ammonium, with the ratio largely depending on pH and temperature.'

It plays an important role in many circumstances. Ammonia commonly enters the environment through
municipal, industrial, agricultural, and natural processes.” It is one of the most important pollutants in aquatic
ecosystems, inducing ecological stress and serving as a key indicator of water quality. Higher concentrations of
ammonia has been shown to be harmful to aquatic organisms.? Consequently, accurate monitoring of ammonia
concentrations in natural water environments or industrial waste effluxes results essential for the control and the
prevention of aquatic life toxicity.

In natural waters, concentrations of total ammonia are generally less than 0.1 mg/L, while higher levels normally
indicate organic pollution.* In aquaculture systems, ammonia is at most 5 mg/L (0.28 mM), while domestic
sewage typically contains 20—40 mg/L of ammonia (1.1—2.2 mM). Dairy, refinery and mineral industry effluents
may reach the 100-140 mg/L (5.5-7.8 mM).> However, higher release of ammonia may happen because of
accidental spills, the use and disposal of cleansing agents that contain ammonia, urban runoff, accidental releases
of ammonia rich fertilizer, intensive farming, and the decomposition of livestock wasters.® For example,
groundwater samples at an old municipal landfill site in Grinsted (Denmark) contained ammonia levels higher
than 1 g/L. (>55 mM) during the period from 1992 to 1995.7 In 1991—1993, ammonia was found in the surface
water collected at the Porto Alegre landfill (Brazil) at a maximum concentration of 1.63 g/L (9o mM), while the
maximum amount of ammonia was 1.83 g/L (101 mM) in the leachate.?

In human body fluids, an elevated ammonia blood level (hyperammonaemia) is considered a strong indicator of
an abnormality in nitrogen homeostasis, the most common related to liver dysfunction. In excess, ammonia is a
potent toxin, principally of central nervous system function.® Moreover, ammonia is an important parameter to
assess the quality of water exploited for human consumption or for the use as swimming water.' Therefore, the
measurement of aqueous ammonia is necessary to prevent human toxicity as well as to evaluate the efficiency of

medical treatments in the metabolic condition of hyperammonaemia.
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Great effort has been put over the years to find an adequate system for the purpose and numerous methods are
available nowadays, which include titration, colorimetric/fluorometric or chemiluminescent assays, electrode-
based measurements, enzymatic reactions. Nevertheless, the majority of these methods require complicated
sample pretreatment.’®" In contrast, the most common used is an enzymatic method that measures ammonia
directly. Thus, sample preparation is relatively simple, because the previous liberation of ammonia from the
sample is not required.® This assay is based on the reductive amination of a-ketoglutaric acid to glutamic acid
using NADH as cofactor, catalysed by glutamate dehydrogenase. Many reports on methods based on this enzyme
have been recently reported.” However, in all the cases the ammonia content is measured by following the
decrease in absorbance at 340 nm caused by the oxidation of NADH. Therefore, it allows the determination of
ammonia only at lower concentrations with a maximum of 500 pmol/L using biosensors and up to 8oo pmol/L
of ammonia with commercially available assay kits.*"

An enzymatic tool involving the glutamate dehydrogenase coupled with an enzyme able to recycle the cofactor
would allow the continuous quantification of ammonia with a small loss of added cofactor. For this purpose, a
formate dehydrogenase has been chosen. In addition, the determination of glutamic acid concentration over time
is the method employed for the detection of aqueous ammonia from low to high concentrations, which gives a
very accurate result and makes the tool application versatile.

The NAD(H)-dependent glutamate dehydrogenase from Clostridium Symbiosum (CsGluDH) is the chosen
candidate for the system together with the formate dehydrogenase from Candida boidinii (CbFDH). FDH catalyses
the oxidation of formate to carbon dioxide using NAD* and possesses many advantages in the recycling of NADH:
a favourable thermodynamic equilibrium, the inertness of the substrate and reaction product, its ready removal
from the main product (CO. will go to the atmosphere).

Enzyme immobilization has been carried out with the aim to increase the stability of the biocatalysts.
Furthermore, their immobilization on a carrier allows the reusability of the enzymes for further reactions and
facilitates their separation from the products in the reaction environment.

The glutamate dehydrogenase from Clostridium symbiosum has never been immobilized before, consequently it

requires a screening of different strategies of immobilization to yield an efficient and stable biocatalyst. In the
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past, other glutamate dehydrogenases have been immobilized on a large variety of carriers, in particular on
materials produced for probes and biosensors.” In addition, different magnetic nanoparticles and agarose beads
activated with glutaraldehyde were used as supports for the hexameric bovine liver glutamate dehydrogenase,
offering good outcomes even for the co-immobilization.'#'> Nevertheless, the latter enzyme behaves in a different
way from CsGluDH, given its mammalian origins where the protein is inserted in a more complex system. After
that, a bacterial glutamate dehydrogenase has been studied for the immobilization on glyoxyl agarose with great
recovered activity. In this case, the enzyme owned a trimeric structure and, as a consequence, it could not be
related to the hexameric CsGluDH. All the data previously published about glutamate dehydrogenase
immobilization are only a starting point for this study. More tests are required to find an optimal strategy for this
particular biocatalyst, that behaves in an unique way with changes in conformation and active/inactive forms."”*8
On the other side, more information about the immobilization of formate dehydrogenase from Candida boidinii
are available. This enzyme has been bound to many different carriers, such as membranes, silica matrixes,
magnetic nanoparticles, alginate gels, polystyrene, dextran sulphate, entrapped in polyacrylamide gels and cross-
linked to form enzyme aggregates (CLEAs).”* In particular, an evaluation of different conditions and
immobilization strategies was described when using agarose as support,'> where the employed chemistry is very
similar to the one available on polymethacrylate resin. Nevertheless, the characteristics of the agarose-based and
the polymeric resins are different in terms of morphological properties (particle size, pore size, number of pores)
and physical properties like hydrophilicity and mechanical strength, which means that the recovered activity may
vary significantly even if the chemistry of binding the enzyme onto the support is similar. Therefore,
immobilization studies of this formate dehydrogenase on polymethacrylate resin need to be implemented, given
the great efficiency and stability of this carrier in comparison to the other support, especially in packed-bed
reactors for continuous flow biocatalysis.*

Since the proximity of glutamate and formate dehydrogenase would increase the velocity of the biocatalytic
conversion due to a closer accessibility of the recycled cofactor to the active site of the former enzyme, their co-

immobilization on the same support was also tested.
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The efficiency and the stability of the co-immobilized biocatalysts were assessed by running biotransformations

and compared with the results obtained using the free (soluble) enzymes.

5.2 RESULTS AND DISCUSSION
5.2.1 Protein expression, purification and activity

Protein expression led to an average of 25 g of cell pellet per liter of liquid culture. After dialysis, the protein
concentration was checked, and an SDS-PAGE was run to verify the purity of the protein’s solution. As for the
first analysis, a yield of around 100 mg of proteins was obtained per gram of pellet. Then, as shown in Figure 1,
other unspecific proteins were present in the obtained solution, because of the lack of a purification system, but

their concentration was low in comparison with the quantity of CsGluDH.

Figure 1. 12% SDS-PAGE of CsGluDH after dialysis, stained with Instant Blue.

5.2.2 Biotransformation using pTac-85 CsGluDH

The biotransformation was performed with AvPAL, that forms t-cinnamic acid and ammonia after converting L-

phenylalanine, so that GluDH was coupled to use the ammonia for producing glutamic acid (Figure 2).
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O AvPAL 0 0 O GuwbH O 0
OH —— X OH + NH; + HOJ\/\g/U\OH _— HOJ\/\‘/U\OH + H,0
NH, 7N NH,
NADH NAD"
L-Phenylalanine t-cinnamic acid alpha-ketoglutaric acid Glutamic acid

Figure 2. Biotransformation using AvPAL and CsGluDH.

One molecule of t-cinnamic acid formed was equivalent to one molecule of glutamic acid generated by the coupled
reaction. Therefore, this test was done with the aim to assess the efficiency of the enzyme by comparing the
concentration of the two products. Nevertheless, it was discovered that the control biotransformation, having
only GluDH as biocatalyst, gave a slight decrease of phenylalanine and a production of small amounts of ¢t-
cinnamic acid (around 0.3 mM), even if AVPAL was not present. Similarly, the same sample resulted to have
increasing quantities of glutamic acid formed over time, which were much higher than the t-cinnamic acid
molecules, meaning that there was a further ammonia source. As for the first outcome, it has been found that
normally E. coli BL21 (DE3) produces small amounts of two uncharacterized proteins possessing a 30-33%
identity to other bacterial PALs. Consequently, the solution of GluDH may contain enzymes interfering with the
biotransformation. Indeed, the partial purification of the overexpressed enzyme in Figure 1 showed the presence
of low quantities of other proteins produced by the cells where PALs may be included.

Besides, the purification system involved the usage of high concentrations of ammonium sulphate that may not
be completely removed through centrifuge and dialysis. The leftover ammonia interfered with the
biotransformations, behaving as substrates. As a matter of fact, doubling the volume of GluDH added to the
biotransformation turned to produce approximately the double amount of glutamic acid in the control reaction
with GluDH.

Because of these factors interfering with the efficiency of the system, it has been decided to work on the
development of an efficiently purified GluDH solution by the addition of a His-tag to the enzyme sequence, which
allows the purification through the Ni-affinity columns and thus avoids the precipitation with ammonium
sulphate. Also, the addition of FDH in the system would decrease the amount of expensive cofactor used for the

reaction, enabling a continuous recycling of NADH (Figure 3).
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Figure 3. Scheme of GluDH and FDH coupled reaction.

5.2.3 Cloning of GluDH

The glutamate dehydrogenase gene (pTac85-CsGluDH) has been cloned into pRSETb as backbone, in order to
obtain a protein presenting a polyhistidine tag. This sequence has been implemented to the N-terminus because
the C-terminal ends are buried in the centre of the hexameric structure, as shown in Figure 4. Using the exposed

N-terminal, any conformational distortion has been avoided. The gene was successfully cloned into the vector.

Figure 4. Crystal structure of GluDH (PDBid: 2YFH) visualized in Pymol.2® N-terminal is colored in blue, C-terminal in red.

5.2.4 Expression and purification of GluDH and FDH

The cloned gene of CsGluDH was transformed in competent cells, and the protein was successfully expressed
with an N-terminal His-tagged. After the overexpression and the purification by IMAC chromatography of both

GluDH and FDH, a yield of 15 g and 22 g respectively of cell pellet per litre of culture has been achieved, as well
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as an amount of 3 mg and 20 mg of protein per gram of pellet. The protein samples shown in Figure 5 confirmed
the purity of the GluDH compared to the same enzyme partially purified by precipitation with ammonium
sulphate (Figure 1). Consequently, the final purpose of cloning the His-tagged GluDH for its complete purification

has been achieved, so that any contamination during biotransformations will be avoided.

Protein | original | cloned | dialysis |2 purified fractions | TEV
Ladder | GluDH | GluDH|with TEV| (throughflow) |(purified)

b - o
1w v o g
——— 4]
ey
JE S J——
S,
e Qo r——
- —

Figure 5. SDS-PAGE of the samples taken during His-GluDH purification. PL: protein ladder, 1: pellet, 2: lysate, 3: cell paste
(insoluble proteins), 4: crude extract, 5: 10% buffer B, 6 - 7: after dialysis. On the right, SDS-PAGE with the samples obtained

during treatment with TEV protease, compared to the half purified original GluDH (significantly diluted).

However, the purified GluDH showed 2 bands in the SDS-PAGE (Figure 5) with closed location, meaning that the
monomeric molecular weights were very similar but not the same. We supposed that part of the expressed GluDH
was deprived of its His-tag, showing a lower size than the remaining His-tagged GluDH. To prove this hypothesis,
the purified enzyme was incubated with TEV protease, since the gene offered a TEV site between the His-tag and
the GluDH sequence. The TEV protease had the aim to cleave the His-tag from all the proteins. As exhibited in
the SDS-PAGE on the right (Figure 5), all the GluDH monomers presented the same size after the His-tag was
removed, confirming the initial hypothesis. Also, the band of the enzyme without His-tag was located at the exact
same level as the second band in the GluDH without treatment.

It is possible that only some of the subunits of the hexameric structure did not possess the His-tag, so that the
assembled enzyme was still purified by interaction with the His-tagged subunits. The protease inhibitor
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Phenylmethanesulfonyl fluoride (PMFS, 1 mM as final concentration) was included in the buffer used for pellet

resuspension to prevent the loss of the His-tag. Still, the purified enzyme showed 2 bands, proving that the

cleavage was not happening during the purification process, but in the expression phase. Since the His-tag

presence or absence did not impact on the enzyme activity, it has been decided to continue working on the purified

GluDH presenting both forms.

5.2.5 Activity of GluDH and FDH

The pure enzymes were functionally characterised by performing specific activity assays and kinetic studies with

different concentrations of all substrates. Results are listed in Table 1.

Table 1. Activity and kinetic characterization of CsGluDH (both directions) and CbFDH.

CsGluDH CbFDH
Reaction direction [U/mg] [U/mg]
Specific Activity
Reductive Amination 220 + 20
3.5+ 0.3
Oxidative Deamination 23+ 3
CsGluDH pTac85 CsGluDH pRSETb
Affinity for Substrates
Kum [mM] Vmax [mmol min™ mg™] Kum [mM] Vmax [mmol min™ mg™]
L-Glutamate 1.93 0.047 3.0 + 1.1 0.08 £ 0.01
a-Ketoglutarate 2.85 0.546 0.48 £ 0.31 0.13 £ 0.1
Ammonia 12.9 0.307 32.3 £ 10.0 0.36 + 0.15
NADH 0.055 0.285 0.10 % 0.06 0.12 £ 0.1
NAD* 0.17 0.041 0.17 £ 0.02 0.05 £ 0.02
CbFDH Literature CbFDH
Affinity for Substrates
Kum [mM] Vmax [mol min™ mg™] Kum [mM] Vmax [mol min™ mg™]
Formate 5.6 6 5.0 £ 1.0 3+1
NAD* 0.045 6 0.168 £ 0.030 5+1
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The specific activity of GluDH for the oxidative deamination resulted to be 23+3 U mg™ which is the same value
obtained for the original biocatalyst at the same conditions (pH 7, 25°C).*” After cloning, results remained
comparable.

Regarding GluDH Kkinetic characterization, all the tests were carried out at pH 8.0 as it was previously done for
the pTac-85 CsGluDH.?® Keeping all the same conditions gave the chance to compare this latter enzyme to the
PRSETb CsGluDH after cloning and expressing it with the His-tag.

The affinity for the various substrates exhibited by His-tag GluDH is similar to that reported for the original
GluDH with Ku values around 2-fold higher for the ammonia and the NADH, 1.5-fold higher for L-glutamate, and
a Ky value 6 times lower for the keto acid meaning a decrease in the affinity for this substrate. The behaviour of
the GluDH has not changed after the addition of 6 histidine molecules on the N-terminal of the enzyme, which
confirmed they did not cause any evident steric hindrance to the quaternary structure.

Following the results of the kinetics, the standard conditions for the biotransformations were defined as 1 mM
NADH, 100 mM formic acid and 50 mM a-ketoglutaric acid to give enough cofactor for the first reaction to initiate
while allowing the FDH to start the conversion of NAD* into NADH.

Similarly, 2 equivalents or more of formate are necessary to avoid that the parallel recycling reaction becomes
the limiting step in the system, where the excess of substrate has the aim to push the reaction to the product
formation since the activity of FDH may be slower than the activity of the GluDH.

The quantity of the keto acid has been set to 50 mM considering a lower concentration of ammonia in the solution
to be analysed. An excess of this substrate may be essential to overcome the lower affinity towards the ammonia,
making sure that even traces are detectable.

Consequently, biotransformations were carried out with a 2-fold higher concentration of the keto acid in
comparison to the cation under detection.

When higher amounts of ammonia may be present in a solution, scaling up the reaction conditions is required to

ensure an excess of a-ketoglutarate and formate.
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5.2.6 Immobilization and co-immobilization of GluDH and FDH

Many strategies of immobilization were evaluated to find an effective method that offers an efficient value of
recovered activity. Four different resins were tested, possessing different pore size, particle size and functional
groups (see specific properties in Table 2). Moreover, the loading of the two biocatalysts was also varied in the

same support to find the best immobilization conditions.

Table 2. Technical specifications of resins used for immobilization.

Particle Size

Pore size
Resin Brand Matrix Range Functional Group
[nm]
[pm]
ReliSorb polymethacrylate polymer with
EP400/SS 40-50 50-150 Epoxide
Resindion highly porous structure
Lifetech polymethacrylate polymer with
ECR8204F 30-60 150-300 Epoxide
Purolite low porosity
Lifetech polymethacrylate polymer with Amino with short
ECR8304F 30-60 150-300
Purolite low porosity ethylene (C2) spacer
Lifetech polymethacrylate polymer with
ECR8285 4565 250-1000 Epoxy/Butyl
Purolite low porosity

In all cases and for both the two dehydrogenases, there has been a complete immobilization yield, which was
checked by measuring the activity of the supernatant containing the soluble enzyme not been immobilized and
running the same sample in an SDS electrophoresis gel to assess if any protein was still present even if the activity
was not detected.

As showed in Table 3, all the immobilization strategies involving a covalent bond exhibited a poor recovered
activity. Indeed, the enzyme requires a certain flexibility to be active since it undergoes a conformational change
from an “active” to an “inactive” form that is pH dependent, where the six subunits have the capacity for
cooperative interaction.””*? Binding covalently the CsGluDH to the support may not allow the proper rearrange

of conformation with a resulting decrease of activity to very low values.
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Table 3. Results of immobilization of CsGluDH on different supports.

Resin Functional groups and Incubation Loading of Recovered Activity
time to GluDH

functionalize [mg/g] [%]

Immobilization strategy

ECR8304F Amino groups for ionic bonds / 1 2

Epoxy/Butyl for covalent and
ECR8285 / 1 2
CHy hydrophobic bonding
NH,

Epoxides + Iminodiacetic acid

o
ECR8204F H Aldehydes for covalent
/ 1 2
H immobilization
EP400/SS
;;H

2 hours IDA +
ECR8204F AU (IDA) + Cobalt for oriented 1 o
L e 2 hours Cobalt
a0 covalent bonds
FCR8204F Epoxy/Amino (EDA) for oriented
2 hours 1 1
NN covalent bonds
EP400/SS oo

FCR8204F o H Amino (PEI) for
> overnight 1 3

ionic interaction

EP400/SS \l‘” .
ECR8204F N 1 4

— @;:'\\

Aldehydes covered with PEI for
H / overnight 1 85
ionic interaction

EP400/SS N

\‘ﬂ”i,/

Additionally, the covalent reaction happens between the epoxides of the resin and the amino acidic residues of
the enzyme, which are specifically lysine side chains. The positive charges of these molecules are known to be
necessary for the activity, as they stabilize the substrate before being converted.”3° When lysine amino acids are
involved in the binding, the positive charges of the amino groups are not available for the stabilization of the

substrate, reducing the yield of the biocatalytic conversion.
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An evaluation of the amino acidic residues together with a detailed analysis of the hexameric structure has been
carried out by means of the tool CapiPy, a python-based GUI-application to assist in protein immobilization.3' The
outcome is a PDB file exhibiting the residues of interest during the immobilization process, which are collected in
clusters and coloured in blue when positive charged (lysine, histidine, and arginine amino acids), red when
negative charged (aspartate and glutamate residues), in white when the side chains are hydrophobic and coloured
in cyan if the cluster contains histidine chains. The final quaternary structure is shown in Figure 6, where it is
evident that negative charged groups are spread all over the hexamer, offering many points of interactions with

positively charged groups present on the support.

Figure 6. PDB file retrieved from CapiPy tool after the analysis of CsGluDH sequence. Visualized and edited in Pymol.*®

First picture: cartoon and licorice sticks for colored amino acids, second picture: surface, spheres, and dots.

Employing EP400/SS as carrier for the immobilization as well as aiming for ionic interactions instead of rigid
covalent bonds appeared to be the best choice to obtain optimum recovered activity after immobilizing the
glutamate dehydrogenase. Nevertheless, the number of amino groups available on the surface of the support
emerged to be important, in order to improve the stabilization of the enzyme interacting with the hydrophobic
methacrylate beads, creating a more hydrophilic, and thus suitable, environment for the activity of the biocatalyst.

Indeed, water molecules are essential during the conversion of the substrate into the product.3* As a result,
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polyethyleneimine (PEI) was used for the functionalization of the resins, both on epoxy and glyoxyl groups to
compare the yield of attached polymeric chains.

The colorimetric assay with picrylsulfonic acid as reagent offers a qualitative indication of the reactive amino
groups, which are available after the functionalization. As a matter of fact, picrylsulfonic acid reacts with primary

amines to yield a colored product, where the intensity of the color increases as the amount of the amino groups

(Figure 7).
0 B O- ] o) NaHCO3 0

IV N R-NH, [ - N N pH 10 N N

oN 0, o Nx NO, S0z, O O, o O,

- - 3+ -
05S O3S R-H,'N R-HN
NO, R-H2+ NO, NO, NO,
Picrylsulfonic acid Mesenheimer anion Trinitrophenylammonium Trinitrophenylamine

(340 nm)

Figure 7. Reaction mechanism between picrylsulfonic acid and the enzymatic amine groups.33

In Figure 8, the Purolite resin ECR8304F having short spacer amino groups and the resin ECR8204F with

different functionalization strategies are presented after being assayed.

PoROUITE &
ECR 8204F "
106 oon +EDA +EDA  +EDA | +PEL  +PE\
Epony 30 min Ah 2h 24h Ah 24h
. sl FROM EO‘N‘.DE&

Figure 8. Picrylsulfonic acid assay of Purolite resin, which was previously functionalised in several manners.

The color is more intense for the support that has been previously activated to aldehydes and then functionalized
with PEI, confirming the higher number of amino groups located on the surface of this resin in comparison to
the one being functionalized with PEI starting from the original epoxy resin. In other words, glyoxyl groups led
to a higher rate of bound polyethyleneimine chains, whereas a consequent higher number of amino groups
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offered an improved recovered activity of GluDH after immobilization, when the ReliSorb EP400/SS was
employed. Indeed, looking at the values listed in Table 5, the best results were provided by the latter resin activated
to aldehydes then covered with PEI, where specifically an overnight functionalization gave full activity while 1
hour of incubation with PEI exhibited 75% of activity.

Increasing the protein loading from 1 mg of enzyme per gram of resin to 4 caused a lower percentage of catalytic
activity per gram of resin, that seemed to reflect the presence of diffusional limitations. Nevertheless, the total
expressed activity is still higher when loading more enzyme, so that it becomes essential for promoting the
biocatalytic conversion during the biotransformations. In any case, the chosen strategy for CsGluDH is the
immobilization on EP400/SS firstly activated to aldehydes and secondly incubated with PEI for an overnight.
The same studies have been done for the formate dehydrogenase, following the same path as for the GluDH.
Firstly, the amino acidic sequence was given as input to the CapiPy tool for then retrieving the outcome visible in
Figure 9, demonstrating that there are many negative groups available for the ionic immobilization onto the resin
functionalized with amino groups. Moreover, CbFDH includes many positively charged groups on the surface of
the quaternary structure, but among them only two lysine amino acids are available for the nucleophilic attack to

epoxides or aldehydes of the support for the covalent bond.

Figure 9. PDB file retrieved from CapiPy tool after the analysis of CbFDH sequence. Visualized and edited in Pymol.*® First

picture: cartoon and licorice sticks for coloured amino acids, second picture: surface, spheres, and dots.
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Seeing the final values listed in Table 4, covalent bonds appeared to be less indicated as mechanism of

immobilization for CbFDH, similarly to the previous enzyme. These permanent and rigid connections constrain

the quaternary structure preventing any movement when a certain flexibility is required for the proper activity

of the biocatalyst.

Table 4. Results of immobilization of CbFDH on different supports.

Resin Functional groups and Incubation Loading of Recovered Activity
Immobilization strategy time to FDH
functionalize [mg/g] [%]
Epoxy/Butyl for covalent and
ECR8285 / 1 o
CH, hydrophobic bonding
NH,
ECR8304F CX Amino groups for ionic bonds / 1 3
NH,
[e]
ECR8204F H Aldehydes for covalent
/ 1 10
H immobilization
EP400/SS
Epoxides + Iminodiacetic acid
2 hours IDA +
ECR8204F NG00 (IDA) + Cobalt for oriented 1 0
R 2 hours Cobalt
Ce0 covalent bonds
ECR8204F Epoxy/Amino (EDA) for oriented
2 hours 1 o
NN covalent bonds
EP400/SS HoH
- 7_NHN
ECR8204F ™oy Amino (PEI) for 8
> overnight 1
ionic interaction
EP400/SS . 3
\_’t”a
ECR8204F N 1 5
~ @3‘"\\
Aldehydes covered with PEI for
d / overnight 1 100
A ionic interaction
EP400/SS N
N/ 5 45
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It is also important to mention that a 2 times higher recovered activity has been measured when analyzing the
glyoxyl resin before the reduction step, meaning that also NaBH, has a role in decreasing the stability of the
enzyme.

On the contrary, reversible interactions between ionic groups are weak and enable higher freedom to the enzyme.
Therefore, the best results of recovered activity have been achieved by using polyethyleneimine as intermediate,
which surrounds the surface of the support previously activated to aldehydes, and provided a higher number of
amino groups. These outcomes are comparable to the results obtained using agarose as carrier after being coated
with PEI (25 KDa), which showed 100% yield and 100% recovered activity, as best strategy of immobilization for
CbFDH." In the same study, glyoxyl agarose and the further reduction step with sodium borohydride exhibited a
recovered activity of 15%, slightly higher compared to the 10% achieved with the polymethacrylate resins.” In any
case, a similar behavior between the two typologies of supports has been confirmed. The slightly lower percentage
numbers obtained with the second resins may be due to the hydrophobicity of the material, when this enzyme
prefers a more hydrophilic environment as agarose can offer.

Ultimately, the methacrylic resin EC-HFA possessing epoxy and amino groups exhibited a recovered activity of
15% when pH was 10 and 40% with neutral pH.”* Bearing in mind that 40% has been the best outcome obtained
in the past when using a methacrylate resin, it is interesting to see that this value can also reach a 85% recovered
activity with a different chemistry of immobilization.

Concerning the loading capacity of CbFDH, when the loading was increased from 1 to 5 mg of protein per gram
of resin, the recovered activity faced a decrease in the percentage rate, meaning that some diffusion limitations
took place. Nonetheless, the total expressed activity yielded a greater value given the increased amount of enzyme
loaded onto the support. Hence, biotransformations are carried out by adding as much protein as possible to
ensure a rapid cofactor recycling activity.

Furthermore, ReliSorb EP400/SS provided better results compared to the three other resins after the
immobilization of both enzymes. In addition to the type of functional groups, the main differences between the
two brands of supports are the grade of porosity they possess and the particle size. Therefore, the characteristics

of EP400/SS resulted to be more suitable for the two enzymes under study, creating an optimal environment for
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both the dehydrogenases to perform their related biocatalytic activity. Moreover, the best choices of
immobilization strategy with respect to GluDH and FDH have been alike, simplifying a lot the process of co-
immobilization.

Consequently, it has been decided to use EP400/SS activated to aldehydes and functionalized with PEI (incubated
overnight) to immobilize the two enzymes onto the same shared support. Moreover, in a precedent study the
bacterial glutamate dehydrogenase from Thermus thermophilus and the formate dehydrogenase from Candida
boidinii were also co-immobilized in the presence of PEI yielding an enzyme-PEI composite with full activity,
thanks to the stabilizing effect of the polymeric chains that, generally, prevents dissociation of multimeric
enzymes.'

For each protein, 1 mg per gram of resin has been loaded to the support simultaneously as well as sequentially,
immobilizing firstly the CbFDH and then the CsGluDH, and vice versa, to compare and choose the best conditions.
Regarding the simultaneous incubation of the two dehydrogenases with the carrier, the recovered activity was
lower for the CsGluDH of around half of the original value. Similarly, the sequential immobilization of CbFDH as
first enzyme and CsGluDH as second, resulted in a very low recovered activity for the former biocatalyst. On the
contrary, the third method showed the best outcomes for both the enzymes with a recovered activity of 85% for
the glutamate dehydrogenase and 100% for the formate dehydrogenase. The first percentage is slightly lower
compared to the numbers achieved by immobilizing the single glutamate dehydrogenase, but still optimal to work
with. Consequently, the fist immobilization of CsGluDH and the successive co-immobilization of CbFDH onto the
same support was the final procedure that has been chosen to run the biotransformations.

When increasing the enzymatic loading onto the resin, a decrease in the final percentage of recovered activity has
been noted, which suggests a mass transport limitation (diffusional restrictions). Nevertheless, the value of the
expressed activity is still higher compared to a lower load and the higher overall activity has the aim to increment
the potentiality of the immobilized enzymes.

The co-immobilized biocatalysts were then tested to evaluate their activity and stability in operational conditions.
Indeed, the possibility of re-using the same support for many sequential reactions gives a greater yield of

efficiency, in particular when the tool is employed for the determination of ammonia in solution. Moreover, the
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trend of any loss of activity over the sequential biocatalytic conversions becomes important to predict the
effectiveness of the reaction. Firstly, the two dehydrogenases co-immobilized in a ratio 1:1 were tested, but the
results showed a very low conversion of a-ketoglutaric acid into glutamic acid which was limited by the low
activity of the formate dehydrogenase compared to the glutamate dehydrogenase (data not shown). As a result,
a faster recycling of the cofactor had to be prioritized in order to have an excess of NADH always available for the
full performance of the glutamate dehydrogenase. This was achieved by increasing the loading of the FDH with a
higher ratio between the latter enzyme and the GluDH.

A complete co-immobilization of 5 mg/g GluDH and 40 mg/g FDH has been obtained (ratio 1:8 between the two
coupled enzymes) with a recovered activity of respectively 50% and 75% as well as an expressed activity of 50 U/g
and 114 U/g.

The graph presented in Figure 10 shows the operational stability of the co-immobilized enzymes as decrease in
yield of conversion over sets of biotransformations, working in the same identical conditions. In details, the
biocatalysts lost an average of 6% activity for every subsequent cycle, preserving a 40% activity after a set of 10
biotransformations. A complete inactivation after 17 running cycles may be estimated. Additionally, the solution
of each reaction has been collected and run in an SDS-PAGE, where no bands of the biocatalysts were found, and

the chance of any protein leaching has been excluded.
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Figure 10. Operational stability of the co-immobilized enzymes. Trend shown with a dark blue line.
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This outcome reveals a medium grade of stability of the system, that may be improved with further stabilization
steps using compounds like glutaraldehyde to covalently bind the subunits and thus preventing their unfolding.
However, the inactive enzymes could be removed as well, and the carrier reused for binding fresh and active
biocatalysts, since the immobilization strategy is based on ionic interactions between the carrier and the amino

acidic residues of the enzymes, which are reversible and replaceable.
5.2.7 Biotransformation using soluble and co-immobilized biocatalysts

Equivalent amounts of each enzyme have been used to compare the activity of the free versus the immobilized
form of the two biocatalysts. Furthermore, a quantity 8 times higher of CbFDH has been loaded onto the resin
with respect to the CsGluDH aiming to guarantee the continuous availability of the regenerated cofactor in the
system. Samples were drawn after 10, 20 and 30 minutes of reaction and surprisingly, the 50 mM a-ketoglutaric
acid (1 mM NADH, 50:1) was already fully converted to glutamic acid after 20 minutes, where both the soluble
and the immobilized forms were applied. In any case, the conversion yield was already 90% after 10 minutes of
reaction, therefore a complete conversion may happen between the 10 and 20 minutes of biotransformation.
These results expose the great efficiency of the two dehydrogenases when employed in combination, in particular
the effectiveness in terms of costs (only a very small amount of expensive cofactor is needed) as well as for the
time, reaching a 100% yield only after few minutes.

Even if the operational stability reflected a loss of activity over cycles of usage, the reaction is so fast and efficient
that compensates this drawback.

Furthermore, the reaction was repeated in the same conditions after 40 days of storage at 4°C and the outcomes
corresponded to the previous values, proving a decent stability of the tested enzymes after the immobilization on
the methacrylate support. Similarly, the activity of the soluble biocatalysts was monitored after 40 days of storage
at 4°C. Nevertheless, GluDH lost 10% of its activity, while the FDH maintained only half of the initial biocatalytic
activity. As a result, the soluble enzymes are less stable compared to the immobilized form.

The GluDH-FDH system was further tested to evaluate the performance in the depletion of high concentrations
of ammonia, specifically 300 mM. The combination of the soluble proteins and the co-immobilized enzymes (all

calculated to be in the same ratio and concentration) were employed to compare both the efficiency and the
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stability in harsher conditions, where not only the 300 mM ammonium chloride but also the 400 mM a-
ketoglutarate and the 400 mM formate were used in an environment with high substrates concentration. Instead,
the cofactor was added at only 1 mM. Surprisingly, the combination of the soluble proteins reached only 20% of
conversion (Figure 11). After the 6 hours, no improvement was obtained, suggesting a stability issue of at least
one of the two enzymes. On the contrary, the co-immobilized form shown increased conversion over time,
reaching almost 80% conversion in the 72 hours. This probably reflects the slow regeneration of the cofactor,

since the FDH amount is stoichiometric to the GluDH (same number of molecules).
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Figure 11. Conversion of GluDH and FDH in both soluble and co-immobilized forms (300 mM ammonium, 400 mM a-

ketoglutarate, 400 mM formate, 1 mM NADH). Protein concentration: 0.057 mg/ml for GluDH and 0.046 mg/ml for FDH.

The improved stability after immobilization is evident in such high ionic strength conditions, meaning that
immobilization effectively increased the performance compared to the soluble enzymes. Also, the system can be
employed for the removal of ammonia. However, it appeared to be still insufficient to fully remove the 300 mM

concentration. Further optimization is required before achieving such a significant outcome.
5.3 CONCLUSION

Glutamate dehydrogenase from Clostridium symbiosum and formate dehydrogenase from Candida boidinii have

been chosen as candidates to realize an enzymatic tool for the quantification of ammonia in solution. The efficient
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coupling of the two biocatalysts was achieved through their co-immobilization on a methacrylate resin, obtaining
100% yield and high values of recovered activity. The same strategy of immobilization was applied for both
dehydrogenases, meaning that less manipulation of the carrier was required, and thus shorter time of preparation
and lower costs are positively involved.

The co-immobilized enzymes showed an overall good stability in storage and operational conditions, confirming
the possibility to exploit them multiple times. In addition to this outcome, their efficient performance with the
biocatalytic reactions has been proved with the complete conversion of a-ketoglutaric acid at the 50 mM scale,
which has been gained very quickly. Then, an 80% conversion of 300 mM ammonia was obtained, which was 4
times higher than for the soluble enzymes. Consequently, the co-immobilization gave increased stability in high
substrates concentration.

In conclusion, the tested system has been demonstrated to be ready for its versatile application. Not only small
amounts of ammonia, but also higher concentrations are detected or removed in solution. Such result cannot be
achieved by usual approaches depending on NADH depletion.

The co-immobilized GluDH-FDH tool is fully available for the implementation to couple reactions in batch or flow

reactions, as well as for the detection or removal of ammonia in aqueous samples.
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6.1 INTRODUCTION

A fusion protein is a molecule consisting of two or more protein domains incorporated into one single complex.
Naturally occurring fusion proteins are widespread, and their modular organization has been identified as an
important evolutionary phenomenon."*

Artificial fusion proteins may be designed to achieve improved properties or new functionality.' For this purpose,
the combination of two proteins to generate a bifunctional enzyme complex has been attempt over the years.? In
particular, fusion enzyme engineering is one of the promising approaches for in situ efficient regeneration and
reuse of the cofactors for cost-effective reactions.* As a matter of fact, the cofactor is too expensive to be applied
in stoichiometric amounts, therefore a recycling system is necessary to reduce costs.> Moreover, a fusion protein
can dramatically simplify the phases of expression, purification or immobilization, since one single protein
presenting the activity of two (or more) distinct enzymes has to be manipulated. This results in decreased
investment on time, materials and costs.

The use of GluDH to bioconvert the toxic ammonia was described in the previous chapter. Similarly, this enzyme
has been coupled with the FDH to continuously regenerate the cofactor. Both the two proteins were co-
immobilized on the same support and applied in biotransformations. However, the system required some
optimization due to the slow conversion of high amount of ammonia, which did not achieve full conversion. As a
result, these two enzymes appear perfect candidates for the development of a fusion protein to yield a more
efficient biocatalyst.

The FDH is considered the enzyme of choice as recycling cofactor system, since the formate reaction is irreversible
and the produced CO, can be easily separated.® Thus, including the FDH in the construction of a fusion protein is
of high interest and indeed, attempts have been already accomplished with successful results: fusion proteins
with the CbFDH combined to a phenylalanine dehydrogenase (PheDH), an octameric leucine dehydrogenase
(LeuDH) and recently, an azoreductase (AzoRo) have been reported, even if the last protein presented a mutated
form of CbFDH (C23S).7® On the contrary, the GluDH has never been implemented to the generation of a fusion

protein before the current work.
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A novel fusion protein combining the hexameric CsGluDH with the dimeric CbFDH has been rationally designed,
aiming for a closer proximity of the two biocatalysts. In this way, the migration of the cofactor between their
active sites is accelerated through substrate channeling without first diffusing to the bulk environment.*

The reaction of interest is shown in Figure 1, where the two biocatalytic activities are combined while sharing the

cofactor.

0 O  GluDH O O
NH, HOJ\/\g/U\OH . HOWOH . Ho
N H,
a-ketoglutaric acid NADH  NAD Glutamic acid

.\ o

co, + H"

Formic acid

Figure 1. Reaction scheme of the bifunctional fusion protein of GluDH and FDH.

The new enzymatic complex was subjected to a series of tests to assess activity, stability, and structural
conformation. Moreover, the fusion protein has been immobilized to enhance the efficiency of the bifunctional
system, which was additionally proven by performing biotransformations.

The work presented in this chapter is my exclusive contribution unless otherwise stated. David Roura Padrosa
worked on the MD simulation and prediction of the fusion protein assembly.

The current work has been included in the following publication:

V. Marchini, A. I. Benitez-Mateos, D. Roura Padrosa, F. Paradisi “Fusion of glutamate dehydrogenase and formate
dehydrogenase yields a bifunctional efficient biocatalyst for the continuous removal of ammonia” Frontiers in

Catalysis 2021, 1, art 790461.

6.2 RESULTS AND DISCUSSION
6.2.1 Genetic construction of the GluDH-FDH fusion protein

The genetic construction of the recombinant fusion protein has been developed using the original plasmid

encoding the CbFDH as a template, where the His-tag was located in the N-terminal. Then, CsGluDH gene was
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inserted downstream of CbFDH DNA sequence, to enable the correct folding of the GluDH C-terminal domain
which loops into the internal cavity of the hexameric complex when the quaternary structure is formed."™ The
stop codon inserted after CbFDH gene was thus removed to ensure that the overexpression was including
CsGIuDH in the protein formation. A 9 aa linker was inserted between the two domains acting as a spacer to
avoid undesirable outcomes, including misfolding of the fusion protein, low yield in protein production or
impaired bioactivity.’* As a matter of fact, linkers are ubiquitously observed in naturally occurring multidomain
proteins with the function of maintaining necessary distance to reduce steric hindrance and/or permit favorable
domain-domain interaction between the two protein moieties."

The final genetic construction of (N-Hiss-tag)-FDH-linker-GluDH is shown in Figure 2.

BamlIl Nhel

EcoRI Sacl

His-Tag

D GSEGGRIAS

Linker

pET28b

Figure 2. Genetic construction of the plasmid of recombinant fusion protein GluDH and FDH.

Firstly, the linker has been designed to present glycine and serine in the sequence, as these small polar amino
acids may provide good flexibility and maintain stability in water (the linker is more likely to be exposed to the
solvent). Secondly, two flanking restriction sites have been implemented to facilitate direct modification of the
genetic sequence (length of the linker, flexibility, amino acids involved, etc.). BamHI and Nhel have been chosen
for this purpose, since they are not contained in any other site of the entire construction and the translated amino
acids follow the requirement described in the previous statement. Indeed, BamHI restriction site encodes glycine
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(GGA) and serine (TCC), while Nhel translates alanine (GCT) and serine (AGC). Finally, the length resulted to be
a compromise where the distancing between the two protein domains was effectively supplied and the primers
involved in the gene cloning were not too long for being inefficient. The linker consisted of the following protein
sequence: Gly-Ser-Gly-Gly-Gly-Gly-Ser-Ala-Ser.

Moreover, the genetic construction was designed to include an additional restriction site at the very beginning of
CbFDH gene and one at the very end of CsGluDH DNA sequence, creating a modular and versatile system. This
allows the exchange of the genes to develop other fusion proteins, as well as the incorporation of a further fusion
protein involved in the catalytic reaction system. For this aim, EcoRI and Sacl were chosen.

Computational studies have been performed to probe the rationale behind the gene design, before proceeding
with the experimental development of the fusion protein. The PDB file resulting from the in-silico analyses
supported the insertion of the g aa linker to facilitate the correct assembly of each subunit. As shown in Figure 3,
the six subunits are favored to assemble, presenting the hexameric GluDH in the center (green color) of the
quaternary structure. The fused FDH subunits are exposed to the bulk to form three assembled dimers (pink

color) enabling proper folding without any major distortion.

Figure 3. Modelling of the hexamer fusion protein construct created with molecular modelling and minimized with

16

openMM." GluDH assembly in green and FDH dimers are in pink. Graphic visualization and editing in Pymol.
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As for the amplification of the insert, the TOUCH-UP PCR was chosen for the annealing temperature increasing
each cycle (from a low to a high value) that allowed to enhance the specificity of primer binding. Accordingly, the
efficiency of the amplification was reduced, but the quantity of amplified insert fragments was still enough to
bind the PCR product of the vector in the Gibson assembly, since the length of the first ones was only 1.4 kb while
the second DNA fragments were long 6.4 kb.

On the opposite, the TOUCH-DOWN PCR of the vector involved a decreasing annealing temperature for every
subsequent set of cycles (from a high to a low value) to permit more efficient amplification and so improving the
yield of PCR product formation, not very high given the length of the vector (6.4 kb).

After the digestion with the restriction enzyme Dpnl, all the methylated templates (the original plasmids of GluDH
and FDH) were destroyed. Consequently, the obtained solutions were presenting only the PCR products without
other DNA chains interfering.

Through the Gibson assembly method, the linker and the GluDH sequence have been joined with the sequence of
the formate dehydrogenase to successfully assemble a double-stranded fully sealed DNA sequence of the
recombinant fusion protein.

After transforming the assembled plasmid, the LB agar plate presented two bacterial colonies. Their purified
plasmids were digested in parallel by cleaving the linker-GluDH sequence from the vector at BamHI and Sacl
restriction sites, and samples ran on the agarose gel.

Either the gel or the DNA sequencing confirmed that the first sample was effectively corresponding to the

predicted gene, while the second sample did not match with the expected sequence.

6.2.2 Expression optimization

Three different concentrations of IPTG and two temperatures were chosen to find the optimal conditions of
overexpression in LB media.
All the outcomes are shown in Table 1, while the rate of production and the solubility of the overexpressed

enzymes are visible in the SDS-PAGE (Figure 4).
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Table 1. Outcomes for GluDH-FDH fusion protein after screening the different conditions of protein overexpression.

Expression Conditions Weight of Activity of the crude extract
IPTG pellet
Temperature GluDH FDH
Media Concentration [g/L]
[°C] [U/mL] [U/mL]
[mM]
1 6.8 357.6 1.02
LB 0.5 20 5.6 378.1 1.17
0.1 6.4 407.7 1.24
1 6.8 0.95 /
LB 0.5 37 8.4 0.85 /
0.1 6.4 1.18 /
Autoinduction / 20 15.4 2.2 0.13
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Figure 4. SDS-PAGE for screening the optimal condition of fusion protein overexpression. Scale of protein ladder: kDa.

A higher number of cells was obtained using autoinduction media, but the corresponding enzymatic activity was
significantly lower than the activity given by proteins grown in LB media at 20°C, despite the probable higher
protein concentration. Similarly, the activity of the crude extract obtained from the cultures grown at 37°C was
very low or even undetectable.

Considering the big size of the fusion protein, a lower concentration of inducer together with a lower temperature

of incubation corresponded to a slower protein synthesis rate that implied a greater amount of time for the
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proteins to fold properly. The enzyme needs to be folded in the right way to be active and therefore perform the
biocatalytic reaction. Furthermore, a lower temperature avoids the undesired formation of inclusion bodies. This
was proved by the SDS-PAGE, because less insoluble proteins were formed by incubating the flasks at 20°C. The
band of the fusion protein is placed at 93 kDa (Figure 4). A temperature of 20°C and an expression in LB media

induced with 0.1 mM of IPTG were chosen as optimum conditions for larger scale overexpression.
6.2.3 Larger scale overexpression and purification

After overexpressing the GluDH-FDH fusion protein in 300 mL LB media, approximately 5 grams of pellet per
liter of culture were produced, which were then purified and 40-60 mg of protein per liter of culture were
obtained. The efficiency of the purification process was verified by SDS-PAGE, as shown in Figure 5. The fusion
protein subunits were found in the flow through, meaning that there was some loss during the process. For this
reason, the flow through was collected and loaded a second time to the column. Given the large dimension of the
protein, it is possible that the binding between the protein and the column requires time. Although some fusion
protein has been lost also in the second flow through, the collected quantity was still enough to work with. The
first elution step effectively removed the unspecific proteins, so that the protein was successfully purified, as

confirmed by the prevalence of overexpressed protein in the last collected sample.

Figure 5. SDS-PAGE: purification of GluDH-FDH fusion protein. 1: pellet, 2: lysate, 3: cell paste (insoluble proteins), 4: crude

extract, 5: 1st flow through, 6: 2nd flow through, 7: washing step (buffer A), 8: washing step (10% buffer B), 9: after dialysis.
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6.2.4 Activity and stability

The specific activity of the fusion protein was determined for both catalytic domains (GluDH and FDH) and
compared with the activity of the wild-type enzymes. The monomeric molecular mass of the latter ones (GluDH
53 and FDH 43 KDa) is about half than the fusion protein (93 KDa), therefore the results reported in Table 2 are
normalized for concentration of each individual enzyme.

To find the weight of GluDH and FDH that contains the same moles as 1 mg of fusion protein:

Molarity Fusion Protein = Molarity WT Protein

Weight fusion protein _ Weight WT protein

Volume X MW fusion protein " Volume x MW WT protein

. 0,001 [g] __ Weight FDH [g]
For FDH: 0,001 [L]x93 [KDa] 0,001 [L]x43 [KDa]
Weione ppp - Q001 0] x43[KDa] 43
°g = 93 [KDa] T g3 ftra=haomg

. 0,001 [g] __ Weight GluDH [g]

For GluDH: e S kDl — 0,001 [L]x53 [KDa]
0,001 [g] x 53 [KDa] 53

Weight GluDH = =— KDa =0.57 mg

93 [KDal] 93

The two domains exhibited very similar activity to the wild-type proteins with an average of 86.4% of GluDH and
an 80% of FDH activity. This outcome is consistent with a previous report where the FDH moiety retained less
parental activity than partner enzyme.” Likewise, around an 80% of retained activity was obtained by the FDH of
that fusion protein, which was presenting the flexible linker (GSSSS)., very similar to the linker of the current
study.

The great retained activity confirmed the proper folding of the subunits as predicted by the molecular modelling.
They were clearly assembled without any major distortion, meaning that the GluDH possessed a hexameric

quaternary structure as the wild-type, while the FDH presented a dimeric configuration.
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Table 2. Specific activity of the two domains of the purified fusion protein compared to the normalized specific activity of

the wild-type enzymes (shown only as reference values without the standard deviations).

Formate dehydrogenase

Glutamate dehydrogenase

Amination Deamination
Fusion protein 1.2 £ 0.2 [U/mg] 135 + 6 [U/mg] 17.0 = 0.5 [U/mg]
Wild-type enzymes 1.5 156 19.7

The kinetic constants for the various substrates are shown in Table 3. The assays of GluDH were performed at

pH 8.0 in order to provide a better evaluation of the results of this work with respect to previously reported

values.”

On the contrary, the specific activity was measured at pH 7.5 as compromise between stability/activity of both

domains of the fusion protein. The different pH numbers were the reason why the values presented in Table 2

for GluDH were dissimilar from the values of the same enzyme shown in Table 3.

Table 3. Kinetic constants for the fusion protein, the glutamate- and the formate dehydrogenase.

Fusion protein - GluDH

Wild-type CsGluDH

Kum [mM] Vmax [mmol min™ mg™] Kum [mM] Vmax [mmol min™ mg™]
L-Glutamate 2.9 £ 0.8 0.04 £ 0.01 3.0 £ 1.1 0.08 £ 0.01
a-Ketoglutarate 0.41 £ 0.22 0.07 + 0.05 0.48 £ 0.31 0.13 £ 0.1
Ammonia 32.5 + 10.0 0.18 + 0.06 32.3 £ 10.0 0.36 + 0.15
NADH 0.20 £ 0.08 0.06 £ 0.05 0.10 £ 0.06 0.12 £ 0.1
NAD* 0.17 £ 0.04 0.02 + 0.01 0.17 £ 0.02 0.05 + 0.02
Fusion protein - FDH Wild-type CbFDH
Ku [mM] Vmax [pimol min™ mg™] Ku [mM] Vmax [pimol min™ mg™]
Formate 6.0 £ 1.0 1.0 £ 0.3 5.0 £ 1.0 3+1
NAD"* 0.088 + 0.014 1.0 + 0.4 0.168 £ 0.030 5+1
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The resulting Ky values were comparable between the fusion protein and the WT enzymes. The maximum
velocities (Vmax) of the fusion protein were the half compared to the value obtained for the WT GluDH, while 3
and 5 times lower in comparison to the WT FDH. However, this simply reflects the difference of weight between
WT and fusion protein, where the last one has approximately twice the weight of the original enzymes. Therefore,
the rate of conversion has been conserved after the fusion.

The FDH domain showed a lower Ky value towards NAD* compared to the WT, while the GluDH had a decreased
affinity for the NADH after the fusion. The same alteration of the cofactor kinetic parameters was found in the
LeuDH-FDH fusion protein.” It has been suggested that the different affinity values towards the cofactor were
caused by moiety-moiety interactions or the proximity of two cofactor binding domains in the fusion enzymes.”
The affinity to the substrates has not been affected by the linkage of the two protein domains, meaning that no
destabilization of the quaternary structure happened.

It has been chosen to test together the activity and the stability to avoid any change of conditions that would cause
an adjustment in conformation of the enzymes with a consequent loss of the linearity of the curve to quantify the
rate of conversion. Indeed, this glutamate dehydrogenase has been reported to undergo a reversible
conformational change from an “active” to an “inactive” form that is pH, temperature and ionic strength
dependent, where re-activation is complete after 40 minutes at 25°C but negligible even after 2 hours at 4°C *®.
Moreover, monitoring activity and stability at the same time has the advantage to give a better information for a
practical point of view. Indeed, a biotransformation involves both the two aspects together.

The stability and activity of the fusion protein over time after its incubation at different pH values ranging from
5 to 10 are shown in Figures 6 and 7. The curves of the enzyme pairs are comparable, confirming the similar
behavior of the fusion protein with the original biocatalysts.

As for the GluDH, the maximum activity was obtained at pH 7.5, while the pH values lower than 6 and higher
than 9 showed to be fatal for both the biocatalysts. After 48 hours, the loss of activity was around 10-20%,
indicating a good stability over time. Similarly, the activity of the FDH in both forms showed to be higher around
neutral pH values as well as null at pH 5 and 10. Furthermore, the 80-90% of the activity was still retained after

48 hours at pH 7/7.5.

127



CHAPTER 6

110

100 "‘

90
X 8o \
2 7 /
B 60 —®—3 h - Chimera
Q
<
e 50 / 48 h - Chimera
g 40
g 3 h - GlutDH
~

30
20 / 48 h - GlutDH
10

5 55 6 65 7 75 8 85 9 95 10

Figure 6. Stability and activity at different pH values for GluDH.
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Figure 7. Stability and activity at different pH values for FDH.

The activity of the enzymes at 37°C was higher compared to the activity at 25°C with around 1.7-fold for the
GluDH reaction and 1.8-fold for the FDH related to both the fusion protein and the WT biocatalyst.

After incubating them at 37°C for 24 and 48 hours, the activity was constant at its maximum with any loss in
activity, as shown in Figures 8 and 9. Moreover, one hour of incubation was not enough for a complete adjustment
of the quaternary structure since the activity of the GluDH in both species was a 70% in comparison to the activity
of the 24 and 48 hours.
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Figure 8. Stability and activity at 37°C for the glutamate dehydrogenase.
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Figure 9. Stability and activity at 37°C for the formate dehydrogenase.

The WT FDH did not show this behavior of re-activation, indeed the activity after one hour of incubation was the
same found for the following 24/48 hours. On the contrary, the FDH contained in the fusion protein presented a
70% activity after one hour as happens for the GluDH. Surprisingly, the conformational change of the GluDH
involved a subsequent change also in the conformation of the FDH fusion protein, which developed the same

reversible change from an “active” to an “inactive” form.
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The fusion protein presented the same profiles as the wild-type enzymes for both pH and temperature
activity/stability. Furthermore, the FDH moiety acquired a cooperative behavior that is typical of the GluDH but
does not occur in the WT FDH. The fusion, therefore, led to a tight connection between the two enzymes where

one domain is dependent to the other for structural modifications induced by temperature shift, for example.

6.2.5 Assembly evaluation

The GluDH and the FDH are typically assembled in a hexamer and a dimer, respectively, which are required to
get a stable and fully active quaternary structure. Since the subunits of the fusion protein combine the two
domains fused one with the other, the final assembly may be altered with drastic consequences. Thus, it is
essential to investigate the oligomerization behavior of the monomers. For this purpose, two techniques were
employed: the MD simulation to predict the plausible assembly of the quaternary structure, as already mentioned,
and a SEC to confirm the previous data.

The calibration curve was created by running the protein standards (Figure 10).

16
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10

6

Flution Volume [mL]
0]

Y = -4.4253X + 21.082
R? = 0.9701

1 1.5 2 2.5 3

Molecular Weight [log KDa]

Figure 10. Graph of the protein standards applied to the gel filtration column (SEC). In ascending order by molecular weight:
carbonic anhydrase (29 KDa - 15.15 min), albumin (66 KDa - 12.39 min), alcohol dehydrogenase (150 KDa - 11.4 min), 3-

amylase (200 KDa - 10.74 min), apoferritin (443 KDa - 9.51 min), thyroglobulin (669 KDa - 8.75 min). The final equation is
\ 7 p 3 95 yrog 9 75 q

shown in blue.

The SEC chromatogram obtained with the fusion protein is shown in Figure 11.
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The different conformations were found at 7.6, 8.51, 8.98 and 11.4 minutes. By plotting these values in the

calibration curve equation, the sizes 1111, 694, 544, 156 KDa were calculated. The molecular weight of the

monomer is 93 KDa.
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Figure 11. Chromatogram of the fusion protein conformations by SEC (blanked).

The molecular weight of the assembled fusion protein was estimated by fitting the collected data to the equation
of the calibration curve, which was determined from the elution time of each protein standard.

The chromatogram showed two main large peaks, that corresponded to the molecules having six and eight
subunits. In addition, other two small peaks were observed, which were related to the molecular weight of two
and twelve subunits.

In accordance with the in-silico results, it has been confirmed that predominantly the hexameric and octameric
form with traces of assembled 2 and 12 monomers are assembled.

The hypothetical configurations are shown in Figure 12.

It is worthy to remark that the final conformation is based on an equilibrium between the four different
combinations of the subunits. On varying such equilibrium and the applied working conditions, the ratio may

differ and accordingly, the activity of the protein domains might be subjected to small alteration.
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Figure 12. Schematic assembly of the fusion protein monomers.

6.2.6 Protein immobilization

The fusion protein has been immobilized to enhance its stability over time and over consecutive cycles of usage.
Considering the results obtained in the previous chapter, it has been already demonstrated that both enzymes are
efficiently immobilized on supports activated with glyoxyl groups and then coated with PEL

Furthermore, the CapiPy tool was employed to confirm the efficiency of the immobilization strategy, since the
new assembly may have changed the exposed clusters of amino acid residues available for the binding to the
resin. CapiPy offered an evaluation of the protein surface through a detailed analysis of the structure, whose
model was given by minimizing a manually assembled hexameric conformation followed by minimization with
openMM." The final quaternary structure is shown in Figure 13, where it is evident that negative charged groups
(red) are still highly spread throughout the surface of the hexamer, offering many points of interactions with

positively charged groups. Therefore, the coating of a support with PEI offers easy interaction with the aspartate

132



CHAPTER 6

and glutamate clusters of the fusion protein. Also, the introduced high number of amino groups create a more

hydrophilic, and thus favorable, environment for the enzyme.

Figure 13. 3D structure of the assembled fusion protein retrieved from CapiPy tool after minimization and analysis."

Visualized and edited in Pymol.*® Left: cartoon and licorice sticks for colored amino acids. Right: surface visualization.

The polymethacrylate epoxy resin ReliSorb EP400/SS has been selected as a support, since it showed good
outcomes for the WT proteins. The material of the resin offered a robust support to the enzyme, while the porosity
gave many points of anchoring.

The enzyme was efficiently bound through ionic interactions. This favored the retention of enzyme flexibility
which is essential for its activity since it undergoes a conformational change from an “active” to an “inactive”
form, where the six subunits have the capacity for cooperative interaction.®* A complete immobilization yield
was achieved, with no remaining protein in the supernatant. As indicated in Figure 14, a recovered activity of 50
and 100% for GluDH and FDH, respectively, was obtained with a loading of 1 mg of protein per Gram of support.
Differently from the sequential co-immobilization of the WT enzymes, the two domains of the fusion protein have
been simultaneously immobilized since their fusion did not allow for a sequential approach. Increasing the loading
to 5 mg/g of support caused a slight decrease to 35% for GluDH and 85% for FDH in recovered activity. This was
further reduced at 10 mg/g of loading (30% for GluDH and 60% for FDH) indicating a diffusion limitation issue.

In all the cases, however, the retained activity was high and good enough to try biotransformations.
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Figure 14. Recovered activity (bars) and expressed activity (lines) after the immobilization of the fusion protein onto

ReliSorb EP400/SS, loading an increasing amount of protein.

The WT GluDH showed 85% recovered activity with a loading of 1 mg of protein. In comparison, the fusion protein
domain achieved a lower recovered activity (50%), maybe due to a reduced flexibility when immobilized as fusion
protein. On the opposite, the FDH domain recovered full activity as for the WT enzyme when loading 1 mg/g.
Moreover, the WT FDH achieved only 45% recovered activity with 5 mg/g of loading, while the FDH domain of
the fusion protein retained higher activity with increased loading. Consequently, the two domains behaved
differently in terms of recovered activity with respect to the single enzymes, one with opposite trend compared
to the other. However, favoring the activity of FDH, even if at the expense of GluDH, is required to allow an
efficient cofactor recycling system, as seen in the previous chapter, where the FDH was the limiting factor when

immobilized with low ratio GluDH - FDH.
6.2.7 Operational stability

The stability of the immobilized fusion protein was tested over different cycles of biotransformation using 50 mM
a-ketoglutarate as indicator of the activity for each sequential reaction. In preliminary studies, the 1 mg protein
immobilized onto 1 gram of resin was employed, but the results confirmed the rate-limitation presented by the

low activity of FDH (data not shown). Consequently, operational stability tests were repeated with a more active
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resin prepared with 10 mg/g of biocatalyst. The linear trend of retained activity over subsequent cycles is shown

in Figure 15. The immobilized biocatalyst can be reused for 10 times maintaining half of the initial activity.

Retained Activity [%]

1 2 3 4 5 6 7 8 9 10 11

Cycles

Figure 15. Operational stability of the immobilized fusion protein over 11 cycles of usage. The trendline is shown in dark

blue.

Knowing that the enzyme is immobilized through reversible interactions on PEI, the good stability over cycles is
a promising result for the reusability and the application in flow reactions. Indeed, this allows for a more
sustainable and efficient system.

In this contest, it is important to mention the use of the immobilized fusion protein in Chapter 4 in combination
with AvPAL. Despite the low conversion of the PAL deamination, the fusion protein demonstrated the capacity of
effectively coupling the reaction, readily converting the produced ammonia into glutamate. The immobilized
fusion protein was applied in continuous flow reaction for several cycles, using different conditions. Afterwards,
the activity was tested, and the enzyme showed to be fully active. Consequently, the stability of the immobilized
biocatalyst has been proved even in flow system.

A stable self-sufficient biocatalyst was created and immobilized on a solid support. The construction of such
bienzymatic system which enables successful immobilization is a step forward in terms of efficiency, optimization,

and cost-effectiveness with respect to the well-known co-immobilization strategy of two separate enzymes.
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6.2.8 Biotransformations of a-ketoglutarate with free and immobilized fusion

protein

It has been decided to attempt biotransformations with the aim to assess the efficiency of the system, which
involves the GluDH converting ammonia and o-ketoglutarate into glutamic acid, with sub-stoichiometric
amounts of NADH, and the FDH to regenerate continuously the cofactor. The reactions were performed with the
immobilized fusion protein, which was compared to the results attained from the biocatalytic reaction done with
the free protein.

The percentage of conversion has been defined by the depletion of the substrate a-ketoglutarate compared to the
control without the enzyme, and by the observed increased amount of the product glutamic acid. Initially, a 5
mg/g immobilized fusion protein with a 10 mM scale was found to achieve 72% molar conversion after 30 minutes
and 100% yield in less than one hour. The same results have been seen for an equal amount of soluble enzyme in
the same conditions of biotransformation.

Rising the scale to 50 mM (1 mM NADH), the free enzyme appeared to biocatalyse the reaction slightly faster than
the immobilized form (Figure 16), when the reactions were performed in parallel with same conditions and

presenting equal amounts of fusion protein. In any case, both forms showed a complete conversion in less than

4 hours.
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Figure 16. Percentage of conversion of 20 mg of immobilized fusion protein (5 mg/g) versus 0.1 mg/ml of the soluble form

with 50 mM a-ketoglutarate, 200 mM ammonium, 200 mM formate, 1 mM NADH at 37°C.
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Through the activity assays and the catalytic conversion just described, the fused biocatalysts demonstrated to
retain the catalytic properties of the individual enzymes. In fact, the biotransformation of the immobilized fusion
protein can be compared to the biocatalytic reaction performed by the co-immobilized glutamate and formate
dehydrogenases with the aim to determine whether the efficiency of the system has been improved. In the
previous chapter, it has been shown that 5 mg/g GluDH co-immobilized with 40 mg/g FDH reaches 90%
conversion in 10 minutes and 100% in less than 20 minutes. The 8-times higher loading of the FDH was essential
to ensure a fast recycling of the cofactor without constraining the activity of the GluDH.

The comparison retrieved a limitation in the 1:1 ratio between the two fused domains, because of the slower
activity of the FDH with respect to the activity of the GluDH.

To further investigate whether the FDH is the rate-limiting enzyme of the 1:1 bifunctional system, the 5 mg/g
immobilized fusion protein was employed for two parallel biocatalytic reactions whose sole distinction was the
amount of added NADH: 1 mM against the 15 mM. As displayed in Figure 17, the higher quantity of available
NADH accelerates the activity of the GluDH, given that only 73% yield was obtained after 3 hours of
biotransformation for the first reaction and 100% yield was detected as far as the second parallel reaction.
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Figure 17. Comparison of activity using 1 and 15 mM NADH, with 5 mg/g immobilized fusion protein in 50 mM scale.

Even if the GIuDH is limited by the slower rate of conversion of the FDH, the enzyme still works greatly with good
efficiency since a full conversion is achieved in a couple of hours. The cost-effective advantage of employing a

single protein instead of two overcomes this less significant drawback.
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Then, a larger scale biotransformation of 300 mM a-ketoglutarate (only 1 mM of NADH) was performed to push

the self-sustainability of the system (Figure 18).
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Figure 18. Percentage of conversion of 15 mg of immobilized fusion protein (10 mg/g) versus 0.15 mg/ml of the soluble

form with 300 mM a-ketoglutarate, 400 mM ammonium, 400 mM formate, 1 mM NADH at 37°C.

Full conversion was obtained in less than 40 hours using the immobilized enzyme, while the soluble biocatalyst
achieved 70% conversion within the same timeframe.

Some protein precipitation was noted in the reaction environment with the free form, causing a decrease of
activity over time. The loss of stability was probably triggered by the presence of high substrates concentration
in the solution (namely, 300 mM a-ketoglutarate disodium salt, 400 mM ammonium chloride, 400 mM sodium
formate).

However, the immobilized enzyme worked efficiently reaching a >99% conversion, suggesting that the

immobilization effectively enhanced the stability of the bifunctional system over time even at higher substrates

concentration.

6.2.9 Continuous removal of ammonia via biotransformations (proof of concept)

The fusion protein is a bienzymatic system that can be applied as a tool to remove ammonia, for example in

contaminated waters following spillages. Different experiments were performed to prove the efficiency of the
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system in the depletion of small and high concentrations of ammonia, by measuring the consumption of a-
ketoglutarate (substrate provided in excess) combined with the rate of production of the glutamate. Indeed, the
ammonia employed for the amination is stoichiometric with the consumed/formed compounds.

The first experiment wants to determine the performance of both WT and fused GluDH, with or without the
assistance of FDH, in the conversion of 15 mM ammonia with an excess of a-ketoglutarate (30 mM) and either
stoichiometric or catalytic amounts of NADH. The activity of the FDH was permitted or not by the addition of

formate as substrate in the reaction.

The reactions were monitored at 1, 2, and 24 hours. However, after 1 hour no further change in the ammonia
elimination was observed. Results are shown in table 4. The fusion protein achieved full conversion only when
the FDH was activated (entry 2), removing all the ammonia. In contrast, the GluDH in both forms achieved only
80% conversion, when the FDH was not activated. Therefore, it did not reach full conversion even if the cofactor
was provided in stoichiometric amount (entry 1). Thus, the fusion protein with the coupled activity of the two
domains was more efficient than the GluDH alone. The full depletion of 15 mM ammonia is a great result,

considering that this concentration is significantly below the calculated Km value (table 2).

Table 4. Conversion of 15 mM ammonia without (first line) and with (second line) NADH recycling.

Concentration [mM] Conversion [%]
Entry
Ammonia  a-ketoglutarate NADH Formate WT GluDH GluDH domain
1 15 30 15 / 80% 80%
2 15 30 1 100 / 100%

After demonstrating the efficiency of the fusion protein towards low amounts of ammonia, the system was
exploited against harsher conditions. In particular, 300 mM of ammonia were used together with a moderate
excess of the substrates (400 mM o-ketoglutarate and 400 mM formate) with still only 1 mM of cofactor. Also,
the performance was compared between the soluble and the immobilized fusion protein. The chosen biocatalyst

concentration was equal in both forms as well as comparable to the amounts of WT enzymes employed for the
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same test in the previous chapter (paragraph 5.2.7). Indeed, the graph shown in Figure 19 also includes the results
of the soluble and co-immobilized WT enzymes to provide the full comparison.

The soluble fusion protein appeared to react slowly but still achieved almost 80% conversion in 72 hours. In
comparison, the free WT enzymes could not achieve more than 20% conversion, due to stability issue. Therefore,
the fusion protein gained an overall higher structural stability than the single enzymes.

Furthermore, the immobilized fusion protein showed full conversion in 48 hours, meaning that also high
concentrations of ammonia can be fully removed by the new biocatalyst, as proof of concept. Instead, the co-
immobilized WT biocatalysts achieved only 65% conversion in the same time frame. Despite the general improved
stability attained with the immobilization method, the conversion rates achieved in 48 hours with the immobilized
fusion protein and the co-immobilized WT enzymes are clearly divergent with 1.5-fold higher rate for the
bifunctional protein. The performance in working conditions provides a suitable method of comparison of the

catalytic efficiency of the two systems (with and without the fusion) where the new enzyme is more effective

timewise.
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Figure 19. Conversion of the fusion protein and the WT enzymes in both soluble and immobilized form with 300 mM
ammonium, 400 mM a-ketoglutarate, 400 mM formate, 1 mM NADH. The final concentration of the fusion protein was 0.1

mg/ml, the final concentration of WT enzymes was 0.057 mg/ml for GluDH and 0.046 mg/ml for FDH.
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Looking at the literature, also the PheDH-FDH fusion protein showed a 1.5-fold higher molecular conversion rate
than the WT enzymes. In fact, the cofactor regeneration process is improved, given that the product of the first
reaction can be quickly transferred to the second enzyme, leading to a lower time of diffusion.®

The immobilized fusion protein consisted of a balance arrangement of the two linked proteins so that the closed
proximity of one biocatalyst to the other speeds up the cofactor regeneration system. Accordingly, the application

of the new protein enhanced and highly optimized the already well-functioning co-immobilized GluDH and FDH.

6.3 CONCLUSION

The GluDH and the FDH have been successfully fused, overcoming all the potential drawbacks that may appear
during the production of a fusion protein. One active, stable, and self-sufficient enzyme was yielded, offering a
great tool for the application in small and high scale conversion of ammonia and a-ketoglutarate. The fusion
protein was also immobilized, providing a highly efficient and stable biocatalyst, that can be reused for several
cycles of biotransformation. The close proximity of the two enzymes, given by the direct linkage, proved to
enhance the activity of GluDH and FDH, showing higher conversion compared to single WT biocatalysts.
Therefore, the design and development of a protein possessing the activity of two may surpass the already
advantageous co-immobilization for a more industrially appealing solution, that fulfill the demand for sustainable
processes. The novel fusion protein has proved to fully remove ammonia in experimental conditions, as proof of
concept. Also, the immobilized fusion protein was successfully coupled to another enzyme, AvPAL, for the
continuous removal of the ammonia present in solution (see chapter 4). Still, the treatment of environmental
samples is a potential application, by now. The development of a system to implement effectively this tool and
the required substrates for its activity is required. Nevertheless, this work provides a useful starting point for

further studies and future applications to create a safer environment for us and for all the other animal species.
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7.1 INTRODUCTION

An w-transaminase (w-TA) catalyzes the reversible amination of a ketone or aldehyde (amine acceptor) and the
concomitant deamination of a primary amine (amine donor); overall an amino moiety is transferred between
two molecules. For this reaction, the transaminase requires a vitamin Bs-based cofactor, pyridoxal 5’-phosphate
(PLP), acting as an intermediate amine acceptor and electron sink."

Among the group of w-TAs, the amino transaminases (ATAs, EC 2.6.1.-) are particularly interesting, since they
do not require the presence of a carboxylic group in the substrate molecule, being able to accept a large variety of
carbonyl compounds. In this contest, ATAs have attracted considerable interest in their use as biocatalysts for the
enantioselective synthesis of valuable chiral amine compounds, which are widespread within the pharmaceutical,
agrochemical, and fine chemical industry.” Indeed, they are considered a convenient alternative to classical
chemical approaches and, thanks to their compatibility with other enzymes, they are often employed in multiple-
enzymes cascade reactions.'

ATAs have been implemented in the industrial scale synthesis of important compounds and one example was
mentioned in the introduction. The Sitagliptin molecule was efficiently produced with the engineered
transaminase ATA-117, using isopropylamine (IPA) as amine donor.

Nonetheless, the insufficient stability of ATAs under operating conditions, still, constitutes a major hurdle for
industrial applications.? As a matter of fact, high amine donor concentrations are required to shift the unfavorable
reaction equilibrium towards the production of the desired amine, but this is detrimental for the enzyme.* The
high amounts of amine donor react with the PLP and induce accumulation of the less stable intermediate form
(E:PMP) constituted by the aminated cofactor, pyridoxamine 5’-phosphate (PMP).? Instead of recycling E:PMP to
the stable E-PLP (internal aldimine) form, ATAs tends to release PMP in the absence of the produced
ketone/aldehyde (very low ratio compared to the amine donor).> The resulting loss of cofactor causes monomer
dissociation, unfolding and irreversible protein aggregation.3

A second source of instability is then enzyme inhibition by various amines as well as by amino acceptors, either

reactive aldehydes or keto acids such as pyruvate.®
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Several methods have been developed to displace the equilibrium and avoid byproduct inhibition. In this regard,
the amine donor IPA used for the Sitagliptin synthesis produces acetone, which can be removed easily under low
pressure or slight heating. However, IPA is not widely accepted from ATAs, and this fact compromises its wide
applicability.” More than that, IPA can significantly affect the operational stability of the enzyme, since high
concentrations are required.3

Using other amine donors (e.g., 1-aminotetralin) improved the levels of conversion slightly, but no general
approach could be identified and most case studies reported highly substrate-dependent transamination
reactions.'

Alanine is widely used as amine donor, since it is accepted by almost any ATAs, if not all of them. Furthermore,
L-alanine is economically advantageuous.” The scheme of transaminase reaction with L-alanine as amine donor

is shown in Figure 1.
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Figure 1. Scheme of the transaminase catalysed reaction where L-Alanine is the amine donor converted to pyruvic acid.

Like for the IPA, large excess is employed to shift the equilibrium towards the product formation.

An approach for equilibrium displacement and prevention of byproduct inhibition involves the addition of a
second enzyme, such as a lactate dehydrogenase (LDH). This biocatalyst converts the pyruvate into lactic acid at
the expense of NADH, removing the byproduct from the reaction environment.> To recycle NADH, a third enzyme
such as glucose dehydrogenase (GDH) is added,. The formed byproduct, however, causes a pH shift that might
not be compatible with the transaminase.’ Similar approaches employed a pyruvate decarboxylase to remove
pyruvate by converting it to acetaldehyde, but this molecule competes with the substrate to be aminated, leading

to ethylamine as side product.**
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An amino acid dehydrogenase like AlaDH could be an alternative candidate in this scenario. In fact, it removes
the pyruvate from the reaction bulk by consuming ammonium and NADH and simultaneously, and it recycles
alanine so that the amine donor is continuously available for the transaminase reaction, without the need to use
it in excessive amounts. Therefore, both equilibrium displacement and byproduct inhibition are most likely
solved. Then, the cofactor can be efficiently recycled by adding FDH as coupled biocatalyst. The reaction of interest

is shown in Figure 2, where the two biocatalytic activities are combined for cofactor regeneration.

O @)
R
/—\ NH2
Pyruvic acid L-alanine
NADH NAD"

Formic acid

Figure 2. Reaction scheme of the combination of AlaDH with FDH.

This system has been previously reported, showing high conversion rates (mainly >90%) and high
enantioselectivity with the soluble enzymes.>?

To be sustainable and industrially appealing, though, the system requires to be reused efficiently for several cycles.
Accordingly, the enzyme immobilization onto a solid support was attempted using the transaminase from the
halotolerant bacteria Halomonas elongata (HewT), the AlaDH also from Halomonas elongata (HeAlaDH)
combined with the FDH from Candida boidinii (CbFDH).® However, the immobilized biocatalysts did not reach
comparable rates of conversion as the free enzymes. Indeed, only a 40% molar conversion of 10 mM vanillin was
obtained for the co-immobilized enzymes (Epoxy-Agarose as carrier), with respect to the full conversion achieved
in 2 hours with the free form. The limiting factor of the reaction was the regeneration of the cofactor, due to the

very low activity recovered by the CbFDH. °
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In a second approach, the three biocatalysts were mixed in their soluble form and trapped inside a dialysis
membrane, which allowed for reusability in subsequent reactions without losing the enzyme in the reaction bulk.
Almost full conversion was reached in the first cycle, but, unfortunately, the enzyme stability was rapidly lost in
the following 2 cycles. Afterwards, the addition of stabilizing agents in the reaction vessel showed beneficial effects
on the stability, presenting a maximum of 70% final yield after 3 cycles when using 150 mg/mL glycerol.?

The optimization of the AlaDH - FDH pair would be of high interest, in order to yield more stable biocatalysts
which can be used in the transaminase reaction without the addition of stabilizing agents.

With the intention to further investigate the versatility of engineered fusion proteins, a second bifunctional
enzyme has been developed by exchanging the GluDH domain with the previously described HeAlaDH. Indeed,
this last enzyme has a hexameric structure like the GluDH, so that the assembly should be efficient as observed
for the GluDH-FDH fusion protein. To our knowledge, the AlaDH enzyme has never been implemented in a fusion
protein before the current work. Furthermore, two different constructs were developed, where the position of
the two domains was swapped. This enables further analysis on the effect of the domain location and gives the
opportunity to choose the most active version of fusion protein.

Indeed, past works on the fusion of proteins revealed that the orientation of the domains can drastically change
the activity of the final protein. For example, the fusion of an alcohol dehydrogenase (ADH) with a cyclohexanone
monooxygenase (CHMO) was studied and one orientation showed the expected catalytic efficiency, while the
other one showed low to no activity.”’ It was suggested that structural changes happened to the inactive fusion
protein. In fact, the orientation of the two domains or the fusion itself may hinder the association between the
subunits to form the oligomers. It is in fact possible that one protein domain covers the oligomerization interface
of its fusion partner, preventing the multimeric assembly, essential for the activity.*

Consequently, the activity of the two developed fusion proteins was evaluated and the most active form was
chosen. Then, specific studies were completed to compare the wild-type enzymes with the chosen recombinant
protein for the application to the transaminase reaction.

The work presented in this chapter is my exclusive contribution unless otherwise stated. Sophia Lena Hutter

helped with the cloning and the characterization of the AlaDH-linker-FDH-(Hiss-tag-C).
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7.2 RESULTS AND DISCUSSION

7.2.1 Genetic construction of the two fusion proteins

The genetic construction of (N-Hise-tag)-FDH-linker-AlaDH has been performed using the same strategy
employed for the cloning of the recombinant fusion protein of GluDH-FDH (chapter 6). Unfortunately, replacing
the gene of GluDH from the previous fusion protein with the gene of AlaDH by double digestion and ligation
(through Nhel and SaclI restriction sites) was not successful and the generation of the construct was attempted
via Gibson assembly. The amplification of both the insert and the vector was effective, as checked by agarose gel
and sequencing of the vector, yielding good amounts of DNA fragments to work with for the following step.
However, despite several attempts and optimization, the sequencing of random clones was not successful.
Therefore, a colony PCR was performed to speed up the process analyzing as many colonies as possible without

sequencing all of them. By means of the colony PCR, only few among 30 screened colonies seemed to be efficiently

assembled (Figure 3).
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Figure 3. Colony PCR of the His-FDH-AlaDH fusion protein.

The chosen candidate exhibited a more intense band in the expected size line (2.5 kb) of the agarose gel and after

sequencing, the purified plasmid was confirmed to contain the His-FDH-AlaDH fusion protein.
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On the other hand, the genetic construction AlaDH-linker-FDH-(Hiss-tag-C) was designed considering the
assembly of the hexameric structure, where the AlaDH is most likely located in the center surrounded by the FDH
dimers. For this reason, it has been decided to insert the His-tag at the C-terminal of the FDH domain, exposed
to the bulk, so that the six subunits of AlaDH are able to fully assemble without any distortion. Furthermore, the
activity of the GluDH-FDH fusion protein confirmed that the presence of a His-tag in the dimeric FDH structure
was not detrimental for the assembly.

The plasmid backbone was again pET28b in order to maintain the same properties as the previous fusion protein
and allow for a fair comparison between the two new enzymes.

For the development of this second fusion protein, a first mutation was performed to remove the stop codon at
the end of the FDH gene. In this way, the His-tag available in the vector template was encoded in the protein
sequence at the C-terminal of the FDH domain. The one-point mutation resulted in the exchange of the base A
contained in the TAA stop codon for a C base, developing a TCA triplet, which translates for a serine in the amino
acidic structure. After the PCR amplification of both insert (gene fragment of AlaDH) and vector (FDH-pET28b),
the Gibson assembly was performed.

One of the colonies obtained with the subsequent bacterial transformation was employed for plasmid propagation
and purification. After sequencing, the plasmid was confirmed to contain the right DNA of AlaDH-FDH-His fusion

protein.

7.2.2 Expression optimization

The His-FDH-AlaDH fusion protein was expressed in small scale to evaluate the best conditions, using LB as
culture media, different concentration of the inducer IPTG and two different temperatures of incubation (20°C
and 37°C). The results of the crude activity are shown in Table 1. The SDS-PAGE of the related samples is exposed
in Figure 4 where the rate of production and the solubility of the overexpressed enzymes are compared.

The activity in the crude extract obtained from the cultures grown at 37°C was almost undetectable. In fact, no
activity of the FDH was found, while the AlaDH had very low values with respect to the results obtained from the

cultures grown at 20°C. The latter ones offered an active enzyme for both domains as well as a higher level of
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overexpression. However, in all cases the majority of the fusion protein was found in the insoluble fraction and

among the three different amounts of IPTG, the 0.1 mM seemed to yield the most soluble and active enzyme.

Table 1. Outcomes for His-FDH-AlaDH after screening the different conditions of protein overexpression.

Expression Conditions Weight of Activity of the crude extract
Media IPTG Temperature pellet AlaDH AlaDH FDH
Concentration [°C] [g/L] deamination amination [U/mL]
[mM] [U/mL] [U/mL]

1 8 0.16 1.0 0.09
LB 0.5 20 5 0.19 1.1 0.09
0.1 5 0.30 17 0.07

1 4 0.02 0.6 /

LB 0.5 37 4 0.02 0.6 /

0.1 5 0.02 0.7 /

20°C-0.1mM IPTG 20°C-0.5mMIPTG 20°C—1.0mM IPTG 37°C-0.1mMIPTG  37°C-0.5mM IPTG 37°C-1.0mM IPTG

Figure 4. SDS-PAGE for screening the optimal condition of His-FDH-AlaDH fusion protein overexpression. PL: protein

ladder.

Consequently, a temperature of 20°C and an induction with 0.1 mM of IPTG were chosen as optimum conditions
for larger scale expression of His-FDH-AlaDH fusion protein. It is worth to mention that these conditions were

also chosen for the previous fusion protein, having the same pattern (His-FDH-GluDH).
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The fusion protein of AlaDH-FDH-His was firstly expressed following the same conditions as before.
Unfortunately, the protein was completely insoluble, and no activity was detected.

Reducing protein synthesis rate is one of the strategies often employed to minimize the formation of inclusion
bodies." Furthermore, reducing IPTG concentrations in the culture medium decrease the rates of protein
expression to manageable levels without placing a metabolic burden on E. coli cells, which is ultimately favorable
for the proper folding of recombinant proteins.”>'* Consequently, the IPTG concentration was further reduced to
10 UM, which was unsuccessful, and then 0.1 pM (as final concentration) was also attempted. Likewise, the culture
temperature in induction phase was further decreased from 20°C to 16°C. In parallel, a 30-minutes heat shock at
47°C prior to induction (10 pM IPTG) was trialed to induce chaperons’ production. Indeed, exposure of the cells
to heat stress triggers the expression of heat-shock proteins, many of which act as molecular chaperons. These
molecular chaperones assist protein refolding, disassemble aggregated proteins, or prevent protein aggregation.'t
Osmotic stress-triggering chemicals display beneficial effects on the expression of soluble recombinant proteins.
For example, the presence of sorbitol in the culture media triggers high osmotic pressure. Then, the E. coli cells
adapts to this osmotic stress by synthetizing/up-taking small organic compounds known as osmolytes, which can
act as “chemical chaperones” by increasing the stability of native proteins and assisting in the refolding of
unfolded polypeptides.'+*

Therefore, the LB culture media was supplemented with D-sorbitol (0.5 M), as previously described.®

These last three conditions are shown in Figure 5 with the comparison between insoluble and soluble recombinant
proteins. When performing the heat-shock before induction, some soluble proteins were successfully produced.
Instead, the addition of sorbitol appeared to completely inhibit the expression of the fusion protein, which is not
present neither as soluble nor as insoluble protein. Lowering the IPTG concentration to 0.1 pM gave the best
outcome (highlighted with a black rectangle in Figure 5), because no insoluble protein was present, and the

desired soluble proteins seemed to be slightly more concentrated compared to the heat-shock condition.
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Heat-shock 47°C 0.1 pM IPTG - 16°C 94 g/L D-sorbitol

10 uM IPTG - 16°C 10 uM IPTG - 16°C

Figure 5. SDS-PAGE of AlaDH-FDH-His protein overexpression. PL: protein ladder, sol.: soluble, insol.: insoluble proteins.

The larger scale overexpression was performed with 0.1 uM of IPTG and an induction temperature of 16°C.
7.2.3 Larger scale overexpression and purification

The His-FDH-AlaDH fusion protein was overexpressed in 300 mL of LB media, yielding 12 grams of pellet per
liter of culture. Considering the parameters used for LB overexpression, other culture medias were tried in
parallel, namely the TB (with 0.1 mM IPTG) and the Al (without IPTG). Nevertheless, the protein yield was half
compared to the LB in both cases, while the specific activity in the crude was half for the Al and similar for the
TB. Since no improvement was obtained, the LB remained the best choice.

After the purification of the overexpressed His-FDH-AlaDH fusion protein (in LB), 8 mg of proteins per liter of
media was obtained. Unfortunately, the expression level was not very high, but sufficient for the following studies.
In the SDS-PAGE with the purified fraction (Figure 6), the band of the overexpressed protein is placed at 82 KDa,
confirming the proper molecular weight of the monomers.

A fraction of insoluble proteins is clearly present (line 3), nevertheless the soluble fusion protein was successfully

purified to be then properly characterized (line 5, inside the square).
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4

Y

Figure 6. SDS-PAGE stained with Coomassie with samples taken during the purification of His-FDH-AlaDH fusion protein.

Sample are as follows 1: pellet, 2: lysate, 3: cell paste, 4: crude extract, 5: after dialysis, PL: protein ladder.

The AlaDH-FDH-His fusion protein was also overexpressed in 300 mL of culture media. The yields of pellet and
purified enzyme were in the same range as for the His-FDH-AlaDH fusion protein, even if the expression
conditions were not the same.

In figure 7, the SDS-PAGE related to the purification process is shown, where the final protein fraction is

highlighted with the black square.

R

Figure 7. SDS-PAGE stained with Coomassie with samples taken during the purification of His-FDH-AlaDH fusion protein.

Sample are as follows 1: pellet, 2: lysate, 3: cell paste, 4: crude extract, 5: after dialysis, PL: protein ladder.
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Increasing the volume of expression from 50 to 300 mL caused some formation of insoluble proteins (line 3).
However, the ratio between insoluble and soluble proteins is almost 1:1, which is a great improvement compared
to the samples in Figure 6, where the ratio is clearly greater for the insoluble fraction compared to the soluble
recombinant protein.

Considering that the level of expression was similar between the two conformations, the second fusion protein

seemed more efficient in terms of reduced loss of proteins caused by aggregation and unfolding.
7.2.4 Activity and assembly of the two fusion proteins

To better normalize the values for fair comparison, the activity of the two catalysts of the fusion protein (U/mg)
was aligned to half of the activity of the wild type (WT) AlaDH and half of that for the WT FDH. The weights of
WT AlaDH and WT FDH that contains the same moles as 1 mg of fusion protein were calculated as follows:

Eq. 1: Molarity Fusion Protein = Molarity WT Protein

Weight fusion protein _ Weight WT protein

That can be written also as: - — = -
Volume X MW fusion protein Volume x MW WTprotein

0,001 [g] _ Weight FDH [g]
0,001 [L]x82.415 [KDa] ~ 0,001 [L]x42.95 [KDa]

Including FDH parameters:

0,001 [g] x 42.95 [KDa]

Weight FDH =
g 82.415 [KDa]
Normalized WT FDH weight: ;22_5155 KDa = 0.5mg
Including AlaDH parameters: 0,001 [] = _Weight AlaDH 5]
0,001 [L]x82.415 [KDa] = 0,001 [L]x41.72 [KDa]
Weiaht Al 2001191 X 4172 [KDa]
etgnt AU = T e) 415 [KDa]
Normalized WT AlaDH weight: % KDa = 0.5mg

The specific activity of both protein domains has been measured in triplicates to calculate the retained activity of

the enzymes after being cloned in the His-FDH-AlaDH fusion protein (Table 2).
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Table 2. Specific activity of the purified His-FDH-AlaDH compared to the normalized specific activity of the wild-type

enzymes (shown only as reference values without the standard deviations).

FDH Amination AlaDH Deamination AlaDH
Wild-type enzymes 1.75 58 12
His-FDH-AlaDH 0.40 £ 0.08 U/mg 6.5 +1U/mg 1.4 £ 0.1U/mg
Retained activity 23+5% 11+£2% 12+1%

The activity of the alanine dehydrogenase was detected in both amination and deamination reaction to confirm
the accuracy of the results, which were found to be consistent as they gave a very similar outcome. Only 11-12%
of the activity was retained with respect to the WT AlaDH, meaning that the assembled quaternary structure was
likely subjected to conformational changes impacting on the usual folding and activity of the enzymes. In addition,
22% of the activity of the FDH domain was retained compared to the WT protein, which is 2-times higher than
the activity of the AlaDH. This behavior may be due to a different ratio of correct folding between the protein
domains. Indeed, the FDH presents only two subunits that need to interact for complete assembly, while the
hexameric AlaDH requires six assembled monomers to be active. Generally, two subunits are easier to assemble
than six. Accordingly, a size exclusion chromatography of the His-FDH-AlaDH fusion protein was done to analyze
the oligomerization behavior of the monomers.

The calibration curve was created as shown in the chapter 6 and the chromatogram obtained with the fusion
protein is shown in Figure 8.

Two different conformations were found at 8.42 and 9.36 mL of elution. The molecular weight of the monomer
is 82,415 Da. By plotting these values in the calibration curve equation (shown in Figure 10 of chapter 6), the
protein sizes were calculated, which corresponded to the molecular weight of the assembled eight (659 KDa) and
twelve subunits (989 KDa).

The hypothetical configurations are shown in Figure g.
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Figure 8. Chromatogram of His-FDH-AlaDH fusion protein by SEC.
O O Four dimers of FDH,
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Figure 9. Schematic assembly of the His-FDH-AlaDH fusion protein monomers.
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In the case of the octameric configuration, the eight FDH subunits are fully assembled in four dimers. Then, six
of the linked AlaDH domains interact to form a hexameric structure, same as the WT. However, two subunits of
AlaDH are not interacting with other AlaDH monomers. These two lone domains are connected to the octamer
through the fused FDH that forms a dimer with the core hexameric structure.

As for the second conformation, two hexameric AlaDH domains are fully assembled, and connected through the
dimerization of the fused FDH. This last domain forms most likely five assembled dimers (ten subunits). It can
be speculated that the other two FDH domains do not interact together because of the steric hindrance between
the vicinal subunits. Also, it is possible that the full interaction of all the FDH subunits would cause high rigidity
to the final structure.

The results of the SEC confirmed that the AlaDH and the FDH domains were not fully assembled in hexamers
and dimers, respectively, in all the two main conformations. This leads to a loss of activity, as confirmed by the
low retained specific activity compared to the WT enzymes.

The specific activity of the second fusion protein (AlaDH-FDH-His) was calculated and compared to the WT

enzymes (Table 3).

Table 3. Specific activity of the purified His-FDH-AlaDH compared to the normalized specific activity of the wild-type

enzymes (shown only as reference values without the standard deviations).

FDH Amination AlaDH Deamination AlaDH
Wild-type enzymes 1.75 58 12
AlaDH-FDH-His 1.0 £ 0.2 U/mg 16.0 £ 2.3 U/mg 2.4 £ 0.5 U/mg
Retained activity 57 +£11% 28 +4 % 20+ 4%

The specific activity of the FDH domain was twice the activity of the AlaDH domain, as seen for the previous
fusion protein. In this case, around a 60% of FDH activity was retained after the fusion. Instead, the AlaDH domain
retained between 20 and 30% of the original activity, considering both directions of reaction. The values obtained
with the amination are still consistent with the results acquired with the deamination reaction if we consider the

error.
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The AlaDH-FDH-His fusion protein presented 2/2.5-fold higher activity then the His-FDH-AlaDH fusion protein.
Consequently, the AlaDH-FDH-His enzyme was chosen as most active version of the bifunctional AlaDH and FDH
system. This protein was thus characterized and used for the biotransformations. Knowing that the cofactor
regeneration is usually slower than the coupled reaction, the 2-fold higher activity of FDH compared to AlaDH
may be beneficial to ensure fast recycling of NADH without limiting the overall conversion.

The GluDH-FDH fusion protein retained almost all the activity after the fusion, showing comparable results
between the two domains. In comparison, the fusion of the AlaDH with the FDH preserved much lower activity.
Developing two fusion proteins with equal WT conformation offers the possibility to assess the versatility of the
system, when changing only one of the two domains. In this case, the high-efficient GluDH-FDH fusion protein
showed special behaviors inherited from the CsGlutDH. Thanks to the attributes of this latter enzyme, a new
protein with optimal characteristics was developed. Interchanging the GluDH with a different hexameric protein
did not offer the same results.

A study on the development of three bifunctional fusion proteins with both orientations of each domain was
reported in the literature.” The six fusion constructs had a domain in common (CHMO from Thermocrispum
municipale) which retained full activity in 5 cases, independently of the orientation. One of them showed half
activity, even if the same orientation in the other 2 cases did not have any impact. This means that the loss of half
activity was related to the different fused partner that caused possible structural changes. As for the second
domain, three different ADH enzymes were employed (TbADH from Thermoanaerobacter brockii, ADHA from
Pyrococcus furiosus, ADHMi from Mesotoga infera) and all of them behaved differently. ADHA domain was not
active in both orientations. Then, ADHMi domain was active in one construct, but not active in the opposite
orientation, which was confirmed by the different structural conformation (the trimer was inactive, while the
tetramer was active). Instead, TbADH showed a less drastic effect, but still orientation-dependent, where one
retained 4-times lower activity compared to the other fully active fusion protein. Although the CHMO domain
was consistently active in all the constructs, the three ADH domains produced very diverse outcomes."

In a similar way, the FDH domain of all the three here described fusion proteins (His-FDH-GluDH, His-FDH-

AlaDH, AlaDH-FDH-His) retained very different levels of activity. Moreover, the published PheDH-FDH-His
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protein reported a lower catalytic activity compared to the WT enzymes."”” While the six previously developed
FDH-LeuDH fusion proteins showed different levels of activity depending on the linker inserted between the
domains (the rigid EAAAK or the flexible GGGGS, with 1, 2 or 3 repetitions). The LeuDH domain retained more
activity than the FDH domain, apart from one construct where the FDH activity was even 1.5-fold higher than the
original CbFDH. The recently reported His-AzoRo-FDH and His-FDH-AzoRo fusion proteins presented similar
retained activities for the FDH domain (FDH with the residue Cys23 mutated to Ser) but lower than the WT FDH.
The specific activity of these two proteins was around 1 U/mg, like the value shown in Table 3 for the AlaDH-
FDH-His.

Therefore, the fusion of two biocatalysts can lead to very diverse outcomes even when one of the two domains is
kept unaltered. Fusing two enzymes is still a delicate process, and it is difficult to predict the efficiency of a fusion

protein before analyzing it. The fusion protein systems are not as versatile as initially supposed.
7.2.5 Characterization of the AlaDH-FDH-His protein

The AlaDH-FDH-His fusion protein was further characterized. Firstly, the affinity of the domains towards the
natural substrates was assessed. The results are shown in Table 4, where the values related to the WT enzymes
are also inserted for a comparison.

The resulting Ky values were comparable between fusion protein and WT domains with most of the substrates.
Only NADH for the AlaDH domain and NAD* for FDH suffered a decrease of affinity, where the values were both
around 3.5-fold higher than the WT enzymes. A similar behavior was found for the GluDH domain in the GluDH-
FDH protein, where the Ky was 2-fold higher. On the contrary, the FDH domain had half the value found with
the WT protein (Table 3 of chapter 6), meaning that, in comparison, the AlaDH-FDH-His fusion protein
significantly worsened. The Ky values of the FDH domain in the His-FDH-AzoRo fusion protein increased by at
least 10-fold for formate and almost 2-fold for NAD*.*® Similarly, the PheDH-FDH-His fusion protein had 2-fold
higher Ky values for the substrates phenylpyruvate and formate than the WT enzymes."” Consequently, the
AlaDH-FDH-His protein still maintained overall similarity to HeAlaDH and CbFDH despite the increased Ky for

the cofactor, which was also found in other fusion proteins, like the Leu-FDH mentioned in the previous chapter.*
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Table 4. Kinetic constants for the fusion protein, the alanine- and the formate dehydrogenase.

Fusion protein - AlaDH Wild-type HeAlaDH
Ky [mM] Ku [mM]
L-Alanine 11.4 £ 1.5 10.3 £ 2.4
Pyruvate 0.44 + 0.06 0.60 + 0.11
Ammonia 93.3 + 16.2 77.8 £ 12.6
NADH 0.18 + 0.02 0.05 £ 0.01
NAD* 0.26 £ 0.02 0.20 + 0.04
Fusion protein - FDH Wild-type CbFDH
Ky [mM] Ku [mM]
Formate 7.8 £ 1.4 5.0 £ 1.0
NAD* 0.57 + 0.03 0.17 £ 0.03

CHAPTER 7

The AlaDH-FDH-His fusion protein was then subjected to stability assays. The two enzymes were analyzed after

2, 24 and 48 hours of incubation in different pH values, as shown in Figure 10. Concerning the AlaDH domain,

the profile of pH stability is in accordance with the published results.?
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Figure 10. pH effect on the stability of AlaDH and FDH domains.

161



CHAPTER 7

The FDH domain did not seem to lose activity after incubation at very low pH, even if the AlaDH stability was
considerably affected in the same conditions. The FDH maintained overall stability at all the tested pH values.
The stability of the fusion protein at various temperatures was checked over time (2, 24, 48 hours). The graphs

are shown in Figure 11 with the profiles of the WT enzymes.
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Figure 11. Temperature effect on the stability of AlaDH and FDH domains compared to the WT enzymes.
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The FDH domain showed reduced stability at higher temperatures over the 24 and 48 hours compared to the WT
FDH, while no difference was noticed between the 25°C and 34°C. In contrast, the AlaDH domain exhibited a
comparable profile as the WT AlaDH, without any significant loss of stability.

After the fusion, both AlaDH and FDH domains effectively preserved their overall properties.
7.2.6 Batch biotransformation

Vanillin (10 mM) was employed as substrate for the transaminase reaction with only 1 equivalent of L-alanine
and accordingly, the ability of the fusion protein to recycle the amino donor was examined (1 mM NAD", ratio

1:10). The reaction scheme is shown in Figure 12.

HO

HeWT
~0 _O ~0 NH,
Vanillin /\ Vanillyl amine
0] @)
OH S OH
" \Hk \g)k "

L-alanine Pyruvic acid
NAD®  NADH
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+
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FDH

Figure 12. Reaction scheme of the transaminase reaction (HeWT) coupled with AlaDH and FDH.

The AlaDH-FDH-His fusion protein was tested in batch biotransformation with the presence of the transaminase
HeWT (Figure 13). In parallel, the same reaction was performed with the WT enzymes instead of the fusion
protein, adding half protein concentration with respect to the fusion protein (0.15 and 0.30 mg/mL). In this way,

the fusion protein domains and the WT enzymes presented the exact same ratio (1:1).
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Figure 13. Conversion of vanillin to vanillyl amine over time. Reaction components: 0.3 mg/ml of fusion protein or 0.15
mg/ml of WT AlaDH and 0.15 mg/ml of WT FDH, 0.6 mg/ml HeWT, 10 mM vanillin, 10 mM L-alanine, 100 mM ammonium
formate, 1 mM NAD", 0.1 mM PLP, 100 mM phosphate buffer pH 8.0, 10% DMSO. Reaction performed in 1 mL volume, at

37°C and 150 rpm.

After 1 hour of reaction, the transaminase HeWT coupled with the WT enzymes achieved 94% of conversion. After
2 hours, the reaction was completed, with all the 10 mM vanillin converted to vanillyl amine. In comparison, the
coupling with the fusion protein reached 66% conversion after 1 hour and 76% after 2 hours. These results
confirmed the efficacy of the fusion protein to recycle the amino donor (L-alanine) by removing the inhibiting by-
product (pyruvate) for an efficient transaminase reaction. However, the fusion protein was slower than the WT
enzymes. Also, the full conversion was not achieved before the 8 hours, with very small increase between the 6
and the 8 hours of reaction (90% and 93% conversion, respectively). Considering that the activity of the fusion
protein domains was significantly lower than the activity of the WT enzymes, the results seemed promising.
Indeed, the AlaDH domain presented only a 20-30% retained activity, while the conversion rate reached 70%
compared to the conversion obtained with the WT AlaDH after the first hour of reaction. To see whether the
fusion protein could achieve comparable rates as the WT, a second batch biotransformation was performed with

twice the amount of enzyme, from the 0.30 mg/mL to the 0.60 mg/mL. In this case, the 76% conversion obtained
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in the 2 hours improved to 88% conversion, meaning that fine tuning the concentration, the fusion protein can

proportionally achieve higher conversion.
7.2.7 Dialysis assisted biotransformation

A dialysis membrane enclosed system was previously reported as strategy to reuse the three coupled enzymes
(HeWT, AlaDH, FDH) as mentioned before, since the FDH was inactivated after covalently binding to the resin.?

The dialysis assisted biotransformation achieved completion over 24 hours and the enzymatic mix could be reused

for a maximum of three cycles of usage.’

The same reaction was set-up with the fusion protein to assess its performance and stability in comparison to the

wild type AlaDH and FDH. The first cycle of biotransformation was tested over time, as shown in Figure 14.
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Figure 14. Conversion of 10 mM vanillin to vanillyl amine over time, mixing 0.3 mg/mL fusion protein and 0.6 mg/mL HeWT
inside a dialysis bag. The reaction was performed in a glass vial incubated in a water bath at 37°C. The reaction volume of 5

mL also contained 1 mM NAD", 100 mM ammonium formate, 10 mM L-alanine, 0.1 mM PLP, 100 mM potassium phosphate

buffer pH 8.0.

Remarkably, almost 50% conversion could be achieved after only 2 hours, despite the 5 times higher volume than
the previous biotransformations. After 6 hours, the conversion was 80% and full conversion was found after 24

hours. The dialysis assisted approach did not obstacle the enzyme mix to biocatalyse the reaction. Even if the
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velocity decreased (76% vs 43% in 2 hours), it did not impact as much as in the wild-type system (99% vs 30% in

2 hours) containing higher quantity of enzymes.®

The same biotransformation was repeated two more times to evaluate the reusability of the system, taking the
samples after the 24 hours (Figure 15). Full conversion was achieved in all the three consecutive reactions,

confirming the better stability of the fusion protein compared to the WT enzymes, even without the need for
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Figure 15. Three cycles of the 24-hours reaction using the same biocatalysts enclosed in a dialysis bag.

7.3 CONCLUSION

After accurate optimization of the expression conditions, two bifunctional fusion proteins of AlaDH and FDH were
produced. The two enzymes were both active, even if at different degree. It has been confirmed that the lower
activity was related to the different structural conformation of the assembled subunits compared to the original
enzymes.

The AlaDH-FDH-His fusion protein demonstrated twice the activity as the His-FDH-AlaDH assembly.
Consequently, this enzyme was successfully characterized, confirming similar stability and affinity as the wild
type HeAlaDH and CbFDH. Moreover, the efficiency of the chosen fusion protein was proved in combination with
the transaminase reaction. The biotransformations showed good conversion rates despite the low retained

activity. However, the reduced velocity compared to the WT enzymes could be improved by adding increased

amount of biocatalyst.
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In the last experiment, the soluble fusion protein showed higher stability during consecutive reactions. An
analogous outcome was seen in the GluDH and FDH fusion protein (chapter 6) when tested in high scale
biotransformation of ammonia. Consequently, it can be assumed that the fusion protein is an optimized system
that enhance the stabilization level of the connected biocatalysts, increasing the overall efficiency, if the activity is
maintained. As future work, the AlaDH-FDH-His fusion protein could be immobilized following the same
procedures as the WT enzymes to compare the final recovered activity of the covalently bound FDH domain,
which typically lose all the activity. Perhaps, the fusion of the two domains could impact also on the

immobilization outcomes yielding an efficient immobilized bifunctional protein.
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CHAPTER 8

8.1 INTRODUCTION

The dried root of the plant Salvia miltiorrhiza, also known as red sage or Danshen in Chinese, is one of the major
traditional herb medicines and the most widely used for more than a thousand years in China.' Danshen is also
listed in the Chinese Pharmacopeia for its well-known pharmacological effects.” In this regard, the consumption
of this crude drug was estimated at about 80 million kilogram a year in China.3

The traditional medical prescription suggests the administration as decoction preparation.' During the process,
many root components are extracted, of which danshensu, rosmarinic acid and salvianolic acid B are the highest
water-soluble constituents.*

Danshensu [3-(3,4-dihydroxy-phenyl) lactic acid], also called Salvianic acid A, is an active component that has
been extensively studied over the years, offering a list of numerous pharmacological activities.> Danshensu is
structurally composed of a catechol and a lactic acid (Figure 1). The catechol is the major active group that exerts
an antioxidant effect.® In this context, it exhibited higher scavenging activity against radicals than vitamin C,
possessing excellent antioxidant property, which is in agreement with its protective effects against cell injury

from oxidative stresses.*

HO
OH

HO

Danshensu

Figure 1. Chemical structure of danshensu.

Danshensu demonstrated therapeutic effects in cardiovascular diseases (e.g., myocardial ischemia and
reperfusion, atherosclerosis, hypertension, Angina Pectoris, cardiac fibrosis), cerebral lesions and disorders (e.g.,
ischemia, cognitive decline, anxiety), and other health problems (e.g., thrombosis, tumorigenesis, pancreatitis,
preeclampsia).’® It can activate and improve blood microcirculation in association with vasodilation, hypotensive
action and inhibition of platelet aggregation.”® Other mechanisms behind the beneficial effects include anti-

apoptosis, inflammation regulation, lipidemia control, through several molecular signaling pathways.®'*"
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Most recently, in vitro and in vivo studies identified antiviral activity against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Moreover, the SARS-CoV-2-triggered respiratory inflammation, which may cause
severe damage to lung tissue leading to mortality, was effectively inhibited by this pharmaceutical compound.
Thus, danshensu is also a potential treatment for COVID-19 patients."

In addition to all these positive effects, single or repeated dose toxicity studies suggested that danshensu does not
cause any sign of adverse effect and toxicity, making it a safe compound.®

The administration of danshensu in combination with classical cardiovascular drugs as metoprolol, nicardipine,
perindopril, benazepril has already proved to improve therapeutic efficiency in comparison with the well-
established drugs taken alone.® Danshensu might even be more effective than conventional drugs.®
Nevertheless, this promising pharmaceutical compound is too expensive for widespread commercialization. As
an example, the current price of danshensu sodium salt (CAS 81075-52-7) in Sigma Aldrich is $330 (USA) and
€329 (Europe) for 25 mg, which results in €13,160 per gram.

Nowadays, danshensu is mostly produced by extraction from the root of Danshen, but the yield is typically low.>'*
Isolation and purification from natural resources are difficult and time consuming due to the chemical instability
of phenolic hydroxyl groups, low content of danshensu in Danshen and the presence of a variety of structural
analogs as impurities.’> Moreover, it is hard to obtain from chemical synthesis due to its chiral structure.> Indeed,
only the pure (R)-danshensu is desirable, since the (S)-enantiomer has not been studied yet."® Several synthetic
strategies have been explored, but they suffered from complicated procedures, low yields, low enantiopurity and
very expensive costs due to the need for chiral catalysts."+*

Metabolic engineering of E. coli was also developed to produce danshensu via biosynthetic strategy. In this case,
the production was accomplished by the integration of two enzymes in the metabolic pathway, in particular E.
coli endogenous hydroxylase complex HpaBC and D-lactate dehydrogenase (D-LDH) from Lactobacillus pentosus
(Figure 2).” However, the product was achieved by adding 4-hydroxyphenyl pyruvate (HPPA) as a precursor,
which is mainly prepared via a multistep process that involves harsh conditions and causes environmental
pollution.'®

A similar problem arises for the reaction based on whole-cell biotransformation, that employed E. coli BL21 co-

expressing the LDH from Lactobacillus reuteri and a glucose dehydrogenase (GDH), as shown in Figure 3." This
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system was optimized for the conversion of DHPPA, although its chemical synthesis in large quantities is limited

by the complicated process and the use of toxic heavy metals.™*

0‘3\ H -
O'\’/' HO HO H
m COOH 4-hydroxyphenyl lactate danshensu
HO b'oé)
HO HO :

DHPPA danshensu

Figure 2. Reaction scheme of danshensu production via hpaBC and D-LDH in E. coli cells."”

COOH D-LDH HO COOH
DHPPA NAD(P H NAD(P) danshensu

Figure 3. Reaction scheme of danshensu production with D-LDH from Lactobacillus reuteri starting from DHPPA."

To our knowledge, only one publication investigated the production of danshensu starting from the renewable
substrate L-dopa. In this work, the whole-cell biotransformation was achieved with the combination of three
enzymes, namely tyrosine aminotransferase from Escherichia coli (tyrB), glutamate dehydrogenase from
Clostridium difficile (cdgdh) and D-aromatic lactate dehydrogenase from Clostridium sporogenes (csldhD).'* The
addition of the glutamate dehydrogenase had the purpose to regenerate the amino acceptor for the transaminase
reaction as well as the cofactor for the DHPPA (intermediate) reduction, achieved with csldhD (Figure 4).
However, the conversion of L-dopa to danshensu could be performed with only two enzymes instead of three and
reduced substrates content if the amino acceptor is not required. This would lead to cost- and material-

effectiveness.
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Hoj[:j/AI(COOH
HO
DHPPA

S,
& (o7
\ %
$>(/item NA6;\>QO
HO COOH  KGA NAD® HO COOH
D/\( cdgdh m
HO H, HO H

L-Dopa danshensu

Figure 4. Reaction scheme of danshensu production starting from L-dopa. KGA: a-ketoglutaric acid.™

In this work, a sustainable system has been investigated to produce danshensu starting from the low-priced
substrates caffeic acid and L-dopa without the need for a supplementary enzyme (Figure 5). In details, the first
reaction is completed with the PAL from Rhodotorula glutinis (RgPAL) which aminates caffeic acid to L-dopa in
the presence of an ammonium source. Then, the PheDH from Bacillus subtilis (BsPheDH) is coupled with a new,
uncharacterized, hydroxy phenyl pyruvate reductase (HPPR) for the continuous conversion of L-dopa to

danshensu. This system provides continuous regeneration of the cofactor, while no additional substrate is added.

HO . _COOH RgPAL HO COOH

Caffeic acid L-Dopa

COOH BsPheDH
H2O + D/\( NH3 + B —
HO COOH
L-Dopa NAD+ NADH m
HO

HO H HPPR -

Danshensu

Figure 5. Reaction scheme of danshensu production using RgPAL, BsPheDH, HPPR.
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8.2 RESULTS AND DISCUSSION

8.2.1 Purification, activity and immobilization of RgPAL

CHAPTER 8

The expression of RgPAL yielded 17 grams of pellet per liter of culture. After purification, around 55 mg of pure

protein were obtained. L-phenylalanine is the natural substrate for the non-oxidative deamination reaction

performed by RgPAL. However, this enzyme is known to have activity towards L-tyrosine, inserting it in the class

of PTALSs (phenylalanine tyrosine ammonia lyases). Since the presence of the para-hydroxy group on the aromatic

moiety showed activity, L-dopa was also tested as substrate containing a second OH in meta-position. The reaction

schemes are available in Figure 6, while the results of the specific activity towards the three mentioned substrates

are shown in Table 1.
COOH

NH,

.

L-Phenylalanine
COOH

NH,

.

HO

L-Tyrosine

HO COOH

.

NH
HO 2

L-Dopa

RgPAL

RgPAL

RgPAL

“_COOH

:

t-cinnamic acid

“_COOH

.

HO

p-coumaric acid

HO:[::]/Q§/COOH
HO

Caffeic acid

+  NH;
+  NH;
+  NH;

Figure 6. Scheme of the reactions catalyzed by RgPAL, using L-phenylalanine, L-tyrosine, and L-dopa as substrates.

Table 1. Specific activity of RgPAL for L-phenylalanine (A: 300 nm, &: 3.865 mM™ cm™), L-tyrosine (A: 290 nm, €: 20.575 mM"

'cm™) and L-dopa (A: 325 nm, €: 17.621 mM™ cm™) in 50 mM borate buffer pH 8.5 at 30°C.

Substrate Concentration [mM] Specific activity [U/mg] Comparison to L-Phe [%]
L-phenylalanine 20 2.5 £ 0.1 /
L-tyrosine 5 0.50 * 0.05 20
L-dopa 10 0.016 £ 0.003 0.64
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RgPAL presented 5-fold lower specific activity for L-tyrosine, compared to the activity for L-phenylalanine.
Instead, the activity for L-dopa was only a 0.64% with respect to L-phenylalanine. Probably, this low value was
caused by the higher steric hindrance of the substrate in the active site. Indeed, the presence of only one of the
two hydroxy groups in the ring caused already an 80% activity loss.

Accordingly, a mutated form of RgPAL (Ile472Val) was developed with the aim to offer more space in the aromatic
para and meta positions of the substrate. The exchange of the isoleucine with a smaller amino acid was suggested
in a previous publication where several mutations of a PAL were analyzed, mapping the conserved amino acidic
residues of the active site.>* Moreover, the TAL from Rhodobacter sphaeroides was found to have activity towards
L-dopa and that exact position (409) presented a valine.** Consequently, the isoleucine of RgPAL was mutated for
a valine in position 472. Although the mutant retained almost full activity towards L-phenylalanine, the activity
for L-dopa was significantly reduced with only a 4% retained activity compared to the wild-type (0.0007 U/mg).
Since the specific activity was low for both WT RgPAL and RgPAL I472V, the biocatalysts were tested in a 10-hour

batch biotransformations with all the three substrates as starting materials (Figure 7).

100

80

x
_5 60 L-Phenylalanine 4 mM
1]
—
o R .
Z 0 O L-Tyrosine 4 mM
S O L-Dopa 4 mM

20

0

WT-RgPTAL 1472V-RgPTAL

Figure 7. Conversion of 4 mM L-phenylalanine, L-tyrosine, or L-dopa at 37°C, after 10 hours of biotransformation using 1

mg/mL (final concentration) of WT-RgPAL or I472V-RgPAL

Surprisingly, the wild-type enzyme achieved almost full conversion of 4 mM L-dopa when in parallel the other
two substrates, at the same concentrations, were not converted as fast. On the contrary, the mutant did not offer
any improvement, reaching a 4 times lower conversion compared to the WT-RgPAL. Thus, WT-RgPAL was

chosen for the next experiments.
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The PALs amination reaction is performed with high ammonium salt concentrations, from 2 to even 6 M, to
achieve decent conversions. A first attempt of reaction was done with the free RgPAL, however the enzyme rapidly
precipitated in such high ionic strength without showing any product formation. For this reason, the biocatalyst

was immobilized onto a resin to enhance its stability (Table 2).

Table 2. Screening of immobilization strategies of RgPAL onto a methacrylate resin.

Resin Functional groups and Loading of Immobilization Recovered
Immobilization strategy RgPAL Yield Activity
[mg/g] [%] [%]
o]
H
Aldehydes for covalent
EP400/SS @” immobilization ! >99 ©
Epoxides + Iminodiacetic
EP400/SS e acid (IDA) + Cobalt for 1 99 65+4
H o Loog-6o oriented covalent bonds
Epoxy/Amino (EDA) for
EP. 3
400/S8 g " oriented covalent bonds ! 9 75E4
NH;"
H Aldehydes covered with PEI
EP400/SS QN\ for ionic interaction ! 99 S

The highest recovered activity was obtained with the resin functionalized with amino and epoxy groups, where
the enzyme was covalently bound. This preparation was used for the biotransformations.

Due to the fast oxidation of L-dopa and the caffeate catechol group, the substrate solution was prepared with the
addition of an antioxidant. Firstly, 10 or 20 mM of ascorbic acid were used to ensure antioxidant activity, but the
enzyme was completely inhibited by the compound. Then, glutathione (5 or 10 mM), dithiothreitol (DTT, 5 mM)
and [3-mercaptoethanol (5 mM) were tested in 24-hours biotransformations.

The conversion of L-phenylalanine or L-dopa was not affected by the presence of the reagents and in 24 hours
visible oxidation (formation of darker color over time) was not observed at all with 3-mercaptoethanol. Therefore,

it was chosen as antioxidant agent, also for its cheaper price.
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8.2.2 Batch biotransformations of RgPAL

The biocatalyst was immobilized with higher loading (10 mg/g) yielding full immobilization and 75% recovered
activity. The 24-hours biotransformations with 10 mg of immobilized RgPAL achieved full conversion of 5 mM L-
dopa, 82% with 10 mM and 52% with 20 mM, confirming the efficiency of the immobilized form in the
deamination reaction (1 mL reaction in 50 mM potassium phosphate buffer pH 8.0, incubation at 37°C).

Regarding the amination of caffeic acid to produce L-dopa, the biotransformations were performed in a degassed
environment (after N, bubbling) to avoid oxidation caused by the presence of the salt at basic pH (Figure 8). With
the deamination reaction, it was confirmed that the process did not affect the conversion and, accordingly, the

immobilized enzyme (Figure 8 A).

——
v -
! ® o
& CaM :
.

g,\w SaMpe 2

A

Figure 8. Biotransformation performed in degassed environment (glass vial with septum) and in presence of oxygen (tube).

Different ammonium sources were trialed at pH 8.5 and 9.5. Carbamate (2 M) and chloride (4 M) salts accelerated
the oxidation process even in absence of oxygen and in presence of [3-mercaptoethanol, showing no product
formation. Probably the oxidation started before the degassed reaction, during the solution preparation, and it
propagated after.

Ammonium formate (4 M) gave very low conversion. Instead, ammonium sulfate was effectively used in the
amination reaction with decent conversion rate, so it was chosen as ammonium source.

Different pH values and different salt concentrations were tested.

The best results were obtained with 2 M and pH 8.5 for a balanced ratio between conversion and rate of oxidation
(faster with higher pH or ionic strength, as shown in Figure 8 B and 8 C). In 24 hours, RgPAL could effectively

convert 18+2% of 5, 10 or 20 mM caffeic acid.
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8.2.3 L-Dopa purification and RgPAL amination in flow

The presence of 2 M ammonium sulfate in the reaction environment highly impacted the oxidative deamination
of L-dopa to DHPPA (BsPheDH reaction), shifting the equilibrium to the re-amination. For this reason, a method
to separate the L-dopa product from the ammonium salt was investigated. The compound could not be extracted
with any solvent, so a liquid-liquid extraction (LLE) on a complexed form of L-dopa was attempted to separate it
from the salt-aqueous phase and reintroduce it to a fresh buffer solution. This involved the use of phenylboronic
acid (PBA) derivatives, since the boronate form obtained at alkaline pH reacts with the catechol to produce a
reversible complex. At acidic pH, the boronic acid is not bound to the catechol, and it is released as free form

(Figure 9). In this case, 3-aminophenylboronic acid and 4-mercaptophenylboronic acid were employed.

HO COOH
Hojij/\l\g_|2 Basic pH Ho O, COOH
R ~
+ oH ———> ZJij/ \6“\©/\l\g-|2

R, : é\OH Acidic pH Ri
R1

3-Aminophenyl boronic acid: R;=H R,=NH, 4-Mercaptopheny! boronic acid: R;=HS R2=H

Figure 9. Complexation between PBA derivatives and L-dopa depending on pH.

Around half extracted complex was obtained with a mixture of butanol, ethanol, and ethyl acetate. However, an
efficient extraction of the PBA-L-dopa complex was hard to achieve even trying different solvent mixtures at
different ratios, so another method was attempted. A solid-phase extraction (SPE) based on the same
complexation strategy was performed after functionalizing the methacrylate resin EP400/SS with the PBA
derivatives (Figure 10). The L-dopa solution was incubated with the reactive boronate groups on the two resins,
which were then washed to remove contaminants. Finally, the complexed catechol compounds were eluted by
incubating the resin with Tris HCI buffer or acidic pH. Nevertheless, most of the bound L-dopa was lost in the

washing step and only a 20% could be finally eluted in the fresh buffer, even trying different conditions.
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HS
/ \©\B/OH

0= O

Figure 10. Functionalization of methacrylate beads presenting glyoxyl or epoxy groups with 3-amino- and 4-mercapto-PBA.

The optimization of a method for the purification of L-dopa was not investigated further also because of the

results of the RgPAL amination reaction in continuous flow. In fact, the conversion reached maximum a 6% with

30 minutes of residence time (Table 3).

Table 3. Results of the continuous flow reaction with RgPAL, 20 mM caffeic acid, 5

ammonium sulfate pH 8.5 at 37°C.

mM 3-mercaptoethanol (BME), 2 M

Amount of resin Loading of Residence Time Conversion Product
[g] RgPAL [min] [%] concentration
[Mg/gresin] [mM]
15 3 0.6
1.6 5 30 6 1.2
60 3 0.6
Amount of resin Loading of Contact time Conversion Product
[g] RgPAL [h] [%] concentration
[Mg/Gresin] [mM]
1.4 10 2.5 8 1.6
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The recirculation of the collected solution (10.27 mL corresponding to 5 column volumes of the packed bed
reactor) reached only 8% conversion despite the higher protein concentration (10 mg/g, 100% immobilization
yield, 65% recovered activity). Moreover, the biocatalyst lost activity over cycles of usage, and only 20% of activity
was retained after one reaction and the following overnight incubation at 4°C, probably because of the stickiness
of oxidized substrate/(by)product onto resin.

Considering the low efficiency of the RgPAL amination and thus the impact on costs and time spent for the
reaction or the preparation of new active biocatalyst and the accumulation of waste over reactions (2 M
ammonium sulfate, oxidized L-dopa), the production of danshensu starting from caffeic acid was abandoned. At
the present time, the price of L-dopa is €3.36 per gram (CAS 59-92-7; Sigma-Aldrich Europe; product Dg628-

500G: €1,680), therefore in terms of cost it appears to be an excellent option also.
8.2.4 Purification, activity and immobilization of BsPheDH

The expression of BsPheDH yielded 16 g of pellet and 32 mg of purified enzyme (per L of culture).

The specific activity towards L-phenylalanine was 100 + 10 U/mg in the oxidative deamination reaction, as already
described in literature.**>* In comparison, BsPheDH showed lower activity for L-dopa, ranging around 17 U/mg.
The biocatalyst was immobilized onto the methacrylate resin EP400/SS using four different strategies, as shown
in Table 4.

The covalent immobilization did not hamper the enzyme activity, which was sufficiently good. Among the three
strategies of covalent binding, the immobilization on epoxides in presence of IDA and cobalt gave the highest
recovered activity, which was approximately 36% with a protein loading of 1 mg/g.

The reversible immobilization on PEI achieved around 9o% of recovered activity, meaning that the enzyme
retained considerable flexibility required for the full activity.

Given the high activity of BsPheDH immobilized on PEI and the reversible nature of the interactions, the
operational stability was checked by running several cycles of 4-hours biotransformations with 10 mM L-
phenylalanine and 20 mM NAD" (in 50 mM Tris HCI buffer pH 8.5). After 10 reactions, the immobilized enzyme
retained 60% of the initial activity. Therefore, the biocatalyst was sufficiently stable, although the binding on the

resin was reversible and the enzyme could have been deactivated after leaching in the bulk environment.
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Table 4. Screening of immobilization strategies of BsPheDH onto a methacrylate resin.

Functional groups and Loading of Immobilization Recovered
Immobilization strategy BsPheDH Yield Activity
[mg/g] [%] [%]
o
" Aldehydes for covalent . o
H immobilization 99 73
Epoxides + Iminodiacetic 1 >E0) 36%2
n~coo  acid (IDA) + Cobalt for
" Seo0% oriented covalent bonds 5 >99 14%4
Epoxy/Amino (EDA) for
NH,
éH N oriented covalent bonds ! 99 26£3
NH;*
1 >99 92+5
Qn Aldehydes covered with
K PEI for ionic interaction
3 >99 90 £ 3

8.2.5 Batch biotransformations of BsPheDH

The free and immobilized enzyme was tested in batch biotransformations (1 mL of reaction volume) with L-
phenylalanine or L-dopa as substrates (final concentration of 10 mM). These reactions were run at pH 10.4, which
was ideal for BsPheDH deamination, and pH 8.5 for the stability of both the L-dopa and the cofactor since they
are less stable under basic conditions. Compared to pH 10.4, at pH 8.5 the enzyme retained 60% of the activity,
while the substrates did not show any breakdown. Without the addition of a cofactor recycling system, the
reaction required high initial concentrations of NAD* to show increased conversion rates. As a matter of the fact,
the presence of 2 equivalents of cofactor (20 mM) resulted in 2-fold higher conversion than for 1 equivalent. The
same was noticed with the amount of protein in the reaction, where the addition of more BsPheDH increased the
molar conversion.

When using 20 mg of immobilized enzyme (3 mg/g on PEI) in the biotransformation of 10 mM L-dopa and 20
mM cofactor, a conversion of 19% was achieved in 6 hours (Figure 11). After 24 hours of reaction, no further

conversion was found. The addition of 20% ethyl acetate in the biotransformation environment showed slightly
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lower conversion (18%) meaning that the immobilized enzyme was still stable. An increase of substrate or product
recovery was not seen either, confirming that the two compounds were not sticking onto the methacrylate resin.

The reaction performed in 20% toluene yielded a reduced conversion rate (11%), as toluene clearly impacted the

enzyme stability.

100
— 8o [ 0.06 mg/mL - 10 mM cofactor
X
,5 6o [ 0.06 mg/mL - 20 mM cofactor
2]
=
2 40
g8 0.06 mg/mL - 20 mM cofactor + 20% EtOAc
Q

20

[0 0.06 mg/mL - 20 mM cofactor + 20% Toluene
- ] ¢ °

6 hours

Figure 11. Batch biotransformations (1 mL volume) of 10 mM L-dopa with immobilized BsPheDH, 10 - 20 mM NAD*, 5 mM

BME, 50 mM Tris HCl buffer pH 8.5 at 25°C, 150 rpm.

Improved values were expected after the coupling of BsPheDH with MpHPPR, since lower amounts of cofactor
were required, thanks to the continuous in situ recycling. Also, the reaction equilibrium was expected to be shifted
towards the product formation. Indeed, the product of BsPheDH (DHPPA) is converted to danshensu by the HPPR

as soon as it is formed.
8.2.6 Expression, purification and characterization of MpHPPR

The sequence of HPPR from Mentha x piperita (MpHPPR) was found by sequence alignment to the only
characterized enzyme of this class up to now. In this regard, MpHPPR possessed high identity with CbHPPR
(91.4%). The gene was ordered to GenScript with pET15b as backbone.

The enzyme MpHPPR has never been expressed and characterized before, so a first screening of different
expression conditions was done. The enzyme was overexpressed in 50 mL of LB or Al media at 37°C or 25°C,
induced with 1 or 0.1 mM IPTG when LB media was used. An SDS-PAGE was run with the samples of the described
expression conditions to compare the yield of insoluble/soluble proteins (Figure 12). The molecular weight of the

MpHPPR monomers was confirmed to be around 36 KDa, as expected from the genetic sequence.
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Figure 12. SDS-PAGE of expression conditions. The bands related to MpHPPR are located inside the pink rectangular.

Both insoluble and soluble fractions were found in all the tested conditions. However, the expression in
autoinduction media at 25°C offered the highest amount of soluble overexpressed protein. Moreover, it gave the
best ratio between soluble and insoluble proteins, where the soluble were predominant compared to the insoluble.
The activity of the crude extract was checked with DHPPA and NADH as substrates, and all the conditions seemed
to give active proteins.

The larger scale expression (Al - 25°C) produced 20 grams of pellet per liter of culture. Enzyme purification was
performed by Nickel-affinity chromatography using a 5 mL His-trap column. A significant amount of MpHPPR

was effectively purified, specifically 300 mg per liter of culture media, as shown in Figure 13.

ey

Figure 13. SDS-PAGE of MpHPPR purification process.
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The specific activity of the purified enzyme was monitored by stopping 1 mL reactions at specific time points and
analyzing the samples by HPLC. The activity was then calculated on the increase of product concentration per
minute.

Firstly, the specific activity towards phenyl pyruvate and phenyl lactic acid (R and S enantiomers) was analyzed

with the appropriate buffer to assess the activity over pH (Figure 14).

COOH MpHPPR COOH
Y = U%
-~ H
Phenyl pyruvic acid m Phenyl lactic acid

NADH NAD"

Phenyl pyruvate (R) - Phenyl lactic acid

ity [T
H
H
'—
I

-

.

Specific Activity
[8]
Specific Activity

KPi pH 7.0 EKPi pH 8.0
KPi pH 7.0 @KPi pH 8.0 ETris pH 9.0
@ Tris pH 8.0 @ Tris pH 9.0

Figure 14. Scheme of reaction and specific activity of MpHPPR for phenylpyruvate and (R)-phenyl lactic acid at 37°C,
employing 30 mM substrate, 10 mM NADH, 5 mM [3-mercaptoethanol and the appropriate buffer: potassium phosphate

(KP1i) or Tris HCI buffer.

The biocatalyst did not exhibit any activity for the (S)-enantiomer, confirming the great specificity of MpHPPR to
the (R)-enantiomer. Furthermore, the reduction of phenylpyruvate is preferred compared to the opposite
reaction, that showed 1000-times lower activity with a clear difference between pH 7 and pH 9.

As for the activity towards phenyl pyruvate, the results were very similar from pH 7 to pH 8 with slightly higher
activity at pH 9 but still in the range considering the error. Nonetheless, the same test gave different outcomes
when 4-hydroxyphenylpyruvic acid (HPPA) was employed as substrate (Figure 15). The highest activity was

achieved at pH 7.0 while increasing the pH revealed a faster oxidation rate of the substrate solution (visible brown
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color formation). Consequently, the lower activity obtained at higher pH may be caused by the reduced availability
of the substrate, which was below the Ku. To avoid any error, all activity assays were performed at pH 7 in
phosphate buffer. The temperature of 37°C was also chosen as standard condition for the activity assays since it
showed the best outcome. In a similar way, CbHPPR was assessed to develop maximal activity at 37°C and at pH

of 6.5 to 7.0 with HPPA or DHPPA as substrates.?

mCOOH MpHPPR mCOOH
HO HO H

[

4-hydroxyphenyl pyruvic acid 4-hydroxyphenyl lactic acid

NADH NAD"
100 - I 100 I I
g 80 KPi pH 6.0 g 80 25C
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20 20
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Figure 15. Scheme of reaction and specific activity of MpHPPR for HPPA, employing 30 mM substrate, 10 mM NADH, 5 mM
3-mercaptoethanol and the appropriate buffer: potassium phosphate (KPi) or Tris HCI buffer for the graph on the left (at

37°C), and KPi pH 7 over temperature for the graph on the right. Relative activity to pH 7 (left) and 37°C (right).

The specific activity of MpHPPR for the different substrates is listed in Table 5, where also 3,4-dihydroxyphenyl
pyruvic acid (DHPPA) is included. The specific assays were done with either NADH or NADPH.

The enzyme showed a preference for NADPH as cofactor with higher specific activity for HPPA (almost 4-times)
and DHPPA (more than the double) compared to the activity achieved with NADH.

A similar trend was described for CbHPPR, where the activity for DHPPA was 2.6-fold higher with NADPH than
NADH and 4 times higher for HPPA and NADPH compared to the same substrate in presence of NADH.*

However, CbHPPR did not accept phenyl pyruvate as substrate, since the reduction occurred only to a very low
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extent, which was less than 2% of the activity towards DHPPA.?® On the contrary, MpHPPR exhibited decent
activity for phenyl pyruvate, that was comparable to the specific activity for HPPA. Notably, the activity assays of
CbHPPR were also performed in 100 mM potassium phosphate buffer pH 7.0.

In addition, MpHPPR demonstrated a clear preference for DHPPA as seen with CbHPPR, although the affinity was
approximately 4-fold lower for DHPPA with respect to phenyl pyruvate. Indeed, the Ky values raised with the
increasing number of hydroxy groups on the aromatic moiety and, accordingly, with the increasing steric
hindrance. The different polarity of the substrates might also be involved. In comparison, CbHPPR presented
lower Ky for HPPA and DHPPA, respectively 0.01 and 0.13 mM, but similar lower affinity for DHPPA with respect

to HPPA.%

Table 5. Specific activity and Ky for phenylpyruvate, HPPA and DHPPA at pH 7.0 (100 mM potassium phosphate buffer) and

37°C, using 30 mM substrate (specific activity) or different amounts from 0.5 to 30 mM (Kv), 10 mM NAD(P)H, 5 mM [3-

mercaptoethanol.
Cofactor Specific activity [U/mg] Ky [mM]
Phenyl pyruvate NADH 0.38 £ 0.01 1.7 £ 0.5
NADH 0.44 + 0.03
HPPA 2.8 + 0.5
NADPH 1.6 £ 0.1
NADH 3.3+ 0.6
DHPPA 6.5+ 0.5
NADPH 7.2+ 0.4

MpHPPR proved to accept DHPPA and NADH as substrates, therefore it can be further studied and optimized for

danshensu production inside the biocatalytic cascade.
8.2.7 Immobilization and batch biotransformations of MpHPPR

To increase the enzyme stability and enhance the reusability, MpHPPR was immobilized onto EP400/SS using
different strategies of immobilization and testing two loading capacities to ensure a sufficient level of activity
(Table 6). Indeed, the low activity recovered after immobilization of 1 mg/g MpHPPR on epoxy-EDA resin was

not easy to assess, while a 5 times higher loading provided a more precise outcome. In any case, the activity was
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too low to consider this immobilization strategy as a choice. The same was observed for the covalent
immobilization on glyoxyl groups. In fact, the enzyme was killed after the incubation step with NaBH, and no

activity was detected even with higher loading.

Table 6. Screening of immobilization strategies of MpHPPR onto a methacrylate resin. The recovered activity was measured

with HPPA and NADPH as substrates.

Functional groups and Loading of Immobilization Recovered
Immobilization strategy MpHPPR Yield Activity
[mg/g] [%] [%]
o
) 1
Aldehydes for covalent
. e E— >99 o
" immobilization
5
1 >99 39*1
Epoxides + Iminodiacetic
n~coo  acid (IDA) + Cobalt for 5 >99 39%1
" Se0o %" oriented covalent bonds
40 >99 371
1 70 <1
Epoxy/Amino (EDA) for
N~ NH: R
o H oriented covalent bonds
5 70 7£2
A 1 >99 83+1
QH Aldehydes covered with
ke PEI for ionic interaction
5 >99 89 +2

The best recovered activity was achieved through the reversible immobilization on PEI, which was more than
80%. After this strategy, the covalent immobilization on epoxides (in presence of IDA and cobalt) offered good
recovery of activity (39%), that was half than the previous one but still sufficient to provide satisfactory conversion
rates. In fact, these two immobilized enzymes were evaluated in batch biotransformation to compare their
performance over time, in parallel with the soluble biocatalyst. As shown in Figure 16, the enzyme immobilized
on PEI was faster in the conversion of HPPA compared to MpHPPR immobilized on epoxides. However, both the

immobilized forms worked well, reaching respectively 84% and 69% of conversion in 24 hours.
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Figure 16. Batch biotransformations of 0.1 mg/mL MpHPPR in free or immobilized form (20 mg of resin with 5 mg/g
biocatalyst) using 15 mM HPPA and 30 mM NADH (5 mM 3-ME, 100 mM KPi pH 7). Further conditions: 37°C, 150 rpm, 1

mL total volume, 6 - 24 hours incubation.

8.2.8 Coupling of BsPheDH with MpHPPR

As first test, the two soluble biocatalysts were coupled in batch biotransformations to evaluate the efficiency of
the system, that involved the concomitant conversion of L-dopa to DHPPA and then DHPPA to Danshensu
together with the continuous regeneration of the cofactor (Figure 5). To assess whether the second enzyme was
limiting the overall conversion rate, one biotransformation was supplemented with 2 equivalents of NAD* (20
mM) while the other parallel reaction contained only 2 mM of cofactor (Figure 17).

The biotransformation was incubated at 25°C to prioritize the first reaction, as BsPheDH was poorly active at
37°C compared to room temperature. A control reaction was run at the same conditions with only MpHPPR as
biocatalyst and as expected, no substrate depletion or product formation was detected. Similarly, another reaction
was prepared with only BsPheDH as enzyme and 20 mM of cofactor. In this case, the conversion achieved 21% in
6 hours without any further increase after the 24 hours. Instead, the presence of MpHPPR enhanced the
conversion of BsPheDH, that reached 59% with 20 mM cofactor and 37% with 2 mM NAD* in the same 6 hours.
The significant improvement from 21% to 59% conversion was given by the continuous removal of the
intermediate DHPPA from the bulk with consequent shift of the BsPheDH reaction equilibrium towards the

product generation.
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Figure 17. Batch biotransformations of 0.15 mg/mL BsPheDH and 0.25 mg/mL MpHPPR (soluble form) using 10 mM L-dopa

and 2 - 20 mM NAD* (5 mM R3-ME, 50 mM Tris HCI pH 8.5). Further conditions: 25°C, 150 rpm, 1 mL total volume, 6 - 24

hours incubation.

Comparing the results of the two graphs in Figure 15, the cofactor recycling was not fast enough for the first
reaction. Indeed, the lower availability of NAD* affected the conversion showing reduced rates with respect to the
biotransformation having full availability of the cofactor. Furthermore, the intermediate was accumulated in the
6-hours reactions, meaning that the second enzyme was not fast enough to convert it. Therefore, an increased
amount of MpHPPR had to be implemented to ensure higher efficiency.

The coupling of BsPheDH with MpHPPR showed promising results with high conversion rates, that reached even
76% in 24 hours. With a proper optimization, the outcomes could be further improved.

The two biocatalysts were both immobilized onto EP400/ss with high recovered activities. To enable a faster
exchange of NAD(H) and DHPPA between the active sites, the two enzymes were co-immobilized yielding a closer
location. Different strategies were employed, considering the results obtained with the immobilization screenings
of the single enzymes (Tables 3 and 5). In particular, the co-immobilization on PFEI or epoxides in simultaneous
or sequential mode (first BsPheDH, then MpHPPR, and vice versa) and the immobilization of PheDH on aldehydes
followed by the immobilization of MpHPPR on PEI (Figure 18) were attempted. This latter strategy has been

previously described for the immobilization of other enzymes.?”?® A loading of 3 mg/g of BsPheDH and 5 mg/g

of MpHPPR was used as first analysis.
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Figure 18. Co-immobilization by first interaction of BsPheDH with aldehydes, then coated with PEI followed by reduction,

and last interaction of MpHPPR with PEI.

Complete immobilization was obtained with all the strategies. Afterwards, biotransformations were run to assess
the performance of the co-immobilized enzymes, in terms of activity and operational stability. Unfortunately, it
was hard to measure the recovered activity of each immobilized enzyme since they share the same substrates.
The biotransformation using the coupled system could give a better hint on the final purpose of this work, that is
the production of danshensu.

As for the activity, the highest conversion rates were achieved with the simultaneous immobilization on PEI,
simultaneous immobilization on epoxides and sequential immobilization on aldehydes and PEI (Figure 19). These
three best strategies were chosen for the evaluation of the operational stability.

It is interesting to mention that no intermediate was found for the three modalities of immobilizations on PEL
Most likely, the activity of MpHPPR was higher than the activity of BsPheDH after the co-immobilization, even if
the recovered activities of the single enzymes were similar (around 90%).

In literature, CbHPPR was described as a dimeric assembled protein.* Consequently, it is plausible that MpHPPR
had the same quaternary structure. Considering the dimeric form of this enzyme and the octameric conformation
of BsPheDH, it was possible that the MpHPPR immobilization was happening faster than the BsPheDH binding,
resulting in higher activity for the HPPR. The sequential immobilization on glyoxyl groups and PEI gave no
intermediate as well, but in this case it can be explained by the lower recovered activity of BsPheDH on glyoxyl
groups (27%, Table 4) compared to MpHPPR on PEI (89%, Table 6). The higher activity of the latter biocatalyst
translated into faster conversion of the intermediate compound, with no accumulation over time. Instead, the

immobilization on epoxides showed 6-7% of DHPPA (intermediate) when testing the simultaneous or sequential
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(BsPheDH first, MpHPPR after) loading, meaning that these two strategies were more similar to the results

obtained with the free enzymes (Figure 17).
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Figure 19. Conversion of 10 mM L-dopa to Danshensu as final product, with 1 mM NAD*, 5 mM BME, 50 mM Tris pH 8.5 at

25°C, 150 rpm, 1 mL total volume, 6 hours incubation. The results are relative to the conversion of the free enzymes (0.15

mg/mL BsPheDH and 0.25 mg/mL MpHPPR) at the same concentrations as the co-immobilized biocatalysts (50 mg).

With further biotransformations combining the free enzymes, enhanced rates of conversions were reached

raising either the amount of MpHPPR (with equal concentration of the PheDH) or the amount of BsPheDH (with

thesame MpHPPR concentrations), as displayed in Figure 20.
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Figure 20. Conversion of 10 mM L-dopa to danshensu as final product, with 0.1 mM NAD* (ratio 1:100), 5 mM BME, 50 mM

Tris pH 8.5 at 25°C, 150 rpm, 1 mL total volume. The BsPheDH : MpHPPR ratio is relative to the enzyme concentration.
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As a result, more enzyme was loaded in the co-immobilization on EP400/SS (5 mg/g PheDH and 40 mg/g HPPR)
to assess the operational stability.

The immobilized biocatalysts were tested over 6 cycles of 2 hours reactions. The covalent immobilization on
epoxides was the most stable preparation, without any loss of activity after sixth biotransformations. The
reversible immobilization on PEI maintained 60% of the initial conversion, while the sequential immobilization
on glyoxyl groups and PFI retained only 25% of the starting activity after 6 cycles of usage. With this strategy, the
enzyme activity was rapidly dropped within the third cycle, due to enzyme leaching. Therefore, the cross-linking
of MpHPPR with glutaraldehyde (GA) was trialed to covalently stabilize the enzyme on the support and avoid any
leaching in working conditions. The protein was cross-linked without the reduction step since it was known to
be detrimental for the enzyme stability. However, MpHPPR retained only 8% of the initial recovered activity after
the treatment with GA. Given the unsuccessful outcome, the immobilization on epoxides was chosen as best
strategy, due to the high stability and good activity in the biotransformations of L-dopa.

The co-immobilization on epoxy groups was compared with a combination of resins supporting individual
enzymes in order to evaluate the efficiency of the two systems. For the single immobilization, the recovered
activities were calculated, which were 14% for the 5 mg/g BsPheDH (Table 4) and 37% for the 40 mg/g (Table 6).

The co-immobilization did not seem to provide any improvement (Figure 21).

80 O Free / P: 0.125 mg/mL - H: 1 mg/mL
70
X 6o Co-Immobilized 25 mg
2 .
g 50 o .
% 10 Immobilized - mix 25 + 25 mg
>
o 2
s @ Co-Immobilized 50 mg
20
10 O Immobilized - mix 50 + 50 mg
(0]
6h 24 h

Figure 21. Conversion of 10 mM L-dopa to danshensu as final product, with 1 mM NAD™ (ratio 1:10), 5 mM BME, 50 mM Tris
pH 8.5 at 25°C, 150 rpm, 1 mL total volume. P: BsPheDH; H: MpHPPR. The free enzymes correspond to the 25 mg of (co-)

immobilized form (5 mg/g BsPheDH and 40 mg/g MpHPPR).
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Besides, the preparation of distinct biocatalysts offered the possibility to change the two enzymes ratio depending
on the need. Consequently, the immobilization of separate enzymes was chosen for the flow continuous reactions.

8.2.9 Flow reaction with BsPheDH and MpHPPR

The packed-bed reactor was filled with 0.6 g of immobilized BsPheDH (5 mg/g) and 1 g of immobilized MpHPPR

(40 mg/g) properly mixed for equal enzymes distribution in the column. The flow set-up is shown in Figure 22.

20 mM L-Dopa
100 mM Tris pH 8.5 BsPheDH 5 mg/g
MpHPPR 40 mg/g

250 in 50 mM Tris pH 8.5

. ( 2; ted substrat
NAD* in mQ water (unreacted substrates)

Figure 22. Set-up of the flow reactor for the continuous conversion of L-dopa to Danshensu.

Several conditions were tried, and all the results are presented in Table 7. No intermediate was detected along
the reactions, meaning that MpHPPR was not limiting the overall conversion.

The lowest concentration of NAD* (0.1 mM) did not appear to be sufficient for the coupled reaction in flow,
achieving only 5% of conversion at 30 minutes residence time. However, the conversion increased to 24% when
10 times higher cofactor was added (1 mM).

Rising the cofactor to 2 mM, however, did not enhance substantially the conversion, confirming that the cofactor
regeneration was not limited at 1 mM scale.

60 minutes residence time improved the conversion, reaching the 36% with 3.6 mM of produced danshensu per
hour at 25°C.

Setting the temperature to 30°C yielded the same conversion as at 25°C. Instead, using the preferred temperature
for the MpHPPR, 37°C, led to a slight increase of conversion (39%). Since the increase was not significant, 25°C

were chosen as best condition to maintain the stability of the biocatalysts over time.
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Table 7. Conditions and related results of the continuous flow biotransformations.

NAD* Temperature Residence Time Conversion Product
concentration [°C] [min] [%] concentration
[mM] [mM]

0.1 25 30 5 0.5 £ 0.03
1.0 25 30 24 2.4 £ 0.04
1.0 30 30 23 2.3+ 0.03
1.0 25 60 36 3.6 £ 0.1
1.0 37 60 39 3.9 £ 0.1
2.0 25 30 25 2.5 + 0.05

8.2.10 Continuous production of Danshensu in the flow bioreactor

Danshensu has been successfully produced, while the immobilized enzymes demonstrated high stability over
different cycles and reactions conditions (Table 7). Consequently, the system was evaluated over 24 hours of
continuous flow biotransformation to assess the final biocatalysts productivity. Moreover, an in-line separation
process was implemented for the continuous collection of pure danshensu (Figure 23). In this case, an
acidification step followed by solvent extraction were employed through the addition of an inlet containing HCl
0.2 M (flow rate 0.03 mL/min) and a stream of ethyl acetate (flow rate 0.2 mL/min). Downstream of the process,
a Zaiput system was placed to separate the two phases, so that the water could be potentially collected and, after
pH adjustment, reused for other cycles of reactions, minimizing the waste. In parallel, the final product was
extracted in the ethyl acetate phase and recovered by simple solvent evaporation, for an easier and faster work-

up procedure.
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For this reaction, 0.55 g of BsPheDH (5 mg/g) and 0.75 g of MpHPPR (40 mg/g) were adequately mixed in the
reactor, which was set to 25°C. A flow rate of 0.036 mL/min was used for the two substrate inlets (total flow rate,

0.072 mL/min) giving a residence time of 30 minutes.

HClo.2M
0.03 mL/min

20 mM L-Dopa
100 mM Tris pH 8.5 BsPheDH 5 mg/g
MpHPPR 40 mg/g

L-Dopa (unreacted) - NAD(H) —— pH adjustment

Danshensu (EtOAc)

EtOAc
0.2 mL/min

Figure 23. Set-up of the flow system for the 24 hours productivity test. Four peristaltic pumps were used for the purpose,
two with the substrates (left) and two with the in-line separation process (HCl and EtOAc, on the right). The Zaiput separator
is the red apparat next to the packed bed reactor. Two bottles are placed at the downstream process for the collection of the

two distinct phases.

Previous tests of danshensu extraction showed that the compound could be collected in ethyl acetate after

acidification. With two sequential extractions, an 80% yield was obtained.>° To simulate the double extraction in
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flow, twice the volume of the aqueous phase was injected in the flow system (water: 0.102 mL/min, solvent: 0.2
mL/min).

After 1 hour of reaction, a sample was collected upstream for the HPLC analysis, which confirmed that 2.3 mM of
danshensu were produced (23% conversion). After 24 hours, the concentration decreased to 1.93 mM (19%
conversion), meaning that 85% of the activity was still retained despite the non-stop biocatalytic conversion over
a long period of time. The downstream solutions were also collected for HPLC analysis, and the results showed
that some danshensu was still present in the water phase, without being fully extracted in ethyl acetate. The
solvent phase, instead, contained only danshensu without any unreacted L-dopa.

After the 24-hours reaction, between 40 and 47 mg of danshensu were expected.

The weight of the final product was 47 mg, however the 'H-NMR spectra (Figure 24) confirmed that some 13-
mercaptoethanol was also extracted. The final weight of danshensu was approximately calculated as 20 mg

through the integration of the peaks area.

4.88
4.27
425
424
423

J
_6
Y
£
X

e
=
L

]
100
1
1

T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
Chemical Shift (ppm)

Figure 24. Characterization of the purified final product by 'H-NMR.
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Consequently, the extraction yield of danshensu was 50% with 43% purity. Remarkably, the compound was not
found in the oxidized form according to the NMR spectra.

As future work, optimizing this last experiment may result in higher yield and purity of danshensu. Probably, the
presence of [3-mercaptoethanol can be avoided by maintaining the substrate in anaerobic environment, so that
100% purity of danshensu may be achieved. The flow system itself excludes any contact between flowing solution
and external oxygen, preventing substrate oxidation. With higher catalysts amounts, the reaction may happen
faster without accumulation of L-dopa that can oxidize. Indeed, the intermediate DHPPA and the final product
danshensu are not as reactive as L-dopa in the oxidation process.

The extraction process should also be improved to ensure high danshensu content in the solvent phase.

The final yield may be enhanced by decreasing the flow rate inside the bioreactor. In fact, with a corresponding
residence time of 60 minutes, 3.6 mM of danshensu are obtained instead of 2.4 mM. This would give higher yield
but lower productivity in terms of danshensu concentration generated per hour.

In this work, danshensu has been effectively produced in a continuous and sustainable manner. A catalyst
productivity of 0.015 was obtained by dividing the 0.02 g of produced danshensu with the 1.3 g of immobilized
biocatalysts. The space time yield resulted in 0.083 mM/min or 5 mM/h.

As a comparison, the production of danshensu reported in a previous publication, starting from L-dopa as
substrate, achieved a productivity of 6.61 mM/h, which was slightly higher than the current work.'* However, the
publication reported a reaction system based on the addition of 125 mM L-dopa to form 118.9 mM (R)-danshensu
in 18 hours. It is not clear how the solution was prepared, since the solubility of L-dopa in water is 5 mg/mL (at
20°C), corresponding to 25 mM.3' As whole-cell biotransformation, the biocatalyst could not be recovered for
further reactions after the 18 hours and probably, it lost stability over time as soluble form.

On the contrary, the BsPheDH - MpHPPR system was active and stable after one working day. Potentially, the
immobilized biocatalysts could be continuously used for further hours to achieve higher yields, without the need
for new enzyme expression.

This work could become suitable for industrial application, as highly sustainable process. After proper

optimization, this method will attain higher efficiency for a competitive biocatalytic system.
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8.3 CONCLUSION

Initially, the overall biotransformation was designed with the ubiquitous and low-priced caffeic acid as starting
material. After optimizing the RgPAL amination reaction, a very low conversion rate was unfortunately achieved,
thus making this first step impractical and wasteful. Nonetheless, L-dopa was found to be as inexpensive and
valuable as the previous substrate, so that the first reaction became superfluous. Notably, when this work started
in October 2021, approximately, the price of L-dopa was three times higher than caffeic acid.

Driving the attention to the following coupled reaction, the novel MpHPPR enzyme has been successfully
expressed and characterized, showing activity in the reduction of DHPPA with NADH. Therefore, MpHPPR was
efficiently coupled to BsPheDH for danshensu production. A fully optimized reusable system was obtained after
immobilization of the two biocatalysts on a methacrylate resin. Their implementation in a flow bioreactor offered
a 24% conversion with 30 minutes residence time and 36% conversion with 60 minutes. The two biocatalysts
were then tested for a continuous flow biotransformation over 24 hours, in combination with an in-line
separation method. Although the process could be further optimized, a productivity of 5 mM/h was successfully
achieved. The final product was collected, and the dried form was yielded, even if the purity was not as expected.
However, further studies might be carried out in order to improve the overall process.

Since the soluble biocatalysts demonstrated enhanced conversion rates in shorter reaction times, using smaller
amounts of cofactor, it would be of high impact to perform the reaction in dialysis bags, as done in chapter 7.
Indeed, both the two biocatalysts are extremely stable in their soluble form. Without the need for immobilization,
this test may potentially open up new perspectives in the cost-efficient production of danshensu and consequently,

the expanded pharmacological application.
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9. CONCLUSIONS

The main focus of the presented research work was the development and optimization of biocatalytic tools for
the efficient application in cascade reactions, to provide then beneficial effects on industrial application.

In chapter 4, the phenylalanine ammonia lyase from Anabaenas variabilis (AvPAL) was successfully immobilized
and employed in the continuous flow biotransformation of two aliphatic alanine derivatives. One of them, 3-
trifluoromethyl-alanine, was not converted in the PAL deamination reaction since the substrate was not accepted.
However, allylglycine was effectively transformed to the acrylate penta-2,4-dienoic acid even if only 3-5%
conversion was achieved, corresponding to maximum 1.1 mM production in 1 hour of residence time.

For the quantification and remediation of ammonia, an efficient biocatalytic tool was developed by co-
immobilizing the glutamate dehydrogenase from Clostridium symbiosum (CsGluDH) and the formate
dehydrogenase from Candida boidinii (CbFDH) onto the methacrylate resin EP400/SS. Excellent immobilization
yield and recovered activity were achieved as well as good stability over time. The bienzymatic system was tested
in the removal of ammonia, showing full and rapid conversion of 50 mM substrate and 80% conversion in the
300 mM scale. In this regard, the immobilized form significantly surpassed the soluble enzymes, which were fast
destabilized by the high substrates concentration.

To further optimize the described bienzymatic tool, a self-sufficient fusion protein was successfully created,
yielding a completely active and stable bifunctional enzyme. The immobilized fusion protein showed outstanding
results in the removal of low and high amounts of ammonia, indicating 100% conversion in both cases. Therefore,
the closer proximity of the two enzymes has a beneficial impact on the reaction efficiency. Indeed, they fully
exceeded the wild-type enzymes, proving the effective accomplished optimization.

In chapter 7, the versatility of the fusion protein system was investigated by fusing the alanine dehydrogenase
from Halomonas elongata (HeAlaDH) with the CbFDH. The two orientations of the domains were obtained, and
their comparison showed that different properties were retained depending on the protein structure. The AlaDH-
FDH-His enzyme retained approximately 60% of FDH activity and 20-30% of the AlaDH one. This fusion protein

was combined with the w-transaminase from Halomonas elongata (HeWT) to assist the conversion of vanillin to
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vanillyl amine as test reaction. The soluble wild-type enzymes were previously described as poorly stable after 3
cycles of reusage in the dialysis bag assisted biotransformation. In comparison, the fusion protein proved to
maintain the same conversion rate as the first cycle, meaning that an optimized biocatalytic tool for the
transaminase reaction was successfully realized.

In the last chapter, a biocatalytic cascade reaction was developed for the sustainable production of danshensu.
The amination of caffeic acid to L-dopa by the PAL from Rhodotorula glutinis did not offer considerable results,
due to the low conversion rate in the flow system (maximum 8%). Moreover, the impact on the enzyme stability
for the presence of 2 M ammonium sulphate and the oxidized by-product was impractical, as well as the high
consequent price of the overall process. Thus, the cascade reaction was based on the still low-priced L-dopa as
starting material. The phenylalanine dehydrogenase from Bacillus subtilis (BsPheDH) was envisaged for the
oxidative deamination of the substrate. Since this enzyme requires NAD", the addition of a second enzyme able
to simultaneously reduce the reaction intermediate and regenerate the cofactor would significantly increase the
cost- and reaction- efficiency of the system. The novel hydroxy phenyl pyruvate reductase from Mentha x piperita
(MpHPPR) offered all these requirements, as confirmed by its characterization. The two biocatalysts were
subjected to an immobilization screening, so an optimized combination was chosen, consisting of 5 mg/g
BsPheDH and 40 mg/g MpHPPR covalently bound to EP400/SS with decent recovered activity (14% and 39%
respectively) and excellent stability. The cascade biotransformation was performed in the flow bioreactor, yielding
24% conversion with 30 minutes residence time and 36% conversion with 60 minutes. Furthermore, the
biocatalytic tool for danshensu production was assessed in a 24-hours flow reaction as potential industrial
solution. Remarkably, the immobilized enzymes retained 85% activity after 24 hours of continuous reaction.
Although the implemented in-line product separation still requires some improvements, the process achieved a
reasonable productivity of 5 mM danshensu per hour. These promising results can be further optimized, offering
a more sustainable, self-sufficient and less expensive tool for the biocatalytic manufacture of the valuable
danshensu at industrial scale.

To summarize, the here described biocatalytic tools were efficiently developed after an accurate design. The
following optimization strategies offered enhanced properties. Consequently, the enzymatic tools can be

effectively applied in cascade reactions to improve the production even for industrial purpose.
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