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ABSTRACT

Biocatalysis is in focus due to its use for thetbgsis of pharmaceuticals making
manufacturing processes more sustainable. In rg@ams, much interest has been shown in
the use of multi-enzyme cascades as a tool in @rgsynthesis. Reaction engineering
methodology was used in this thesis for descrilaing optimizing three separate biocatalytic
cascade reaction systems. The link between albdascwas the use of carboarbon bond
forming enzyme in one reaction step per cascade.

Cascade reaction that synthesises 3-hydroxyisabutycid, a methacrylic acid
precursor used as important intermediate for tlepamation of polymers, is a novel approach
that consists of three enzymes. Proposed biocatayhthesis of 3-hydroxyisobutyric acid
can be performed by aldolase-catalysed aldol aatdif propanal to formaldehyde followed
by an enzymatic oxidation catalysed by aldehydeydieigenase of the resulting 3-hydroxy-2-
methylpropanal to 3-hydroxyisobutyric acid with oagme regeneration by NADH oxidase.
Developed mathematical model for aldol addition waed for the reaction optimization. At
the optimal process conditions, the aldol addifmoduct concentration after 5.5 hours was
814 mM (72 g [*), product yield was 88.5% and volume productivitygs 313.7 g T d™.
Since aldehyde dehydrogenase accepts propanabandlfiehyde as substrates, this cascade
could not be performed in a one-pot synthesis, dmmsecutive, by starting oxidation after
aldol addition was completed. Panel of 25 aldehyeleydrogenases was tested as oxidation
step catalyst. Mathematical model of oxidation widbenzyme regeneration by NADH
oxidase was developed and validated. It was coefirrhy NMR analysis that proposed
enzymatic cascade scheme produced desired pradbgtroxyisobutyric acid. The yield on
oxidation product of 66.5% was achieved with thelffiproduct concentration of 26.32 mM
(2.7 g Y.

The second optimized cascade reaction in this weitke biocatalytic synthesis of
amino acidL-homoserine in a cascade containing Class |l pyeddapendent aldolase and
transaminase as biocatalysts starting from fornfgide and pyruvate, andalanine used in
transamination reaction step. Reactions catalygeskparate enzymes (cell free extracts) and
E. coli cells containing the same co-expressed enzymes eygimized based on developed
mathematical model. Detailed kinetic parameters gamon is made between those two
types of biocatalysts. Optimized reaction perfornmedhe fed-batch reactor produced 672
mM (80.1 g ') of L-homoserine after 25 hours of reaction with volysneductivity of 76.23
g L' d* with cell free extract enzymes as catalysts, a#d.® mM (76.3 g L) of L-



homoserine with volume productivity of 62 g*Ld™ when whole cells containing both
enzymes were used as catalysts.

The third cascade reaction was the synthesis afasuigar precursor. Two strategies
for biocatalytic production of iminosugar precursegre proposed and examined within this
doctoral thesis. One approach suggested NK:Bzamino-1,2-propanediol and second
approach involved 3-chloro-1,2-propanediol as axiatasubstrate. Only cascade system from
the first approach produced the desired aldol agdac iminosugar precursor whose
molecular mass was confirmed by LC-MS analysis.eReh drawback was caused by
incomplete kinetic measurements due to the fact theermediates and final product
molecules are not commercially available chemicaigl therefore no comprehensive
mathematical model could be developed. Neverthelesgls available kinetic measurements
and parameters determined and experience gainedigdprocess investigation, some
important conclusions regarding this biocatalytymthesis were withdrawn and substrate
conversion of 64% corresponding to product conediom of 13.32 mM (4.2 g ) was

achieved.

Key words: biocatalysis, enzyme, iminosugar;homoserine, methacrylic acid, process

optimization, reaction engineering



SAZETAK

Biokataliza je u srediStu pozornosti zbog njezipettebe za sintezu lijekovanedi
proizvodne procese odrzivijima. Posljednjih godipakazalo se veliko zanimanje za
koriStenje viSeenzimskih kaskada kao alata u okgansintezi. U ovom je radu koriStena
metodologija reakcijskog inzenjerstva kako bi seisalp i optimizirala tri odvojena
biokataliticka kaskadna reakcijska sustava. Veza tmstrazivanih sustava bila je upotreba
enzima koji stvaraju vezu izrde ugljikovih atoma u jednom od reakcijskih koraka.

Kaskadna reakcija kojom se sintetizira 3-hidroksiasl&na kiselina, prekursor
metakrilne kiseline koja se koristi kao vazandoq@odukt za pripravu polimera, novi je
pristup koji se sastoji od upotrebe triju enzimaedfozena biokataldka sinteza 3-
hidroksiizomasléne kiseline moze se provesti aldolnom adicijom pr@gha na formaldehid
kataliziranom aldolazom, nako¥ega slijedi enzimska oksidacija dobivenog 3-hidr@ks
metilpropanala katalizirana aldehid dehidrogenaaon3-hidroksiizomasknu kiselinu uz
regeneraciju koenzima kataliziranu NADH-oksidazdazvijeni matematki model aldolne
adicije koriStenje za optimizaciju reakcijskin uge Pri optimalnim procesnim uvjetima,
koncentracija produkta aldolne adicije nakon 5,5 &mosila je 814 mM (72 g 1b),
iskoridtenje na produktu 88,5%, a volumna produtdst 313,7 g I d*. Budwi da aldehid
dehidrogenaza prih¢a propanal i formaldehid kao supstrate, ova se ddskne moze
provesti u reaktoru odjednom, &eizastopno pokretanjem oksidacije nakon Sto remkcij
aldolne adicije zavrSi. U svrhu pronalaska kataétivaa za reakciju oksidacije ispitano je 25
razlicitih aldehid dehidrogenaza. Razvijen je i validiravatematiki model oksidacije uz
regeneraciju koenzima kataliziranu NADH-oksidazoWMR analizom potwieno je da
predloZzena enzimska kaskadna reakcija proizvoderieprodukt, 3-hidroksiizomasiau
kiselinu. Postignuto je iskoriStenje na oksida@jsk produktu od 66,5% uz koncentraciju
produkta od 26,32 mM (2,7 gl

Druga optimizirana kaskadna reakcija u ovom radu bjekatalitcka sinteza
aminokiselineL-homoserina u kaskadi kataliziranoj piruvat-ovisnafdolazom klase Il i
transaminazom, gdje su ¢aini supstrati formaldehid i piruvat tealanin koji se koristi u
reakciji transaminacije. Na temelju razvijenog madaéckog modela optimizirane su reakcije
katalizirane zasebnim enzimima (ekstrakt stanica diantne stijenke) i stanicamg. coli
koje sadrze iste enzime dobivene ko-ekspresijomprdNdiena je detaljna usporedba
kinetickin parametara za navedena dva tipa biokatalizatBravaienjem optimizirane

reakcije u $arznom reaktoru proizvedeno je 672 @M1 g L) L-homoserina nakon 25 sati



reakcije s volumnom produktivnosti od 76,23 @' ld™* korist&i ekstrakte enzima kao
katalizatore te 640,74 mM (76,3 g').L-homoserina uz volumnu produktivnost od 6279 L
d! kada su kao katalizator koristene cijele stanigje kadrze oba enzima.

Kao tre&a kaskadna reakcija, u ovoj su doktorskoj disgrtacedlozZene i ispitane
dvije strategije za biokataliku proizvodnju prekursora imino&ra. Jedan pristup temelji se
na CbzN-3-amino-1,2-propandiolu, a drugi na 3-kloro-1,2ypandiolu kao p&etnim
supstratima. Kaskadni sustav prvog pristupa jegkniproizveo zeljeni aldolni produkt,
prekursor imino&g&era, ¢ija je molekularna masa potigna LC-MS analizom. Nedostatak
ovog istrazivanja proizlazi iz nepotpunih kirskih mjerenja zboginjenice da méuprodukti
i produkti ovog reakcijskog sustava nisu komeraogatlostupne kemikalije. 1z tog razloga nije
bilo mogwe razviti sveobuhvatan mateng&ii model. Ipak, s raspolozivim kinékim
mjerenjima i procijenjenim parametrima te iskustvat@&enim tijjekom istraZzivanja ove
biokataliticke sinteze, izvedeni su vazni zakljute je postignuta konverzija supstrata od 64%

koja odgovara koncentraciji proizvoda od 13,32 n\2 (g LY.

Klju ¢ne rijedi: biokataliza, enzim, iminoger, L-homoserin, metakrilna kiselina,

optimizacija procesa, reakcijsko inZenjerstvo
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1 Introduction

1 INTRODUCTION

Biocatalysis can be broadly defined as the use rdyraes or whole cells as
biocatalysts for industrial synthetic chemistryo@&atalysts have been used for hundreds of
years in the production of alcohol via fermentatiand cheese via enzymatic breakdown of
milk proteins. Over the past few decades, majoaadgs in our understanding of the protein
structure—function relationship have increasedrémge of available biocatalytic applications
(Johannes, Simurdiak & Zhao, 2005).

Biocatalysis is nowadays being more and more used the synthesis of
pharmaceuticals with an effort of making manufaoprocesses more sustainable and more
efficient (Sun et al., 2018; Wohlgemuth, 2007)hds long been recognized that the exquisite
selectivity of enzymes can be used to great effeth in laboratory scale organic synthetic
schemes and also at a larger scale, for indusapglication. Today, several hundred
biocatalytic processes operate at an industrideseéich prove the interest and drive (both
economic and environmental) for the implementatidnsuch processes (Woodley, 2013;
Pollard & Woodley, 2007; Zaks, 2001). Biocatalysiffers advantages over chemical
synthesis as enzyme-catalysed reactions are oifdiy lenantioselective and regioselective.
They can be carried out at ambient temperatureatmadspheric pressure, thus avoiding the
use of more extreme conditions (Patel, 2008).

Many of the most interesting non-natural chemieactions which could potentially
be catalysed by enzymes are thermodynamically onfable and thus limited by the
reaction equilibrium. As in nature, such reactiama be altered by coupling with other
reactions (Abu & Woodley, 2015). In recent yeargchinterest has been shown in the use of
multi-enzyme cascades as a tool in organic syrghi@mdrik & Vasé-Racki, 2009; Sudar et
al., 2015; Hernandez et al., 2017a). By couplingmergetically unfavourable reaction with a
more favourable one, the multi-enzyme cascade rsirthe approach taken in nature in
metabolic pathways (Abu & Woodley, 2015; Findrikv&sic-Racki, 2009).

It is known for a long time that reaction enginagriis an efficient and effective
methodology to design and size the reactors irchignical industry (Ringborg & Woodley,
2016). Likewise, it can be used for describing aptimizing a biocatalytic reaction system
(Zhong, Wei & Percival Zhang, 2017; Jia, Liu & H&Q17; Molla et al., 2017; Scherkus et
al., 2017). Reaction engineering application casitpely affect the reaction time, by-product

formation, enzyme stability, product concentratias well as other process metrics. To
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achieve high product concentrations, substrateiigadcan be arranged through different
feeding strategies, or in a simple batch processl(ik et al., 2005; Findrik & VasitRaki,
2009).

The aim of this doctoral thesis is the developmand optimization of new
biocatalytic synthetic routes for the production tbfee industrially valuable precursor
molecules. The link between all three investigatsttion systems in this work is the use of
C-C (carborcarbon) bond forming aldolase in one reaction ptpcascade system.

The first reaction system investigated in this dealt thesis is aldol addition coupled
with oxidation forming a methacrylic acid precursan important bulk chemical. Three types
of enzymes are used in this biocatalytic pathwdne first step of this reaction system isCC
bond formation between propionaldehyde and forniglde by enzymeD-fructose-6-
phosphate aldolase. The reaction product, 3-hydBemethylpropanal is oxidized in the
second reaction step by aldehyde dehydrogenase asighzyme NAD regeneration by
NADH oxidase. Cascade was studied in detail andt reficient biocatalysts in terms of
activity, substrate affinity and operational stapibre selected.

The second enzymatic cascade system studied ithésss consists of aldol addition
of formaldehyde and sodium pyruvate catalysed Ipyravate aldolase, 2 keto 3 deaxy-
rhamnonate aldolase (YfaU, EC 4.1.2.53), and transsion the produced aldol adduct and
L-alanine catalysed by transaminasé¢iomoserine is targeted cascade product of inteaest
important metabolic intermediate for the synthexigssential amino acids and a valuable
building block in the manufacture of industrial duzts (Hernandez et al., 2017b).

The third investigated reaction system is the ssgithof iminosugar precursors. Two
approaches are proposed within this thesis andsiigated in detail. Approach | has Cbz
protected amino alcohol (Chs-3-amino-1,2-propanediol) and approach Il 3-chlby®-
propanediol as a starting cascade substrate. Alitehol oxidation in the first step, obtained
aldehyde is catalysed hy-fructose-6-phosphate aldolase variant FSX forming aldol
adducts of interest, molecules that can be usediassugar building blocks.

The main focus of this study is put on the mathaahimodel development and
process optimization for obtaining industrially msiftcant values of process metrics such as
maximum concentrations of products, product yielsigbstrate conversions and volume
productivities in all studied biocatalytic reactispstems. Proposed reaction schemes have a
potential industrial application. To be considefed scale-up, enzymatic cascades have to

reach satisfactory process metrics at laborataalesdherefore, the aim of this research was
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reaching them where possible by applying reactiogireeering methodology and selected

biocatalysts.
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2 BIOCATALYSIS

2.1 Biocatalytic cascade reactions

Biocatalysts/enzymes are naturally present in iglhd cells; in microorganisms,
plants, animals and humans. They are the catalysife forged by evolution with unequalled
efficiency and selectivity (Li et al., 2012). Apptg biocatalysts to chemical manufacturing
industry can help develop greener, sustainablecastiefficient processes that are more alike
to the ones found in nature (Posorske, 1984; Sh&ldd/oodley, 2018).

The biggest role of biocatalysis remains in the rptaeutical sector, where its
exquisite regio- and stereoselective propertieblengifficult syntheses (Pollard & Woodley,
2007). Throughout the past 100 years, industrigiielschnology has grown into a multi-billion
US dollar market, which has now even begun to talex a larger part of chemical production
in a rapidly growing bio-economy (Wittmann & Lia@017). Both isolated enzymes and
whole-cell biocatalysts are being increasingly usedassist in synthetic routes towards
complex molecules of industrial interest (Ishia&t 2007; Milker et al., 2017).

With the recent advances in synthetic biology, eéhisr an increasing interest in the
design of multi-step enzymatic conversions for fyathesis of speciality chemicals and
pharmaceutical intermediates (McArthur & Fong, 2018ome advantages of this type of
biotransformations, compared to a traditional orgasynthesis, are the productivity
improvement and the absence of intermediate procecivery steps, which are money and
time consuming (Bruggink, 2003). Enzymatic cascadesprovide added value to a synthetic
scheme by starting from cheaper raw materials okimga more valuable products.
Additionally, they can be used to help shift theliglgrium of otherwise thermodynamically
unfavourable reactions to give a higher conversibthe target product (Abu, Gundersen &
Woodley, 2015). Unfavorable equilibrium reactiorenéfit from the cascade concept since
continuous removal of product in a subsequent i@adtep can drive the reaction towards
product formation.

Due to the stated benefits, biocatalytic cascadetians are being more explored and
applied today (Fessner, 2015). So far, a large murob biocatalytic cascade reactions has
been developed; from simple oxido-reduction reactioupled with cofactor regeneration, to
highly complex multi-enzyme synthesis (Findrik &38i&Racki, 2007; Sudar et al., 2015).
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Biocatalytic cascade reactions, studied in thistalat thesis, occur in multiple
enzyme-catalysed reaction steps. It is importantérgphasize that it can be challenging to

combine several enzymesvitro for the conversion of non-natural substrates.

2.2 Enzymatic carbon-carbon bond formation

Carbon-carbon (GC) bond forming reactions are of central importanterganic
synthesis for creating new molecular frameworks} gnthe production of pharmaceuticals,
commodities and fine chemicals. Carboarbon bond formation is the corner stone reaction
of organic synthesis which allows the creation aihplex compounds from the simpler ones
(Li, 2005).

Enzymatic GC bond formation reactions, as opposed to non-eatigimare carried
out under physiological conditions without the nded protecting group techniques—C
bond forming enzymes replace traditional chemicattlgesis with advantage of being
enantio- and chemoselective. Enzymatic aldol agliliteactions mediated by aldolases are
one of the ways of € bond formation (Clapés, 2010; Clapés, 2016; Sdtntiger &
Kroutil, 2016; Busto, 2016; Breuer, Bonnekessel &niseider, 2012). Stereoselective@
bond formation is particularly valuable in asymnesynthesis because of its potential for
stereodivergent product generation, by which mi@tgtereoisomeric products can be derived
from common synthetic building blocks (Clapés, 20THerefore, it is not surprising that the
number of enzymes catalyzing various@Cbond forming reactions is constantly increasing
(Resch et al., 2011).

In this dissertation all investigated cascadesttier synthesis of industrially valuable
products employ different aldolases which formGCbond. Hence, €C bond forming

enzymes are outlined in this thesis.

2.3 Protein engineering and overexpression

Since enzymes in nature, i.e. wild type enzymesnadbalways meet the required
demands for the industrial use, enzyme enginearamgbe used to develop a catalyst with
properties matching the process requirements @tiauer, 2015; Illanes et al., 2012; Nestl,
Nebel & Hauer, 2011). Scientific progress in theldiof enzyme modification enables the
opportunity to tune a given biocatalyst for a speandustrial application. Much work has
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been focused on extending the substrate repedndeltering enzyme selectivity (Woodley,
2013).

The combination of molecular biology techniques;hsas directed evolution, along
with new and efficient high-throughput screeningtmoels, have fueled further advances of
biocatalysis to the chemical and the pharmaceutchistries (Zaks, 2001; Adrio & Demain,
2010). Molecular biology engineering methods canubed to improve stability, substrate
specificity and stereospecificity of an enzyme. yhave advanced greatly in the recent years
and they can be used to produce industrially slk@taatalysts in less time and money
consuming manner (Kapoor, Rafig & Sharma, 2017;dMiret al., 2014). The gram-negative
bacteriumEscherichia colioffers the means for rapid, high yield, and ecoicafrproduction
of recombinant proteins (Sivashanmugam et al., pOD®e advantages of fast growth in an
inexpensive medium, the well-characterized gengdicd the availability of a large number of
cloning vectors and mutant host strains mé&kecoli the first choice for production of
recombinant proteins (Jana & Deb, 2005). Most & émzymes used in this research are
overexpressed irE. coli and provided such from project partners. Overesgom and
purification of aldolase FSA D6Q is performed gsaat of this research. Detailed protocol is
presented in chapter 5.3.1.

Enzymes can be used within their natural sourcerigin (whole cell) or they can be
isolated and used in a soluble or immobilised s(&&chmann & Vasi-Racki, 2005).
Conventionally, the main disadvantage of usingwhele cells is the unwanted side reactions
that take place due to the presence of other ereyBi€ouza, 2001). However, when using
whole cells in which target protein overexpressi@s carried out, the activity of that protein
usually overcomes metabolic side reactions (Rids %0 al., 2015)E. coli cells containing
co-expressed transaminase and aldolase are ued study fon.-homoserine synthesis.

The development of more specific and stable bidgstty either isolated enzymes or
whole cells, generated by the new methods of gemegigineering, together with improved
reaction systems by reaction engineering havedettv industrial biotransformations (Liese
& Filho, 1999). It is expected that both proteirdgrocess engineering work simultaneously
towards future process implementation, as theyr afdenplementary solutions to the process
design problem (Woodley, 2018). Hence, protein megjiing can significantly improve
enzyme kinetic parameters, which basically deteentie process outcome. Challenges in the
cascade reaction development can be resolved througrdisciplinary approach linking
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chemistry, biology and engineering which can surggve the way for faster

commercialization of biotechnological solutions {¢n et al., 2014).

2.4 Coenzyme regeneration

Some enzymes such as aldehyde dehydrogenase usduapter 5 and alcohol
dehydrogenase used in chapter 7 require coenzymiado catalytic function, in this case
nicotinamide adenine dinucleotide. Various methoda be used for the regeneration of
coenzymes; biological, enzymatic, electrochemiclaémical and photochemical (Chenault &
Whitesides, 1987). An enzyme-coupled regenerasam simple approach in which a second
enzyme is added to the reaction system (Wichmannvasic-Racki, 2005). In situ
regeneration systems were employed in this diggartdue to the high process price when
coenzymes are being used in stoichiometric quasti(iWWeckbecker, Groger & Hummel,
2010; Wichmann & VasiRaki 2005; Woodyer, Johannes & Zhao, 2008h example of
this method, for the regeneration of coenzyme NAB the use of NADH oxidase (Rocha-
Martin et al., 2011). Two NADH oxidases are usethis work. Bacterid_actococcus lactis
was aerobically grown in a bioreactor to producelMAoxidase which has been isolated and
purified from the cells and used as a biocatalysioeding to the procedure described in
literature (Sudar et al., 2014) (chapter 7.3.5)other purified and lyophilised NADH oxidase
was provided from project partner Prozomix (UK) fbe use in the second reaction step of

methacrylic acid precursor synthesis (Chapter 5).
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3 THESIS FRAMEWORK: Biosynthesis of industrially valuable products

3.1 Methacrylic acid

3-Hydroxyisobutyric acid is an important intermediain the biosynthesis of
methacrylic acid (MAA) and methyl methacrylate (MMAVIAA and MMA are important
intermediates for the preparation of polymers, amtipular poly(methyl methacrylate) with
global annual production of 1.5 million tons anchaal market of $2.1/$8.1 billion in the
US/worldwide, respectively (Darabi Mahboub et 2016; Przybylski et al., 2018). MMA has
been made almost exclusively by a three-step psdcesh acetone and hydrogen cyanide, via
acetone cyanohydrin. In this process, large progustof sulfuric acid are used, and disposal
of the acidic sludge by-product is expensive (Cawnal., 2001; Pyo et al., 2012). New
greener and simpler processes have been devisadefdAA and MMA production. One
such approach produces MAA precursor 3-hydroxyispi acid from simple-structured
starting substrates, formaldehyde and propanapd3ed enzymatic cascade studied in this
work consists of aldolase-catalysed aldol additiolowed by oxidation by aldehyde

dehydrogenase as a useful green alternative tinati¢ional synthesis of the MAA.

3.2L-Homoserine

Amino acids are widely industrially produced andize¢d. They play an important
role in the pharmaceutical, agrochemical and chamicdustry. The discovery of the
functions of amino acids has led to the expansfdher field of use. In addition to seasoning
and other food use, amino acids are used in maalgsfisuch as animal nutrients,
pharmaceuticals, and cosmetics (Wendisch et al6;2¥okota & lkeda, 2017; Hermann,
2003). They are frequently used for the preparatbnvarious pharmaceutically active
substances and agrochemicals, or as resolvingsafgerahiral acids (H6hne et al., 2008). The
worldwide amino acids market has amount of abobillion dollars. Monosodium glutamate
and animal feed additives, methionine and lysiepant for about 75% of this sales value
(Barnicki, Bommaraju & Kent, 2017).

Until about 20 years ago many smaller volume amaictids were still manufactured by
the hydrolysis of animal protein products (gelatuajr, feathers). As today pharmaceutical
companies demand products certified as being of-amdmal origin, amino acid
manufacturers have developed biotechnological gsssefor almost all natural amino acids,

and for some unnatural amino acids as well (Krdgkic-Ratki & Wandrey, 1996; Karau &
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Grayson, 2003). Major amino acids for the food amimal feed industries are today
produced on a very large scale using fermentatrosyothetic processeBL- Methionine is
produced in annual volumes of more than 0.5 miltmms by chemical synthesis (Grayson &
Kessler, 2015).

L-Homoserine is not one of the common amino acide@ed by DNA. It differs from
the amino acid serine by insertion of an additio®@,- unit into the backbone. Homoserine
is an intermediate in the biosynthesis of threemssl amino acids: methionine, threonine (an
isomer of homoserine), and isoleucine and haseaa®la human metabolite (Berg, Tymoczko
& Stryer, 2002) L-homoserine is an amino acid that can be readilyeded into a range of
chiral amino-substituted heterocycles, which aleatale building blocks for the synthesis of
new pharmaceuticals. Simple chiral derivativeswagrifromL-homoserine include lactones,
tetrahydrofurans, tetrahydropyrroles and tetrahtygophenes (Kalyanam et al., 2008)-
Homoserine is a non-proteinogenic amino acid, whothys an important role in the
biosynthesis of both-threonine and.-methionine, and in the industrial fermentationqass
to manufacturé-threonine.

Methionine is one of two sulfur-containing amindadscalong with cysteine. As an
essential amino acid, intake of methionine fromdfae required for humans and animals.
Methionine is used primarily as a building block mbteins in the body. Methionine is a
highly important feed additive and can be addegdoltry feed as the first limiting amino
acid. To use methionine for food and pharmacegj€dl-methionine needs to be converted
to L-methionine using acetylation and enzymatic pro¢¥s&kota & Ikeda, 2017; Hermann,
2003). Cascade system studied in this thesis pesdubomoserine that can be used as a
precursor for.-methionine production. From all the published fentation data it can be
concluded that up to now no more than 57 iethionine are achievable without using
genetically modified organisms (GMOSs). The veryhagtL-methionine concentration from
microorganisms reached so far amounts of 35’@hd is published as a patent using a GMO
of Escherichia coli (E. colifWillke, 2014; Hirasawa & Shimizu, 2016).

Proposed reaction scheme feshomoserine synthesis applied in this work includes
catalysis by two types of enzymes: Class Il pyrendgpendent aldolase and transaminase.
Despite a big interest in transaminase catalysadtioms (Gundersen et al., 2016; Truppo,
Turner & Rozzell, 2009; Hernandez et al., 2017as#&bewski et al., 2009; Leuchs et al.,
2013; Savile et al., 2010; Park, Dong & Shin, 20P3rk et al., 2003), they are often

demanding to implement on an industrial scale du&dquent thermodynamic and kinetic
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challenges (Gundersen et al., 2016). That is wizyrees can be coupled with other enzymes
forming a cascade reaction systems (Findrik & ¥&&&ki, 2009; Santacoloma et al., 2011;
Schrittwieser et al., 2018), which enables shiftiafj transaminase catalysed reaction
equilibrium towards the wanted products (Hernaneteal., 2017a; Koszelewski et al., 2009,
Truppo, Turner & Rozzell, 2009) as in this reseaiide second enzyme, Class Il pyruvate-
dependent aldolase (YfaU) does not only serve ysalelan equilibrium shifter, but also as a
regenerating enzyme used to reduce the consumeptigyruvate as one of the substrates,
similar to coenzyme regeneration systems (Hernaatlak, 2017b). In the proposed cascade,
YfaU was used for pyruvate recycling to reduceayitantities as a process feed, as well as to
shift the equilibrium of this system towanddiomoserine synthesis. Reactions were catalysed
by cell free extract (CFE) of two enzymes and hyplyilisedE. coli cells containing these
enzymes. Both biocatalysts were kinetically chamaoéd in detail. Process optimization for

both cases was performed based on developed matbaimaodel.

3.3 Iminosugars

An iminosugar, also known as an azasugar, is aalogrof a sugar where a nitrogen
atom has replaced the endocyclic oxygen atom ofsth&cture. Iminosugars are common
components of plants and may be responsible foresain their medical properties.
Iminosugars have attracted a great interest amairgtssts due to their efficient inhibition of
various glycosidases involved in the intestinalrddgtion of carbohydrates and are therefore
used in the pharmaceutical industry for its prapsrtonnected to the application in diabetes
treatment (Nash et al., 2011; Watson et al., 2001).

In terms of biochemical activity for medicinal amaitions, 1-deoxynojirimycin and
1,4-dideoxy-1,4-iminm-arabinitol are alpha-glucosidase inhibitors thaweh anti-diabetic
and anti-viral activity. Deoxynojirimycin was mouktl to produce two derivatives now used
as medicinesN-hydroxyethyl-1-deoxynojirimycin (commercially knowas Miglitol) as
coadyuvant for diabetes treatment amtutyl-1-deoxynojirimycin (commercially known as
Miglustaf for Gaucher's disease treatment. Some other sugars show anti-cancer activity
(Jones et al., 1985; Scofield et al., 1995; Asdral.e2000).

Aldol adducts containing amino groups are importaoilding blocks of many
naturally occurring molecules, including iminosugdGutierrez et al., 2011). Such aldol
products can be synthesised through cascade negetposed in this thesis consisting of the

amino alcohol Cb2N-3-amino-1,2-propanediol oxidation with an ensualdol addition of
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dihydroxyacetone, where both transformations arilysed by enzymes. Alternatively,
another approach for iminosugar building block bests is proposed and investigated in this

work that uses 3-chloro-1,2-propanediol as stantiaderial.
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4 MATHEMATICAL MODELLING AND PROCESS OPTIMIZATION

To bridge the gap between the lab scale and indlusitale process, mathematical
modelling can be very useful. Mathematical modelaoprocess can be used to simulate
different scenarios and conditions of a processavoid extensive experimental work
(Santacoloma et al., 2011). By using simulations, possible to gain better understanding of
the interactions between reaction components,lgshf®cusing of experimental work, which
saves time, efforts and reduces cost (Heitzig.e@lL4; Price et al., 2013). One of the largest
fine chemical manufacturers in the world, Lonzacognized the potential of using
mathematical modelling (Brass, Hoeks & Rohner, }99%. reduction of cost and
environmental impact by (i) shortening the time essary to define optimal operating
conditions and reactor type (VéadRaki, Findrik & Vrsalovic Preséki, 2011; Ringborg &
Woodley, 2016), (ii) decreasing the consumptioctgmicals, energy and water and, in turn,

(i) production of waste.

Choice of reaction conditions:
pH, buffer, temperature

Kinetic studies
o= (ca), ea~f (2)
Parameter estimation (V,, K, K})

- nonlinear regression
I

- \l/ Mass balances /

Kinetic model Reactor model

Model validation — experimental data
Cas Cps Ccs Cp---= 1)

439 Biocatalyst operational stability studies
Activity = f (f) and/or f(c,)

Model
application

Choice of P Model
reactor set-up rocess simulations
optimization

Figure 4.1 Simplified methodology towards a successful cascset-up (Findrik BlazZeviet al.,
2018).

Modelling increases our knowledge about the prosas=s it enables the simulation
of different reaction courses. This offers bettederstanding of the effect that different

13
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variables have on the equilibrium, conversion Btathematical modelling is useful in finding
operational conditions for creating optimal micreeonment for the biocatalyst to obtain
industrially significant values of process metritss important for the model to be effective
for a wide range of variations of the internal @eg variables (VasiRaki, Kragl & Liese,
2003). The model development of the reactor with rémaction catalysed by isolated soluble
enzymes consists of enzyme kinetic modelling aadtoe modelling (VastRacki, Findrik &
Vrsalovic Preseéki, 2011). Many methods for optimization towardsxmaum yield and
productivity have been successfully applied on emzycascades (Agudo & Reetz, 2013;
Kunjapur, Tarasova & Prather, 2014). A strategy leygd to set-up and optimize multi-
enzymatic cascade reactions in this doctoral werkased on a scheme presented in Figure
4.1.

The mathematical modelling and its use for procks&lopment and optimization are
still not sufficiently used in industrial environmte (Ringborg & Woodley, 2016). The
modelling data found in the literature is scarcal amith limited use due to lack of
experimental data for model validation (Zhong, V&eiZzhang, 2016). Thus, most of the
reported models do not describe the reaction systersignificant variable ranges. Also, they
do not consider the influence of all compounds gmesn the system on the reaction rate
(Vasi-Racki, Kragl & Liese, 2003) and process outcome, apdrtant issue that was done in

this work.

4.1 Kinetic models

To reach industrial application, each enzyme aadtien system has to be kinetically
characterized, i.e. a kinetic model has to be dpes. In other words, it is necessary to
determine the Kkinetics of the reactions in the esscto describe an enzymatic
biotransformation with a mathematical model (¥aRecki, Findrik & Vrsalovic Preseki,
2011; Vast-R&ki et al., 2003). Every compound in the reactiordiam has an effect on the
reaction rate and this effect should be definedh wifproper mathematical description of the
process (VasiRacki, Findrik & Vrsalovic Preseéki, 2011). Even though the method of
collecting kinetic data in the batch mode is thewslst and most labor intensive, it is
considered the most robust in terms of wide apbiiita (Ringborg & Woodley, 2016).

The enzyme also has to be studied in terms oflgjalbecause the reaction conditions
in industrial processes are much harsher than atodical systems (Pollard & Woodley,
2007).
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4 Mathematical modelling and process optimization

Mathematical model of a process consists of a kinetodel and mass balance
equations for every reaction compound in a readtndamental expression of enzyme
kinetics is the Michaelis-Menten equation (Baildyak, 1977) presented by Equation 4.1,
wherer designates the reaction rate (mmoldmm™?), cs designates substrate concentration
(mmol dnm®), Vi, stands for maximum reaction rate (mmol dmin™) and Ky, is the
Michaelis constant (mmol dm).

Vin [ (4.1)

This equation describes the dependence of the enzggaction rate on the
concentration of one substrate. According to tlggagion, it is possible to distinguish three

regions of reaction rate dependence on substrateentration shown in Figure 4.2.

zero order region

Michaelis-Menten region

v 02

r< [mmol dm™ min™]

first order region

|
|
|
|
|=—o""m

cs [mmol dm™¥|

Figure 4.2 Dependence of the initial reaction rate on subsstcancentration for Michaelis-Menten
kinetics.

Michaelis constant K) has a physicochemical meaning of *“the substrate

concentration that indicates one-half maximum \gloaf an enzyme reaction” (Ishii et al.,
2007). When substrate concentration is ldly €< K,ﬁ) the dependence of the reaction rate
on substrate concentration is linear. In this c#ise,reaction can be described with a first
order kinetics. When substrate concentration i higg >> Kf,), reaction rate can be

described with a zero order kinetics. This meaas tie reaction rate does not depend on the
substrate concentration. In the intermediate satestroncentration range, the full Michaelis-
Menten equation must be used (Dunn et al., 1992).
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4 Mathematical modelling and process optimization

Apart from the simple Michaelis-Menten equationyble substrate Michaelis-Menten
equation is also very frequently used (Equation drl can be further expanded to describe a
reaction with three or more substrates.

4.2
Vin [ s, “2)

r.=
T (K o) MK+ cg)

Equation 4.1 can also be expanded to describe engymibition whereK; designates
the inhibition constant (mmol df). Enzyme reaction is inhibited when a reaction
component, an inhibitor, decreases reaction rakerel are three type of reverse enzyme
inhibition; competitive (Equation 4.3), uncompetgi (Equation 4.4) and non-competitive
(Equation 4.5).

rg = Vm E)S (43)
K3 [é1+ I?Pj +Cg
= n S5 (4.4)
s <
re i)
[ = Vin LG (4.5)
(<5 +co) tﬁh@;j

When competitive inhibition occurs, an inhibitorngpetes with a substrate for the
active site of an enzyme. Noncompetitive inhibitioocurs when inhibitor binds on the
enzyme but not in the active site. Uncompetitivieibition is the combination of previously
mentioned inhibitions (Segel, 1975).

Decay of enzyme activity is the second reason lierdecrease of the reaction rate.
Enzyme activity decay is usually described by usingrst (Equation 4.6) order kinetics
(Laidler & Bunting 1973). It is an important aspéttioprocess development since it affects
process efficiency. For that purpose it is necgssardetermine the enzyme activity at
different conditions, especially during the reaativhich is known as operational stability of
biocatalyst (Schoemaker, Mink & Wubbolts, 2003).

av,

4,
A R = @9

16



4 Mathematical modelling and process optimization

4.2 Mass balance equations
Mass balance of a reaction component is directted to the used reactor type. In
this thesis mathematical models were developedtter batch reactor and the fed-batch

reactor and they will be described in the followaiwpters.

4.2.1 Batch reactor

Batch and semi-batch reactors are the main devickatth processes which are
widely used to produce pharmaceuticals, polymeatethnologicals etc (Garcia et al., 1995).
Three phases can be distinguished in a batch operdilling phase, reaction phase and
emptying phase (Donati & Paludetto 1999). Batclctera(Figure 4.3) is a closed system
which means there is no adding or removing of amltil material from the reactor, except at
the filling or emptying phase. Thus, concentratimisreactants and products in a batch
reactor change with time and this type of reactork& in unsteady state (Gomzi, 1998).
When density of the reaction mixture is constarissnbalance equation for reacténin
ideal batch reactor is presented by Equation 4d,naass balance for produety Equation
4.8 wherer stands for reaction rate (mmol @hmin™), whereas du/dt and as/dt stand for

the change in reactant and product concentratidimie, respectively.

Figure 4.3 Batch reactor.

ac, __, 4.7)
dt

a.
© _, -
ot
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4 Mathematical modelling and process optimization

4.2.2 Fed-batch reactor
Fed-batch reactor (Figure 4.4) is a type of a bagelctor with a feed of one or more
reaction components. The volume of the reactiomgéa with time and its increase has to be

included in the mathematical equations. Mass bala&aguiations for reactaAtand producP
are presented by Equations 4.9 and 4.10 whﬂl,@;%g\}designates the decrease in

substrate or product concentration due to increashaime. Expressiorc,, [, stands for

reactant concentration increase caused by reafdadtlabeled as;, the volume flow rate

(cm® hh).

915 C1.0 /N
N

Figure 4.4Fed-batch reactor.

dc, _ 1
ey o)

d_cpzité_cpﬂjﬂl
da Vv dt

(4.9)

(4.10)

4.3 Kinetic modelling of cell free extract enzymeand enzymes contained in cells

All three separate cascade systems that are aopdhnis research include different
isolated enzymes as catalysts. Applied vitro kinetic modelling results in model
development based on measurements where singleneszgre used. Duringhomoserine
synthesis research, both isolated enzymes and wkb#containing the same overexpressed
enzymes were used as biocatalysts.

Irrespective of whether multi-step enzymatic cosiars pathways are ultimately
appliedin vivo (as a whole cell biocatalyst) or vitro (as isolated or immobilised enzymes),
there is a need to understand the mechanisms @nthgnes involved and to model reaction
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4 Mathematical modelling and process optimization

kinetics in order to optimize the overall conversigield (Rios-Solis et al., 2015; Meyer,
Pellaux & Panke, 2007)n vitro kinetic model developed for cascade catalysedrizyraes
can be adapted and used to describe the procdss wihole cells containing same types of
overexpressed enzymes. This approach, used inegearch, is a novelty and such efforts are
so far scarce.

One work that published results obtained with #pproach is a research from Milker
et al (Milker et al., 2017). The group developediaetic model for the simulation and
optimization of anin vivo redox cascade ifE. coli, using a combination of an alcohol
dehydrogenase, an enoate reductase, and a Badlgervfinonooxygenase for the synthesis
of lactones. The model was used to estimate theetdrations of active enzymes in the
sequential biotransformations to identify bottldmetogether with their reasons and how to
overcome them. They estimated adapted Michaelistbterparameters fromn vitro
experiments with isolated enzymes, and used thedeewy to simulate the change in
concentrations of intermediates and products duttilegn vivo cascade reactions. By using
this approach the model identified bottlenecks thiegy could improve the process.

Another research (Rios-Solis et al., 2015) focusaddetermining the kinetics of
separate steps in a multi-step enzymatic cascadi@eigsing that knowledge while fine tuning
the protein expression system in a cell.

In this thesis -homoserine synthesis kinetics was measuredtro using isolated cell
free extract (CFE) enzymes aldolase and transamias lyophilisede. coli cells containing
the same overexpressed enzymes. Kinetic models esoenpared and were the basis for the
understanding of the cascade system operating lwath separate enzymes and lyophilised

whole cells.
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5 Synthesis of methacrylic acid precursor

5 SYNTHESIS OF METHACRYLIC ACID PRECURSOR

5.1 Introduction

Biocatalytic cascade for the synthesis of MAA pmsou was investigated in this
section of the thesis. The two steps cascade d¢eds aldol addition as the first step
followed by oxidation in the second step. The fresiction step was the enzymatic carbon
carbon bond formation between formaldehyé@eé\)(and propionaldehyde5g) via aldol
addition (Scheme 5.1). The aldol adduct obtainedoimmonly known as Roche aldehyde,
widely used as intermediate in synthetic chemistryfine and large volume chemical
manufacturing industry (Schmid, Baro & Laschat, 20The second step was the enzymatic

oxidation of the aldol 3-hydroxy-2-methylpropanaty, generated in the first reaction.

S5A 5B 5C
OH O

O o FSA |
H™ "H H~
Scheme 5.1Aldol addition of propionaldehyd&#) to formaldehyde5A) catalysed by FSA.

The oxidation reaction was catalysed by aldehydeydi®genase with coenzyme
regeneration by NADH oxidase as presented in Sctethelhe product of this reaction is 3-
hydroxy-2-methylpropanoic aciéD), a precursor for methacrylic aciag).

5C 5D 5E
OH O Aldehyde OH

KH dehydrogenase K(EOOH Dehydratase \‘/COOH

NADH

NAD* .
oxidase

NADH +0.5Q + H*

Scheme 5.Znzymatic synthesis of 3-hydroxy-2-methylpropafial), the corresponding carboxylic
acid 6D) and methacrylic acicdbE).

The aim of this research was maximizing processiosefe.g. yield on product) by

developing and validating a mathematical modelldoth reaction steps. The investigation
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5 Synthesis of methacrylic acid precursor

was divided in two parts; (1) optimization of aldaddition by the selected FSA variant and

(2) screening for the most suitable biocatalystfadation step and maximizirigD yield.
5.2 Experimental part

5.2.1 Materials
Reaction component labels are given according b}l 1.

Table 5.1Labels given to each reaction component in thaptdr.

Compound Label
Formaldehyde 5A
Propionaldehyde (propanal) 5B
3-Hydroxy-2-methylpropanal 5C
3-Hydroxy-2-methylpropanoic acigxhydroxyisobutyric acid) 5D
Methacrylic acid 5E
3-Hydroxy-2-methylpentanal 5F
4-Bromophenacyp-hydroxyisobutyrate 5G

Chemicals and enzymes used in this chapter aréotlosving. Propanal (97%) was
purchased from Alfa Aesar (Germany). Formaldehy#4, p.a.) was purchased from T.T.T.
Ltd. (Croatia). Triethanolamine (TEA), trifluoroame acid (TFA), formic acid,
dimethylformamide (99.8%) (DMF), 2,4'-dibromo-agatenone (>98%), SodiunR)- and
(9-p-hydroxyisobutyrate and acetonitrile were purchasech Sigma Aldrich (Germanyp-
Benzylhydroxylamine hydrochloride (BNnONHHCI) and pyridine were purchased from
Acros Organics (Belgium). Celite 577 fine was pasdd from Fluka (Germany). Methanol
gradient grade (MeOH) was from J.T. Baker (USA)x&tee (97%) and ethyl-acetate (99.8%)
were from BDH Prolabo Chemicals (United Kingdompndpetent cells M15 were from Life
Science Market (Sweden). Isopropy-D-1-thiogalactopyranoside (IPTG), kanamycin
sulphate and ampicilin sodium salt were from FiscBeientific (USA). Yeast extract and
bactotrypton were from Liofilchem (ltaly). Agar wasirchased from Biolife (Italy). Sodium
chloride was from Lachner (Czech Republic).

D-Fructose-6-phosphate aldolase (FSA) D6Q variarhfE. coli was expressed and
purified in the labs of prof. Pere Clapés at IQAGIC (Spain) and the Faculty of Chemical
Engineering and Technology at the University of i2hg(Croatia). FSA variants D6A and
D6E were expressed and purified in the labs of.pidlf-Dieter Fessner at TU Darmstadt
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5 Synthesis of methacrylic acid precursor

(Germany). Cell free extracts (CFE) aldehyde detyeinase (AIDH 003), NADH oxidase
(NOX 009) and panel of 24 additional aldehyde debgdnases (AIDH 24-47) were supplied
by Prozomix Ltd (United Kingdom).

5.2.2 Apparatus
Apparatus used in Chapter 5 is listed in Appendiad{e 10.1).

5.2.3 Analytical methods

Reactions were monitored by HPLC with UV detect&r215 nm. Methods used are
presented in Table 5.2. Methods A and B were ugethbnitoring the experiments regarding
kinetics and reaction optimization. Both methods appropriate for analysis 6f\, 5B and
5C. During the research, method B was introduced viAtienomenex Kinetex column
purchase for shortening the time of analysis. M@tBowas used for monitoring the chirality

of the derivatized oxidation product, 4-bromophegchydroxyisobutyrate5G).

Table 5.2HPLC methods.

METHOD | COMPOUND |COLUMN ELUENTS CONDITIONS
Phenomenex A: 0.095% v/v TFAin Gradient elution: 90 to 0% B 30
A LiChrospher® C18 acetonitrile/water 80:20 min, 0% B 5 min, 0 - 90% B 11
5A * 5B * column (5um, 4 x B: (0.1% v/v) trifluoroacetic| min, flow-rate 1 mL mif', 215
5C* 250 mm) acid (TFA) in water nm, column temperature 30 °C
) Gradient elution: 90 to 0% B 10
A: 0.095% v/v TFAin ) )
Phenomenex o min, 0% B 2 min, 0 - 90% B 3
* derivatized ) acetonitrile/water 80:20 ) )
B Kinetex® C18 (5um, ) | min, 90% B 1 min, flow-rate 1.5
B: (0.1% v/v) trifluoroacetic .
4,6 x 250 mm) ) ) mL min—, 215 nm, column
acid (TFA) in water
temperature 30 °C
Isocratic elution: 80% A and
Chiral Lux Cellulose- 20% of B, flow-rate 0.7 mL min
A: n-hexane N
C 5G 1 column (250 x 4.6 , 215 nm, column temperature
B: 2-propanol )
mm, 5um) 30°C, UV and RI detection
employed

5.2.3.1 Derivatization of aldehydes and aldols
Derivatization with BnONH HCI (Garrabou et al., 2009) was required to enable
aldehyde and aldol molecules (Scheme 5.3) vigiit HPLC at 215 nm (methods A and B

from Table 5.2). Samples (5 uL) were mixed withiwiization solution (50 pL) containing
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BNONH,- HCI (130 mM BnONH-HCI in pyridine/methanol/water = 33:15:2 v/v) ®min at

25 °C and 1000 rpm. The capacity, i.e. concentnadiothe derivatization solution was taken

into account while dealing with reaction mixtureetianol (500 uL) was added in the sample
followed by centrifugation at 5000 g and 4 °C fomin. The enzyme precipitated and the
upper phase was used for the analysis. Chromategaaih calibration curves f&A and5B

are presented in the Appendix (Figure 10.2). Reterimes for5A, 5B and5C when method

A (Table 5.2) was used were 20.1 min, 24.6 min Hd min, respectively in linearity range

from 5 to 100 mM. Retention times 6, 5B and5C when method B (Table 5.2) was used

were 8.7 min, 10.1 min and 7.8 min, respectivellriearity range from 5 to 50 mM.

BNONH, - HCI

@)

py)
SN
@]

I
R

Scheme 5.Perivatization of aldehydes and aldols with BNONHICI.

5.2.3.2 Derivatization of acids
The 3-hydroxy-2-methylpropanal oxidation produbD) needed to be derivatized
with 2,4'-dibromo-acetophenone for enabling itshiiy on HPLC at 215 nm (Scheme 5.4).

This compound works for derivatization of acids (& Oeser & Carlson, 1998).

5D o 5G

Br
(0]

oL + HO o
co,-
fo) Br

Br

Scheme 5.4-hydroxyisobutyrate5D) derivatization reaction.

Before analysis, a sample (20 pL) containib was mixed with 80 pL of
derivatization solution of 2,4'-dibromo-acetophesoit was incubated for 1 hour at 60°C.
400 pL of methanol was added in the sample, mixetcentrifuged (5 min, 5000 g, 4 °C).
Derivatization solution was prepared in acetomtriD.1 M concentration of 2,4'-dibromo-

acetophenone was used in this case because thent@tion of5D in the reaction was not
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higher than 0.1 M. Linearity range féfs was from 1 to 90 mM when method A (Table 5.2)
was used and its retention time was 19.1 min. Whethod B (Table 5.2) was used, retention
time of 5G was 8.4 min and linearity range was from 1 to 1®l.n€hromatogram and

calibration curves fobG are presented in Figure 10.2.

5.2.4 Experimental procedures

5.2.4.1 FSR®? overexpression in E. coli

Plasmid containing the gene for protein FSA varia6f) synthesis was transformed
in commercially availablée. coli competent cells M15. The transformation was peréut
within the scope of this thesis during Short Terare8tific Mission at CSIC (Barcelona) in
2016. The protocol was later adjusted and usetieaDepartment of Reaction Engineering
and Catalysis, Faculty of Chemical Engineering dmathnology (Zagreb) for producing
additional amounts of enzyme F&R used in this research.

The protocol started by placing plasmid PQT40-Dé@ E. coli M15 under sterile
conditions (1 pL in 150 puL competent cells solufiorhe cells were heat shocked (5 minutes
on ice, 30 seconds at 42 °C, 2 minutes on ice). pD0of liquid growth media (1%
bactotrypton, 0.5% yeast extract, 1% NaCl) was dauael incubated for 10 minutes at 37 °C
and 200 rpm. The solution was poured on Petri dasftaining agar (1% bactotrypton, 0.5%
yeast extract, 1% NacCl, 1.5% agar). 100 pg/mL dibastic ampicillin (plasmid resistant)
and 25 pg/mL of antibiotic kanamycii.(coli M15 resistant) were previously added in the
growth medium. The Petri dish containing the cellel growth medium was incubated
overnight on 37 °C. Grown colonies were put inguid growth media with previously added
antibiotics and incubated for 24 hours at 37 °C 20@ rpm. 25 mL of grown culture was put
in the 2 L Erlenmeyer flask containing 1 L of ligugrowth media and antibiotics (50 pg/mL
of ampicillin and 12.5 pg/mL of kanamycin) which svareviously sterilized. Eight
erlenmeyer flasks were incubated for 2 hours &3@nd 200 rpm. After 2 hours 500 pL of 1
M IPTG (expression triggering agent, Sivashanmuegaral., 2009) was added in each flask
and stirred at 30 °C and 200 rpm overnight. Thecassg of the expression process was

examined by electrophoresis (Figure 5.1).
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RITRIN
B¥E 8583

|

Figure 5.1 Electrophoresis gel A. samples developed froma8k# with highlighted overexpressed
protein, B. reference table [kDa].

The cells were disrupted by French press at CSlai($ or by ultrasound at the
Department of Reaction Engineering and Catalysredtta). Since the expressed enzyme is
thermostable, other enzymes were denatured by aticubof the solution at 70 °C during 30
minutes. Next step was dialysis for separation mfyeme from buffer salts followed by
lyophilisation. Protein content in lyophilised enzg was determined by Bradford method
(Bradford, 1976), shown in Figure 5.2.

Figure 5.2 Bradford test for protein concentration determionat

5.2.4.2 Influence of pH on F8X activity

The influence of pH on FSA? activity was tested in four different buffers @#Cl
buffer, TEA HCI, borate buffer and glycine NaOH tauj at pH 6.5, 7, 7.5, 8, 8.5 and 9.
Reactions were conducted in 50 mM buffer, with D@0 concentrations o8A and5B and

concentration of FSA.5 mg mL".
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5.2.4.3 Aldolase kinetics measurements

Three variants of FSA: D6Q, D6A and D6E were testedhe aldol addition ofB to
5A. The influence of concentration of substrates,and5B, on the initial reaction rate of
each variant was measured. Based on these rethdtfest FSA variant was chosen for
further studies of the aldol addition and processlatling and optimization of this reaction.

The influence of each reaction compound of aldalitewh was monitored by keeping
the concentrations of other compounds constantetiirmeasurements were conducted as
follows. A series of batch reactor experiments weaagied out in which the change T
concentration was monitored by HPLC. The influent&B concentration on the specific
enzyme activity was monitored up to concentratioh®2 M. In these measurements the
concentration obA was kept constant at 100 mM. The influencéafconcentration on the
specific enzyme activity was monitored up to comidions of 1.8 M. In these measurements
the concentration diB was kept constant at 100 mM.

Kinetic parameters were estimated from the depasalehthe specific activity on the
concentrations of each component of the reactistesy using the initial reaction rate method
(at substrate conversions less than 10%) presémtéduation 5.1 wher8.A.designates the
specific activity (U mg’). Change in product concentration in time is pnése as Goroduc{dt.

V; stands for reactor volume (T VenzymefOr enzyme volume (cm) and y for enzyme
concentration (mg cf).

dc
Az Lo g Vo g 1 Y (5.1)
dt Y/ mg

enzyme yenyzme

Generally, depending on available assays, kinetican be measured
spectrophotometrically or by following the kinetiests by HPLC, GC, etc. FSA kinetic
measurements were done by performing batch reastperiments and following the
concentration of product by HPLC. Kinetic parameterere estimated by using non-linear
regression analysis available in the software STIENY from the collected experimental data
in the form of dependence of the specific actiwty the concentration of substrate and
product. Based on the estimated kinetic parametedsthe reaction scheme, kinetic models
were developed.

Once the best FSA variant was chosen for furtheseaech, additional kinetic
measurements were performed with this enzyme. iitheence of aldol addition produétC

on the specific enzyme activity was monitored upctmcentrations of 80 mM. In these
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measurements the initial concentrationsoéf and 5B were kept constant at 100 mM. The
influence of methanol concentration on specific yame activity, which was used as
formaldehyde stabilizer in commercial stock solntiavas also monitored up to 320 mM to
estimate its inhibition potential. Apart from than&tics of the main reaction, i.e. cross-aldol
addition of 5A and 5B, the kinetics of self-addition ofB were also investigated. The
influence of 5B concentration on the specific enzyme activity e tself-aldol addition

reaction of5B was monitored up to concentrations of 700 mM, whsrthe influence of

methanol concentration in this reaction was moadarp to 300 mM.

5.2.4.4 Aldolase incubation

It was found that FSK? shows no activity towards the aldol addition of
dihydroxyacetone (DHA) tm-glyceraldehyde-3-phosphate (DG3P) to furnisfructose-6-
phosphate used in the standard spectrophotomessayaor FSA activity. Therefore, FSA
activity during the aldol addition betweér and5B was measured by using the alternative
method to test the operational stability of enzyioeing the aldol addition. The alternative
activity assay was performing separate reactiardefendent batch reactor experiments) with
same initial conditions from which FSA activity cha calculated by using the initial reaction
rate method. The initial concentrations % and5B in this assay were 100 mM, and the
reaction volume was 50QL. The reaction substrates for the activity assarewalways
freshly prepared by mixingA solution (50uL of 1 M stock solution prepared in buffeB3
solution (50uL of 1 M stock solution prepared in buffer) dissedvin 100uL of 50 mM TEA
HCI buffer, pH 8.0. The activity test reaction wstarted by adding 30QL of an enzyme
solution prepared from the sample withdrawn frora thactor in which the main reaction
takes place. The enzyme sample was prepared asvéollThe amount of enzyme sample
withdrawn from the main reaction to start the ractn the assay always corresponded to 0.5
mg mL™ protein concentration in the assay. So, the sanmglene depended on the enzyme
concentration in the main reaction. For examplehim case where FSA? concentration in
the main aldol addition was 25 mg ML10 L were taken for the assay. Before starting the
assay reaction, the enzyme sample from the reaesrfiltrated with anAmicon ® Ultra
filter unit (5 min, 5000 g) in order to separate the enzymm freaction components4, 5B
and 5C) which would influence the result, and was diluteginoved from the filter unit) in
300 uL of 50 mM TEA HCI buffer pH 8.0. In this form thenzyme was used to start the

28

5A — Formaldehyde&; B — Propanal5>C — 3-Hydroxy-2-methylpropanabD — 3-Hydroxy-2-methylpropanoic acid,
5E — Methacrylic acid5F — 3-Hydroxy-2-methylpentanal



5 Synthesis of methacrylic acid precursor

reaction in the assay, and its volume was alwagsuBOand the volume of the mixture in the
assay was always 5Q@.. The reaction was carried out in Bppendorftube at 25 °C and on
a shaker at 1000 rpm in 50 mM TEA HCI buffer, pl.85ix samples were taken during 45
minutes from the assay mixture, derivatized witfOBiH,- HCIl and analysed on HPLC.

From the change in product concentratusrtime, initial reaction rate was calculated
(Equation 5.1). From this value specific activity emzyme was calculated by dividing the
initial reaction rate with the enzyme concentraiiothe assay. FSA® activity was measured
for 5-6 times during one experiment and the cofldalata were used to estimate the value of

operational stability decay rate of the enzyme.

5.2.4.5 Stability of reactants and products in tbaction solution

Aldehydes are strong electrophilic compounds and/ meact with nucleophiles
present on protein surfaces, with water generdtyuyates or with other nucleophiles present
in the reaction medium. Considering the reactivily aldehydes, their stability was
investigated at the reaction conditions without amith enzyme.5A (9 pL of 13.43 M
solution) andB (9 uL of 13.33 M solution) were incubated sepdyaés well as together in
1.2 mL batch reactor on a shaker at 1000 rpm, imBDTEA HCI buffer pH 8.0 and at 25 °C
without the enzyme and with enzyme (3 mgmLSolutions were always freshly prepared
and sampling was started immediately. The changailistrate concentration was monitored
for 24 hours. The experiments with enzyme additieare carried out to evaluate the peaks
that evolve in these reactions and draw proper losioms about side-reactions in this
reaction system. Stability of the main aldol pradni€ and aldol product of the self-addition
reaction5F was also evaluated by following its concentratimer 24 hours in experiments

without and with enzyme (3 mg ).

5.2.4.6 LC-MS analysis of aldol products

LC-MS analysis was performed to confirm the alddtition product $C) and the
product of5B self-addition §F). The column and the conditions for LC-MS analysese the
same as for HPLC (Method A, Table 5.2), exceptude of formic acid instead of TFA in the
mobile phase. HPLC with DAD and MS detection wasdusThe selected ion monitoring
method was used to confirm the molecular weighthefderivatized product peak. The mass

spectrometer was equipped with electrospray iolmizgESI) source and operated in positive
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polarity mode. ESI+ conditions: capillary voltagd @ kV, nebulizing gas flow 1.5 L-niih
drying gas flow 15 L-mift, 300 °C.

5.2.4.7 Aldol addition in the batch reactor

Experiments of aldol addition &f3 to 5A were carried out in 50 mM TEA HCI buffer
pH 8.0 at 25 °C in different batch reactor volumasging from 0.5 to 15 mL on a shaker.
Different initial equimolar concentrations of sulagés were used ranging from 100 to 2000
mM. Selected5SA and 5B concentrations were freshly prepared from the kstealutions
(13.43 M and 13.33 M were the stock solutions catragions of5A and5B, respectively)
and dissolved in buffer. Reactions were started ediately by adding the enzyme in
concentration selected for each experiment, fronst@ck solution of an appropriate
concentration. The first sample was taken immebjiatéier enzyme addition, and reactions
were usually monitored until maximum substrate @van was achieved, i.e. from 6 to 48

hours.

5.2.4.8 Aldol addition in the fed-batch reactor

Fed-batch experiments were carried out in glasstoedFigure 5.3) with double wall
at 25 °C on a shaker at 250 rpm in 50 mM TEA HGfdaupH 8.0. The first fed-batch reactor
experiment was carried out at 5 mL starting workimtume, with a final volume of 5.35 mL.
Its purpose was to validate developed mathematicalel. The initial concentrations 6fA
and5B in the reactor were 122.0 and 100.0 mM, respdgtiidhe enzyme concentration was
20.62 mg mC-. The initial reaction mixture was freshly prepariedm the concentrated
solution solutions obA (39 pL of 12.95 M solution) andB (37 pL of 13.53 M solution) in
buffer (4924 pL), and the reaction was startedddiray 103.1 mg of enzyme to the reactor to
reach the concentration of 20.62 mgThiThe first sample was taken before enzyme addition
and starting the pumps. The feeding of substratéiset reactor was started immediately upon
preparation of the initial reaction mixture andrstey the reaction. Two syringe pumps (PHD
4400 Syringe Pump Series, Harvard Apparatus, USAh Wwigh-pressure stainless steel
pistons (8 mL, Harvard Apparatus) were used to lsughe solution to the reactor. One piston
(feed 1) contained a solution 6/A (12.95 M), and the other piston (feed 2) contaimed
solution of 5B (13.53 M). The flow rates of feed 1 and 2 were60ahd 0.27uL-min™,
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respectively. The experiment was carried out fonagt 30 hours. Sampling was done at

regular time intervals.

915 €10
<

Figure 5.3Experimental set-up (A) and scheme of reactor @dufor the fed-batch experiments.

After process optimization with the use of the neatlatical model, another
experiment in the fed-batch reactor was carriethatflow-rates in feeds 1 and 2 of 1.4 and
1.26uL-min™*, respectively. The concentrations=#f and5B in the pump pistons (feed 1 and
2), as well as the initial volume, were the sameénathe first experiment. The final volume
was 5.80 mL. The initial enzyme concentration ie teactor was 60.32 mg miand the
initial concentrations obA and5B in the reactor were 150 mM. The solution was fiesh
prepared from the concentrated solutionsAf(58 uL of 12.95 M solution) an&B (55.5uL
of 13.53 M solution) in buffer (488jdL) and reaction was started by adding 301.6 mg of

enzyme to the reactor. Everything else was the e the first experiment.

5.2.4.9 One-pot aldol addition and oxidation versagsecutive reactions

Initial idea was to perform one-pot aldol additioh5B to 5A catalysed by FSK®
and oxidation of5C catalysed by aldehyde dehydrogenase (SchemeSirge5A and 5B
have carbonyl group, it was assumed that they loain act as substrates for aldehyde
dehydrogenase. This was tested experimentally tasoreng the kinetics of oxidation 6fA

and5B catalysed by aldehyde dehydrogenase.
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5A 5B 5C o P
OH O
9 + Q FSA | aldehyde OOH
H)J\H H - = denydrogendse
NAD+ g‘ﬁ;ﬂe NADH + 0.5 O, + H*

NS

Scheme 5.5Enzymatic cascade: aldol addition ®B to 5A and oxidation of5C

towardsbD. the arrows of NAD regeneration must be connectekd thie main arrow

The influence of concentrations dfA and 5B on the activity of aldehyde
dehydrogenase was determined up to concentratib@&® mM. The influence of NAD
concentration on aldehyde dehydrogenase activity erxaluated up to 8 mM at fixed
concentrations of aldehydés: and5B of 200 mM. Experiments were conducted in 50 mM
TEA HCI buffer pH 8.0 at 25 °C at 1000 rpm.

5.2.4.10 Kinetics of 5C oxidation catalysed by hibped aldehyde dehydrogenase 003, CFE
Since product of aldol additiorsC is not commercially available due to complex
isolation and purification as well as poor stapjlifor each measurement, it was freshly
produced by aldol addition &f3 (100 mM) to5A (100 mM) catalysed by FSA? (3 mg mLC
1y during 20 hours. Reaction was stopped when haltistsates were converted to prodtet
(more than 90%). The enzyme was removedilnyicon ® Ultra filter unit(cut off 10 kDa)
and the solution o6C in buffer was used for spectrophotometric kinetieasurements
oxidation and as substrate for all oxidation battperiments. Buffer used in these
experiments was 0.5 M TEA HCI pH 8.0.
Kinetic measurements for oxidation &fC catalysed by crude AIDH 003 were
conducted at 25 °C and 1000 rpm in 50 mM TEA HCifdrupH 8.0. The influence diC,
5A, 5D, NAD" and NADH concentrations on AIDH 003 specific aitfiwas measured in

1.01 mL reactions. The concentration of AIDH 002ath measurement was 0.05 mg mL

5.2.4.11 Kinetics of 5C oxidation catalysed by fied aldehyde dehydrogenase 003
Kinetic measurements for oxidation B catalysed by purified suspension of AIDH
003 were conducted at 25 °C and 1000 rpm in 50 niM HCI buffer pH 8.0. The influence
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of 5C, 5A, NAD" and NADH concentrations on specific activity ofDd 003 in purified
suspension was measured in 1.01 mL reactions. ©heeatration of AIDH 003 in each
measurement was 0.05 mg FhL

5.2.4.12 Kinetics of coenzyme NARgeneration catalysed by NOX 009

The kinetics of NAD regeneration catalysed by NOX 009 was investigate2s °C
and 1000 rpm in 50 mM TEA HCI buffer pH 8.0. Thepdadence of NOX specific activity
on the concentration of NADH, ODNAD", 5A and5B was determined.

5.2.4.13 Oxidation of 5C in the batch reactor cgsald by lyophilised aldehyde
dehydrogenase 003, CFE

A mathematical model was developed based on kineti@surements and validated in
batch reactor. The aldol addust was converted to the corresponding carboxyidieby
enzymatic oxidation using aldehyde dehydrogena#®H£003). Regeneration of NADwas
accomplished by NADH oxidase (NOX 009) as showrSoheme 5.5. A series of batch
experiments was performed with experimental detgilen in Figure 5.21 legend. Since it is
not commercially available;C was always freshly produced in a way describe@hapter
5.2.4.10 for being used as a starting oxidatiorsgate. Reaction volume was 3.5 mL and the
reactions were conducted in 500 mM TEA HCI buffer§0, at 25 °C and 1000 rpm.

5.2.4.14 Screening for a more suitable aldehyde/dielyenase biocatalyst

Since it was proved that the suggested multi-entignn@action scheme (Scheme 5.5)
works in practice and produces desired compdindbut not efficient enough, a panel of 24
additional aldehyde dehydrogenases were testedofidation of 5C with coenzyme
regeneration by NOX. Screening purpose was disaoyekIDH that gives the highesiD
yield.

Twenty five batch experiments with same initial ditions but different aldehyde
dehydrogenase were performed (twenty four new eersyfrom AIDH panel and previously
used and investigated AIDH 003 for comparison)tidhiconcentration of substrate_ was
35.39 mM. Concentrations of NADNOX and AIDH were 1 mM, 10 mg mt.and 10 mg

mL™, respectively. Total reaction volume was 1.5 mkagtions were performed in 0.5 M
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TEA HCI buffer pH 8 at 1000 rpm and 25°C and momtb for 24 hours. Higher
concentration buffer was used due to the formatioecidic product.

5.2.4.15 Characterization of the oxidation prodGEx

To evaluate the chirality of the obtained prod6€i, it was oxidized tosD. The
procedure was as follows. The synthesiS©fwas conducted in a 50 mL Falcon tube with 12
mL of reaction volume. The reaction was carriedialtd0 mM TEA HCI buffer pH 8, and at
25 °C on a shaker at 1000 rpm for 19 h. Initial @artrations obA and5B were 100 mM,
whereas FSA’? concentration was 3 mg ml Aldehyde dehydrogenase (AIDH 003) was
used for the oxidation d¥C to 5D. The reaction mixture contained 1 mM NADBO mM of
5C, 10 mg mLC* of NADH oxidase (NOX 009) and 10 mg milof AIDH 003. The reaction
was started when AIDH was introduced into reactiorture and was finished after 3 hours.
Total reaction volume was 15 mL and the reactios waxried out in 50 mL Falcon tube at 25
°C on a shaker at 1000 rpm.

Obtained product derivatized with 2,4'-dibromo-apétenone was detected by HPLC
and then isolated and purified for NMR analysis andlysis on chiral HPLC column.

As it was not possible to isolate it directly, theoduct5D was identified by the
derivatization reaction with 2,4'-dibromo-acetopbe® yielding 5G. The procedure of
product identification was as follows. After theidation reaction was finished, 150 mL of
methanol was added to the reaction mixture andptkeipitated enzymes were filtered off
using Celite. Methanol was then evaporated andrésedue was lyophilised. The solid
obtained was dissolved in 10 mL of DMF and 1.5 miifoR,4'-dibromo-acetophenone was
added. After 7 hours of reaction, the mixture wihsteld with 50 mL of ethyl acetate. 50 g of
silica gel was then added and solvent was evambtate@lryness. Product purification was
carried by column chromatography (47x4.5 cm) oitaigel (100 g) with a gradient elution
using a hexane/ethyl acetate mixture of 100:0 @@, 90:10 (200 mL); 80:20 (200 mL),
70:30 (200 mL) 60:40 (200 mL) and 50:50 (1 L). Tpedduct eluted at 50:50 mixture.
Fractions containing pure product were pooled &edsblvent evaporated obtaining 102.3 mg
of 5G.

Product was characterized by NMR at IQAC-CSIC (8BpakEnantiomeric excesses
were determined by chiral HPLC column Lux Celluldsby applying method C from Table
5.2. Purified samples of isolated reaction prodifétwere dissolved in the mobile phase and
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analysed by HPLC. Commercially availalil® R- andS- enantiomers derivatized with 2,4'-

dibromo-acetophenone were used as analytical s éa chiral column analysis.
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5.3 Results and discussion

In the first part of this chapter the results of tidol addition catalysed by FSA are
presented. These results include detailed kine@asurements, model development and
optimization which led to process optimization éufbatch reactor.

The second part of this chapter describes the m&se aldol adducbC oxidation by
aldehyde dehydrogenase. Developed model for oxidaiatalysed by AIDH 003 is presented
and is based on investigated kinetic measuremehirally, alternative aldehyde

dehydrogenases were screened and used as biot&dalyss reaction step.

5.3.1 FSR®? overexpression in E. coli

FSAP®? was overexpressed iE. coli and produced for the synthetic purposes.
Bradford protein assay had shown 100% protein ente produced lyophilised powder.
Produced FSA? (Figure 5.4) was used as biocatalyst in the reaatf aldol addition o5B
to 5A.

Figure 5.4FSA”*? purified after overexpression & coli.

5.3.2 Influence of pH on F8X activity

The influence of pH on FSA? activity was measured and results are presented in
Figure 5.5. The measurements showed that®3Activity increases with the pH. However,
at basic pHs the rates of spontaneous non-enzyralatad reactions and degradations also
increase (Pyo et al., 2011). Therefore, 50 mM TE& pH 8.0 was used as a working buffer

for further experiments.
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Figure 5.5 The influence of pH on FSAR activity (50 mM buffercs, = 100 mM,csg = 100 mM, 25
°C, yrsapso= 0.5 mg mL?).

5.3.3 Kinetics of aldol addition of 5B to 5A catdyg by FSA

Three variants of FSA: D6Q, D6A and D6E were eviddor the aldol addition of
5B to 5A. The influence o6B and5A concentrations on the initial reaction rate showes
typical shape of Michaelis-Menten kinetics whicltlided substrate inhibition for all three
enzyme variants (Figure 5.6).

Estimated kinetic parameter values for all thregavas are presented in Table 5.3,
and the dependencies of specific activities of ermzyon substrate concentrations are
presented in Figure 5.6.

Table 5.3Kinetic parameters for aldol addition ® and5B.

Parameter | Unit FSAPQ FSAP®A FSAPSE

Vi Umg* | 3.42+£0.05 1.74 +£0.11 0.74 +0.03
K mM 102.24+4.01 | 67.52+7.22 36.33+8.82

K ” mM 668.96 + 14.17| 82.85%7.74 220.71 + 25.89
K" mM 679.94+38.81| 183.19+29.25| 377.28+68.70
K™ mM 230.56 +10.86| 873.39+138.18 298.99 + 41.57
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Figure 5.6 Dependence of specific activity of FSA A. D6Q, B6Aand C. D6E on the concentration
of substrate§A and5B (50 mM TEA HCI buffer pH 8.0yesa = 0.5 mg mL*, 1000 rpm, 25 °C).

FSA variant D6Q was chosen as the most suitablgne@zto continue with the
optimization of the aldol addition since it has hnigctivity towards both substrates in broad
concentration rangeVvf,). Also, inhibition effect of6A on variants D6A and D6E is stronger.
Hence, it would be more difficult to obtain optintahction conditions.

Kinetics of FSA®? variant were investigated in more detail and thesilts are
shown in Figure 5.7. The values of apparent kinpacameters are estimated; maximum
reaction rateV,u, Michaelis and inhibition constants f6B and5A, i.e. K", Km™", Kir™®
andKi;™", respectively (Table 5.4). A" is about six-fold lower thaKm"" the enzyme
has higher affinity toward$A. Product5C did not inhibit the FSR®? (Fig. 2C). Since
methanol is present as stabilizer in the commeamleous preparation 6f\, its effect on

the aldol addition reaction was studied. Methatightly inhibited the FSR®? (Figure 5.7D,
Table 5.4).
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Figure 5.7 The kinetics of FSA®? catalysed aldol addition &f3 to 5A (50 mM TEA HCI buffer pH
8.0, 25 °C, 1000 rpmy, = 0.5 mL, }sa pso = 0.5 mg mL"). The dependence of F&R specific
activity on A. 5B concentration ¢;, = 100 mM), B.5A concentration ¢;z = 100 mM), C.5C

concentration @, = csg = 100 mM) and D. MeOHc{, = ¢csz = 100 mM). Legend: black circles —
experimental data, line — model.

Table 5.4 Estimated kinetic parameters in the aldol additddroB to 5A and self-addition o6bB
catalysed by FSX®

Aldol addition of5B to 5A catalysed by FSK®
Parameter | Unit Value

Vit Umg" | 3.42+0.05
K™ mM 102.24 + 4.01
Ko " mM 668.96 + 14.17
K" mM 230.56 + 10.86
K" mM 679.94 + 38.81
K "'eOH mM 626.35 + 18.35
Self-addition of5B catalysed by FSX®
Parameter | Unit Value

Vi Umg® | 1.80+0.17

Kng " mM 403.06 + 77.82
K" mM 74.09 + 15.36
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It was observed during reactions that self-additafn5B occurs (Scheme 5.6).
Therefore, kinetics of this reaction was also itigeded. The influence diB concentration
on the FSR®? specific activity can also be described by Micimdlenten kinetics (Figure
5.8A). The apparent maximum reaction rate of seétfiton, Vp, was about two-fold lower
than Vip and Knp”” was similar toKqq*® for the cross-aldol addition reaction (Table 5.4).
Thus, the influence of the rate of the self-additi@action on the formation of aldol of
interest could not be neglected and it was inclusethe model. It was also found that
methanol did not act as inhibitor for this reactignto 300 mM (Figure 5.8B). The inhibition
of FSAP®? activity by 5A in the self-aldol additionk,™" = 74.1 + 15.4 mM) was stronger
than that in the cross-aldol reactidg:(” = 679.9 + 38.8 mM) (Figure 5.8C, Table 5.4).
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Figure 5.8 The kinetics of FSA®? catalysed self-addition &8 (50 mM TEA HCI buffer pH 8.0, 25
°C, 1000 rpmY, = 0.5 mL, tsapso= 0.5 mg mL"). The dependence of F8R specific activity on A.

5B concentration, B. MeOHc{z = 100 mM), C.5A concentrationd;z = 100 mM). Legend: black
circles — experimental data, line — model.
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Scheme 5.6elf-addition of propionaldehydé&K) catalysed by FSA formingF (Junker et al., 2018).
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5.3.4 Incubation of aldolase F&® with substrates
FSAP®? was independently incubated with different concaidns of 5A and 5B.
Enzyme was not severely inactivated3i/and only up to 10% of activity is lost in 24 hours

regardless of the concentration used (Figure 5.9A).
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Figure 5.9 The influence of A5B and B.5A concentration on FSAR activity during incubation (50

mM TEA HCI buffer pH 8.0, 25 °C, 1000 rpid, = 0.5 mL, Jtsa psq = 0.5 mg mL"). Legend: white
triangles — 50 mM, dark grey stars — 100 mM, bleickles — 200 mM, grey squares — 500 mM.

On the other hand, as expectéd, significantly inactivated FSX? (Figure 5.9B)
owing to its strong electrophilic character. Nea8ly% of the initial enzyme activity is lost
after 5 hours of incubation with 500 mM, but théivaty remains nearly constant after that up
to 25 hours. Increasing the initial concentratidn5é causes faster enzyme inactivation
(Figure 5.9B) than that ¢fB. It is thus expected tha#\ will have a crucial influence on both
enzyme activity and its operational stability.
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5.3.5 Stability of reactants and products in thaatgon solution

It was found thabA is stable for 24 hours in presence and absentteeadnzyme. On
the other hand;B underwent spontaneous self-aldol addition (i.8%Iconversion after 23
hours) and biocatalysed self-aldol addition (i58% conversion after 3.8 hours) whéieis
produced. Also, non-biocatalytic aldol addition &8 to 5A was detected (i.e., 17%A
conversion after 24 hours). Considering that theyeratic aldol addition 05B to 5A and the
self-aldol addition ofSB are the fastest reactions, it can safely be assuims the non-
biocatalytic reactions did not have a significarftuence on the outcome of the process, and,
therefore they can be neglected.

Aldol products5C and 5F are aldehydes as well, and under the reactionitons!
they underwent spontaneous non-enzymatic sideioeadhat were not investigated in detail
(Figure 5.10). The rate of the unspecific transfation of 5C and5F was described by the
first order kinetics (Table 5.6, Equations 5.3 &) and the data (Figure 5.10) were used to

estimate the reaction rate constdgtandk, (Table 5.5).

80

t[h]

Figure 5.10Unspecific transformation ¢fC and5F in the batch reactor (50 mM TEA HCI buffer pH
8.0, 25 °C, 1000 rpmV; = 1.2 mL) with {¢sa pso= 3.0 mg mL") and without the presence of enzyme.
Legend: grey squares5< in experiment without enzyme, white squares—in experiment without
enzyme, crossed circle5€ in experiment with enzyme, crossed diamondsg--n experiment with
enzyme, line — model.

Table 5.5Estimated rate constants for the unspecific transition of aldol productsC and5F.

Reaction rate constants for the unspecific transébion
of aldol product$C and5F

ke min® [ 2.9510+1.2-10

ko min'  [3.93.10+1.3-10
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5.3.6 LC-MS analysis of aldol products

The analysis on LC-MS was performed to confirm #giéol addition productC
(Scheme 5.1) and propionaldehyde self-addition geb@F (Scheme 5.6). It was shown that
3-hydroxy-2-methylpropanal and 3-hydroxy-2-methyinal are indeed the products
designated on the reaction scheme as they weréfiddroy HPLC-MS spectra as shown in
Appendix (Figure 10.3).

5.3.7 Mathematical model and optimization of aldddlition

Model developed for each individual reaction systwas validated by independent
experiments carried out in different reactors. Ateccessful validation, mathematical model
was used for choosing the best reactor mode armgsmptimization.

The mathematical model of the aldol addition 5 to 5A catalysed by FS&®
consists of kinetic and reactor's mass balancetemsa(Table 5.6). The reaction kinetics was
described by the double substrate Michaelis-Meetgumtion including substrate inhibitions
by 5B and5A, as well as with non-competitive inhibition by ME@Equation 5.2), which is
used commercially to stabiliZzeA. Its content irbA solution is 4.8 mol%. Self-aldol addition
of 5B was described by double substrate Michaelis-MeRiagatics including competitive
inhibition by 5A (Equation 5.3). All kinetic constants were estiethfrom the experimental
data, as described earlier, by using the initialcten rate vs substrate concentration data
acquired by using the initial reaction rate metheduations 5.4 and 5.5 represent the rates of
unspecific transformation of aldol produétS and5F, respectively. The kinetic constants of
the first order were estimated from the experimetd@a>C and5F concentration vs time in
the independent experiments (Figure 5.10).

Mass balance equations fof, 5B, 5C and5F in the batch reactor are represented by
Equations 5.6-5.9. The mass balanceS®rincludes its consumption in the cross-aldg) (
and self-additionrg). It was necessary to add coefficient 2 fpbecause 2 molecules 5B
react to form 1 molecule dfC. Mass balance equations fof, 5B, 5C, 5F, FSA”*? and
MeOH in the fed-batch reactor are represented byafions 5.10-5.15. Equation 5.16
represents the change in reactor volume duringeperiment defined by the sum of flow
rates of the two feeds.

The enzyme operational stability decay was desdribg the first order kinetics

(Equation 5.17A). Enzyme operational stability decate constantskf) were estimated
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directly from the batch reactor experiments by gdime concentration vs time curve or by
using the enzyme activity vs time data that watect#d in part of the experiments. Based on
these results the dependence of the operationhailitstadecay rate constant on the initial

concentration obA was described by Equation 5.17B.

Table 5.6Mathematical model for the aldol addition&d to 5A in the batch and fed-batch reactor.
KINETIC EQUATIONS

r, = Vim ZEVFSA (€, [Esg . B Cl (5.2)
c C5 MeOH
KKmf’A +Cq, +KI:§\J [E K2+ Cop + KifB ﬂ 1+ K MeoH
= Voo Vesa (56 _ (5.3)
(KmZSB EE:H' CS/;A j + Cssj
Kiz
r, =k, [Eo (5.4) r, =k, &, (5.5)
MASS BALANCES IN THE BATCH REACTOR
d dc
_gstA =, (5.6 _d:B =—r, -2, (5.7)
d d
e, (58) —===r,-, (5.9)

MASS BALANCES IN THE FED-BATCH REACTOR

d d
Cs“- EECSABOMNSAOEQ) CSB- EﬁcsBBO;—\t“csB,oqu)-rl-ZDz

.16) (5.11)
dcsc == -c, Gdlj+ R (5.12) dCsF = [ﬁ C. j (5.13)
d 1 dc . 1
};FSA =5 W Vesa ﬂj (5-14) #OH = V I:é_CMeOH B(lv_t + CMeOH,O qu) (5-15)
dav
e =q,+0q, (5.16)
ENZYME OPERATIONAL STABILITY DECAY
dVesa _ _alg,,
—h = — 517A k, = 5.17B
5 = =k, s GATA) | K= (5.178)
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5.3.7.1 Model validation of aldol addition in batokactor
To validate and confirm the applicability of the timamatical model for the batch
reactor (Table 5.6Equations 5.2-5.9, 5.17A), experiments were coretucit different

concentrations of substrates up to 2 M and ¥*8Aip to 26 mg mL".

120 120

100 100

80 80

60 60

c [mM]
¢ [mM]

40 40

20

t[h] t[h]

Figure 5.11 Mathematical model validation in batch reactor eWpents carried out at
different experimental conditions (50 mM TEA HClIffar pH 8.0, 25 °C, 1000 rpm). Asa
=109.0 mMcsg = 108.5 mM\,V; = 1.0 mL, Jtsapso= 1.0 mg mC?, B. Csa = 104.3 mMCsg =
93.0 mM,V, = 1.8 mL, }sa peg = 26.3 mg mLCY, C.csn = 174.7 mMMCse = 141.8 mM,V, =
0.9 mL, VEsAaDeQ = 25.0 mg m[l, D. csp = 386,1 mMcsg = 374.1 mMV, = 0.5 mL,MESA D6Q
= 3.0 mg mLCY, E. s = 573.2 mM,Css = 483.5 mM,V; = 0.9 mL, jtsa pso = 25.0 mg mL,
F.Gsn = 2003.3 MMgsg = 1559.0 mMYV, = 0.9 mL, Jsa pso= 25.2 mg mL".
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The model enabled a good fit for a broad experialemtange (Figure 5.11).
Degradation of5C and 5F is more visible when lower enzyme concentratiors ased
(Figure 5.11A) and the rate of enzymatic reactoslower than the rate of product unspecific
transformation.

The lower the FSA°? concentration the higher extend of aldol adduots-enzymatic
side reactions (Figure 5.11A) occurred. This isststent with the fact that under these
conditions the rates of biocatalytic aldol additiand the non-catalytic side reactions were
similar.

Table 5.7Operational stability decay rate constants of thet brder estimated from the data activity

vs time measured by the enzyme assay during basatar experiments carried out at different initial
equimolar concentrations 68 and5A.

Concentration of substrates | kq [min™] ty» [Min]
100 mM 0.0021+ 0.0002 | 328.77
200 mM 0.0056+ 0.0006 | 123.56
300 mM 0.0105+ 0.0009 | 65.78
500 mM 0.0139+ 0.0009 | 49.84
1000 mM 0.0159+ 0.0013 | 43.51
2000 mM 0.0226+ 0.0017 | 30.65

Table 5.8Dependence of operational stability decay rate teoti®n the initial concentration Bf\.

Dependence of operational stability decay rate teon
on the initial concentration GfA — model parameters
a min~ | 0.0334 + 0.0042

b mM 929.96 + 223.65

1°2}

The operational stability decay rate constantsAT? were estimated by monitoring
its activity during batch experiments (Table 5.7)by estimating it directly from the batch
reactor experiment by using the mathematical mftahle 5.6 Equations 5.2-5.9, 5.17A). In
the latter case, the experimental data of conciotras time were used and all the other
kinetic parameters (Table 5.4) were kept consfaatults for the estimated constarkg by
using both methods are presented in Figure 5.18 kJbf FSAP®? strongly depends on the
initial concentration of5A, as it was expected from the enzyme incubationeex@nts
(Figure 5.9B). While increasing the concentratidrbé, ky increased and, consequently, the
enzyme half-life time dropped dramatically (Fig&r&2). The dependence lqf on the initial
concentration obA can be described by a hyperbolic equation as predebefore in the

literature for aldehydes (VasRacki et al., 2003). The kinetic equation and the reated
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kinetic parameters are presented in Table 5.6, ttiqué.18 and Table 5.8, respectively. It
can be concluded that the implementation of thégtien in a synthetic process requires an
initial concentration of5A below 200 mM (Figure 5.12). These results alsolarpwhy
substrate conversion in some experiments presemtéidjure 5.11(i.e. D and F) is low. The
deactivating effect obA can be diminished by increasing the concentratbrenzyme.
Depending on enzyme and substrate concentratian,yibld of aldol adduct can vary
significantly (Figure 5.13). Thu$C vyield (i.e. calculated as the ratio Bf to the limiting
reactant5B) increased with FSX®? concentration, whereas it dropped on increasirgy th
substrate concentration (Figure 5.13B). Apart frexperimental results, model simulations
showed how the non-enzymatic side reactions5Gfinfluences the aldol yield and the
importance to monitor the reaction to prevent pabdoss (Figure 5.13C). It also reveals that
while increasing the FSR® concentration, the rate of unspecific transfororatf5C can be
neglected up to ca. 5 hours (Figure 5.13C and 5.18Bwever, owing to this unspecific side
reaction, repetitive batch reactor cannot be uedddrease the production, because it would
imply long incubation times compromising the prodstability. Thus, fed-batch reactor could

be the reactor of choice for obtaining optimal tesun terms o6C productivity.

0.030 30
0.0251 ﬁ L 25
— 0.0201 L 20
= o () E
é 0015’ o O It(d [ 15 g
’ —
~ 0010/ © el |10
0.0051 ¢ L5
*e
0.000 £© o * : L B
0 500 1000 1500 2000
¢ [mM]

Figure 5.12Change in FSA™ operational stability decay constant and half4ifee in batch reactor
experiments carried out at different initial conirations of5B and5A (50 mM TEA HCI buffer, pH
8.0, 25 °C, 1000 rpm, concentrations of substratdsble 5.6).
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Figure 5.13A. The influence of FSA® concentration on the reaction yield and maximuwdpct
concentration — based on experimental resultsdarbéich reactor (50 mM TEA HCI buffer pH 8.0, 25
°C, 1000 rpmgcsp = Cxa = 100 mM). B. Influence of substrafe and5B concentrations on yield of
5C (50 mM TEA HCI buffer pH 8.0, 25 °C, 1000 rpm).n&ilation — the influence of enzyme
concentration on the reaction outcome (Legend:kbidted line — 1 mg mit%, black short dash line —
2 mg mL*, dark grey long dash line — 4 mg mLdark grey dotted line — 10 mg mi{_black line — 15
mg mL™, dark grey line — 100 mg mt) presented during 7 days (C) and 5 hours (D).

5.3.7.2 Model validation and process optimizatidmldol addition in fed-batch reactor
Previously presented data showed thatwill significantly influence FSR®? activity
and stability while5B caused by-product formation in self-addition react Thus, a fed-
batch reactor was the candidate of choice to caumtythe reaction. By slow addition 68
and 5A, their concentrations can be kept at low levelirduthe entire process and enzyme

operational stability and product yield can be mazed.
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Figure 5.14Aldol addition of 5B to 5A in fed-batch reactor (50 mM TEA HCI buffer pH 825 °C,
250 rpm,Vo = 5 mL). A. Csa0 = Csz0 = 100 MM, yesa pso0= 20.62 mg mL', g, = 0.26uL min™, g, =
0.27puL min™". Legend: grey squares5< concentration, black diamonds5A concentration, white
circles —5B concentration, line — model. Model simulations. = Cszo = 150 MM, Csp, feeq 1= 13.43
M, Csg, feed 2= 13.33 M,t = 6 h) to evaluate: B. and C. the influence ofdfélew-rates and FSA?
concentration on volume productivity and productlgi(@, = 0.9 q,), respectively; D. and E. the
influence of individual feed flow-rates on volumeoguctivity and product yieldygsa peg.0= 60 mg

mL™), respectively. F. The influence of feed flow-mtand FSA®® concentration on the final
concentration obA in the reactord, = 0.9q,).
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Figure 5.14Ashows the results of the first fed-batch experimesich were used to
validate the proposed mathematical model (Table Bduations 5.2-5.5, 5.10-5.18). Since
model simulations fit the data well, it was usedet@luate the influence of feed flow-rates
and FSA®? concentration on the volume productivity and yiefdproduct (Figures 5.14B
and 5.14C, respectively), and to find out the expental conditions at which optimal process
metrics, i.e. volume productivity, product concatitn and product yield can be obtained.

Feed 2 §B)/feed 1 bA) ratio was kept constant in these simulations &t Dhe results
of the model simulations showed that high flow-sates well as FSR® concentrations, on
the limits of the investigated variable range, éaaibtaining volume productivities of ca 350
g Lt d! and 85%5C yield (Figures 5.14B and 5.14C). A significantlirfnce of the feed
flow-rates on the volume productivity was foundgiiie 5.14D). Additionally, these flow-
rates have to be well balanced to obtain high peogield, minimizing the effect of self-aldol
addition of5B (Figure 5.14E). Maximum flow-rate of feed 1 withilne investigated range,
and lower flow-rates of feed 2 are necessary tainbthaximum product yield. In both cases
concentrated commercially available solutions dfstrates are supplied to the reactor.

Owing to that high flow-rates mean high substrat@centrations in the reactor,
simulations were performed to evaluate the effettflow-rates, as well as enzyme
concentration on the finalA concentration in the reactor after 6 hours (FigudetF). Flow-
rate ratio of feed 2 and 1 was kept constant atTh® simulation shows that flow-rates have
to be chosen carefully, because the excesSfoin the reactor will cause rapid F&X
inactivation. In addition, the surplus &f2 will increase the rate of the by-produst
formation and lower the product yield.

The next fed-batch experiment was carried out amgomL™" of FSA”®?. The flow-
rates of feed 1 and 2 were set to 1.4 and fil2énin™", respectively. Under these conditions
the simulations showed that the concentrations/ofind5B in the reactor during 6 hours of
the experiment will be below 200 mM, which will eme slow FSR®? operational stability
decay, and higher product yield. The experimengsiults (Figure 5.15) showed a good
agreement with the mathematical model (Table 5dhaEons 5.2-5.5, 5.10-5.18). The final
concentration o6C after 5.5 hours was 814 mM (72 g'), volume productivity was 313.7 g
L™ d* and yield of5C was 88.5%. Figure 5.15 also presents the changeituct yield and
volume productivity during the experiment calcuthtérom the experimental data in

comparison to model simulation.

50

5A — Formaldehydé&; B — Propanal5C — 3-Hydroxy-2-methylpropanabD — 3-Hydroxy-2-methylpropanoic acid,
5E — Methacrylic acid5F — 3-Hydroxy-2-methylpentanal



5 Synthesis of methacrylic acid precursor

— ‘ 10

= 1200 4| —_—

E og F

=% 10001 | 08 g
g ]
2. ° 8001 106 2=
2 E
5 5 600 7 I3
L] 0.4 *
R 8
> O‘ 400 1 g
o
= L 02 >
2 200 =
> >

© 0 0.0

o
=
(V)
o
N
o
o

t[h]

Figure 5.15Aldol addition of5B to 5A in fed-batch reactor (50 mM TEA HCI buffer pH 825 °C,
250 rpm,V, = 5 mL) at the selected conditions according ®riodel simulationsci,, feeq 1= 13.43
M, Cog, feed 2= 13.33 M,C54 = G55 = 150 MM, yesa psoo= 60 mg mL*, ¢gp = 1.4puL min™, g, = 1.26pL

min™). Legend: dark purple square$E concentration, black circles — product yield, greecles —
volume productivity, line — model.

5.3.8 Kinetic measurements of oxidation catalysedltbiehyde dehydrogenase 003

The second step of the cascade reaction towards &8ursor (Scheme 5.2) is the
oxidation of aldehydé&C to the corresponding carboxyl&i® by enzymatic oxidation using
aldehyde dehydrogenase (AIDH 003) from Prozomix (Udited Kingdom). Regeneration of
NAD™ was accomplished by NADH oxidase (NOX 009) fromoZomix as well (Scheme
5.5).

Kinetic measurements are divided in four sectiofdst, the influence of
concentrations of aldol addition substratess and 5B on the activity of aldehyde
dehydrogenase was determined to prove the assuntptdthis cascade cannot be performed
in a one-pot synthesis. Also, reactions in thetbat@actor were performed with each substrate
and presented in the same chapter. Next, cruddiysgd non-purified enzyme (CFE) AIDH
003 kinetics was investigated in the oxidation5@f. It was found that CFE contains some
NADH oxidase activity. Therefore, the kinetics oANH oxidation catalysed by AIDH 003
were determined as well. Afterwards, purified surspen of AIDH 003 was investigated and
the results of the kinetic measurements are shéwiast, the kinetics of NADH oxidation
catalysed by NADH oxidase CFE 009 was investigatatktail and its kinetic parameters are

estimated and included in the model as well.
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5.3.8.1 5A and 5B oxidation kinetics and reactionsthe batch reactor catalysed by
lyophilised aldehyde dehydrogenase 003, CFE

We envisaged that methacrylic acid synthesis cdédperformed in a one-pot
synthesis. Detailed kinetic analysis showed thag-pot reaction setting will not have a
desired outcome. Namely, the results of measuhegrtfluence of concentration 6\ and
5B on AIDH activity showed that aldol addition andidetion steps of the proposed
enzymatic cascade system cannot be carried oubimegot synthesis since bdih and5B
also act as AIDH substrates (Figures 5.16A and®)1&hus, two reactions were carried out
and optimized separately and performed in consexzutirder (i.e., one-pot two steps).
Information gained by conducting this set of expemts is also important becausé and
5B are to some extent present in the oxidation reactolution as unconverted substrates
from aldol addition, and can cause the formationbgfproducts. The estimated kinetic
parameters are presented in Tables 5.9 and 5.1anltbe seen that the maximum rate of
oxidation of 5B (Table 5.10) is much higher than the rate of oxahaof 5C (Table 5.13,
Chapter 5.3.8.3). Therefore, the concentratiorb®fafter the aldol addition step should be
minimal. AIDH has high activity toward$A as well, but it is also inhibited by this
compound. The affinity of enzyme towards is low, whereas this is not the case for affinity
towards5B. In this case, the problem wit is in the fact that it will not degrade in the

reactor and, therefore, it will negatively affeloétenzymes.

Table 5.9Kinetic parameters of oxidation 6f\ catalysed by AIDH 003 CFE.

Parameter | Unit Value

Vi Umg* | 0.190 + 0.010
Kina " mM 2.136 + 0.234
Kis" mM 381.517 + 65.204
K 0* mM 0.174 + 0.043

Kig P mM 0.009 + 0.002

Table 5.10Kinetic parameters of oxidation 68 catalysed by AIDH 003 CFE.

Parameter | Unit Value

Virs Umg® | 4.835+0.140
Kis "~ mM 2.513 + 0.409
K 0F mM 0.299 + 0.034
Kis PR mM 0.032 + 0.003
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Figure 5.16The dependence of AIDH 003 CFE specific activitytioa concentration of AA (Cyap+

=9.78 mM), B. NAD (Cs» = 30.0 mM), C. NADH € = 30.0 MM ,Cnaps = 9.75 mM), D5B (Cnaps =

9.78 mM), E. NAD (csz = 299.87 mM), F. NADH & = 299.87 mM,Cyaps = 9.78 mM), 50 mM
TEA HCI buffer pH 8.0, 340 nm, 25 °®, = 1 mL, yapn = 0.05 mg mL".

Batch experiments were performed wéreand5B were oxidised by AIDH 003 CFE
separately with coenzyme NADegeneration by NOX 009. The results are showRigure
5.17 and correspond to the data presented in T&hl€sand 5.11. The reaction whér@ is

catalysed by AIDH is fast due to high, value and absence of substrate inhibition eff@ct.
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the other hand, reaction whesé is oxidised by AIDH didn’t result in substrate ension

due to inhibition by substrat& ") and significantly lowe¥, value compared t6B.
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Figure 5.17Batch reactor experiments BB catalysed by AIDH 003 CFE, BA catalysed by AIDH
003 CFE €supstrae= 100 MM, Cnap: = 1 MM, yapn = 10 mg mL%, jox = 5 mg mLE?Y, 50 mM TEA HCI
buffer pH 8.0). Legend: black circles5B, white circles — propionic acid, black triangleSA-

5.3.8.2 Kinetics of 5C oxidation catalysed by lyibpld aldehyde dehydrogenase 003, CFE

To investigate the oxidation kinetics the same @tthogy was used as in the first
reactions step of aldol addition. Figure 5p&sents the results of the influences of each
reaction compound on the specific activity of crudlOH 003. The estimated kinetic
parameters are shown in Table 5.11. It can be #ednthe influence of substrates can be
described by Michaelis-Menten equation (Figure8A.and 5.18B), and that NADH arigh
inhibit the reaction (Figures 5.18C and 5.18D). 3 hihe concentration &fA should be kept
low after the first step to improve the oxidaticraction K", Table 5.11). CompoundD

does not inhibit the reaction (Figure 5.18E).

Table 5.11Estimated kinetic parameters in the oxidatioh©fcatalysed by crude AIDH 003.

Parameter | Unit Value

Vi Umg® | 0.391+0.011
Ky © mM 0.342 £ 0.041
K, NAP* mM 0.033 £0.003
KNAPH mM 0.019 £ 0.005
K> mM 10.768 + 0.441
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Figure 5.18The kinetics of oxidation 05C catalysed by crude AIDH 003 (50 mM TEA HCI buffer

pH 8.0, 25 °CV, = 1.01 mL, japn = 0.05 mg mLY). The dependence of AIDH specific activity on the
concentration of A5C (Cyap+ = 2.1 mM), B. NAD (Csc = 81.6 mM), C. NADH ¢ = 13.6 mM,
CnAD+ — 2.1 mM) and D5A (C5C = 13.6 mM,CNAD+ =21 mM), E.5D (C5C =97 mM,CNAD+ =2.2

mM).
Estimated kinetic parameters (Table 5.11) show mgibition of enzyme by NADH.

The apparent affinity of AIDH 003 towaf& is high K.
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As mentioned previously, CFE AIDH 003 contains N@dpurities and its effect on
the reaction was considered. Table 5d2sents the estimated kinetic parameters for the
activity of NOX in aldehyde dehydrogenase that wesgmated from the experimental data
(not shown); i.e. the influence of NADH and NADN the oxidation of NADH catalysed by
AIDH 003 CFE. From the maximum reaction rate it da seen that it is not very high
enzyme activity Y, Table 5.12), but cannot be neglected.

Table 5.12Estimated kinetic parameters for the coenzyme Npdgeneration catalysed by AIDH 003
(NOX activity within AIDH 003).

Parameter | Unit Value

Vi Umg® | 0.026 +0.001
K APH mMm 0.028 £ 0.002
KNAD* mMm 0.019 £ 0.004

5.3.8.3 Kinetics of 5C oxidation catalysed by padfaldehyde dehydrogenase 003

The results of the kinetic investigations of pwtfiAIDH 003 are presented in Figure
5.19A and 5.19B. It can be seen that the influesfosoncentrations ofC and NAD' on the
specific activity of AIDH can be described by Migha-Menten kinetics. The enzyme is
inhibited by NADH (Figure 5.19C) andA (Figure 5.19D). The influence obA
concentration on the activity of aldehyde dehydrnage was tested because there is always
someb5A left after the first reaction step of aldol adoliti Estimated kinetic parameters are
presented in Table 5.13.

Table 5.13Estimated kinetic parameters in the oxidatioh©fcatalysed by AIDH 003 CFE.

Parameter | Unit Value
Vi Umg™ | 0.062 +0.001
Ko~ mM 0.362 + 0.041

K P* mM 0.465 + 0.039
K VAPH mM 0.086 + 0.008
Ki " mM 1.225+0.112

They indicate good affinity of aldehyde dehydrogenaowardss5C (Kma©). Also,

there is strong inhibition of the enzyme by NADK, ("""

), but this can be resolved by an
efficient coenzyme regeneration catalysed by NO ianthis case concentration of NADH
in the system is negligible. The purpose of thenegme regeneration was therefore not only
the minimization of consumption of NAD but also minimizing the inhibiting effect of
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NADH. The inhibition by5A is not significant either, since its final conaatibn in the
solution after the first reaction step, i.e. aldaldition, was usually below 10 mM. Reverse
reaction was evaluated but not detected.
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Figure 5.19The kinetics of oxidation 05C catalysed by purified suspension of AIDH 003 (58 m
TEA HCI buffer pH 8.0, 25 °CV, = 1.01 mL, japn = 0.05 mg mL"). The dependence of AIDH
specific activity on the concentration 8f 5C (Cyap+ = 2.2 mM),B. NAD" (csc = 16.7 mM),C.
NADH (Csc = 16.7 mM,Cyap+ = 2.2 mM) an. 5A (Csc = 16.7 mM,Cyap+ = 2.2 mM). Legend: black
circles — experimental data, line — model.

5.3.8.4 Kinetics of coenzyme NARgeneration reaction catalysed by NOX 009

The kinetics of NAD regeneration reaction catalysed by NOX 009 wasstigated
and results are presented in Figure 5.20. The eezmmwed good affinity towards NADH
and excellent towards Owhich can be seen from low, values estimated from the
experimental data (Table 5.14). This is the mogtartant property of this oxidase and means
that oxygen should not be the limiting factor instheaction system while maximum NOX
activity can be obtained at;@oncentration close to zero.
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Figure 5.20The kinetics of NOX catalysed oxidation of NADH (&M TEA HCI buffer pH 8.0, 25
°C,V, = 1.01 mL,}ox = 0.1 mg mLY). The dependence of NOX specific activity on tbeaentration
of A. NADH, B. O, (Cyaon = 0.1 mM), C. NAD (Cyapn = 0.1 mM), D.5A (Cyapn = 0.1 mM) and E.
5B (cnapn = 0.1 mM). Legend: black circles — experimentdbgdéne — model.

The enzyme is inhibited by the presence of low eatations of5A (Ki,™") and
slightly inhibited by5B (Ki2°"). Inhibition by NAD' is the most sever&{'"°*). Estimated

kinetic parameters are presented in Table 5.14.
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Comparison of the kinetic parameters estimated ftbexmeasurements with NOX
present in crude AIDH (Table 5.12) and CFE NOX @@®d in oxidation reactions (Table
5.14) shows that NOX activity in crude is signifitly lower sinceVp, value is ca. 70 times
larger for CFE NOX. It can be concluded that pufeECNOX is needed for fast and
successful coenzyme regeneration. Neverthelessctinaty of NOX from AIDH is included

in the model since it takes part in coenzyme regsios reaction duringC oxidation.

Table 5.14Estimated kinetic parameters in the coenzyme regéna reaction catalysed by NOX.

Parameter | Unit Value

Vi Umg' | 1.761 £ 0.115

K 01 mM 0.075 +0.011
Kz 2 UM 0.091 + 0.032
Kip P mM 0.476 + 0.034
K" mM 4.835 + 0.936
K, mM 51.059 + 10.059

5.3.9 Development of mathematical model for oxaratf 5C

Based on the obtained data and reaction schemerttach.2) the mathematical model
for the 5C oxidation step was developed and is presentedainleT5.15. From all data
presented in previous section, kinetic parametstgnated from the kinetic measurements
with purified AIDH 003 are used in the model. Cogme regeneration catalysed by CFE
NOX 009 as well as with NOX present in AIDH 003 wersed in the model while the reactor
experiments were carried out with AIDH 003 CFE sitice purified enzyme was available in
limited quantities, and was found to be very unistab

The model consists of kinetic and mass balancetemsa The reaction rate GfC
oxidation was described by the double substratenditis-Menten equation with included
competitive product inhibition bypA and NADH (Equation 5.18). The reaction rate of
coenzyme regeneration was described by the doullistrate Michaelis-Menten equation
with included non-competitive inhibition by NADH dmon-competitive inhibitions bgA
and 5B. Since Michaelis constant for,@s really low for this enzyme, it was assumed that
oxygen concentration will not have influence on tleaction. Thus, the equation was
simplified to single substrate Michaelis-Mentenekins including non-competitive inhibition
by NADH and non-competitive inhibitions byA and5B (Equation 5.19). AIDH contains
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NOX impurities, so there is an additional NOX iretholution. The reaction rate of NADH
oxidation by NOX was described by Equation 5.2@lagous to the previous equation. It was
assumed that chemical transformatiorbof follows the kinetic model of the first order. The
kinetic constant was estimated from experiment#h desing Equation 5.28nd included in
the model. The same equation was used in modetiingldol addition k; = 0.00029 *
0.00001 min' (Table 5.5) =ksc (Equation 5.4, Table 5.6)). It was also assumed %k
transforms into alternative product in the reactmatalysed by AIDH 003. The kinetic
constant was estimated from experimental diga € 0.00109 + 0.00008 mifhy Equation
5.24).

All kinetic constants were estimated from the expental data presented before, i.e.
initial reaction rate vs substrate concentratioquaed by using the initial reaction rate
method. Mass balance equations faz, 5D, NAD" and NADH in the batch reactor are
represented by Equations 5.25-5.30, respectivatg dzyme operational stability decay of
AIDH and NOX was described by the first order kiogt(Equations 5.31-5.33). Enzyme
operational stability decay rate constants wergnaséd from the batch reactor experiments
carried out at different initial conditions.

The5A oxidation catalysed by AIDH (Equation 5.21) isywstow as can be seen from
previously presented kinetic parameters and peddrim batch reactor experiments. The
reaction rate of5B oxidation catalysed by AIDH (Equation 5.22) depgndn 5B
concentration. SincéB concentration is very low at the start of the ation step after the

aldol addition, it can be neglected.
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Table 5.15Mathematical model for the oxidation 6fC with coenzyme regeneration in the batch
reactor.

KINETIC EQUATIONS
Oxidation of5C by AIDH 003

le |J/ADH Ij"‘SC |:‘:[\]pd)"

(5.18)
{[Kmfc e ) O ﬂ
il il

Coenzyme NAD regeneration by CFE NOX

= iz Phvox [aon

2 (5.19)
C G G
[K  Conon Eﬁl o D tﬁl &t K]

Coenzyme NAD regeneration by NOX contained in AIDH 003
= Vm3 D/NOX(AIDH) |]:NADH

: (5.20)
C G G
{ngNADH +Cy a0 [E]_+ K'i\";ﬁBDHH j] [E]_+ Ki‘% + Ki%j

5A and5B oxidation by AIDH
Vm4 |J/ADH |]“EvA ECNAD+

rn=

r=— (5.21)
5A q NAD* oV
(Km4 +C5A + K;\AJEEKM 1+ KI\JAPI\DDHH +CNAD+
i4 ()
r = Vm5 |J/ADH Ij“':';B |:tNAD+ (5 22)
L=z .
. C
(Kf’ﬂ55B + CSA) I:E Km5NAD [El-i- KNI\fAIDDHH j + CNAD+ ]:|
i1
5C decay
r, =Kg [ (5.23) Iy =Kge, (€ (5.24)
MASS BALANCES IN THE BATCH REACTOR
d d
% Sp—— (5.25) % =, (5.26)
dc , . dc _
_S?D =1, 41,41, (5.27) —g’:DH =r-r,-r, (5.28)
dc, dc
A =y 5.29 —SB =y 5.30
" 6 (5.29) ot 7 (5.30)

ENZYME OPERATIONAL STABILITY DECAY

yé\‘I:DH ==Ky oy (5.31) Noc>l<t(A|DH) =k, D,NOX(NDH) (5.32) %: —K,5s yox (5.33)
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5.3.10 Validation of the mathematical model fordation of 5C in the batch reactor

A series of batch reactor experiments (Figure 5243 carried out to validate the
mathematical model for the oxidation®f.

The operational stability decay rate constantsafymes were estimated directly from
these experiments (Figure 5.21). At the end ofladdition there is always somi€\ and5B
left, and they affect stability of both enzymeseTtomposition of the reaction solution used
for the experiments presented in Figure 5.21C esgmted in Table 5.1®gether with the
estimated values of operational stability decag minstants and yield é&D. The presented
results indicate that the presence5éf negatively affects the operational stability of XIO
present in crude AIDHK{,), as well as NOX 00%{s) added individually in the solution. As
the concentration dfA increasesky, and ks increase as well. This was not found to be the
case for AIDH. Estimated half-life time of aldehydiehydrogenase is 141 min, NOX
(aldehyde dehydrogenase) 3 min and NOX (009) 22(&wperiments 3 — red and 4 — green,
Table 5.16, Figure 5.21). The same constants weed for the simulation of experiments
presented in Figure 5.21A and 5.21B. Thasg, should be degraded before starting the
oxidation to achieve better enzyme stability andseguently yield omD. Both5A and5B
are monitored during oxidation, and it was founalt B was not problematic, since its initial
concentration was not high and it was convertetttathe corresponding acid. This was not
the case fobA because its oxidation by aldehyde dehydrogenaseingbited by substrate,
and the enzyme has low affinity towards it (Tabl®)55A does not significantly degrade
during the oxidation 05C. Developed mathematical model (Table 5.15, Eqnat®n18-5.33)
described the data well (Figure 5.21).

AIDH catalyses unspecific transformation®f as explained in the previous chapter.
Therefore, by increasing the enzyme concentratiowas not possible to produce higher
concentration of productC, which would in other case be the best solutianofeercoming
the spontaneous chemical degradation56f Because of this drawback, other aldehyde

dehydrogenases were tested as alternativesfaxidation.
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Figure 5.210xidation of5C to 5D in the batch reactor (500 mM TEA HCI buffer pH,88 °C, 1000
rpm). A. Csc = 60.1 MM, Cyaps = 1.0 mM,V; = 3.5 mL, Japn = 10.0 mg mC%, pox = 10.0 mg mL*
(white circles -5C, black circles -5D), B. ¢sc = 60.1 mM,cyap+ = 1.0 mM,V; = 3.5 mL, japy = 10.0
mg mL™, iox = 5.0 mg mLC* (white circles -5C, black circles -5D), C. cyaps = 1.0 mM, Japn =
10.0 mg mLCY, pox = 5.0 mg mC* V, = 2.0 mL; black circles € = 252.5 mM, blue circles e =
89.8 mM, red circles €5 = 43.8 mM, green circles &c = 17.6 mM. Legend: black circles —
experimental data, line — model.

Table 5.16 The effect of composition of reaction solution adelg¢ of 5C and estimated values of
operational stability decay rate constants (Expenits from Figure 5.21C).

P
Legend Coc Con Con Yoo | ke [min k"ZA}Ir;': P ks pminy
(Fig. 5.21C) [mM] [mM] [mM] [%0] AIDH (NOX) NOX 009
black circles 252.5 66.1 15.3 1.3 0.0049 0.0764 1684
blue circles 89.8 49.1 11.4 7.2 0.0049 0.0352 @431
red circles 43.8 26.3 6.2 327 0.0049 0.0321 0.2315
green circles 17.6 12.9 3.8 70}0 0.0049 0.0321 15623

In the published fermentative process %ar production, 6 mg T* (0.058 mM) of5D
after 27 hours was obtained (Marx et al., 2010)enehs 2.3 g T' (22 mM) was obtained in
another multistep microbial process (Lang et &13). In another patent (Haas et al., 2015)
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413 mg ! (3.97 mM) of 5D was reported. In this thesis, when AIDH 003 waeduas
biocatalyst for5C oxidation, the best result was obtained 2.59(24 mM) of5D. Since5D

is an important intermediate molecule with marketeptial and its production with AIDH
003 could not be further improved, other biocatslysere screened to find the ones with

better applicability in this reaction system.

5.3.11 Screening for more suitable aldehyde delgahiase

Considering the poor yield oAD by using AIDH 003, alternative AIDHs from
Prozomix Ltd were evaluated. Twenty five batch expents with same initial conditions
(described in Chapter 5.2.4.12) were performed muaditored for 24 hours. Comparison
included 24 new enzymes from AIDH panel and presfpwsed and investigated AIDH 003
(Table 5.17). Results suggested that five cataliysta the tested panel (bold in Table 5.17
and Figure 5.23) showed better performance tharHAID3 in the oxidation reaction 61 .
The highest yield 05D was achieved in the reaction catalysed by AIDHHE#§ure 5.22 and
5.23D). This is why it was suggested that furthesearch on this topic should be done with

this enzyme.

100

80 A

60 -

Yo [%0]

40 A

20 -

AIDH 24 AIDH 28 AIDH 35 AIDH 41 AIDH 46 AIDH 003

Figure 5.22Highest yields of5D after 24 hours in oxidation reactions catalysecehgymes of the
AIDH panel.
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Table 5.170xidation of5C by 25 different AIDHs with shown concentrationspobductsD after 24
hours (0.5 M TEA HCI buffer pH 8.0, 25 °C, 1000 rpion = 10.0 mg mL', Jox 00e = 10.0 mg mL
L yapn = 10.0 mg mLY, Cyaps = 1 MM, Csc = 70 mM).

AIDH | csp[mM] | AIDH Csp [MM]
24 11.89 37 0.98
25 0.49 38 3.80
26 1.19 39 2.14
27 0.60 40 1.06
28 14.98 41 26.32
29 0.34 42 0.71
30 1.64 43 0.72
31 0.56 44 2.22
32 1.46 45 3.55
33 1.80 46 6.39
34 0.53 47 0.98
35 13.83 3 6.26
36 0.61

65

5A — Formaldehydé&; B — Propanal5C — 3-Hydroxy-2-methylpropanabD — 3-Hydroxy-2-methylpropanoic acid,
5E — Methacrylic acid5F — 3-Hydroxy-2-methylpentanal



5 Synthesis of methacrylic acid precursor

40 ¢
A
30*...
—_ ° °
220*
E ° .
[&]
10 - o ©
o O L )
000 ° i
o0& ‘ ‘ ‘ ‘ —
0 1 2 3 4 522 23 24 2t
t[h]
40 ¢
C
30’.00
=
§.20* ]
o .. o o
10 o°
o
°
0@0090‘ ‘ : f :
0 1 2 3 4 522 23 24 2t

t[h]

40
E

30

®

e
20 o0 R

®

10 ° o

000 O °© %o ° °
0 ‘ ‘ ‘

0 1 2 3

c [mM]

@]

4 522 23 24 2t
t[h]

401
B
30 ®,
®
[ )
20 |
o O
o
10 |
OQOOOO —— LA J
0 1 2 3 4 522 23 24 25
t [h]
40
D
30
[ ] S
20 *e
O
10 | ) .
OO
ogo ; ; ; ‘ Ao o |
0 1 2 3 4 5220232425
t [h]
40
[ ] F
30 |
( ]
[ ]
20{ ®e
[ ]
e o °
OOOOO
0o : : ; . . .
0 1 2 3 4 522 23 24 25

t[h]

Figure 5.23 AIDH panel screening — selection of the best enzynde AIDH 24, B. AIDH 28, C.
AIDH 35, D. AIDH 41, E. AIDH 46, F. AIDH 3¢ = 35.39 mM,Cyap+ = 1 MM, Cnox 009 = 10 mg
mL™, capn = 10 mg mLCY, V, = 1.5 mL, 0.5 M TEA HCI buffer pH 8, 1000 rpm, 28). Black circles

— 5C, white cicrcles- 5D.
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Figure 5.24 Oxidation with AIDH 41 — additional experiments{p+ =1 mM,V, =13 mL, 0.5 M
TEA HCI buffer pH 8, 1000 rpm, 25 °C). & = 46.17 MM Cnox 009 = 10.46 mg mL', Capn = 5 Mg
mL™, B. ;¢ = 78.36 MM Cnox 00 = 10.77 mg mL', capn = 10 mg mL™. Black circles- 5C, white
cicrcles— 5D, crosses- 5A, stars- 5B.

Additional experiments performed with AIDH 41 re=d in 43.18% vyield orbD
where initial5C concentration was 46.17 mM (Figure 5.24A) and 29@yield on5D where
initial 5C concentration was 78.36 mM (Figure 5.24B). Thesoeafor lower yield in these
ractions as compared with the oxidation catalysedIdDH 41 in panel screening reactions
(Figure 5.23D) is most likely high dilution 6fC solution in the oxidation due to specific way
of obtaining5C for oxidation step by previously performing aldaldition. Because of this,
initial concentrations ofcA and 5B in oxidation were also lower than in experiments
presented in Figure 5.24. Data show that AIDH 4talgaes the oxidation ¢fA and5B and
probably causes inactivation. Furthermore, thereaiglisproportion between consumed
substratesC and produced produé&tD which suggests that unspecific transformatiorb ©f
into another unwanted and unidentified product asours, as in the case of AIDH 003.
Further work outside the frame of this thesis stididicus on performing the reaction at

minimized initial concentrations &fA and5B.

5.3.12 Characterization of the oxidation product 5D
Analysis by NMR confirmed th&iD is the oxidation product. As it was not possible
to isolate it directly it was derivatized beforeettNMR analysis and transformed to 4-
bromophenacyp-hydroxyisobutyrate {G) according to procedure described in Chapter
5.2.4.15. 10 mg of product was dissolved in 1 mLcbforoform for the NMR analysis
(99.80% CDGCJ) (Appendix, Figure 10.5)H NMR (Figure 10.5A)°C (Figure 10.5B), 2D
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COSY (Figure 10.5C) and 2D HSQC (Figure 10.5D) ysed were carried out. The results of
NMR analysis were as followsH NMR (400 MHz, CDCJ) & 7.77 (d,J = 8.6 Hz, 2H), 7.64
(d,J = 8.6 Hz, 2H), 5.46 (d] = 16.5 Hz, 1H), 5.30 (dl = 16.5 Hz, 1H), 3.85 (m, 1H), 3.77 (t,
J=9.9 Hz, 1H), 2.86 (m, 1H), 1.23 @z 7.1 Hz, 3H)*C NMR (101 MHz, CDGJ) § 192.1,
174.6, 132.4, 132.3, 129.6, 129.3, 65.7, 65.3,,482.

Enantiomeric excesses of the synthesised pro@iGctwere determined by chiral
HPLC column by diluting the purified produst in the mobile phase. The retention times of
(9- and R)-4-bromophenacyp-hydroxyisobutyrate were 18.04 and 20.10 min, respely.
Chromatograms are presented in Appendix (Figurd)l®fter derivatization with 2,4'-
dibromo-acetophenone and analysis by chiral HPLC turned out to be racemic mixture
with ee 51% of §-enantiomer (Appendix, Figure 10.4). This losseafintiomeric purity of
5D could have occurred during enzymatic aldol reagtibe enzymatic oxidation reaction,
during the derivatization with 2,4'-dibromo-acetephne or as a consequence of the aqueous
reaction medium at pH>7. The assumption is that ageeous media at pH 7 (GC is
especially prone to racemization under aqueousittons)) and the enzymatic oxidation step
were the most plausible factors responsible forltiss of chiral integrity. Nevertheless, for
the synthesis of MAA precursor chiral integritytbé product is irrelevant.
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5.4 Conclusions

The results of the enzymatic carbon-carbon bondhdtion between propanal and
formaldehyde catalysed by aldolase P&Aand enzymatic oxidation of obtained aldol
product 3-hydroxy-2-methylpropanal by aldehyde albgenase to synthesize 3-hydroxy-2-
methylpropanoic acid, a precursor for methacrybtdavere presented in this dissertation
section. This study proposes a process set-updhasaleveloped mathematical model, as
well as reaction conditions for the cascade thatlmaused for further process development
and scaling-up the system.

The reaction system was found to be complex dube@nzyme operational stability
decay in the presence of formaldehyde, unspecditstormation of main reaction product 3-
hydroxy-2-methylpropanal at the reaction conditissedf-aldol addition of propanal catalysed
by FSA™®? and formation of by-product 3-hydroxy-2-methylpmmil. Increasing
formaldehyde and propanal concentrations causesntiiease of the enzyme operational
stability decay rate, and as a consequence a dradeatrease of product yield. Thus, it can be
concluded that this reaction cannot be done suftdlss.e. with satisfactory process metrics,
in the batch reactor. The applicability of the fmatch reactor was evaluated and the
mathematical model was used to optimize the conzgons of reactants and enzyme, i.e. the
reaction conditions, to achieve the maximum progelt, product concentration and volume
productivity. Experimental results have confirméd simulations and after 5.5 hours volume
productivity of 313.7 g T* d, product concentration of 814 mM (72 g“. and product
yield of 88.5% were obtained. Considering reactiubstrates used in this enzymatic reaction
and the fact that no results from enzymatic tramsé&tion with these substrates are published
according to our best knowledge, these numberseptean excellent result, as they
correspond to the industrially applicable processrits.

The aldehyde 3-hydroxy-2-methylpropanal was suleditto one-pot consecutive
enzymatic oxidation catalysed by AIDH 003 where ptete consumption of 3-hydroxy-2-
methylpropanal with final concentration of 3-hydyex-methylpropanoic acid being 24 mM
was obtained, which is significantly better thanaated in a fermentative process. However,
the additional enzymatic transformation of 3-hydr@methylpropanal, and the formation of
the by-product has to be stressed out.

In a search for more suitable biocatalyst for ottadg a panel of 24 different aldehyde
dehydrogenases was tested and it was found trebfithem gave higher product yield than

AIDH 003. Biocatalyst selected as the enzyme whth highest potential for oxidation of 3-
69

5A — Formaldehydé&; B — Propanal5C — 3-Hydroxy-2-methylpropanabD — 3-Hydroxy-2-methylpropanoic acid,
5E — Methacrylic acid5F — 3-Hydroxy-2-methylpentanal



5 Synthesis of methacrylic acid precursor

hydroxy-2-methylpropanal was AIDH 41. The yield &Mhydroxy-2-methylpropanoic acid of
66.5% was achieved with the final 3-hydroxy-2-méthgpanoic acid concentration of 26.32
mM (2.7 g LY. It was concluded that minimizing initial formaklyde and propanal
concentration would lead to more successful oxiatind AIDH 41 is selected as the most
promising biocatalyst for further investigation ap@timization outside the frame of this

thesis.
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6 SYNTHESIS OFL-HOMOSERINE

6.1 Introduction

The second cascade reaction system which was igatst in this work is the
synthesis ofL-homoserine. The cascade comprises a Class |l ncefaktor dependent
pyruvate aldolase and a transaminase as bioc&#alBsith separate enzymes and cells
containing overexpressed enzymes were availabletHisr research. Therefore, process
employing cell free extract (CFE) enzymes and @scehere lyophilised whole cells
containing these enzymes were kinetically charemgdrin detail and process optimization
was performed based on developed mathematical shodel

The synthesis af-homoserine §B) in the reaction system consisting of transaminase
and aldolase starting from pyruvat]j, formaldehydeD) andL-alanine 6A) (Scheme 6.1)
was studied by Hernandez and co-authors (Hernaetlakz, 2017a). It was shown that the
concept works, however, the reaction was not stuttem an enzyme reaction engineering
point of view. It was the purpose of this work teakiate the kinetics of both reactions and
find the dependencies between different variabiethe form of mathematical model which
will enable descriptions of phenomena in the resctind more important their explanations.
The final goal of this work was to find the reaatiget-up and the conditions at which volume
productivity ofL.-homoserine above 2°gL™" h™* and its concentration above 50 @ tan be

achieved. These are relevant process numbersdostimal application of the process.

NHZ ';lHZ
6A Py : 6B
HC~ CONa Ho~, " “CcoNa
transaminase
6E /\)Cj)\ o 6C
HO CONa H cJ\cozNa

aldolase YfaU
/\ )OL 6D
H™ H
Scheme 6.IThe reaction scheme of the synthesis-bbmoserine.
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Kinetic measurements were performed to quantify ithituence of all reaction
compounds on the activity of both enzymes alone emxyme co-expressed in lyophilised
cells. Complex interrelationships between proceasables were discovered and kinetic
model was developed. The results will be describede following sections. Model was used
for process optimization and achieving satisfactprgcess metrics during-homoserine

synthesis.

6.2 Experimental part

6.2.1 Materials

Chemicals and enzymes used in this chapter aréolloving. Formaldehyde (36%,
p.a.) was purchased from T.T.T. Ltd. (Croatia). effranolamine (TEA), N-
(benzyloxycarbonyloxy)succinimide (Cbz-OSu), trdtoacetic acid (TFA),.-homoserine-
alanine, pyruvate, and acetonitrile were purchaBeth Sigma Aldrich (Germany)O-
Benzylhydroxylamine hydrochloride (BNnONHHCI) and pyridine were purchased from
Acros Organics (Belgium). Pyridoxal 5'-phosphatenotoydrate (PLP) was from Alfa Aesar
(USA). Methanol gradient grade (MeOH) was from JHaker (USA). 4-Hydroxy-2-
oxobutanoate was synthesised and purified in the ¢ IQAC-CSIC (Spain) and the Faculty
of Chemical Engineering and Technology at the Ursitge of Zagreb (Croatia).

Transaminase 039 and all 2-keto-3-deaxyhamnonate aldolases (YfaUs) were from
Prozomix Ltd (United Kingdom) as well as lyophiliseells YfaU(013)/PRO TRANS(039).

Reaction component labels are given according bela. 1.

Table 6.1Labels given to each reaction component in théptdr.

Compound Label
L-Alanine 6A
L-Homoserine 6B
Sodium pyruvate 6C
Formaldehyde 6D
4-Hydroxy-2-oxobutanoate| 6E

6.2.2 Apparatus
Apparatus used in Chapter 6 is listed in Appendiad{e 10.1).
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6.2.3 Analytical methods

Reactions were monitored by HPLC (Prominence, Stiama Japan) with UV
detection at 215 nm. Methods used are presentedabile 6.2. Chromatographs and
calibration surves foBA, 6B, 6C, 6D and6E are presented in Appendix (Figure 10.6).

Table 6.2HPLC methods.

METHOD | COMPOUND | COLUMN ELUENTS CONDITIONS
A: 0.095% v/v TFA in ) )
Phenomenex o Gradient elution: 90 to 0% B 30
) acetonitrile/water 80:20 ) )
LiChrospher® C18 min, 0% B 5 min, 0-90% B 11
A B: (0.1% Vv/Vv) . .
column (5um, 4 x ) ) ) min, flow-rate 1 mL min, 215
trifluoroacetic acid (TFA)
250 mm) ) nm, column temperature 30 °C
6A, 6B, 6C, in water
6D, 6E A: 0.095% v/v TFAin Gradient elution: 90 to 0% B 10
Phenomenex acetonitrile/water 80:20 min, 0% B 2 min, 0 - 90% B 3
B Kinetex® C18 (qum, | B: (0.1% v/v) min, 90% B 1 min, flow-rate 1.5
4,6 x 250 mm) trifluoroacetic acid (TFA) | mL min~%, 215 nm, column
in water temperature 30 °C

Derivatization of the samples for HPLC analysedudes two derivatization reagents.
Derivatization done by BnONHHCI was used for6C, 6D and 6E analysis, and
derivatization byN-(benzyloxycarbonyloxy)succinimide (Cbz-OSu) wasdi$or 6A and6B
analysis. Derivatization done by BnORMI4 described in Chapter 5.2.3.1. Retention tinoes f
6C, 6D and6E were 7.8 min, 8.5 min and 6.2 min, respectivehd #heir linearity range is
from 1 to 10 mM.

6.2.3.1 Derivatization of amino acids

N-(Benzyloxycarbonyloxy)succinimide (Cbz-OSu) is@rmon reagent (Scheme 6.2)
for the carboxybenzyl protection of amines (Haft&ajiki & Hirota, 2000). Procedure for
sample derivatization with Cbz-OSu is as follow8.uL of sample was added to @ of
derivatization agent and mixed on Vortex mixewdts incubated for 60 min at 60 °C. 440 pL
of methanol was added in this mixture. The soluti@s mixed on Vortex, centrifuged for 5
min at 14 000 rpm. 35QL was taken from the top of the vial and analysgdHPLC. 150
mM solution of Cbz-OSu reagent is prepared in autile. Retention times foBA and6B

were 6.6 min and 5.6 min, respectively, and lingaange is from 2 to 20 mM.
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Cbz-OSu

Scheme 6.Derivatization of amino acids with Cbz-OSu.

6.2.4 Experimental procedures

Experimental part is divided on: (i) measurememd gesearch of both reaction steps
catalysed by enzymes transaminase TA 039 and akldfaUs, and (ii) kinetics and
experiments where lyophilised whole cells YfaU(OPBO TRANS(039) were used.

6.2.4.1 Enzyme activity assay and enzyme kinetics

Transaminase and aldolase activities were measuarée studied reactions by using
the initial reaction rate method in 0.5-mL batchater with 1 and 5 mg mt- of transaminase
and aldolase, respectively, in 50 mM phosphateeoyfH 7.0 and at 25 °C. The linear slope,
estimated from the change in product concentrasibthe beginning of the reaction when
substrate conversion was <10%, was used to cadcidpecific enzyme activitySA.)
presented in Equation 6.1 whe®eA. designates the specific activity (U Mg Change in
product concentration in time is presented @sdlc(dt. V; stands for reactor volume (Cf

VenzymeStands for enzyme volume (cthand ystands for enzyme concentration (mg9m

dc
s A= oo Ve g 1 Y (6.1)
dt V mg

enzyme yenyzme

Kinetics of the reactions in the cascade systerhg®e 6.1) was determined for each
enzymatic reaction separately, as well as considgetie influence of the rest of the reaction
compounds not directly present in the single reastion the reaction outcome. This means
that even though for example formaldehyideis not involved in the transaminase-catalysed
reaction, its influence on transaminase activitys w&aluated, and the corresponding kinetic

constant was estimated from the experimental detas, the influence of each reaction
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compound on the initial reaction rate, i.e. enzygpecific activity, was examined by keeping
the concentrations of other compounds constankerfes of batch reactor experiments were
carried out for that purpose, in which the chang@roduct concentration was monitored in
each reaction by HPLC.

The influence of6A concentration on the TA 039 specific enzyme aistiwwas
monitored up to concentrations of 350 mM. In thessasurements the concentrationcaf
was kept constant at 100 mM. The influence6af concentration on the specific enzyme
activity was monitored up to concentrations of 3B0M. In these measurements the
concentration o6A was kept constant at 100 mM. The influencesBf 6C and 6D was
monitored up to concentrations of 400 mM. In thessts the concentration 6f\, 6E and
PLP (pyridoxal 5'-phosphate monohydrate, coenzyaretrinsaminase activity) were 300
mM, 70 mM and 1 mM respectively. Also, the influenaf PLP concentration up to 1.5 mM
and MeOH concentration up to 500 mM were measwethfs reaction.

Considering that transaminase catalyses a revergsbiction, reaction’s kinetics was
investigated in the reverse reaction as well. THi@ence of6B concentration on the TA 039
activity in reverse reaction was monitored up taaamtrations of 400 mM. In these
measurements the concentration6af was kept constant at 100 mM. The influence5of
concentration on the TA 039 activity in reversectiEam was monitored up to concentrations
of 400 mM. In these measurements the concentratici was kept constant at 100 mM.
The influence of6D, was monitored up to concentrations of 300 mM, ieas the influence
of 6A and6D up to 400 mM. In these tests the concentratioAERf6C and PLP were 300
mM, 100 mM and 1 mM respectively. Also, the inflagerof PLP concentration up to 1.5 mM
and MeOH concentration up to 400 mM were measwethe reverse reaction.

Kinetic of the reaction catalysed by YfaU was datieed for concentrations @D up
to 850 mM and6C up to 800 mM, where the concentration of otherstalbe was kept
constant (in most cases 100 mM, details can bedfdagtow figures in Chapter 6.3). Once
YfaU 013 was chosen for further process investigatadditional kinetic measurements were
performed. The influence @&fB concentration on the YfaU 013 activity was moretbup to
concentrations of 400 mM, concentrationcéf up to 600 mM, concentration 6t up to 200
mM, concentration of PLP up to 1.5 mM and concéiainaof MeOH up to 200 mM. In these
experiments concentrations @ and6D were always 100 mM. The influence of methanol as
6D stabilizer on enzyme activity was also measuredstanate its inhibition potential in all

reactions. Such compounds can occasionally havendettal effect on the reaction outcome

75

6A —L-Alanine,6B —L-HomoserinefC — Sodium pyruvateD — Formaldehyde5E — 4-Hydroxy-2-oxobutanoate



6 Synthesis af-homoserine

(Sudar et al., 2018). Despite the reverse reactialysed by YfaU 013 aldolase appeared not
to be significant at first, it was not neglectedl dhe influence ofE, 6C, 6A and6B up to
concentration of 500 mM on enzyme activity in tea-aldol reaction was determined.

During investigation of the aldolase panel, thealgdic constantsk.,; were also
calculated for all enzymes (Equation 6.2). The ®aisl a result of dividing/n, value by
enzyme concentration (molecular weight of enzyntemeged to be 31000 g mol(31 kDa)

was taken into account).
mmol 1 mmol
Y/ = 6.2
m[dm3 min‘l} k{ min} DEO[ dni } (©:2)

Kinetics of the reaction catalysed by the Iyopkiis whole cell biocatalyst
(Yfau(013)/PRO TRANS(039)) was determined as wigleasurements were performed in
the same way as for separate enzymes, by carryinghmrt reactions where initial reaction

rate was followed and only one enzyme tested. Ekengh lyophilised cells contain both
enzymes (i.e., aldolase and transaminase) measot®mere carried out in such way to
prevent the interference of the other enzyme. Thesgsurements include kinetics of (i) aldol
addition catalysed by YfaU 013 in the cells, (@yerse retro-aldol reaction catalysed by YfaU
013 in the cells, (iii) transamination catalysed B 039 in the cells and (iv) reverse
transamination catalysed by TA 039 in the cellstaide of experimental conditions in kinetic
tests are presented in Chapter 6.3 as describeldeirfigure captions. As cells naturally
contain sufficient amount of PLP, it was not neeegsto add extra PLP in Kinetic

measurements or in cascade reactions catalyseaplyilised cells.

6.2.4.2 Enzyme stability during incubation

As 6D is a strong electrophile and therefore a reactorapound, it was expected that
its presence will significantly affect stability dioth enzymes since in cascade system
transaminase is in contact wil.

To evaluate théD effect on transaminase, 25 mg thbf transaminase was incubated
with 0, 26.2, 47.7, 94.7, 189.9 and 458.8 mMGbt Enzyme activity was followed during
incubation for 24 h by using the following assayeTreaction mixture of 30QL volume
contained 300 mMB, 300 mM6C and 1 mM of PLP. The reaction was started by agithe
sample from the incubation solution, which was pred as follows: 2@L of solution was
filtered throughAmicon ® Ultra filter unit(0.5 mL vial, ultrafiltration unit with cut off 1000
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Da). Thus, enzyme concentration in the assay wasg InL"". Enzyme was re-suspended in
175uL of buffer and this solution was added to stae tbaction. The reaction was followed
by taking samples for 15 minutes and the initi@cten rate was calculated from the linear
increase obE, and used to calculate specific enzyme activity.

To evaluate the effect ¢fD on YfaU 013, 15 mg mt* of YfaU 013 was incubated
with 0, 11.4, 63.2 and 116.7 mM 6D. Enzyme activity was followed during incubatiomn fo
24 h by using the following assay: The reactiontome of 500uL volume contained 50 mM
6D and 50 mM6C and was started by adding the sample from thebetoon solution which
was prepared as follows: 10 of solution was filtered througAmicon ® Ultra filter unit
(0.5 mL vial, ultrafiltration unit with cut off 2000 Da). Thus, enzyme concentration in the
assay was 0.3 mg mL Enzyme was re-suspended in 2000f buffer and this solution was
added to start the reaction. The reaction wasvi@tbby taking samples for 15 minutes and
the initial reaction rate was calculated from timeédr increase ofE, and used to calculate

specific enzyme activity.

6.2.4.3 Batch reactor experiments

A series of batch reactor experiments were camoetdto validate the mathematical
model for each reaction step separately. Transdiminsaof6A with 6E catalysed by TA 039
and aldol additions catalysed by YfaU 013 wereiedrout in 50 mM phosphate buffer pH
7.0 and at 25 °C in 1-mL reactor volume on a shakerlO0O0 rpm. Different initial
concentrations of substrates for TA 039 and Yfa@-@htalysed reactions were designated in
the legend of Figures 6.16 and 6.18. Reaction isoisitwere always freshly prepared and the
reaction was started by the addition of enzyme.cRmas were usually monitored until
maximum substrate conversion was achieved, i.® @phours.

Enzyme operational stability in the reactor wasleated during the batch reactor
experiments. Experiments carried out at differemtial conditions were used for the
estimation of operational stability decay rate ¢ants. Enzyme operational stability decay

was described in the model for both enzymes, ifaUY013 and TA 039.

6.2.4.4 Fed-batch experiments with cell free exteazymes
Two fed-batch experiments were conducted and predeim Chapter 6.3.8. The

reaction took place in the glass reactor with dewtll which enabled thermosetting at 25 °C
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on a shaker at 450 rpm. Initial reaction volume Wa&smL, and a final volume was 10.5 mL.
6D was added slowlyclp reea = 3110 mM,gsp = 3L min™) to the reactor by maintaining its
concentration below 10 mM. Initial concentratiodssé and6C were set to ca. 60é&nd 250
mM, respectively, while PLP concentration was £e026 mM. Concentrations of TA 039
and YfaU 013 differed in both reactions and they aresented in the legend below Figure
6.25.6D feed (3.11 M) at flow-rate of L min~* was started immediately after the addition
of enzymes. A syringe pump (PHD 4400 Syringe PurepeS, Harvard Apparatus) with
high-pressure stainless steel pistons (8 mL, Hdr/spparatus) was used to supply the
solution to the reactor. The feeding was carrietfoul5 hours, and the experiment was left

to run for 24 hours. Fed-batch reaction set-uph@wvé on Figure 6.1.

Figure 6.1Experimental set-up for performing reaction in fetch mode.

6.2.4.5 Kinetics of the aldol addition and transaation catalysed by lyophilised whole cells
containing YfaU 013 and TA 039

Kinetics of both reaction steps of the cascadeti@acatalysed by lyophilised whole
cell biocatalyst YfaU(013)/PRO TRANS(039) was meaduusing the same method as for
separate enzyme kinetic measurements. Activityhef dells was measured in the studied
reactions by using the initial reaction rate metirod-mL batch reactor in 50 mM phosphate
buffer pH 7.0 and at 25 °C. The linear slope, ested from the change in product
concentration at the beginning of the reaction whdrstrate conversion was <10%, was used
to calculate specific activity of certain enzymehin the cells. Kinetics of the aldol addition,
retro-aldol reaction, transamination and reversmsamination catalysed by cells were
successfully measured by performing short reactioegardless the fact that cells contain
both aldolase and transaminase. Details of all tkinmeasurements (cells concentration,
substrates concentration, etc.) are presented ejaves in Chapter 6.4.1.
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6.2.4.6 Fed-batch experiments catalysed by lyagedliwhole cells

Several different cell catalysed fed-batch expenitmavere performed. Initial volume
was always 7.8 mL6D feed was 3L min™* of 3.1 M6D solution during 15 hours. A syringe
pump (PHD 4400 Syringe Pump Series, Harvard Appayatith high-pressure stainless steel
pistons (8 mL, Harvard Apparatus) was used to supig 6D solution to the reactor. Cells
contain sufficient amount of coenzyme PLP for teanmase activity, so no PLP was added.
Initial 6C and6A concentrations were always 269 mM and 538 mM,eetsely. Different
cells concentrations in reaction are tested (51nthg" and 76 mg mLY). The reactions were
carried out in a glass reactor with double walkkt@able thermosetting at 25 °C on a shaker at
450 rpm in 50 mM phosphate buffer pH 7.0. In soesctions concentrations 6 and6A
were increased after 6.5 hours by adding fresh atssnup to their initial concentration. In
the most successful cell catalysed fed-batch m@aétiC and 6A were re-added two times;
after 6.5 hours and 13.2 hours. Considering theiteity of reaction equilibrium due to
complex interdependence of each reaction step vised by detailed kinetics analysis, and
by using insights based on model simulations, altted approach turned out to give the best

results and is presented in Chapter 6.4.3.
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6.3 Results and discussion: process optimizationtedysed by cell free extract enzymes

6.3.1 Kinetics of transaminase-catalysed reaction

Transaminase catalyses an equilibrium reactionhithw.-homoserine is synthesised
by reductive transamination oiA to 6E. The influence of the concentration of these
substrates on the specific activity of TA 039 ieganted in Figures 6.2A and 6.2B,
respectively. They show typical Michaelis-Mentemeledence fol6A, and mild substrate
inhibition by 6E. The influence of coenzyme PLP on the specifiodaninase activity is
presented in Figure 6.2C and also shows Michaeéstbh dependence, and reveals that
concentrations of PLP above ca 1 mM should be tsettain maximum enzyme activity of
TA 039 during the reaction. Reaction products, &B. and 6C both inhibit the forward
reaction (Figures 6.2D and 6.2E), which is also ¢ase for6D, an inevitable reactant for
aldolase in the cascade system (Figure 6.2F). &sithibition is severe, this implies that
only very low concentrations @fD should be present in the reactoéli is to be synthesised.
The effect of methanol, stabilizer 6D, was also evaluated and it was found that it diygh
inhibits the reaction. The presented data (Fig6r2a-G) were used to estimate the apparent

kinetic parameters in the forward reaction thatmesented in Table 6.3.

Table 6.3Kinetic parameters of transaminase TA 039 in thevérd reaction.

Parameter | Unit Value

Vit Umg' | 0.726 + 0.037

K, 64 mM 75.186 + 4.896

K, e mM 11.703 + 1.865
KiepLp mM 0.141 +0.013

Ki1, oe mM 237.269 £ 35.297
Ki1, 68 mM 90.942 + 10.310
Ki1, sc mM 30.177 + 2.934

Ki1, 60 mM 0.156 £ 0.015
Ki1.meoH mM 1021.619 + 162.433
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Figure 6.2 Dependence of transaminase specific activity (50 soldlium phosphate buffer pH 7.0, 25
°C, yraz9 = 1 mg ML, Vieactor= 0.5 mL) in the forward reaction on the conceitraof A. 6A (Cs: =
100 mM,Cpp=1 mM), B.6E (Csa = 100 mM,cp p= 1 mM), C. PLP ¢, = 300 mM,csc = 40 mM), D.
6B (Csn = 300 MM, cee= 70 mM, o p= 1 mM), E.6C (csp = 300 mM,Cse = 70 MM, Gop= 1 mM), F.
6D (c5,=300 MM, Cs:=70 mM, Co.p= 1 mM), G. MeOH ¢;» = 300 mM,Csc = 70 mM, Cp p= 1 mM).
Legend: black circles — experimental data, linecda.
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The kinetics of the reverse reaction catalysed Y39 is presented in Figures 6.3A-
G. The influence o6B, 6C and PLP on the specific enzyme activity is presgmh Figures
6.3A-C showing typical Michaelis-Menten dependescithe influence of concentrations of
6D, 6A, 6E and MeOH, are presented in Figures 6.3D-F, resmdgt and they all inhibit
enzyme in the reverse reaction.

Estimated kinetic parameters for TA 039-catalyseaction system (Tables 6.3 and
6.4) show 2.9 fold higher maximum reaction rate tfeg, unwanted, reverse reactidf),
than for the forward reactiorV{;) which imply directly to the position of the regxt
equilibrium.

High apparent values of Michaelis constant&ér (K, sa, Table 6.3) an@B (Knp s,
Table 6.4), and lower fo8E (K, s, Table 6.3) andC (Knp, sc, Table 6.4) were estimated
which may imply to the affinity of enzyme towardhetsubstrate. Substrate inhibition constant
value for6E (K1, sg, Table 6.3) implies mild inhibition. Even thouglartssamination products
6C and 6B inhibit the enzyme in the forward reaction, thealues imply mild product
inhibition (Ki1, sc andKj;, sz, Table 6.3). The same can be stated for the itwibby MeOH
(Ki1, meons Table 6.3), whereas this is not the casesion(Kq, sp, Table 6.3). CompounéD
seriously inhibits transamination reaction, and ezkpental data show that even at
concentrations ofD that are ca 10 mM, a significant activity droptle range of 90 % can
be expected (Figure 6.2F).

CompoundsSA, 6E and MeOH mildly inhibit the reverse reactidfisa, Ki2, se and
Kiz, meorn Table 6.4), wherea®D acts as a more serious inhibit&t(sp, Table 6.4), while the
value of the estimated constant is quite low. THiesn the presented data and the estimated
kinetic parameters it can be assumed that theilkqurh of the reaction is shifted toward
reactants. That is why and efficient pyruvate réogcsystem is necessary for the reaction to
work towards the synthesis 68. These data and the estimated kinetic parameigether
with the reaction scheme were used to develop thetik model for the transaminase-

catalysed reaction.
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Figure 6.3 Dependence of transaminase specific activity (50 sodium phosphate buffer pH 7.0, 25
°C, yraz9 = 1 mg ML, Vieactor= 0.5 mL) in the reverse reaction on the concéintmaof A. 6B (Csc =
100 mM, cpp= 1 mM), B.6C (csg= 100 mM,cpp= 1 mM), C. PLP ¢z = 100 mM,csc = 100 mM),
D. 6D (Csz= 300 mM,Csc= 100 mM,Cp = 1 mM), E.6A (Csz= 300 mM,Csc= 100 mM,cp =1 mM),

F. 6D (cse = 300 mM,Csc = 100 mM, o p= 1 mM), G. MeOH ¢z = 300 mM,csc = 100 mM, G p= 1
mM).
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Table 6.4Kinetic parameters of transaminase TA 039 in &werse reaction.

Parameter | Unit Value

Ve Umg* | 2.137 +£0.157

K, 68 mM 167.460 + 26.085
K, sc mM 12.145 + 0.982
Kiz,pLp mM 0.048 + 0.004

Kiz, 60 mM 1.093 £ 0.091

Kiz, 6n mM 31.899 + 3.152

Kiz oe mM 31.843 £2.738

Ki2, MeoH mM 1416.164 + 281.911
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6.3.2 Kinetic parameters for different aldolasesha aldol addition of 6C and 6D

Aldolase YfaU catalyses the reaction betwé&&hand 6D forming 6E necessary for
the main transamination reaction. Different YfaUsrev tested for this reaction by
determining its basic kinetics: the influencesaf and6D on initial reaction rate. The folding
interference principle enables an activity-indepemd method for the selection of
thermostable mutants of any protein (Chautarf gt24107). Mutations into the gerygaU
were carried out and two mutants (YfaU 013 and YfalX4) showed higher melting
temperature and half-life compared with YfaU WT IfMype) and higher or similar specific
activity. These mutants were therefore, togetheh wiild type enzyme, further analysed in
terms of kinetics.

Potential biocatalysts tested for this reactionevéffaU 013, YfaU 014, YfaU WT,
MBP YfaU WT, YfaU 3, MBP YfaU 3, YfaU 5 and MBP Ytfa5. Proteins that are mainly
expressed as inclusion bodies can be fused to ensétected protein in order to solubilise
the target protein expression (Raran-Kurussi & Wia2@12). In this regard, Maltose Binding
Protein (MBP) fromE. coliwas selected, in this case, to improve the praelability in the
active form and expression yields.

The influence of6C and 6D concentration on the specific activity of YfaU 013
presented in Figures 6.4A and 6.4B. Estimated gabfekinetic constants are presented in

Table 6.5.
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Figure 6.4 Kinetics of aldol addition of A6D and B.6C catalysed by YfaU 013 (50 mM sodium
phosphate buffer pH 7.0, 25 °Gau 013 = 0.25 mg MLY, Vieacior= 0.5 ML, A.Csc = 142.93 mM, Bcgp
= 83.6 mM). Legend: black circles — experimentahgdine — model.

85

6A —L-Alanine,6B —L-HomoserinefC — Sodium pyruvateD — Formaldehyde5E — 4-Hydroxy-2-oxobutanoate



6 Synthesis afFhomoserine

Table 6.5Estimated kinetic parameters for the aldol additbé6C and6D catalysed by YfaU 013.

Parameter | Unit Value

v Umg* | 14.158 + 2.435
Keat mint | 439.71 + 75.51
K" mM 68.599 + 17.956
K" mM 318.278 + 76.662
K © mM 82.035 + 16.444
K°¢ mM 933.246 + 264.612

The influence of6C and 6D concentration on the specific activity of YfaU Oist

presented in Figures 6.5A and 6.5B. Estimated gabfekinetic constants are presented in

Table 6.6.
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Figure 6.5 Kinetics of aldol addition of A6D and B.6C catalysed by YfaU 014 (50 mM sodium

phosphate buffer pH 7.0, 25 °Gau 014 = 0.2 Mg ML, Vieacor= 1 ML, A.Cop = 142.93 mM, Besc =
83.6 mM). Legend: black circles — experimental dite — model.

Table 6.6Estimated kinetic parameters for the aldol additbé6C and6D catalysed by YfaU 014.

Parameter | Unit Value

Vi U mg_l 3.71+£0.62

Keat min?! 115.28 + 19.26
KplP mM 17.59 + 4.51
K" mM 162.16 + 38.17
K © mM 23.86 £5.73
K mM 313.56 + 80.01
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The influence of6C and 6D concentration on the specific activity of YfaU Wahd

MBP YfaU WT is presented in Figures 6.6A and 6.GBtimated values of kinetic constants

are presented in Table 6.7.
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Figure 6.6Kinetics of aldol addition of A6D and B.6C catalysed by YfaU WT and MBP YfaU WT

(50 mM phosphate buffer pH 7 Beacior= 0.5 ML, Jyviauwr = 1 Mg ML, yuep viau wr = 0.5 mg mLC, A.
Csc = 100 mM, B.csp = 100 mM).

Table 6.7Estimated kinetic parameters for the aldol additb6C and6D catalysed by Yfau WT and

MBP Yfau WT.

6A —L-Alanine,6B —L-HomoserinefC — Sodium pyruvateD — Formaldehyde5E — 4-Hydroxy-2-oxobutanoate

Parameter | Unit YfaU WT MBP YfaU WT
Vi, U mg-l 3.656+1.29 7.33+1.36

Keat min~t 113.42 + 40.09 227.78 + 42.26
K, >° mM 24.09 + 3.58 18.99+2.51
K;°P mM 94,53 + 13.57 90.51+11.64
K¢ mM 209.18 + 82.68 93.31 +£21.04
K% mM 46.61 +17.89 75.50 + 16.63
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The influence o65C and6D concentration on the specific activity of YfaU i3daMBP

YfaU 3 is presented in Figures 6.7A and 6.7B. Eated values of kinetic constants are
presented in Table 6.8.
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Figure 6.7 Kinetics of aldol addition of A6D and B.6C catalysed by YfaU 3 and MBP YfaU 3 (50

mM phosphate buffer pH 7.eacior= 0.5 ML, Jviau 3 = 1 Mg ML, yuwep viau s = 1 mg mLCY, A. Coc =
100 mM, B.csp = 100 mM).

Table 6.8Estimated kinetic parameters for the aldol additésC and6D catalysed by YfaU 3 and
MBP YfaU 3.

Parameter | Unit Yfau 3 MBP YfaU 3

Vi Umg"* | 5.80+1.70 8.94 +3.22

Keat min ' | 180.24+52.83| 277.81 + 100.06
K ” mM 25.45 + 5.55 20.06 + 3.55
K;°° mM 74.62 +16.29 | 104.64 +18.30
K © mM 60.69 + 19.88 | 169.27 + 72.00
K°¢ mM 46.30 +15.35 | 58.34 +23.95
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The influence o65C and6D concentration on the specific activity of YfaU iBdaMBP

YfaU 5 is presented in Figures 6.8A and 6.8B. Eated values of kinetic constants are

presented in Table 6.9.
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Figure 6.8 Kinetics of aldol addition of A6D and B.6C catalysed by YfaU 5 and MBP YfaU 5 (50
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mM phosphate buffer pH 7.®eactor= 0.5 ML, pvau s = 0.3 mg ML, ymep viaus = 0.5 mg mLC*, A. Csc

=100 mM, B.csp = 100 mM).

Table 6.9Estimated kinetic parameters for the aldol additésC and6D catalysed by YfaU 5 and

MBP YfaU 5.
Parameter | Unit Yfau 5 MBP YfaU 5
Vin Umg"* | 7.78 £0.90 6.40 +1.98
Keat mint | 241.77 +27.97| 198.88 +61.53
K" mM 16.52 + 1.81 21.36 +4.28
K;°° mM 113.13+11.82| 84.07 +15.99
K © mM 65.94 +9.99 115.82 + 42.67
K°© mM 151.43 +21.89| 70.06 + 25.10

6A —L-Alanine,6B —L-HomoserinefC — Sodium pyruvateD — Formaldehyde&5E — 4-Hydroxy-2-oxobutanoate
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The results of kinetic measurements for the aldolzenel show that aldolase YfaU
013 has a highest maximum reaction rate and cetatginstant from all tested aldolases
(Figure 6.9). It can be seen from estimated kinpitameters that each enzyme is to some
extent inhibited by substraté® and6C (Tables 6.5 — 6.9) but YfaU 013’s inhibition bytbo
substrates is quite mild. YfaU 013 tolerates higihhaentrations o6D well over 1M, even
though it exhibits lower activity at these concations. Since YfaU 013 affinity towar@D
and 6C is satisfactory and considering previously merdtbradvantages over other tested
enzymes, YfaU 013 was chosen as the most suitididaae for further use and research in

this cascade system.
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Figure 6.9 Catalytic constant and,, values for each aldolase from the panel.
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Once YfaU 013 was chosen for further process inyatsdn, additional kinetic
measurements were performed. In these experimeatmfiuence of all compounds present
in the cascade reaction were tested on aldolasetyacturing the reaction. These compounds
are6B, 6A, 6E, methanol and PLP (Figure 6.10). Estimated kingéiameters are shown in

Table 6.10 and were included during model develogme
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Figure 6.10Dependence of aldolase YfaU 013 specific acti(gy mM sodium phosphate buffer pH
7.0, 25 °Cpyray = 0.25 mg MCY, Vieactor= 0.5 mML,Csc = 100 mM, csp = 100 mM) on the concentration
of A. 6B, B. PLP, C.6A, D. MeOH and EGE in the aldol addition. Legend: black circles —
experimental data, line — model.
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It can be seen thatB and6A inhibit the aldol addition (Figures 6.10A and 62)0
whereas PLP, MeOH ariit: do not exhibit negative influence on the speafizyme activity
(Figures 6.10B, 6.10D and 6.10E).

Table 6.10Kinetic parameters of YfaU 013-catalysed aldoliioid of 6D to 6C.

Parameter | Unit Value

Vira Umg*' | 14.158 + 2.435
Kns, 60 mM 68.599 + 17.956
K. sc mM 82.035 + 16.444
Kis. 60 mM 318.278 + 76.662
Kis. 6c mM 933.246 £ 264.612
Kis, 6a mM 426.055 + 32.269
Kis, 68 mM 12.720 £ 2.430

Retro-aldol reaction kinetics was also investigdtedvaluate its effect on the reaction
outcome. The results presented in Figures 6.11AD Bable 6.11 show that the retro-aldol
reaction exists, but the estimated maximum reactd® V) is rather low in comparison to
the maximum reaction rate of the aldol additidfg]; i.e. 117-fold lower. Additionally, the
apparent Michaelis constant f6E is high K s£), and the retro-aldol reaction is inhibited
by 6C (Figure 6.11B).

Table 6.11Kinetic parameters of YfaU 013-catalysed retroshlgéaction of6D to 6C.
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Parameter | Unit Value

. Umg® | 0.121 +0.008
K, 6E mM 528.191 + 56.354
Kis, 6c mM 26.783 £ 3.346
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Figure 6.11 Dependence of YfaU 013 specific activity (50 mMigmn phosphate buffer pH 7.0, 25
°C, yvfau = 5 mg ML, Vieactor= 0.5 mL) in the retro-aldol reaction on the cantcation of A.GE, B.

6C (Ccse = 100 mM), C.6A (cee = 100 mM), D.6B (csz = 100 mM). Legend: black circles —
experimental data, line — model.

It is known that YfaU 013 can also catalyse theoadcaldol addition betweest and
6D. That is why this reaction was also investigatedetail. The results presented in Figure
6.12A show thatD inhibits the enzyme as substrate in this reactidrey also show that
YfaU 013 activity linearly depends on the concetraof 6E in the reaction, which implies
that this reaction can be kept ‘under control’ lspsumption o6E in the TA 039-catalysed
reaction at appropriate rate (Figure 6.12B). Tleetien is also slightly inhibited byB, 6A
and6C (Figures 6.12C-E). Estimated kinetic constantgpaesented in Table 6.12.
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Figure 6.12Kinetics of the ¥ aldol addition ofsD to 6E (50 mM sodium phosphate buffer pH 7.0,
25 °C,viau = 10 mg mLY, Vieacor = 0.3 mL). Dependence of aldolase specific agtiirit the aldol
addition on the concentration of AD (csz = 100 mM), B.6E (csp = 100 mM), C6EB (cse = 100 mM,
Csp = 50 mM), D.6A (Cse = 100 mM,csp = 50 mM), E.6C (s = 100 mM,csp = 50 mM). Legend:
black circles — experimental data, line — model.
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Table 6.12Kinetic parameters of YfaU 013 catalysed aldolitioid of 6D to 6E — 2" addition.

Parameter | Unit Value

Ks Umg*mM™ | 0.000515 + 0.000133
Kis, 6o mM 16.116 + 4.003

Kis, 60 mM 46.666 + 11.111

Kis, 68 mM 1363.229 + 117.026
Kis, 6a mM 2751.870 + 380.778
Kis, sc mM 411.716 + 130.031

From all the obtained kinetic data in Chaptersl6ahd 6.3.2 it is clear that it is a very
complex cascade system in which tuning of substhateducts concentration is necessary for
a successful outcome. That is why a kinetic modelof paramount importance for

minimization of lab effort to achieve this goal.

6.3.3 Stability of 4-hydroxy-2-oxobutanoate withth presence of enzyme

The stability of aldol6E was evaluated and it was found that it slowly ddgs as
shown in Figure 6.13. Reaction rate of this undpeaion-catalysed transformatiors) was
described by the kinetics of the first order, amd tvas included in the mathematical model as
stability of 6E. The kinetic constant of the first order was eatied to be 9.43 - T0+ 1.15 -
10° min™.
140
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Figure 6.13 Evaluation of stability of aldobE (50 mM sodium phosphate buffer pH 7.0, 25 °C)
without the presence of enzyme. Legend: blackesrel experimental data, line — model.
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6.3.4 Enzyme stability during incubation

Figure 6.14 presents the results of TA 039 and Y?4B specific activity drop during
incubation at different concentration ®D. It is evident that even after a very short contac
with 6D both enzymes lose their initial activity, and s toncentration dgiD increases, the
activity drop is faster. The same can be expectethé reactor. Thus, besides being an
inhibiting substrate for both enzyme&) also causes damage to the enzyme. Wiiens
absent from the solution, TA 039 showed betteriltgibhan YfaU 013. Namely, YfaU 013
loses nearly 25 % of its initial activity after Pdurs, whereas TA 039 loses up to 3-5 %. If
the effect ofcD is compared at similar conditions, at concentratb6D corresponding to ca.
100 mM, both enzymes lose 79 % of their initialihatt after 24 hours. Similarity in the
effect of6D on enzyme activity can be observed at other cdratgans when calculating the
percentage of the activity loss. It can be condutheat both enzymes are seriously affected
by the presence @fD in the system, and it was expected that this wbeldo in the reactor.

That is why its concentration had to be minimizad well-adjusted during the reaction.
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Figure 6.14 The influence of concentration 6D on the specific activity of A. TA 039+4a 030 = 25
mg mL™?) and B. YfaU 013 j{u 013 = 15 mg mLCY) during incubation (50 mM sodium phosphate
buffer pH 7.0, 25 °C). Legend: A. black triangless= 0 mM; black circles €;p = 26.2 mM; white
circles —csp = 47.7 mM; grey circles €55 = 94.7 mM; grey diamonds &p = 189.9 mM; white
diamonds —¢;p = 458.8 mM. B. black circles &5 = 0 mM; white circles €5 = 11.3 mM; grey
circles —csp = 63.2 mM; grey diamondséesp = 113.6 mM.

It can be expected th&D will have deactivating effect on both enzymes tretefore

operational stability decay was included in the eiddr the cascade reaction.

96

6A —L-Alanine,6B —L-HomoserinefC — Sodium pyruvatesD — Formaldehyde; E — 4-Hydroxy-2-oxobutanoate



6 Synthesis df-homoserine

6.3.5 Stability of reaction components during inatidn with enzymes

Enzymes YfaU 013 and TA 039 (50 mg m)Lwere incubated for 24 hours in the
presence of reaction compounds, separately and inethkas presented in Table 6.13.
Stabilities are tested without enzymes as well.

Table 6.13 Cascade components consumption during incubatidgh amd without enzymescd,
compouna= 100 MM,V = 0.7 mL, 50 mM sodium phosphate buffer pH 7.@A.6m, 25 °C, 24 hours).

Experiment | Test content | Enzymes Change in concenttians
1 6C and6A Pviau013= 5 Mg ML, y7a039=5 mg mC* | YES
2 6C and6A Without enzymes NO
3 6A Wiauo13=5 Mg MLY, yraos0 =5 mg mC* | NO
4 6C Pviau 013= 5 Mg ML, yra039 =5 mg mC* | YES
5 6E and6A Without enzymes NO
6 6D and6C Without enzymes NO
7 6B P¥fau013= 5 Mg ML, yra039 =5 mg mC* | NO
8 6B Without enzymes NO
9 6E Pviau 013= 5 Mg ML, yra039 =5 mg mC* | YES
10 6E Without enzymes SLOW DEGRADATION
11 6B and6C P¥rauo1s= 5 Mg ML, yra0se=5 mg mC* | YES
12 6B and6C Without enzymes NO
13 6D and6E Pviau 013= 5 Mg ML, yra0s9 =5 mg mC* | YES
14 6D and6E Without enzymes NO
15 6E and6A Without enzymes NO
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Figure 6.15 Incubation with 5 mg mt of YfaU 013 and 5 mg mt of TA 039 (50 mM sodium
phosphate buffer pH 7.0, 25 °C) of A. black circleSC (experiment 4- Table 6.13); grey circles

6C and6A (experiment - Table 6.13); white circles 6C and6B (experiment 11 Table 6.13), B.
6E (experiment 9- Table 6.13).
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It can be observed from Figure 6.15 and Table tha8in experiment 1, 4 and T
concentration changes were similar regardlesseopthsence of the second compound. Thus,
6C is degraded or transformed under these conditaodsthis feature cannot be neglected in
the model. Experiment 13 presents the second addiolition which was kinetically

characterized, whereas experiment 9 depicts the-aédol reaction obE.

6.3.6 Development of mathematical model and itslabn

Kinetic parameters were estimated from the experialedata. The data were
collected by using the initial reaction rate methihdvas assumed that during the prolonged
use, enzyme operational stability decay will ocduwas assumed that it happens according
to the kinetics of the first order. Enzyme openadiostability decay rate constants were
estimated directly form the batch reactor experitmerNon-linear regression methods
(simplex and least squares fit) implemented in $SAIEST software were used for parameter
estimation. The same software was used for modallations. Based on the data presented
in Chapters 6.3.1 — 6.3.5 and the reaction sch&aeefne 6.1) kinetic model for the cascade
system was developed (Table 6.14). It consista@kinetic and mass balance equations.

The reaction rate of the transaminase-catalysettioedbetweencA and6E (r;) was
described by the two-substrate Michaelis-Menteragqno including competitive inhibitions
by 6B, 6C and 6D, as well as non-competitive inhibition by MeOH (Egjon 6.3). The
influence of coenzyme PLP is described and includatie model by introducing factér It
is not spent in the reaction but its concentratiiects enzyme activity. CommerciéD
contains up to 4.8 mol% of MeOH for its stabilipatj which can act as a non-competitive
inhibitor for enzymes. Reaction rate of the revdra@asaminase-catalysed reaction between
6C and 6B (r,) was described by two-substrate Michaelis-Mentguagon including
competitive inhibitions bysE, 6D and6A, as well as non-competitive inhibition by MeOH
(Equation 6.4).

The reaction rate of YfaU 013-catalysed aldol additof 6C and 6D (rz) was
described by double substrate Michaelis-Menten tamuancluding substrate inhibition by
6D and6C, as well as competitive inhibition BA and6B (Equation 6.5). The reaction rate
of the retro-aldol reactionr{) was described by the Michaelis-Menten kineticsluding
competitive inhibition by6C (Equation 6.6). The reaction rate of the secomwidlahddition
catalysed by YfaU 013r{) betweencE and 6D was described with simplified expression
(Equation 6.7) of two-substrate Michaelis-Mentemetics with substraté&D inhibition,
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whereas reaction rate depends linearly on the ctrat®n of 6E. Instead of maximum
reaction rate for this reaction, therekisn the equation, which corresponds to the quotiént
Vms and Kpsee. It was not possible to determine the valueVgé due to the linearity of
experimental data. Unspecific transformation§ ©f(enzymatic transformation) aridE (non-
enzymatic transformation) were estimated from expents and inserted in the model. Its
reaction ratesr§ andr;) were described by the first order kinetics (Eguret 6.8 and 6.9).

Mass balance equations oA, 6E, 6B, 6C and6D for the cascade reaction in the
batch reactor are represented by Equations 6.1D-@&Yen though these balances are
presented for the cascade reaction, kinetic motleisthe separate reaction steps were
evaluated and in those cases all reaction rates@reelevant. The same is valid for the
kinetic equations. For example, in the aldol additieaction(z, Equation 6.55A and6B are
not present. That is why these concentrations aresidered to be zero and inhibition
members of the equation for these compounds caredlected.

Mass balance equations foA, 6E, 6B, 6C, 6D, PLP, YfaU 013 and TA 039 in the
fed-batch reactor are represented by Equations-@2% respectively. Equation 6.23
represents the change in reactor volume duringeperiment defined by the flow-rate of
solution of6D.

Enzyme operational stability decay for TA 039 andlY 013 was described by the
first order kinetics, i.e. Equations 6.24 and 6r2spectively.

The validity of the kinetic model was evaluated fwth reactions of the cascade
separately. This was necessary at this point aghen cascade reactions many new

interdependencies between the variables occunrertl complexity increases.
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Table 6.14Mathematical model for the cascade reaction system

KINETIC EQUATIONS

Transaminase catalysed reaction

6.3
r = Ving Wra L6, LG Of : 6.3) f = Colp
Cs
(Kml,GA EE:H' Kic +K16DJ +C6A] EE Kml,GE EE:H K%;J +Ceet K ;JEE:H K%;OZHJ Km,PLP + CPLP
Reverse transamination reaction
r,= sz D/TA IIBB D:ec uf (64)
C G Ga Greon
K 1+ € K 1+ % 1
( mz'GBEE " Kiz,sEj+CeB]EE mz,ecEE * Kizen * K 2,6AJ+CGC]EE * i,MeOHJ
Aldol addition
r. = Vm3 D/Yfau B:esc ECGD (6_5)
3
c G G G
K 1+ + BA |4c +—BC K ... +cCc. +—20
{ ms,ec[E Ki3,GB K 3,6AJ ° K; 3,60][E meen e Ki 3,6DJ
Retro-aldol reaction
r4 - Vm4 |J/YfaU R:GE (66)
C
K., 1+—=c—|+c
4,6E Eﬁ Ki4,GCJ 6E
2" aldol addition
r5 — kS |j/YfaU |]:6D EE(;E (67)
KmS,GD +C6D + =
i5,6D
Unspecific transformation ¢fE
s =Kg (e (.8 I, =K, Wogaw [Bec (6.9)
MASS BALANCES IN THE BATCH REACTOR
dGs =1, +r, (6.10 d;‘tiE =—r +r,+r,—r,— =+, (6.11) dg‘tiB =r-r, (6.12)
d dc
gic =r—r,=ry+r,—, (6.13) —diD S Pl P O (6.14)
MASS BALANCES IN THE FED-BATCH REACTOR
d
_dgetsA :\% <, Byj—rﬁrz (6.15) CGE =L, Gle [+, 41,1 1 1 (6.16)
d d
—;B =y G ﬂjﬂ (6.17) —gic =5 Pt %} n=r,=re+r, =,  (6.18)
desp _ &~
==—0-c + - dcy. 1
a Vv I:é i %00 Eq) : C:;,[OH :vl:é_CMeOH %"' Cyvieon [qj (6.20)
(6.19)
AV _ 1 dy,, _ 1 dv
% :Vté_yvfau %+yYfaU,O mj (6'21) TTA :vl:é_yTA GC(;\/_t"'yTA.o mj (6'22) E =q (6-23)
ENZYME OPERATIONAL STABILITY DECAY
dy, dy,
d;A =Ky Wra (6.24) | - thau = _kd,z Wtau (6.25
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6.3.6.1 Model validation of transaminase-catalysealtion

Mathematical model for the transaminase-catalyssattion in the batch reactor
(Table 6.14, Equations 6.3, 6.4, 6.10-6.13) waglatdd on several experiments carried out at
different experimental conditions of substrate @mdyme concentrations (Figure 6.16). As
shown in Figure 6.16, good agreement of model eiperimental data in the wide range of
experimental conditions was obtained. Since theaetions were fast, it was not necessary to

include enzyme deactivation in the model.

250

R

\Q ,‘ma...mm@.wmwm.,mm.mm.m..ﬁ.,sﬂ

t [min]

Figure 6.16Validation of the mathematical model for TA 03%algsed reactions in the batch reactor
(50 mM sodium phosphate buffer pH 7.0, 25 Yeactor= 1 mL). Forward reactions: A. and Bs{ =
100 mM, Css = 100 MM, Corp = 2 MM, yra = 10 mg mLY). Reverse reactions C. and &= 100 mM,
Cee = 100 MM, Gep = 1 MM, y1a = 10 mg mL?Y). Legend: black circles 6E; white circles- 6A; grey
triangles— 6C; white squares- 6B; dash-dotted line 6E model; full line— 6A model; dotted line-
6C model; long dash line 6B model.

An unfavourable position of thermodynamic equililmni for the transamination &fA
can be seen in all presented batch reactions @igu6). Since it was crucial for the success

of this cascade, reaction equilibrium was studiedemetailed.
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In chemistry, Le Chatelier's principle is usedrtanipulate the outcomes of reversible
reactions, often to increase the yield of reacti@empbell, 1985). Equation 6.26 whé€d
and [D] are concentrations of reaction products [#&jcnd [B] those of reactants, shows that
by removing product from the reaction, the equilibr is shifted towards product formation.

Likewise, when product is being recycled in thetays the same effect is achieved.

k =LCILP] (6.26)

Equilibrium constants were determined according Tiofvesson et al. (2012).
Constants were determined using developed matheshatiodel by observing the change in

the reaction quotien (Equation 6.27) over 24 hours.

02 [CI0) iy 6.27)

[A]B]

The reaction quotient€X, andQ.4) were calculated at time 0 and 24h (Table 6.15).
The equilibrium constants were estimated in Exééicfosoft, USA) from a power based
curve fit presented in Figure 6.17 A between the r@,4/Qon and Qon, by calculating the
value ofQgp,, corresponding tQ.4/Qor=1. Data were fitted to a hyperbolic equat®@sy/Qon
= 0.6619Q0, %% Re = 0.9858. Estimated equilibrium constant value feaind to be 0.6669.
Figure 6.17 B shows good fitting of experimentatadandQ; values based on simulation.
Low equilibrium constant value confirms the facatththis reaction equilibrium does not
encourage product formation. These findings aragreement with previous work with a
different transaminase in Hernandez et al. (2017dje investigated cascade has the
advantage that pyruvaté() is the product of transamination catalysed by 039 and a
substrate for aldol addition catalysed by YfaU OIherefore, 6C is shifting the
transamination equilibrium towandhomoserine €B) formation by constant decreasetdi

concentration, while it is being recycled by aldddition reaction.
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Table 6.15Q.4/Qqn ratio calculation from model simulations.

CoE, Con, Csg, Csc, Cok, Con, Csg, Csc,
o] | b | o] | o] ||| | ]| mn | Qe | Qe

250 600 220 20| 0.0293| 152.28| 502.28| 317.72| 117.72| 0.4890| 16.6709

70 300| 492.2 2| 0.0469| 51.45| 281.45| 510.75| 20.55| 0.7250| 15.4658
60 250| 351.6 4| 0.0938| 43.76| 233.76| 367.84| 20.24| 0.7276| 7.7605
50 200| 2344 8| 0.1875] 37.35| 187.35| 247.05| 20.65| 0.7290| 3.8873

40 150| 140.6 16| 0.3749| 32.88| 142.88| 147.72| 23.12| 0.7269| 1.9388

30 100| 70.3 32| 0.7499| 30.35| 100.35| 69.95| 31.65| 0.7269| 0.9694

100 600 100 600| 1.0000| 128.67| 628.67| 71.33| 571.33| 0.5038| 0.5038

20 50 23.4 64| 1.4976| 25.01| 55.01| 18.39| 58.99| 0.7887| 0.5266

35 27 56 31| 1.8370| 45.22| 37.22| 45.78| 20.78| 0.5652| 0.3077

15 30 20 48| 2.1333| 20.92| 35.92| 14.08| 42.08| 0.7885| 0.3696

100 600 300 500| 2.5000( 228.91| 728.91| 171.09| 371.09, 0.3805| 0.1522

10 25 5.9 128| 3.0208| 12.92| 27.92 2.98| 125.08| 1.0313| 0.3414

20 3.0
15 | y =0.6619x°%? A 2.5 B

o 2.0 1

£ R? =0.985¢ —
10 = 151

3 o

© S 1 1.07. o a_ .

0.5 1
0 ‘ ‘ ‘ 0.0 ‘ ‘ ‘ ‘
0.0 0.5 1.0 15 2.1 0 5 10 15 20 25
Qon [] t [min]

Figure 6.17 A. Model-based determination &, for transamination o6E with 6A to yield 6B
(values presented in Table 6.15). The simulatioesewdone at different initial concentrations of
reactants and products and set for 24 hours. Qusti®.{Qon Were plotted againgdo,. B. Q, during
four different reaction — comparison of simulati@ncalculation (lines) and experimental data (dots).

6.3.6.2 Model validation of YfaU 013-catalysed tteat

Mathematical model for the reaction catalysed kjokase YfaU 013 in the batch
reactor (Table 6.14, Equations 6.5-6.9, 6.11, 66184) was validated in the batch reactor
with several experiments carried out at differerpeximental conditions of substrate and
enzyme concentrations that are presented in Figut8. The good agreement between
experimental data and the model data in the widgeaaof experimental conditions was

shown. The reaction catalysed by YfaU 013 is fast therefore, concentration 6P quickly
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drops down under 10 mM even in reactions where Y848 concentration was 1 mg L

(Figures 6.18A-D). Consequently, the concentratibby-product, i.e. product of the second
aldol addition increases faster in batch with higiftaU 013 concentration (Figure 6.18E)
compared to experiments with lower YfaU 013 concditun (Figures 6.18A-D). Since these

reactions were fast, it was not necessary to ickrizyme deactivation in the model.

0 &= = T e
0 50 100 150 200 250 3001200 1400
t [min] t [min]
D
— e
s
£
o
0 50 100 150 200 250 3001200 1s 0 50 100 150 200 250 3001200 1400
t [min]
0 100 200 300 400

t [min]

Figure 6.18Validation of the mathematical model for YfaU 0d&talysed aldol addition in the batch
reactor (50 mM sodium phosphate buffer pH 7.0,@p A. csc = 26.1 mMM,Csp = 25.9 MM, pysau 013 =

1 mg mL™Y, B. ¢sc = 53.7 mM,Cp = 58.5 MM pviau 0213 = 1 mg mL?, C. ¢ = 118.4 mM,cep = 124.5
MM, Pviau 013 = 1 mg mLY, D. Csc = 216.0 MM,Csp = 214.4 MM pyiau 013 = 1 mg mLY, E. csc = 51.1
MM, Csp = 54.9 MM, pysau 0213 = 10 mg mC Legend: grey triangles 6C, black circles 6E, black
triangles 6D, white circles- by-product, second aldol addition product, lineedel.
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6.3.7 Cascade simulations

Mathematical model was used for performing simaladi of process outcomes for
different initial conditions. The aim of all simtilans was to get an insight of how different
process set-ups determine the process outcomes.

The effect of variables on the reaction outcomeiedrout in the fed-batch reactor
were simulated and presented in Figure 6.19. Simonka show how different concentrations
of 6A and6C influence the concentration of evolving prodGet This simulation shows that
with higher initial6A and6C concentration in the system prodGét concentration increases.
In simulations presented in Figure 6.19 differemtyene concentrations ratios were used and

it can be seen that better results can be obtaited transaminase concentration is higher in
comparison to aldolase.

[mM]

Cy -homoserine
Cy -homoserine [mM]

Cy -homoserine [mM]
=
o
©

- 30¢

g, 400 200 \
el 075 1O ™
7 o

Figure 6.19 Cascade simulations of influence@f and6C concentrations on produ6B formation
(Vo = 7.8 ML,Cep, teea= 3110 MM, gsp = 0.8 UL min™, yra 039 = 100 Mg ML, pyray 013 = 400 mg mL",
Csa = 100- 1000 mM,csc = 50— 300 MM, Cpip = 1 MM). A. p1a 030 = 40 Mg mL?, Pytau 013 = 15 Mg
ML™, B.y1a0se = 40 Mg MLY, yyiay 013 = 40 Mg ML, C.yra 030 = 40 Mg ML, pyfau 013 = 400 mg mL",

Figure 6.19C simulates the reaction with the cotre¢ion of YfaU 013 10 times
higher than TA 039. Concentration of desired praodsatower compared to simulations where
YfaU 013 concentration was lower or equal to TA GRhcentration (Figures 6.19A and
6.19B). The same trend can be seen in Figure 6#Jensimulations were done to test the
influence of aldolase YfaU 013 and TA 039 conceidre on formation of produd@B. This

implies that for the success of the process thaecehof enzyme concentrations should be
made carefully. This was also discussed in Herriédetlal., 2017a.
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[mM]

C{ -homoserine

Figure 6.20Influence of aldolase YfaU 013 and TA 039 concdidres on formation of produ@B
(Vo = 7.8 mL,Cep, feea= 3110 MM, 0sp = 3L min™, c;x = 100 mM,csc = 300 mM).

Simulation presented in Figure 6.21 shows the etiedifferent feed flow-rates afD
and6C on the concentration of producéé. It is clear thatD feed has a strong impact on
the process outcome, which was stressed in theegsaaptimization. It can also be seen that

6C feeding strategy would not help in increasing plhecess metrics outcome. Thus, it was
neglected as a strategy.

[mM]

C| -homoserine

Figure 6.21Cascade simulations of influence &P and6C feed on productB formation {/, = 7.8

ML, Csc, feea= 900 MM, 0sc = 0— 5 UL MiN™, Cop feea= 3110 MM,Gsp = 0.1— 5 UL min™, yra 030 = 100
mg ML™, pyiau 013 = 400 mg mLY, csx = 600 MM, Csc = 300 MM, Cprp = 1 MM).

Ideal maximum concentration 6fC in the cascade is between 200 and 250 mM since
it shifts the equilibrium towar@B formation and its negative effect on TA 039 atyivis
acceptable at that concentration (Figure 6.4B).0Alss concentration reduces wittB

formation and therefore its inhibiting effect dexses over time.
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Process simulation also shows that initigh concentrations of ca. 650 mM are
optimal to start the reaction with.

Figure 6.22shows how6B production can be improved by adding fresh amoohts
6A and 6C in certain reaction times. Figure 6.22A shows eon@tion of substrates, and
Figure 6.22B shows concentrations ®F and 6B. This simulation was the basis for
performing successful optimized cascade reacti@ gave the highest concentration of
product6B presented in next chapter. Compared to other paddrsimulation, this process
set-up of re-addinggA and 6C with continuous flow of6D gave the highest produéB

concentration at the end of the reaction.

800 ‘ 700
A 6001 B
600 500 | I/
S S’ 400 | L£-J
.§. 4001 L-alanine6A é 300 | 7
(&) Formaldehyd&D (&) ]
200 1 PyruvatesC 200 = L-homoserinésB
7 ———  Aldol 6E
100
0 ‘ ‘ ‘ 0 ; ‘ :

0 1 2 3 0 1 2 3
t[d] t[d]

Figure 6.22Cascade simulation with re-addifg and6C with continuous flow o6D (Vo = 7.8 mL,
Conteed = 3110 MM,Gsp = L L min™, Coco = 250 MM,Con0 = 700 MM,p7a 039 = 200 Mg ML, Yytau 013
= 400 mg mL%, cpp = 1 MM). 6A and6C were re-added after 1.27 days and 2.32 days tipeip
initial concentrations of 700 mM and 250 mM, regpety.

500
- S oy
-
400 1 -
E A—
E, 300
[}
£
2
g 200 |
OE 1Staddition of L-alanine and pyruvate
100 e 2N 3 dition of L-alanine and pyruvate
3'd addition of L-alanine and pyruvate
0 @ emes 4t 5qdition of L-alanine and pyruvate

0 10 20 30 40 50 60
tih]

Figure 6.23Cascade simulation with 4 additions@% and6C with continuous flow oD (Vo = 7.8

ML, Coneea = 3110 MM, gp = 1.5l min™, Cico = 300 MM, Csa0 = 600 MM, p7a 030 = 50 mg mL,
P¥rau 013 = 25 Mg ML, Cpp = 1 MM).
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The strategy was also applied at other initial emzyconcentrations to confirm the
results at lower enzyme YfaU 013 and TA 039 coneioins (Figure 6.23). It was shown
that the lower the enzyme concentration, the mé@res formed.

Simulation presented in Figure 6.2%hows how a different new aldolase or YfaU
improved by genetic engineering techniques couldrawve this proces¥Xn, value for6C of
YfaU 013 is 82.035 mM. If this value were somehoecrased, the affinity of enzyme
toward substratéC would increase. This would have a positive effattthe cascade since
lower concentrations diC in the system would be sufficient f6E formation. In that case,
6C concentration could be kept minimal during cascahel its inhibiting effect on

transaminase (Figure 6.2E, Table 6.3) would beifstgntly lower. On the other side, when
Ki value for6B of aldolase would be higheK(for 6B of YfaU 013 is 12.720, Table 6.10), its
inhibiting effect on aldolase would decrease amghl@mounts of produéB that accumulate

during reaction wouldn’t cause high inhibition déi@lase. Therefore, higK; value for6B
would positively effect on the process outcome.

[mM]

CL-homoseri ne

Figure 6.24Cascade simulation with improved enzymes in terfri§,cfor 6C andK; for 6B.

6.3.8 Optimized reaction — validation of model dations

Even though model simulations presented in the ipusv chapter were only
gualitative, they were used to increase the knogédeaf the process and improve the process
metrics. Two fed-batch experiments catalysed byUY@d3 and TA 039 in whicleD was
slowly added to the reactor were carried out arelrdsults are presented in Figure 6.25.
SubstratesD was added slowly to the reactor by maintainingdecentration below 10 mM

in order to diminish its negative effect on actnéind stability of both enzymes.
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Figure 6.25Fed-batch experiments (50 mM sodium phosphate bpffe7.0, 25 °C, 450 rpmy, =

7.8 mL, Csp feea = 3110 MM, Qgp (15 = 3 ML min~, ceLp = 0.26 MM) A.Coc = 251 MM, Csn = 449 MM,
YTA 039 = 20 mg ml:l, VYYfau 013 = 3.8 mg ml:l. B. Csc = 245 mM,CGA = 587 mM,CeDyo =10 mM,VTA 039 =

29.7 mg mLC?, Pvfau 013 = 37.2 Mg mC Legend: Grey squaresGA, blue circles -6B, black circles —
6C, white circles -6D, grey circles 6E.

addition of pyruvate and L-alanine
(6.3 hand 13.3 h)

@)
De O

A
0 5 10 15 22 24 26

t[h]

Figure 6.26 Optimized fed-batch experiment (50 mM sodium phesptbuffer pH 7.0, 25 °C, 450
rpm, Vo = 7.8 mML,Csp feea = 3110 MM, 0o 15y = 3 UL min2, Coip = 0.27 mMM,Csc = 259 mM,Csp = 637
MM, y7a 0z = 40.1 mg ML, pviau 013 = 50.1 mg mL". Legend: Grey squares6A, blue circles 6B,
black circles -6C, white circles 6D, grey circles 6E.

The maximum concentration 683 obtained in these experiments was in the range of
200 mM, which was not sufficient for industrial éaiation.

The third experiment presented in Figure 6.26 wasied out according to the
optimization strategy. It was carried out as fetthaconsidering the continuous addition of
6D. Two extra additions of substratés and6C was performed after 6.3 and 13.3 h. This

resulted in increase 68 concentration of 672 mM (80.1 g¥), volume productivity of 3.2 g
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L™ h* and yield of 60%. Even though the yield was naghki than 85%, other process

metrics were enough for industrial exploitation.
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6.4 Results and discussion: process optimization tedysed by lyophilised whole cells

containing YfaU 013 and TA 039

6.4.1 Kinetics of the reactions catalysed by wiels

Kinetics of whole cell biocatalyst YfaU(013)/PRO ARS(039) was determined.
Kinetic measurements were made for each reactegn se. aldol addition catalysed by YfaU
013 and transamination catalysed by TA 039 as agltheir reverse reactions. Based on
kinetic measurements conducted with separate CEyness, some kinetic measurements
where excluded in cells kinetic research such tisence of PLP concentration (cells contain
PLP) and kinetic measurements where no influencgpetific compound concentration on
enzyme activity was detected. Since the same erzywexe used in both cases (CFE
enzymes and co-expressed enzymes in the celldpgas results were expected and their

comparison is presented in this chapter.
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Figure 6.27 Kinetics of aldol addition catalysed by YfaU 013 dells (50 mM sodium phosphate
buffer pH 7.0, 25 °Cyeers = 0.2 mg MY, Vieactor = 1 mL) on the concentration of AD (csc = 100
mM), B. 6C (Csp = 100 mM), C.6B (Csc = 200 mM,csp = 100 mM), D.6A (Csc = 200 mM,csp = 100
mM). Legend: black circles — experimental datag khmodel.
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Table 6.16Kinetic parameters for aldol addition ®b and6C catalysed by YfaU 013 cells.

Parameter Unit Value

Vinz UM@eis* | 6.379 + 1.514
Kms,ep mM 70.963 + 23.183
Kms,sc mM 95.751 + 22.823
Kis, 0 mM 131.186 £ 41.999
Kis, sc mM 818.800 + 251.327
Kis, 68 mM 83.444 + 3.825

Kis, 6a mM 289.440 £ 77.841

Kinetics of aldol addition 06D and6C catalysed by YfaU 013 in cells is presented in
Figure 6.27 and estimated parameters are shownabieT6.16. When these results are
compared to kinetic measurement results of aldalitad catalysed by CFE Yfau 013
presented in Figure 6.4 and Table 6.5, it can lam skat Michaelis-Menten curve has the
same shape for both measurements. The obviougeatiffe is higheV, value for CFE
enzymes. The reason fdafy, values difference between CFE enzymes and whdle ce
biocatalyst is the difference in enzyme contentgiam of CFE lyophilisate and enzyme
content in gram of lyophilised whole cells. Moreowhe affinity of enzymes towards and
6C in both cases is the same, which can be seentirersameK,, values for6D and6C. K;
values comparison fdiB shows that there is a stronger inhibiting effefc6® on YfaU 013
in reaction catalysed by CFE enzyme.

Kinetics of retro-aldol reaction oD and 6C catalysed by YfaU 013 in cells is
presented in Figure 6.28 and estimated parameterstoown in Table 6.17. Results are
comparable to CFE enzyme kinetics (Figure 6.11)eTékl1) since/n, value is the same for

both cases an®iC acts as inhibitor in this reaction.

Table 6.17Kinetic parameters for reverse aldol addition lyated by YfaU 013 cells.

Parameter | Unit Value

\ U MGeis - 0.100 + 0.010
- mM 196.062 +
4 6c mM 49.386 +
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Figure 6.28 Kinetics of reverse aldol addition catalysed by ¥f@13 in cells(50 mM sodium
phosphate buffer pH 7.0, 25 °@eeis = 10 mg ML, Vieactor= 1 mL) on the concentration of AE, B.
6C (cse= 100 mM). Legend: black circles — experimentahgéihe — model.

Kinetics of transamination ofE and6A catalysed by TA 039 in cells is presented in
Figure 6.29 and estimated parameters are shownableT6.18. The results of kinetic
measurements for transamination catalysed by CFED3® (Figure 6.2, Table 6.3) and TA
039 in the cells differ. As in the comparison adaladdition kinetic measurement resi,
value is higher for CFE TA 039 catalysed reactiorthe case for YfaU 013/, value is 2.2-
fold higher and in the case for TA 039 it is 7-fdldiher. Cells show higher affinity towards
substratésA and lower towards substradé. Still, there is an inhibiting effect of substréte
in reaction catalysed by CFE TA 039, and thereoisenin the reaction with cells. Inhibiting
effects of 6C and 6D are comparable in both casés) strongly inhibits transamination

catalysed by both biocatalyst typ&s yalues in Table 6.3 and Table 6.18).

Table 6.18Kinetic parameters for transaminationGéf and6C catalysed by TA 039 in cells.

Parameter | Unit Value

Vi U MGeis - 0.104 + 0.003

Kmz,6e mM 36.119 + 3.901

Kmni,6a mM 14.656 + 2.130

Ki o mM 0.018 £ 0.001
i1 60 mM 45.775 + 9.503
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Figure 6.29Kinetics of transamination catalysed by TA 039 @éi<(50 mM sodium phosphate buffer
pH 7.0, 25 °Cycais = 5 Mg ML, Vieactor= 1 mL) on the concentration of AA (c;: = 100 mM), B.GE
(Cs» = 100 mM), C.6B (Csn = 300 mM,Cs= = 100 mM), D.6D (cs» = 300 mM,cee = 100 mM), E6C
(Csn =300 mM,cs== 100 mM). Legend: black circles — experimentahgdéhe — model.

Kinetics of reverse transamination 6E and 6A catalysed by TA 039 in cells is
presented in Figure 6.30 and estimated paramateishawn in Table 6.18. All measurements
are similar to the results of kinetics of the rexeetransamination catalysed by CFE TA 039
(Figure 6.3, Table 6.4) with the difference\fp value. Also,6A is stronger inibitor in CFE

114

6A —L-Alanine,6B —L-HomoserinefC — Sodium pyruvatesD — Formaldehyde; E — 4-Hydroxy-2-oxobutanoate



6 Synthesis df-homoserine

TA 039 catalysed reaction compared to cells, wreB&anhibits more the reaction catalysed
by cells (Table 6.4, Table 6.19).
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Figure 6.30 Kinetics of reverse transamination catalysed by 029 in cells(50 mM sodium
phosphate buffer pH 7.0, 25 °feeis= 5 mg ML, Vieactor= 1 mL) on the concentration of AB (Csc =
200 mM), B.6C (cee = 200 mM), C.6A (cse = 200 mM,Csc = 200 mM), D.6E (Csz = 200 mM,Csc =
200 mM). Legend: black circles — experimental die, — model.

Kinetic measurement where the influence 6 concentration on reverse
transamination catalysed by TA 039 in the cells vasied out but this measurement was not
successful since aldol addition catalysed by YfalB On the cells overcame reverse
transamination reaction (Scheme 6.1). This resudtunability to perform this measurements
using cells as biocatalyst is in line with estindatdnetic parameters sincé, of aldol
addition catalysed by YfaU 013 in the cells (TaBl&6) is significantly higher than th&, of
reverse transamination catalysed by TA 039 in #lis ¢Table 6.19).
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Table 6.19Kinetic parameters for reverse transaminationlysed by TA 039 in cells.

Parameter | Unit Value
Vinz U mgeis © | 0.211 £ 0.017
Kmz,68 mM 185.968 + 34.574
Kmz,6c mM 30.279 + 2.850
b on mM 561.628 + 15.427
. mM 7.595 + 0.935

6.4.2 Stability of reaction components during iratitn with cells

Competent cells YfaU(013)/PRO TRANS(039) (50 mg Wlwere incubated for three
days in the presence of different concentrationsE)f6A and6C separately. Results show
that cells consumeéB at rate, which depends @B concentration. Figure 6.31A shows
dependence afB concentration with the time. The data were sinadldiy the kinetics of the
2" order which was found to describe the data wethnFthe rate constants presented in
Figure 6.31B it can be seen that the rate®fconsumption depends @®B concentration.
Similar trend was obtained far\ (Figure 6.32), but with much lower rates of conption
(Figure 6.32B). Results farC presented in Figure 6.33 show that it is very kiyiconsumed

by the cells.
100 3.5000 )
.00
_ 8988 B
z =
£, < 0.0075
3 60 5
g e
g 40 € 0.0050
2 =
S 90 *~ 0.0025
[ ]
0 ‘ ‘ ‘ 0.0000 ‘ : : : °
0 50 100 150 200 0 20 40 60 80 100 120
t [h] CL-homoserine[ml\/l]

Figure 6.316B consumption during incubation with competent céis= 1 mL, 1000 rpm, 25 °C,
buffer, 50 mg mL" of cells). A. Time dependence ®B concentration. B. The dependence of reaction
rate constant o8B concentration. Legend:
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Figure 6.326A consumption during incubation with competent c@iis= 1 mL, 1000 rpm, 25 °C,

buffer, 50 mg mL" of cells). A. Time dependence & concentration. B. The dependence of reaction
rate constant oA concentration.

It was found thatC transforms toSA which means that lyophilised cells have an
active6C metabolism and the presence of alanine dehydregena
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Figure 6.336C consumption during incubation with competent c@is= 1 mL, 1000 rpm, 25 °C,

buffer, 50 mg mL" of cells). A. Time dependence ®f concentration. B. The dependence of reaction
rate constant o8C concentration.

As in the experiment in Figure 6.33 dilution of gdes was too high for detection of
6A, incubation experiments were carried out with without 6A, and6C with 6A (Figure
6.34). The results show that concentration decreases, whil@ concentration increases.
The experiment showed in Figure 6.38Aows thatA is probably formed fromaC, as there

was no6A in the beginning of this experiment. Figure 6.3dIBo shows an increase @f
concentration and degradation6of.
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Figure 6.34Incubation of6C A. in the absence and B. together with (V = 1 mL, 1000 rpm, 25 °C,
buffer, 50 mg mL* of cells). Legend: white circles6A, black circles- 6C.
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6.4.3 Optimized reaction
The fed-batch reactor experiment catalysed by Ijiggld whole cells containing

YfaU 013 and TA 039 that gave the highest concéntraof desired productB is here
presented. In this experiment ca. 7.69 mmdl®fwvas obtained with the consumption of 5.74
mmol of 6C, which shows5C regeneration in the system. Calculated volume ymrtidty
after 29.25 hours was 2.6 g'Lh™, at 6B concentration of 640.74 mM (76.3 g*L. The
product yield calculated according to the ad8édvas 65%. These are very similar results to
those obtained with CFE of both enzymes and contirensame system behaviour. They also
show that by determining enzyme kinetics of CFEsctusions can be drawn for the whole-

cell system.

addition of pyruvate and L-alanine
(6.5 hand 13.2 h)

[ ]

[}
®e -
{ [
|
b
L
el 8

15 25 30 35

Figure 6.350ptimized fed-batch experiment with whole cellsdaitalyst (50 mM sodium phosphate
buffer pH 7.0, 25 °C, 450 rpnvy = 7.8 mL,Csp feea = 3110 mMM,gsp = 3L min™, cec = 211 MM, csn

= 576 MM, yeeis = 76.29 mg mL'. Legend: Grey squaresGA, blue circles 6B, black circles -6C,
white circles 6D, grey circles 6E.
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6.5 Conclusions

The synthesis of-homoserine in the reaction system consisting arigaminase and
aldolase starting from pyruvate, formaldehyde aralanine was studied. Detailed kinetic
measurements and parameters estimation was domedtions catalysed by separate CFE
enzymes and for reactions catalysedEbycoli cells that contain both enzymes. Since the
same enzymes (aldolase YfaU 013 and transaminas@3bA were used as biocatalysts in
both cases, Michaelis-Menten kinetic curves haeedsdime trend in most cases and kinetic
parameters are comparable with some exceptionsinMiax reaction rates differ due to the
difference in enzyme content in two types of biabgt.

Reactions catalysed by separate enzymes (cell dse¢eacts) andE. coli cells
containing the same co-expressed enzymes wereipptihased on developed mathematical
model. Optimized reaction in fed-batch reactor watmtinuous formaldehyde feed and two
additions ofi_-alanine and pyruvate up to their initial concetidras produced 672 mM (76.23
g L™t 0™ of L-homoserine after 25 hours of reaction when celé fextract enzymes were
used and 640.74 mM (62 g'Ld™) of L-homoserine when whole cell biocatalyst was used.
Obtained process metrics presented a good resthitpstential for industrial use. Industrial
project partners confirmed that optimized processup and approach presented within this
research produces expected results on a larger asalvell. Therefore, the results were not
only reproducible in our lab but also in partnddb, and up-scaled experiments confirmed
the applicability and potential of developed math&oal model fon-homoserine synthesis.
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7 SYNTHESIS OF IMINOSUGAR PRECURSOR

7.1 Introduction

Iminosugars have attracted a great interest amormantsts due to their efficient
inhibition of various glycosidases involved in tirdestinal degradation of carbohydrates
(Nash et al., 2011). Carbohydrates are cruciallyartant to the function of the human body
and aberrations in sugar metabolism occur in misgtades. Iminosugars can correct many of
these faults. In their simplest form, they resembl@anose and pyranose monosaccharides
with nitrogen replacing the endocyclic oxygen at@sano et al., 2000; Watson et al., 2001).

The aim of this research was to explore new bibgatapathways for iminosugar
precursor synthesis. Depending on the startingtsatbsmolecule, typically an alcohol, the
first reaction step in the cascade reaction waalys®d by a suitable oxidoreductase. The
following aldol addition was catalysed by an aldel@o form the iminosugar precursor.

Two strategies for biocatalytic production of theeqursor of the iminosugars
Miglustat (N-butyl-deoxynojirimycin) andViglitol (N-hydroxyethyl-deoxynojirimycin) were
examined within this doctoral thesis. Since aldddwcts containing amino groups are
important building blocks of iminosugars, one agmto suggested the use of the Cb23-
amino-1,2-propanediol as a starting substrate. r®kcapproach involved 3-chloro-1,2-
propanediol as starting substrate. An attempt wadento convert botln situ generated
aldehydes by-fructose-6-phosphate aldolase variant, FS&, into the corresponding aldol

adduct product.

7.1.1 Approach I: Cbz-N-3-amino-1,2-propanedioktarting substrate

The proposed cascade reaction consists of oxidaiep and aldol addition step
planned to be performed in a one-pot synthesistduastability of the aldehyde Ch¢-3-
amino-2-hydroxypropanal/{) intermediate. The proposed reaction scheme isepted in
Scheme 7.1. The first reaction step is alcohol atich catalysed by horse liver alcohol
dehydrogenase (HLADH) with coenzyme regeneratioNBpH oxidase (NOX 009) from
Prozomix or own produced (Chapters 7.3.5 and 7.41% second reaction step in a cascade
is aldol addition of dihydroxyacetone to intermeeialdehyde’F catalysed by-fructose-6-
phosphate aldolase (FS&%) producing aldol adduétG, precursor of the iminosugars.
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0
A on F o ‘G on o
oxido-reductase | OH OH
" "y "
FSA A129S
Cbz  OH /—\ Ebz OH Cbz OH OH OH
NAD* NADH + H*
H,0 NOX 050,

Scheme 7.1minosugar precursor synthesis with AQd3-amino-1,2-propanediol as starting

substrate (Approach ).

Proposed synthetic route is based on a similariguely investigated cascade (Sudar
et al., 2015) where Chi¥-3-aminopropaal was a starting substrate and horse liver alcohol
dehydrogenase (HLADH) was used as a catalyst fer dkidation step. Similar to this
substrate, Cbn-3-aminopropandiol was used in this research of this thesis.

Carboxybenzyl group (Cbz) is commonly used in orgaynthesis as a protecting
group for amines. It is known that the affinity HEADH towards Cbz-protected alcohol is
higher than towards unprotected molecules duedaite of a substrate molecule. Hence, the
research of the cascade with aminopropanediol begghninvestigating the kinetics with the
Chz-protected substrate. Several enzymes with knoetantial for alcohol oxidation were

evaluated as biocatalysts for theé oxidation:

* Horse liver alcohol dehydrogenase (HLADH) from Say#drich (Germany)

* Horse liver alcohol dehydrogenase (HLADH) from Fdngngszentrum (FZ) Jalich
(Germany)

* Yeast alcohol dehydrogenase (YADH) from Sigma Aldr{Germany)

» Panels with 192 oxido-reductases (KREDs) from Pmuxd.td (United Kingdom)
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7.1.2 Approach II: 3-chloro-1,2-propanediol as stag substrate
Second approach for the iminosugar precursor sgigheas based on 3-chloro-1,2-

propanediol {H) as a starting substrate. Proposed cascade cascgipbwn in Scheme 7.2.

0]
OH O
7H oxido-reductase OH OH
CI/\(\OH c/\AO
FSA A129S
OH OH OH OH OH

Scheme 7.2Iminosugar precursor synthesis with 3-chloro-1,@panediol as starting substrate
(Approach II).

Several enzymes with known potential for alcohddaon are tested as biocatalysts

for the7H oxidation both on racemic and enantiomericallyepsubstrate:

* Horse liver alcohol dehydrogenase (HLADH) from Say#drich (Germany)

* Yeast alcohol dehydrogenase (YADH) from Sigma Aldr{Germany)

» Panels with 192 oxido-reductases (KREDs) from Pmuxd.td (United Kingdom)

» Galactose oxidase (GOD) frobactylium dendroidefrom Sigma Aldrich (Germany)
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7.2 Experimental part

7.2.1 Materials

Chemicals and enzymes used in this chapter are ftbkowing. N-
(Benzyloxycarbonyl)-3-amino-1,2-propanediol 5-3-amino-1,2-propanediol, Rf-3-amino-
1,2-propanediol, (z)-3-chloro-1,2-propanediolR){-)-3-chloro-1,2-propanediol, §-(+)-3-
chloro-1,2-propanediol, dihydroxyacetone (DHA};Nicotinamide adenine dinucleotide
hydrate (NAD), p-nicotinamide adenine dinucleotide (NADH), 2-iodbeyzoic acid (IBX),
triethanolamine (TEA), trifluoroacetic acid (TFARrmic acid, iodonitrotetrazolium chloride
(INT) and acetonitrile were purchased from Sigmalrigh (Germany). (x)-3-Chloro-1,2-
propanediol andO-dianisidine were purchased from Alfa Aesar (US2)2-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) was ¢hased from AppliChem GmbH
(Germany).

Horse liver alcohol dehydrogenase, yeast alcohbldi®genase, galactose oxidase
and peroxidase from horseradish were purchased $igma Aldrich (GermanyD-fructose-
6-phosphate aldolase (FSA’S) was expressed and purified in the labs of IQAQES
(Spain). NADH oxidase (NOX 009) and oxido-reduciag&«REDS panels) were from
Prozomix Ltd (United Kingdom). Horse liver alcohollehydrogenase was from
Forschungszentrum (FZ) Jilich (Germany). NOX susjpenwas isolated and purified from
cultivated Lactococcus lactisin the labs of Department of Reaction Engineeramy
Catalysis, Faculty of Chemical Engineering and Thedbgy (Croatia).

Reaction component labels are given according b¥eTaA 1.

Table 7.1Labels given to each reaction component in thaptr.

Compound Label
CbzN-3-amino-1,2-propanediol (racemic mixture) 7A
(9-3-Amino-1,2-propanediol 7B
(R)-3-Amino-1,2-propanediol 7C
(9-Cbz-N-3-amino-1,2-propanediol 7D
(R)-Cbz-N-3-amino-1,2-propanediol 7E
CbzN-3-amino-2-hydroxypropanal 7F
Cbz-N-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one 7G
3-Chloro-1,2-propanediol (racemic mixture) 7H
(9-3-Chloro-1,2-propanediol 71
(R)-3-Chloro-1,2-propanediol 7J
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7.2.2 Apparatus
Apparatus used in Chapter 7 is listed in Appenidiab(e 10.1).

7.2.3 Analytical methods

7.2.3.1 Approach |

7A, 7D, 7E and 7G concentrations were followed by HPLC on a LiChiusp
(Phenomenex) C18, 250x4 {©m) column. The method was described in the liteeatu
(Concia et al., 2009). Two mobile phases were epguloThe mobile phase A consisted of
ultrapure water with the addition of trifluoroaaeticid (TFA) (0.1% v/v), and the mobile
phase B consisted of acetonitrile, water and TFB%{8acetonitrile, 20% water, 0.095%
TFA). Gradient elution from 10 to 70% B during 3@nuies at total flow rate of 1.0 émin
! was used. UV detection at 215 nm at 30 °C was.Usedarity range foi A was from 0.07
to 1.47 mM and its retention time was 12.2 min (&pgix, Figure 10.8). Retention times of
two 7G peaks were 10.5 and 11.2 min.

Chiral HPLC column was used for the analysi§ &f Both UV and RI detection were
employed. Racemic substrate was followed by HPLG @hiral Lux Cellulose-1 (250 x 4.6
mm, 5 um). The mobile phase used was 80% v/i-loéxane and 20%/v of 2-propanol at
the flow rate of 0.7 mL mift. Standard commercial samples of raceficwere dissolved in
the mobile phase. The analyses were done at 21&nah30 °C. Chromatographs of, 7D
and 7E are presented in Appendix (Figure 10.7). Retentiloes for7E and 7D were 14.89
and 15.98 min with UV detection, and 15.25 and 4&dn with RID, respectively. Their

linearity range is from 0.05 to 0.7 mM.

7.2.3.2 Approach li

Analyses of7H were performed on Shimadzu gas chromatograph pegdipvith a
hydrogen flame-ionization detector on ZB-WAX colurfB0 m x 0.53 mm i.d. x Lum).
Quantitative analysis was performed from peak af®ashe external standard method.
Samples were diluted in ethyl acetatél calibration curve was in range between 1 and 4
mM. Developed method used helium as a carrier gakeaflow-rate 17.6 mL mifl. The
temperature of the oven at the injection was 8@r@ was kept constant for 1 min. The linear
increase in temperature to 230 °C was set by 5 fC*rand was kept constant at 230 °C for
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another 4 minutes. The injector temperature wasts280 °C and the detector temperature at
240 °C. The retention time ofH was 20.05 min and its peak is presented in Appendi
(Figure 10.9).

Oxidations and cascade reactions were followed BYEl Since potentially evolving
molecules in the cascade have aldehyde group, sampére derivatized according to
procedure given in Chapter 5.2.3.1. Analysis detedln be found in Table 5.2 — Method B.
LC-MS analysis was performed using the method dssdrin Chapter 5.3.6.
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7.3 Experimental procedures — Approach |

7.3.1 Screening for the most suitable oxido-redsecta

Activities of all oxido-reductases as biocataly$ts alcohol 7A oxidation were
determined spectrophotometrically by following NADddncentration change during time at
340 nm. Plate assay containing 192 oxido-reductasmsved from Prozomix Ltd (UK) were
screened on substraté® and7E. The aim was to find enzymes from the plate thataative
towards investigated substrates. 0.05g of substvagedissolved in 10 mL of 0.25 mg AL
INT solution. 10uL of INT/substrate solution was added to each wkthe panel. According
to the assay, wells that contain enzymes activaested alcohols as substrates turn red.
KREDs with activity towards'D and7E were further tested with spectrophotometric assay
determine their exact activity. Activities are adited from the change in NADH
concentration with time, followed at 340 nm (Eqoas 7.1 and 7.2).

dABS,

Tvtotal
V.A= (7.1)
Venzymeuj B 340,NADH
s A=_VA (7.2)
yenzyme

7.3.2 pH dependence of HLADH
pH dependence of HLADH activity was measured withurf different buffers:
phosphate, TEA HCI, Tris HCI and glycine NaOH budfat pH 5.5, 6, 6.5, 7, 7.5, 8 and 9 in

order to find the pH with highest enzyme activity.

7.3.3 Cbz protection group

Cbz-protection of/B and7C was carried out according to the procedure desdrib
the literature (Sugiyama et al., 2007) in ordeplbain enantiomerically pure Cbz-protected
substrates’ D and7E. The reaction was followed by TLC (Figure 7.1). bile phase for TLC
was chloroform and methanol in 5:1 ratio. Protectdcbhol 7A was used as standard

dissolved in methanol (25 mM) and @@ of this dilution was applied to TLC plate.
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Concentration detection range for these compourais 10-25 mM. The purity of obtained

products was determined by HPLC on chiral column.

7A standard

7A standard

7D
(Cbz protectedB)

7B

Figure 7.1 TLC plates during Cbz-protection reaction (thstfaind the last sample).

7.3.4 HLADH kinetic measurements

HLADH kinetics was determined spectrophotometricallhe data were collected by
using the standard ADH assay (Boehringer Mannhembk, 1975) at 340 nm by following
NADH formation. From the experimental results kingitarameters were estimated by using
non-linear regression analysis implemented in SAIEY software.

7.3.5 NADH oxidase isolation from Lactococcus kcti

NADH oxidase is an enzyme required for coenzyme@\)&regeneration in oxidation
catalysed by HLADH.Lactococcus lactidbacteria cells are cultivated for the purpose of
production and isolation of NADH oxidase. The upedcedure is described in the literature
(Sudar et al., 2014). Cells were disrupted by stitand by using MS 73 probe. Protein was
precipitated by ammonium sulfate. Protein fractiovere separated and collected on Akta
prime plus system for protein purification (GE Hbahre, Sweden) (Figure 7.2) by gel
filtration (Sephadex G-50 column, 12 x 2,5cm) aml @€xchange chromatography (Sepharose
Q column, 17 x 1,5cm).
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Figure 7.2 Protein purification on Akta prime plus system.

7.3.6 Chemical oxidation of alcohol 7A

Compound7F was synthesised from\ by chemical oxidation in order to have an
authentic standard and establish the analytic tiondi by HPLC analysis. The oxidation
reaction of7A was carried out using 2-iodoxybenzoic acid (IBMX is an oxidation agent
with application in chemical reactions where ald#ds/are formed from primary alcohols and
ketones from secondary alcohols (More & Finney,20Brocedure was as follows. 0.61 g of
7A was dissolved in 58 mL of ethyl acetate and 1.4@f JBX was added to reaction.
Reaction took place in water bath (Figure 7.3). Wteamperature of 77 °C was reached, the
oxidation started. The reaction took place for 4irso The samples were analysed by HPLC
and TLC (mobile phase chloroform:methanol 5:1 rafioC Silica gel 60 F254lates).

Figure 7.3Experimental set-up for performing chemical oxidatof 7A.
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7.3.7 Preliminary experiments conducted in the bagactor

The preliminary cascade reaction ‘©f oxidation and following aldol addition was
carried out in 1.2 mL batch reactor. Substrateseammymes concentrations were as follows:
C/a = 20 MM, Cnaps = 1 MM Gopa = 50 MM, yiaon= 10 mg mEY, ynox oos= 0.01 mg mL,

Vesa arzes= 2 mg mLEL 0.1 M TEA HCI buffer pH 8.0 was used.

7.3.8 LC-MS analysis of the aldol product

Since there is no commercially available aldol addis that can be used as an
analytical standard, two peaks evolving during adscreactions were assumed to be aldol
peaks at RT 10.5 min and RT 11.2 min. They werdyaad by LC-MS to confirm their
molecular mass of 314 g mal The column and the conditions for LC-MS analyséese the
same as for HPLC, except the use of formic aciteaws of TFA. HPLC with DAD and MS
detection was used. The selected ion monitorindhatetvas used to confirm the molecular
weight of the derivatized product peak. The massctspmeter was equipped with
electrospray ionization (ESI) source and operategoisitive polarity mode. ESI+ conditions:
capillary voltage 0.85 kV, nebulizing gas flow L&min™}, drying gas flow 15 L-mif, 250
°C.

7.3.9 The influence of NAzoncentration on the substrate conversion in #ade

The influence of NAD concentration oA conversion was evaluated at 25 °C and
pH 8.0 in 50 mM TEA HCI buffer. Reactor volume wa$® mL. Concentration of DHA,
HLADH, NOX 009, FSA"#S and7A were 200 mM, 5 mg mt, 1.0 mg mC*, 5.0 mg mC*
and 100 mM, respectively. The tested concentratimye of NAD was from 0.05 to 1.00
mM.

7.3.10 The influence of different initial substratencentrations on the conversion in the
cascade

In the second series of cascade reactions diffandinl concentrations of diol A
were used to see which initial substrate conceatragives the highest conversion. Initial
concentrations tested were 10, 20, 40, 60 and IM0Reactions were performed at 25 °C in
50 mM TEA HCI buffer pH 8.0. Reactor volume was iP. Concentration of DHA was 2.5
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times 7A initial concentration. Concentrations of NADHLADH, NOX 009 and FSA°S
were 1 mM, 100 mg mit}, 0.01 mg mC* and 2.0 mg mt, respectively.

7.3.11 The influence of HLADH/NOX activity ratio thve aldol adduct evolving

The next step was re-testing the influence of atatehydrogenase and NADH
oxidase activity ratio on diolA conversion and produGtG concentration. Reactions were
performed at 25 °C in 50 mM TEA HCI buffer pH 8.Beactor volume was 0.4 mL.
Concentrations of A, NAD*, DHA and FSA'*S were 20 mM, 1 mM, 50 mM and 2.0 mg
mL™, respectively. Tested HLADH/NOX ratios were 0.3,(, 6, 9, 12, 30, 48 and 60.

7.3.12 Operational stability of HLADH, NOX and F8ing the cascade reaction

To investigate whether the activity of HLADH, NOXé FSA decreases over time,
their activities were followed during cascade remact

Test for NOX activity measurement contained 1@0of 1 mM NADH (0.1 mM in
test), 500uL 50 mM TEA HCI pH 8.0 and 40QL buffer with diluted enzyme. Once the
buffer with diluted NOX was introduced to cuvet$pectrophotometric measurement started.

HLADH activity test contained 9QL 50 mM TEA HCI pH 8.0, 333.L of 25 mM
NAD", 167 uL of 2 mM ethanol and 400L of buffer containing diluted enzyme. Once the
buffer with diluted HLADH was introduced to cuvettspectrophotometric measurement
started. From the change in NADH concentratistime, initial reaction rate was calculated.
From this value, specific activity of enzyme wascukated according to Equations 7.1 and
7.2 in Chapter 7.2.4.1.

FSA™M29 activity during cascade reaction was followed Isjng filtrated FSA in an
independent reaction activity test. Sindeis not commercially available, it could not be dise
as substrate for activity tests. Thus, an alteveatubstrateCbzN-3-aminopropanal, was
chosen based on previous experience working withethzyme. Hence, the reaction used for
the activity assay to determine FSA* activity was aldol addition of dihydroxyacetone to
CbzN-3-aminopropanal. The initial concentrations dfi-Cbz-3-aminopropanal and
dihydroxyacetone in the assay were always 100 mid,the assay overall volume was 500
uL. The reaction was carried out in an Eppendorétab25 °C and on an Eppendorf shaker at
1000 rpm in 50 mM TEA HCI buffer, pH 8.0. 10% ohgk acetate has to be added to the
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stock solution of CbN-3-aminopropanal (500 mM) due to its limited solityiin buffer. 100

uL of aldehyde solution (100 mM in the test), 125 of DHA stock solution (400 mM, 100
mM in the test) and 7@l of 50 mM TEA HCI buffer, pH 8.0 are mixed in arpfiendorf
tube. Once 20QuL of diluted FSA was introduced to reaction mixtutee test started.
Approximately six samples were taken during theéahBO minutes of the assay reaction, and
reaction was followed by HPLC. 1L of samples were diluted in 190 of methanol to
precipitate the enzyme and centrifuged (2 min, 50®Bupernatant was used for the HPLC
analysis. From the change in product concentratisntime, initial reaction rate was
calculated. From this value specific activity ozgme was calculated by dividing the initial
reaction rate with the enzyme concentration inabgay as presented in Equation 7.3 where
whereS.A.designates the specific activity (U Mg Change in product concentration in time
is presented ascgloaucfdt. V; stands for reactor volume (ch VenzymeStands for enzyme

volume (cm® andystands for enzyme concentration (mg 9m

dc
s Az Soue g Vo o 1 {i} (7.3)
dt \ mg

enzyme Yy enyzme

7.3.13 Effect of aeration on the activity of theyane

Since low oxygen concentration in the reaction totucan be the reason for low
reaction rate, aeration of the reaction was comsdisince it might improve the reaction
outcome. Therefore, the influence of aeration aryeres activity was tested. Reactions were
conducted 25 °C in 50 mM TEA HCI buffer pH 8.0. Rea was 30 mL flask. Enzyme
solutions were stirred on a shaker at 250 rpm. €ainations of HLADH, NOX 009 and
FSAM?9S were 2 mg mL}, 0.5 mg mC* and 2 mg mL*, respectively. Airflow was 2 LT
and current oxygen content was measured by oxytgsir@de. At known exact oxygen
concentration, spectrophotometric activity assag warformed and enzyme’s activity was

measured.

7.3.14 Cascade reactions in batch reactor with ipldtenzymes and substrates additions
Cascade reaction was performed. Enzymes and sidssitweere re-added to the
reaction mixture during the experiment at a certanme. The aim of this experiment was
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maximizing product’/ G concentration and dialA conversion. The reaction volume was 1.2
mL. Reaction mixture contained alcoh©h (260.2 pL of 92.3 mM stock solution, 20 mM in
the reaction), NAD (56.1 pL of 21.4 mM stock solution, 1 mM in thecdon), DHA (186.4
pL of 321.9 mM stock solution, 50 mM in the reandioand 517.5 puL of 50 mM
triethanolamine HCI pH 8 buffer. The reaction wested by adding NADH oxidase (17.7 pL
of 1 mg mL* stock solution, 0.01 mg mtin the reaction), HLADH (120 pL of 100 mg mL

! stock solution, 10 mg mt in the reaction) and FSA*° (42.1 pL of 57 mg mL* stock
solution, 2 mg mL! in the reaction). Extra additions of fresh enzyraes substrates were

performed as listed in Table 7.2.

Table 7.2Additions of fresh HLADH, NOX, FSA, DHA and NADduring the cascade.

Reaction time[h] | Addition

42 HLADH (11.7 mg) and NOX (17.7 pL stock solutiongy mL™ in the
reaction)

98 HLADH (2.2 mg) and NOX (17.7 pL stock solution, nmL™ in the reaction)

211 HLADH (13.3 mg), NOX (17.7 pL stock solution, 1 mg_"" in the reaction),
FSA (2.3 mg), DHA (5.9 mg) and NATY0.9 mg)

360 HLADH (12.0 mg), NOX (17.7 pL stock solution, 1 mg-"" in the reaction),
FSA (2.3 mg), DHA (5.4 mg) and NAT¥1.1 mg)
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7.4 Results and discussion — Approach |

7.4.1 Screening for the most suitable oxido-recseta
Enzymes with known potential for amino alcohol a@tidn are tested
spectrophotometrically to find the ones with highedivity toward7A, substrate of interest.

Spectrophotometrically measured activities of &tiezymes are presented in Table 7.3.

Table 7.3Activities of HLADH (Sigma Aldrich), YADH (Sigma Alrich) and HLADH (FZ Julich).

Substrate | Enzyme S.A[Umg"]
7D HLADH Sigma Aldrich | 0.126

7D YADH Sigma Aldrich 0.006

7D HLADH FZ Julich 0.129

7E HLADH Sigma Aldrich | 0.165

7E YADH Sigma Aldrich n.a.

7E HLADH FZ Julich 0.178

Plate assay containing 192 ketoreductases (KRER®)ed that some enzymes are
active towards’D and7E (tested separately) as substrates. The ones tnathgest colouring

were selected and tested spectrophotometricalgu(gi7.4).

Figure 7.4KRED plate activity test.

Since it is unknown whether activity of a certailatp enzyme is higher by using
coenzyme NAD or NADF', tests were made separately with both coenzyntesselresults

are presented in Table 7.4.
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Table 7.4Activities of selected KREDs onA.

Enzyme | S.A[Umg" | S.A[Umg?!
(KRED) with NAD* with NADP*

4 0.00180 0.09464

6 0.00178 0.02380
30 0.00051 0.00547
54 0.00088 0.01169
83 0.00047 0.00168
84 0.00079 0.00285
291 0.00035 0.00072
296 0.00019 0.00965
303 0.00056 0.00219
314 0.00043 0.00186
315 0.00047 0.00107
353 0.00051 0.00278
362 0.00010 0.00051
376 0.00087 0.00898
51 0.00794 0.00070
61 0.00155 0.00449
307 0.00546 0.02345
373 0.00257 0.00181

Horse liver alcohol dehydrogenase (both from Sigana FZ Julich) showed the
highest activity toward alcohol enantiomerd) and 7E (Table 7.3). No ketoreductase
(KRED) showed higher activity than HLADH. Thus, thesearch of iminosugar precursor
synthesis (Approach 1) continued with using HLADidrfh Sigma Aldrich as a catalyst for the
first reaction step of the investigated cascade.

7.4.2 pH dependence of HLADH
pH dependence of HLADH activity was measured amdrésults presented in Figure

7.5 show that the optimum activity for oxidatioraispH 8.0 in TEA HCI buffer.
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Figure 7.5pH dependence of HLADH activity (25 °C, 340 nm,r&M buffer, ypyapn = 0.5 mg mL,
C/ipn = 11.37 MM Cnaps = 4.71 mM)

7.4.3 Cbz protection group

Cbz protection of/B and 7C was done to prepare the substrate for the reaction
according to the procedure described in ChapteB.7The obtained product after putting a
Cbz protection group ofiB and 7C is presented in Figure 7.6, and was used in furthe
experiments.

Figure 7.6 Cbz-protectedR)-3-amino-1,2-propanediol.

By preparing different concentrations of synthesiseompounds and by its
comparison to the standard compound, their puritiese determined and are presented in
Table 7.5. These compounds, as well as the unpeodtedcohols/B and 7C were tested as
substrates for horse liver ADH.
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Table 7.5The purity of the synthesised Cbz-protect@dand §-3-amino-1,2-propanediol.

Compound | Purity [%0]
7E 76.34 £ 3.76
7D 73.17+1.72

7.4.4 HLADH kinetic measurements
The kinetics of the HLADH was determined by usimggke enantiomers (both with
and without Cbz protection), to determine if thewne is enantioselective towards different

enantiomers. The results are presented in FigiWreoFigure 7.10.
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Figure 7.7 Kinetics of 7B (unprotected §-3-amino-1,2-propanediol) oxidation catalysed dyABH
(25 °C, 50 mM TEA HCI buffer pH 8.0x0n= 1.0 mg mLCY, A. cyaps = 9.14 mM, B. ¢ = 150.53
mM, C-CNAD+ =90.14 mM,C7B = 136.83 mM)
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§-3-Amino-1,2-propanediol,
7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,
7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one
7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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Figure 7.8Kinetics of 7C (unprotectedR)-3-amino-1,2-propanediol) oxidation catalysed dyABDH
(25 °C, 50 mM TEA HCI buffer pH 8.04.a0n= 1.0 mg mLCY, A. cyap+ = 9.14 mM, B.c,c = 150.53
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§)-3-Amino-1,2-propanediol,

7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,
7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one

7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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Figure 7.9 Kinetics of 7E (protected R)-CbzN-3-amino-1,2-propanediol) oxidation catalysed by
HLADH (25 °C, 50 mM TEA HCI buffer pH 8.0y401= 0.5 mg mLC*, A. cyap+ = 9.5 MM, B.c;c =
24.48 mM, C-CNAD+ =95 mM,ce = 24.48 mM)
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§-3-Amino-1,2-propanediol,
7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,
7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one
7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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Figure 7.10 Kinetics of 7D (protected $-Cbz-N-3-amino-1,2-propanediol) oxidation catalysed by
HLADH (25 °C, 50 mM TEA HCI buffer pH 8.04.a01= 0.5 mg mLC*, A. cyap™ = 9.5 mM, B.cp =
15.72 mM, C-CNAD+ =95 mM,cp = 15.72 mM)

It can be concluded from the collected data (Figuv@ that HLADH is active towards
the unprotectedSj-3-amino-1,2-propanediol’ B) and that the reaction is inhibited by NADH
as a product. That is why coenzyme regeneratiompsrtant in this reaction system, while it
will provide low concentration of NADH in the syste and minimize the inhibition. Figure
7.8 presents the influence dR)-enantiomer concentration on the reaction rateil8i results
as in the previous case are obtained, and froncdilected data kinetic parameters were
estimated (Table 7.6). Figure 7.9 presents thdteefr 7E. It can be seen that the activities
are approximately doubled in comparison to the otguted substrate. The situation is similar
for 7D (Figure 7.10). The kinetic parameters presentdgd ale 7.6)show that HLADH has
higher affinity towards §-enantiomer (lower estimated Michaelis constahliey also show
that enzyme has similar activities towards unpite@substrates/(, =0.033 and 0.020 U mg
1), as well as for the protected ona&4, (=0.068 and 0.077 U md. It was shown thafD
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (5)-3-Amino-1,2-propanediol,
7C — (R)-3-Amino-1,2-propanediol; D — (§-CbzN-3-amino-1,2-propanediol,£ — (R)-CbzN-3-amino-1,2-propanediol,

7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one
7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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slightly inhibits the enzyme as a substrate. Ircales, NADH was shown to be an inhibiting
product.

Tables 7.6 and 7.7 present the calculated catatgiistants as well dg,/Km values
for all substrates. It can be seen that these saue the highest foSf-CbzN-3-amino-1,2-
propanediol. Hence, the enzyme is the most efficianconverting Chbz-protectedSf

enantiomer, but is not enantioselective.

Table 7.6 Kinetic parameters of horse liver ADH in the reantiof oxidation of protected and
unprotectedR)- and §)-3-amino-1,2-propanediol.

Parameter | Substrate | Unit Value

Vin 7C Umg™ 0.033 + 0.003
K © 7C mM 57.816 + 14.672
K P* 7C mM 2.476 + 0.662
KNAPH 7C mM 0.070 + 0.006
Vi 7B Umg* 0.020 + 0.001
K ™ 7B mM 8.571 + 1.967
K 0¥ 7B mM 0.083 +0.011
KNAPH 7B mM 0.0064+ 0.0007
Vi 7E Umg™* 0.068 + 0.002
Km = 7E mM 0.182 + 0.050
K 0* 7E mM 0.142 + 0.009
KNAPH 7E mM 0.0023+ 0.0002
Vin 7D Umg™ 0.077 + 0.003
K ° 7D mM 0.062 + 0.014
K" 7D mM 82.649 +18.143
K 0* 7D mM 0.086 + 0.011
KNAPH 7D mM 0.0013+ 0.0001

Table 7.7Catalytic constants of HLADH for all used substsate

Substrate | ke, [Min™] | KealKe [Min™ mM ™
7C 2.64 0.045662
7B 1.6 0.186676
7E 5.44 29.89011
7D 6.16 99.35484

7.4.5 Isolation of NADH oxidase from Lactococcugita
Several fermentations dfactococcus lactisvere carried out during this research to
produce sufficient amount of cells for NADH oxidassolation and purification. The
concentration of proteins in purified protein susgen obtained by the end of purification
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§-3-Amino-1,2-propanediol,
7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,

7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one
7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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process was determined by the Bradford method (Brdd1976). The overall measured
activity of 12.5 mL of protein suspension (Figur&I) obtained during one fermentation and

purification was 21.2 U.

Figure 7.11lIsolated and purified NADH oxidase.

7.4.6 Chemical oxidation of alcohol 7A

Since aldehyde’F is not commercially available, it was synthesissd chemical
oxidation of 7A with IBX in order to establish the analytic provbeon HPLC. Chemical
oxidation of alcohol7A was monitored by HPLC. The retention times of hjdke 7F and
alcohol7A peaks are detected. Chromatogram is presentadune7.12.
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Figure 7.12 Example of chromatogram during IBX oxidation otemic diol IBX oxidation in the
batch reactornfy, = 0.61 gmgpyx = 1.47 g IBX,Vgiac 58 mL,t = 80 °C, reflux of EtAc) (black line -
initial sample, blue line — sample after 4 hours).

7.4.7 Preliminary experiments carried out in batelctor
The preliminary cascade reaction was carried oufl.lh mL batch reactor. After

approximately two days of reaction, ald@b concentration started to decrease (degradation)
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§-3-Amino-1,2-propanediol,

7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,
7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one

7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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and alcohol7A conversion slows down. Therefore, fresh HLADH &h@X were added (5
mg mL™* ADH and 0.01 mg mL* NOX after 2 and 9 days of reaction). In this waybstrate
conversion of 50 % was achieved after 11 days (EiguL3).
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Figure 7.13 Cascade reaction withA as starting substrate (50 mM TEA HCI buffer, pia,&5 °C,
1000 mm 1Vreactor: 1.2 mL,CNAD+ =1 mM,CDHA =50 mM,yHLADH =10.0 mg m[l, Ynox = 0.01 mg
mL_l, YrsA A1295— 2.0 mg m[l, Cp = 20 mM)

7.4.8 LC-MS analysis of the aldol product

The LC-MS analysis of the aldol adduct that evolves in the cascade reaction was
performed. When cascade reactions were performgdpare alcohol enantiomers, one aldol
peak evolved per reaction (Figure 7.14). When altodcemic mixture was used as cascade
substrate, both peaks appeared (Figure 7.15)egsctirrespond to different diastereoisomers.
LC-MS analysis confirmed both peaks are aldol addégpendix, Figure 10.10) with

molecular mass of 314 g mal

V(x100,000)

Figure 7.14 Chromatograms of aldol adducts produced separatalactions with both enantiomers
7D and7E (aldol peak A corresponds to reaction wi)-(and aldol peak B td§-enantiomer).
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§-3-Amino-1,2-propanediol,
7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,
7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one
7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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Figure 7.15Chromatograms of aldol adducts in reactions witdenaic mixture/A.

7.4.9 The inflence of NAD concentration on substrate conversion in the cdsca

Preliminary cascade reactions showed that theepted cascade system works but
needs optimization, because di@ conversion up to only 50.5% was achieved with 20 m
substrate concentration. In order to find the raalsehind this, more cascade experiments
were carried out in different series. In the fgsties of experiments, the influence of NAD

concentration on the diol conversion was evaluéfeglre 7.16).
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Figure 7.16 The influence of NAD concentration on the diol conversion in the casaaaction (50
mM TEA HCI buffer, pH 8.0, 25 °CVeactor = 1.0 mL,cyap” = 0.05 - 1.00 mMgpha = 200 mM,
YHLADH = 5 mg ml__l, YNOX 009 = 1.0 mg ml:l, YFsA A1295 = 5.0 mg m[l, Cp = 100 mM)

It was found that NAD concentration of 1 mM used in preliminary cascade
experiments is also the optimal one. However, lowencentration can also be applied

starting from 0.5 mM.
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§-3-Amino-1,2-propanediol,

7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,
7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one

7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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7.4.10 The influence of different initial substratencentrations on the conversion in the
cascade

In the second series of experiments, differeniahitoncentrations of diofA were
used (Figure 7.17). All other experimental conditowere the same in all experiments.
Experiments were followed for 14 days to achievexiimam conversion in all cases because
this cascade reaction in general is very slow.

The results show an optimume. the highest diof A conversion and aldol adduct(s)
7G concentrations when 20 mM diol starting concerdratvas used. It was found that by
increasing the diol concentration up to 100 mM thaction slows down severely. These
results cannot be explained by substrate inhibitiith (S)-enantiomer7D, because of high
value of inhibition constant 82.6 mM. At this sulas¢é concentration, HLADH has significant
activity. By-product formation was observed in elperiments. It is possible that by-product
causes inhibition and negatively affects the cascadtcome. Further experiments were

carried out by using 20 mM diGIA concentration.
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Figure 7.17The influence of th&A initial concentration on the formation on aldobadt 7G in the
cascade reaction (50 mM TEA HCI buffer, pH 8.0,°25Vieactor= 1.2 ML,Cyap’ = 1 MM, Copa = 50
MM, Vaiaon = 10 mg mEY, Ynox oos = 0.10 Mg ML, Vesa a12es= 2.0 mg mL?, ¢, = 10, 20, 40, 60 and
100 mM). Legend: pink circlesaldol peak at RT 10.5 min, blue circlesldol peak at RT 11.2.

7.4.11 The influence of HLADH/NOX activity ratio thve aldol adduct evolving
The next step was evaluation of the influence afyere activity ratio on diol’A

conversion and product concentration (Figure 7.T8¢ results show the best results at the
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§-3-Amino-1,2-propanediol,
7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,
7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one
7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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activity ratio 30, which means 30-fold higher aittivof ADH in comparison to NOX (50 mg

mL~ ADH in the reactor). At these conditions 50% stetstconversion was achieved.
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Figure 7.18Influence of activity ratio of HLADH and NOX on ¢hproduct formation and didlA
conversion in the cascade reaction (50 mM TEA H@tdy, pH 8.0, 25 °CV,eactor= 0.4 mL,Cyap* = 1
MM, Cona = 50 MM, Yiiapn = 0.5 - 100 mg ML, ynox oos = 0.10 Mg ML, Vesa atzes= 2.0 mg mL,
Cra = 20 mM).

7.4.12 Operational stability of HLADH, NOX and F8¢xing the cascade reaction

Activities of HLADH and NOX were followed spectroptometrically by following
the NADH concentration. Activity of FSA?°> was measured by performing the activity tests
followed by HPLC. For each of the three enzymesyity test started by taking 10L of
cascade reaction sample and filtrating it by cémgdtion of Amicon ® Ultra filter unit(5
min, 5000 g). Enzymes were diluted in buffer (4Q0for HLADH and NOX tests and 200
uL for FSA test) and used for activity test.
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§-3-Amino-1,2-propanediol,
7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,
7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one
7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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Figure 7.19 The change of FSA?*S HLADH and NOX009 relative activity during a casdea
experiment (50 mM TEA HCI buffer, pH 8.0, 25 “Zeactor= 1.2 ML, Cyap” = 1 MM, Cppa = 50 mM,
YHLADH = 10 mg ml:l, YNOX 009 = 0.10 mg ml:l, Yrsa = 2.0 mg ml:l, cn=20 mM)

A slow negative change in activities of HLADH andOX during 50 hours of a
cascade experiment was noticed, whereas FSA gctiwitost vanished (Figure 7.19).

It was estimated that FSA half-life time was apprd226 hours. Considering that this
cascade is usually carried out for many days, & @sgpected that the activity of all enzymes
would eventually drop to zero. It was assumed ploair operational stability of FSA and slow
deactivations of other enzymes were not the ordgona for the poor results in the cascade

reaction.

7.4.13 Effect of aeration on enzymes’ activity

Since low oxygen concentration in the reaction sotucan be the reason for low
reaction rate, aeration of the reaction was comsdlsince it might improve the reaction
outcome. Results of previously reported kinetictN&DH oxidation catalysed by NOX 009
are presented in Figure 7.20 and Table 7.8.

Table 7.8Kinetic parameters of NADH oxidation catalysed bX 009.

Parameter | Unit Value

Vi Umg* 1.76 £0.11
Ky APH mM 0.07 £0.01
KNP mM 0.47 +0.03
K> mM 0.09 +0.07
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7A — CbzN-3-amino-1,2-propanediol (racemic mixturél — (§-3-Amino-1,2-propanediol,
7C — (R)-3-Amino-1,2-propanediol; D — (§-Cbz-N-3-amino-1,2-propanediol E — (R)-CbzN-3-amino-1,2-propanediol,
7F — CbzN-3-amino-2-hydroxypropanal,G — CbzN-6-amino-1,3,4,5-tetrahydroxy-hexan-2-one
7H — 3-Chloro-1,2-propanediol (racemic mixturé),— (9-3-Chloro-1,2-propanediol,J — (R)-3-Chloro-1,2-propanediol
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Figure 7.20Kinetics of NADH oxidation catalysed by NOX 009%5(2C, 50 mM TEA HCI buffer pH
8.0,]/,\]0)( 009— 3 mg ml__l, A. CNADH = 0.15 mM, B-CNADH =0-0.2 mM, C-CNADH =0.1 mM,CNAD+ =0
— 0.5 mM). Legend: black circles — experimental dite — model.

Even though NOX 009 has low Michaelis constantdioygen estimated to H€,°? =
0.0904uM, after a while oxygen concentration drops to zgngerimentally confirmed with
oxygen probe), and the reaction rate is limitedsloyv oxygen transfer from air to solution.
That is why it was assumed that aeration might onerthe reaction outcome. However, first
the influence of aeration on enzymes was testedatt found that aeration has a negative
influence on NOX (Figure 7.21 A), but has no negatéffect on HLADH and FSA®®S
(Figures 7.21B and 7.21C).
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Figure 7.21The influence of aeration (50 mM TEA HCI buffekl 8.0, 25 °C, 250 rpnV = 30 mL,
Quar = 2 L 0 on A. NOX {fnox o0s = 0.5 mg mL"), B. HLADH (Yuaon = 2.0 mg mLY) and C.
FSAM?S activity (Yrsa a1zes= 2.0 mg mL?).

7.4.14 Cascade reactions in the batch reactor

Cascade reaction was performed where enzymes dstiates were re-added to the
reaction mixture during the experiment. The aimthad experiment was maximizing product
7G concentration and diglA conversion. Evolving aldoiG and alcohol7A conversion are

shown in Figure 7.22. Chromatographs’éf 7F and7G are presented in Figure 10.7.
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Figure 7.22 Addition of enzyme(s), DHA and NADIn the cascade reaction to improve substrate
conversion (50 mM TEA HCI buffer, pH 8.0, 25 °C,000rpm ,Vieacior = 1.2 ML, Cyap 0 = 1 mM,

CbHA0 = 50 mM,yHLADH'o =10.0 mg ml:l. Ynox = 0.10 mg mEl, Yrsa = 2.0 mg m[l, Cip = 20 mM)

It was shown that by using this approach diélconversion was increased up to 64%
(from max. 50% in earlier experiments), and acawhlyi the increase in aldol adduct(&p
concentration was noticed. These conditions, howew® not meet the necessary
requirements for an industrial development. Effaatptimize the HLADH/NOX/FSA?S
cascade reaction were shown to be unsuccessfult@ugperational stability decay of

enzymes.
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7.5 Experimental procedures — Approach I

7.5.1 Screening for the most suitable oxido-redseta

For the second approach regarding iminosugar sgisthe&everal enzymes were tested
for the use in first reaction step of 3-chloro-p/@panediol TH) oxidation. These enzymes
include horse liver alcohol dehydrogenase, yeasihal dehydrogenase, galactose oxidase
and plate containing 192 oxido-reductases from éthroz Ltd.

Activities of horse liver alcohol dehydrogenase amhst alcohol dehydrogenase
toward racemic/H were tested with standard NARlependent spectrophotometrical assay.
Plate assay containing 192 oxido-reductases retdreen Prozomix (UK) were screened on
7H.

Galactose oxidase (GOD) activity assay with-8jhethoxybenzidined.Dianisidine)
as peroxidase substrate at 436 nm was firstly (Be@hringer Mannheim GmbH, 1973;
Findrik & Vasi-Raki, 2007). The assay was not appropriate for thaction due to brown
color of enzyme solution. Therefore, another agsagd in literature (Boehringer Mannheim
GmbH, 1973; Pedersen et al., 2015) that uses ARJS-dzino-bis(3-ethylbenzothiazoline-6-
sulphonic acid)) as peroxidase substrate at 42vastested. This assay was appropriate and
therefore the activity of GOD was measured this Wat is described in detail in the next

chapter.

7.5.2 Kinetics of 7H oxidation catalysed by galaetoxidase
Buffer used for kinetic measurements and reactisas 100 mM sodium phosphate
buffer, pH 7.0. The content of the cuvette for spgahotometric measurement of galactose

oxidase activity is presented in Table 7.9.

Table 7.9 The content of the cuvette for spectrophotomemieasurement of galactose oxidase
activity.

Compound Value | Unit

7H 0-800 | mM
ABTS 8.7 mM
Cu* 0.015 | mM
Galactose oxidase 1 mg mL™*
Peroxidase 1990 | Umg*
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The influence of $-3-chloro-1,2-propanediol7() and R)-3-chloro-1,2-propanediol
(7J) concentration on galactose oxidase activity waasured separately to determine if the
enzyme is enantioselective, and to estimate theegadf kinetic constants.

Since oxidation requires oxygen (Scheme 7.3), niflaance of oxygen concentration
on galactose oxidation activity was measured. 58 solMtion of 7| in buffer was prepared
and mixed on magnetic stirrer at 300 rpm. Its vaumas 20 mL. The concentration of
oxygen in the solution was regulated by nitroged amflow and followed by oxygen probe.
856 uL of alcohol solution is taken from the solutionkaiown oxygen concentration and put
in the cuvette. 144L of previously prepared mixture that containsc@inpounds according
to assay (Table 7.9) was introduced in cuvette whpactrophotometric measurement
immediately started at 420 nm. Enzyme activity wakulated from the linear slope at the
beginning of the reaction according to the Equatiorl and 7.2.

OH O

R\H galactose oxidafe R\H|
OH /_\ OH

Oz H 202

Scheme 7.30xidation of diol catalysed by galactose oxidase.

7.5.3 Enzymatic 3-chloro-1,2-propanediol oxidataord cascade reaction

Oxidation reaction alone and cascade reaction (8eh@.4) were performed and
followed by HPLC. Evolving peaks were detected athbreactions. Samples from cascade
reactions were analysed by LC-MS as well to semyf of the evolving peaks correspond to

targeted aldol adduct.

galactose OH O
dehydrogenas FSA A129S
CI/\/\OH 8|/\(§O Cl/\H\)H
OH OH OH OH OH
., O
OH OH
Scheme 7.&Reaction scheme of the cascade iminosugar precsyathesis — Approach Il.
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The conditions of the oxidation were as follows.idation reaction volume was 1 mL.
Reaction contained! (189.6 pL of 1.055 M stock solution, 200 mM in treaction), CE&"
(10 pL of 5 mM stock solution, 0.05 mM in the raan), galactose oxidase (100 pL of 100
mg mL™ stock solution, 10 mg mt in the reaction) and 717.6 pL of 100 mM sodium
phosphate pH 7 buffer.

The conditions of the cascade reaction were asvisll First reaction step of a cascade
was 7| oxidation catalysed by galactose oxidase. Seceadtion step is the aldol addition
catalysed by FSA?°*where dihydroxyacetone was introduced. Cascadeioea/olume was
1 mL. Reaction contained (189.6 pL of 1.055 M stock solution, 200 mM in tleaction),
CU?* (10 pL of 5 mM stock solution, 0.05 mM in the réiac), galactose oxidase (100 pL of
100 mg mL* stock solution, 10 mg mt in the reaction), dihydroxyacetone (500 pL of 400
mM stock solution, 200 mM in the reaction), FS&> (150 pL of 33.33 mg mt stock
solution, 5 mg mL* in the reaction), 50 pL of catalase from bovineti(aqueous suspension,
10,000-40,000 units myprotein). All solutions were made in 100 mM sodiphosphate pH
7.0 buffer. Catalase was added to the cascade twehpurpose of eliminating evolved
hydrogen peroxide.

7.5.4 3-Chloro-1,2-propanediol chemical oxidatiamdaenzymatic aldol addition
Combination of chemical alcohol oxidation coupleithvenzymatic aldol addition was

the next approach in finding the pathway to syndeeshe precursor of the iminosugar

(Scheme 7.5). Chemical oxidation used 2-iodoxybenacid (IBX) as oxidation agent.

OH O
IBX FSA A129S
cl/\ﬁOH — C'/\A\O —
OH OH OH OH OH
, O
OH OH

Scheme 7.8Chemical7H oxidation coupled with enzymatic aldol additiomegon scheme.
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The protocol was as follows’H was diluted in 48 mL of ethyl acetate (192 mM
alcohol in the reaction). 2.5 g of IBX (44.5 % pyrof commercial chemical was taken into
account) was added to the solution. At the pointeafching the temperature of 77°C the
oxidation started. Reaction was performed in wagth with magnetic stirring. Samples were
taken during reaction and analysed by GC monitodloghol concentration. Reaction was
stopped after 9 hours by filtration where crude I#&&s removed. Acidic residues of IBX in
the solution were removed by adding 1 g of sodiurarbonate. Reaction mixture was stirred
and again filtrated. Afterwards, the two-phase batiition was started. Organic phase was
ethyl acetate containing evolved aldehyde and werbed alcohol. Water phase contained 2
mg mL™? of FSAM?%° and 250 mM of dihydroxyacetone dissolved in 3715¢h50 mM TEA
HCI buffer pH 7.5. The idea was that during ethgétate evaporation on rotary evaporator
aldehyde crosses to water phase where aldol addibgurs. During the reaction samples
were withdrawn from water phase, derivatized witftOBIH,- HCI (details in Chapter 5.2.3.1)
for HPLC and LC-MS analysis.
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7.6 Results and discussion — Approach II

7.6.1 Screening for the most suitable oxido-redseta

Horse liver alcohol dehydrogenase (Sigma Aldrialmd geast alcohol dehydrogenase
showed no activity toward@H during standard NADspectrophotometrical assay. Therefore,
these enzymes were excluded from further resedr@minosugar precursor synthesis from
7H as starting substrate.

Two enzymes (KRED 6 and KRED 30) from tested oxieductase panel containing
192 enzymes were further investigated due to pestést outcomes. The influence of alcohol
concentration and NADconcentration on reaction rate was measured aretiGiparameters

were estimated and presented in Table 7.10.

Table 7.10Maximum specific activities of tested oxido-redseaKRED 6 and KRED 30 for the
oxidation of 7H.

Parameter Unit Value

\/ KREDS U mg‘l 0.0028 + 0.0001
K, KRED mM 7.74 +£1.62

K, VADF KREDS, [ 0.32 + 0.06
VmKRED 30 U mg‘1 0.0016 + 0.00004
K RRED X mM 9.41+£0.94

K, NADF (KRED 3071 pa\ 0.059 £ 0.012

K, NAD* (KRED 30 mM 26.38 £9.12

Since the activity of galactose oxidase was twoedof magnitude higher than
activity of both selected KREDs (Table 7.11), dethi’H oxidation kinetic measurements

were performed by using galactose oxidase (GOD).

Table 7.11Maximum specific activities of tested enzymes fur bxidation of7H.

Enzyme |V, [Umg7]
HLADH 0

YADH 0

KRED 6 0.0028
KRED 30 | 0.0016
GOD 0.27
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7.6.2 Kinetics of the oxidation of 7H catalysedjbjactose oxidase
Kinetics of the oxidation of both 3-chloro-1,2-peoyediol enantiomers catalysed by
galactose oxidase are shown on Figure 7.23. Figu#é presents the influence of oxygen

concentration on galactose oxidase activity.
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Figure 7.23Kinetics of A. R)-3-chloro-1,2-propanediol’/()) and B. §-3-chloro-1,2-propanediol’()

oxidation catalysed by galactose oxidase (0.1 Musogphosphate buffer pH 7.0, 25 °gop =1 mg

ML, Yperoxidase = 0.027 mg mL', Ceycr = 0.015 MM, Cagrs = 8.7 mM). Legend: black circles —
experimental data, line — model.
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Figure 7.24Influence of oxygen concentration on galactose asedspecific activity (0.1 M sodium-

phosphate buffer pH 7.0, 25 °Gop = 1 mg mL?). Legend: black circles — experimental data, #ne
model.

Although the enzyme contains copper in its strigttine literature (Pedersen et al.,
2015) suggests it is possible that it is lost fribva structure during reaction. The influence of

copper ions (Ctl) on reaction rate was therefore tested. The =sult presented in Figure
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7.25. It was found that in the concentration rafigen 0.002 mM to 0.05 mM it has no effect

on oxidation rate.
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Figure 7.25 Influence of copper ions concentration on galactosielase specific activity (0.1 M
sodium-phosphate buffer pH 7.0, 25 $€op = 1 mg mLY).

Estimated kinetic parameters fof oxidation by GOD are presented in Table 7.12. It
can be seen from presented data that the enzyn@ enantioselective and has low affinity
toward substratek(,” andKn”). The enzyme has high affinity toward oxygen sty ansmall
concentration of oxygen in the reaction solutiosusficient for achieving maximum enzyme

activity.

Table 7.12Estimated kinetic parameters fo& oxidation catalysed by galactose oxidase.

Parameter | Unit Value

Vo' Umg*® | 0.320 + 0.068
K" mMm 1716.1 + 486.8
Vi Umg® | 0.275+0.038
K mM 1146.3 +192.1
K> mM 0.613+0.131

7.6.3 Enzymatic 3-chloro-1,2-propanediol oxidataord cascade reaction
Oxidation reaction alone and cascade reaction (8ehé.25) were performed and
followed by HPLC. Several unidentified peaks evotyivere detected in both reactions.
LC-MS analysis had not confirmed the presence adladdduct in analysed samples.
Since the concentration of dihydroxyacetone deeahiring cascade, additional kinetic

measurement was performed to see if galactose smidshows activity toward
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dihydroxyacetone. The results of that measuremenshown in Figure 7.26 and estimated

kinetic parameters in Table 7.13.
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Figure 7.26 Influence of dihydroxyacetone on galactose oxidastévity (pH 7.0, 25 °Cygop= 20
mg/mL).

Table 7.13Estimated kinetic parameters for DHA oxidation tggad by galactose oxidase.

Parameter | Unit Value
Vi Umg" 1.774 £ 0.130
K, oHA mM 7.167 £ 1.137

The results of kinetic measurements of DHA (Tabl&3Y oxidation catalysed by
galactose oxidase showed that enzyme has higheityaat reaction with DHA compared to
both chloropropanediol enantiomers and 7J. In addition, enzyme’s affinity (loweKy
value) is much higher toward DHA. Hence, DHA thatsaas an oxidation substrate makes
proposed cascade (Schemes 7.2 and 7.4) ineffeatisteexplains why desired aldol cannot
evolve.

Consecutive reactions approach where chloropropalnexidation would finish and
afterward FSA and DHA would be introduced to reattio start second step of aldol addition
also cannot work based on HPLC and LC-MS peaks/sisaNamely, no aldehyde peak was
detected in oxidation and that confirmed that otiadareaction alone is not successful.

These findings suggested that by using combinatfaiemical alcohol oxidation and
enzymatic aldol addition discovered challenges d@du¢ resolved in order to synthesise

iminosugar precursor.
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7.6.4 3-Chloro-1,2-propanediol chemical oxidatiamdaenzymatic aldol addition

Conversion of alcohol in chemical oxidation withXBvas 51% after 8.5 hours of
reaction at 77°C. The reaction did not progressraong.

Evaporation lasted for 3 hours and 45 minutes duwhich samples are taken for
HPLC and LC-MS analysis. HPLC analysis showed k¢ peaks evolving. However, LC-
MS analysis confirmed none of the peaks correspbihaléargeted aldehyde (molecular mass
of derivatized aldehyde is 214 g mlor aldol (molecular mass of derivatized aldoB@! g
mol™) molecular masses. On the other hand, peak ofddittyacetone (196 g md) is
clearly confirmed by MS.

There are several possible explanations why peddraynthesis did not result in aldol
adduct formation. Ethyl acetate dissolves in wageto 8% that can have a negative impact
on FSA activity (Sudar et al., 2013). In additismce aldehyde and aldol molecules are not
commercially available, kinetic measurements contd be done. Therefore, there is a
possibility that aldehyde inhibits aldol additiom higher concentrations. Aldehyde can be
instable in organic and/or water phase, too. Fumlee, unconverted alcohol from oxidation
step could cause FSA inhibition. Data from analogygtem show that concentration of 80
mM Cbz protected aminoalcohol caused approx. 50% 8> activity loss. In addition, it is
possible that 2 mg mt of FSA was insufficient for successful aldol aduit Finally, FSA
may not be active on this substrate because thsshnatar molecules have not been tested as
FSA substrates (Clapés et al., 2010).
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7.7 Conclusions

Two strategies for biocatalytic production of imsugarsMiglustat and Miglitol
precursor are examined within this doctoral theSise approach suggested Q¥8-amino-
1,2-propanediol as a starting oxidation substr&econd approach involved 3-chloro-1,2-
propanediol as substrate for oxidation.

In the first approach, from all tested oxido-recdisets, horse liver alcohol
dehydrogenase showed highest activity toward sugdesubstrate. Detailed kinetic
investigation showed that this enzyme is not enastective. The highe&t./K, value was
achieved with §)-CbzN-3-amino-1,2-propanediol. For the aldol additiolsAF**° variant
was used and NADH oxidase for coenzyme regenetaBorce suggested reaction system
includes intermediate and target product, which moé commercially available, LC-MS
analysis was performed and confirmed that formemblahdduct is the expected molecule.
Initial cascade substrate concentration, initialINAconcentration and HLADH/NOX ratios
are independently tested in order to investigatantiuence on product yield. It was found
that the highest substrate conversion was achienvtd20 mM initial alcohol concentration.
Concentration of 1 mM NAD and HLADH/NOX ratio of 30 showed the best results.
Cascade reaction was performed with the aim ofeaaig the highest alcohol conversion by
adding fresh amounts of enzymes and reaction congoduring the reaction. It was shown
that by using this approach Cbi3-amino-1,2-propanediol conversion was increagedou
64% (from max. 50% in earlier experiments), andoatingly the increase in aldol adduct
concentration was noticed. Still, an increase waisthat significant when the amount of
enzymes re-added to the reactor is considered.eTomsditions, however, do not meet the
necessary requirements for an industrial developmenan be concluded that impossibility
of detailed kinetic measurement due to lack of patermediate and aldol adduct was the
main issue of this proposed biocatalytic synthestbe iminosugar precursor.

Second iminosugar precursor synthesis strategyidenes 3-chloro-1,2-propanediol
as cascade starting substrate. Galactose oxidaseDfactylium dendroidesiad the highest
activity toward this substrate from all consider@ddo-reductases. Kinetic measurements
with (§- and R)-3-chloro-1,2-propanediol showed that the enzysneot enantioselective. In
this case, detailed kinetic measurements couldeqgierformed as well due to unavailability
of intermediate and product that could be usediioetic experiments. This research can be

continued once these compounds become availablgoeBprming biocatalytic cascade of
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AM295 no expected results were

oxidation by galactose oxidase and aldol additignH$
collected because the targeted molecules were etected by LC-MS analysis. Another
approach was tested that included chemical oxidatfalcohol coupled with enzymatic aldol
addition. Aldol peak was not detected by LC-MS gsial and no further research was done
regarding this precursor synthesis approach.

It is important to emphasize that both approachegpmdrawbacks are caused by
incomplete kinetic measurements due to the unauibilaof intermediates and final product
molecules in the time the research was conductedadtition, due to instability of such
molecules, the attempts of their isolation withinstresearch failed. Results obtained in
research of Approach | could be completed once egeathemicals become commercially
available. In this case, with mathematical modetettgpment, better understanding of the
process would be possible and it could be usegracess optimization that would increase

so far the best result of 64% substrate conveiisi@ncascade reaction.
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8 THESIS CONCLUSIONS

Biocatalysis is in focus due to its use for thetbgsis of pharmaceuticals making
manufacturing processes more sustainable. In rg@ars, much interest has been shown in
the use of multi-enzyme cascades as a tool in argsynthesis. Reaction engineering
methodology was used in this thesis for descrilaind optimizing three separate biocatalytic
cascade reaction systems. The link between alladascis the use of carbararbon bond
forming enzyme in one reaction step per cascade.

Cascade reaction where three enzymes were involged novel approach for
synthesis of 3-hydroxyisobutyric acid, a methacryéicid precursor used as important
intermediate for the preparation of polymers. Pemub biocatalytic synthesis of 3-
hydroxyisobutyric acid can be performed by an adelcatalysed aldol addition of propanal
to formaldehyde followed by an enzymatic oxidatiah the resulting 3-hydroxy-2-
methylpropanal to 3-hydroxyisobutyric acid. Froneth tested aldolases FSA variants, FSA
variant D6Q was chosen as the most suitable enzgnoentinue the optimization of aldol
addition with since it has high activity towardstfbgubstrates in large concentration range. It
was found that the kinetics of the aldol additiaiatysed by FSA? can be described by
double substrate Michaelis-Menten kinetics. Becaafsenzyme inhibitions and operational
stability decay, fed-batch was chosen as the lastar choice for this reaction. Mathematical
model that was developed for the first reactiop stealdol addition was used for the reaction
optimization. At the optimal process conditiong firoduct concentration after 5.5 hours was
814 mM (72 g [*), product yield was 88.5% and volume productivitygs 313.7 g T d™.
Since aldehyde dehydrogenase accepts propanabendlfienyde as substrates, this cascade
could not be performed in a one-pot synthesis,dmmsecutive, by starting oxidation after
aldol addition was completed. Detailed oxidatiometics was measured with aldehyde
dehydrogenase 003 as catalyst and developed maibaimenodel of oxidation with
coenzyme regeneration by NADH oxidase describeaxiperimental data well. The yield on
product 3-hydroxy-2-methylpropanoic acid dependadconcentration of formaldehyde and
propionaldehyde left in the produced aldol. Thenkiginitial concentration, the lower was the
product yield. With the increase of enzyme cona@rin, reaction rate increases as well, but
it also accelerates by-product formation. It isréiere possible to achieve 100% conversion
of substrate but not 100% of product yield. Perfedmone-pot consecutive enzymatic
oxidation catalysed by AIDH 003 where complete congtion of 3-hydroxy-2-
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methylpropanal occured, resulted in final conceditraof 3-hydroxy-2-methylpropanoic acid
of 24 mM. A panel of 24 different aldehyde dehydigses was tested and it was found that
five of them gave higher product yield than AIDH300The highest potential for future
oxidation investigation and optimization gives dlgeée dehydrogenase 41. At this point, the
highest product yield corresponds to 66.5% and ymbdoncentration of 26.32 mM was
obtained. Future research should be focused oroptienization of this reaction. It was
confirmed by NMR analysis that proposed enzymatiscade scheme produced desired
product, 3-hydroxy-2-methylpropanoic acid, a metiec acid precursor. Therefore, this
research proposed and demonstrated a functionabraatalytic pathway that undoubtedly
produces targeted precursor as final product.

The synthesis of-homoserine in the reaction system consisting arigaminase and
aldolase starting from pyruvate, formaldehyde aralanine was studied. Detailed kinetic
measurements and parameters estimation was doaesayp for reactions catalysed by CFE
enzymes and for reactions catalysedBbycoli cells that contained both enzymes and their
comparison is made. Reactions catalysed by sepanaienes (cell free extracts) akd coli
cells containing the same co-expressed enzymes apgimized using mathematical model.
Optimized reaction in the fed-batch reactor witmtawuous formaldehyde feed and two
additions ofL-alanine and pyruvate up to their initial concetitras produced 672 mM (80.1
g L™ of L-homoserine after 25 hours of reaction with volumeductivity of 3.2 g C* h™*
and yield of 60% when cell free extract enzymesewesed as biocatalysts. Optimized
reaction with same initial conditions resulted #0674 mM (76.3 g ) of L-homoserine after
29.25 hours with volume productivity of 2.6 g'Lh™ and yield of 65% when whole cell
biocatalyst was used. Obtained process metricsepi®sa result that fulfils minimum
industrial requirements and therefore has the pialefior up-scale and industrial use. These
two results are similar and confirm the same syshkehaviour. They also show that by
determing enzyme kinetics of CFEs conclusions cardtawn for the whole-cell system.
Industrial project partners confirmed that optindizerocess set-up and approach presented
within this research produces expected results darger scale that can be considered as
external confirmation of mathematical model deveiept and process optimization.

Research of both approaches for iminosugar precwgtthesis was limited due to
inability of measuring all kinetics. Mathematicalbdel that would describe these systems
well could not be developed due to unknown reactimmponents interactions. Nevertheless,

approach using Cbhprotected amino alcohol as substrate can be caesides a solid proof
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of concept due to MS confirmation of produced targelecule with 64% substrate

conversion in the most successful attempt of cascadction. Approach with 3-chloro-1,2-

propanediol as starting substrate was tested bynsaic cascade reaction and chemo-
enzymatic process. Both trials did not produce pebf interest and this approach was
abandoned.

Overall, it can be concluded that from three inigeged novel enzymatic cascade
systems, two of them were successfully performetidascribed by mathematical models and
afterwards optimized toward reaching set goals. thivd system’s potential was not fulfilled
due to previously mentioned obstacles. This thesisbe used as a basis for process scale-up
for L-homoserine and methacrylic acid precursor synshgsice developed validated models

give valuable information for process scale-up.
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Table 10.1Apparatus used in this doctoral thesis.

SYNTHESIS OF
METHACRYLIC ACID
PRECURSOR

SYNTHESIS OF
L-HOMOSERINE

SYNTHESIS OF IMINOSUGAR
PRECURSOR

Laboratory shaker (Vibromix 203 EVT,
Tehtnica, Slovenia)

Laboratory shaker (Vibromix 203 EVT,
Tehtnica, Slovenia)

Akta prime plus system for protein
purification (GE Healthcare, Sweden)

Orbital shaker (PSU-10i, Biosan, Latvia)

Laboratory shaker (Thermomixer C,
Eppendorf, Germany)

Cleanroom Technology (Klimaoprema,
Croatia)

Ultra-low freezer (Simon, Croatia)

Ultra-low freeZ&imon, Croatia)

Ultra-low freezer (Simon, Craati

Lyophilizer (FreeZone 1, Labconco, USA)

LyophiliZéreeZone 1, Labconco, USA)

Orbital shaker (PSUYBidsan, Latvia)

Ultrasound (Sonopuls HD 3100, horn type
SH 70G, 20 kHz, Bandelin GmbH,
Germany) and ultrasound probes (MS 73,
mm tip)

Ultrapure water system (NIRO-VV-UV-UF
3Nirosta, Croatia)

Refrigerated Incubator Shaker (Innova 43
New Brunswick Scientific, USA)

0,

High performance liquid chromatography
(HPLC) (degasser DGU-20A3; pumps LC-
20AT and LC-10AT; injector SIL-20AC;
UV-VIS detector SPD-10A;

communications bus module CBM-20A;
column oven CTO-20AC, Shimadzu, Japal

High performance liquid chromatography
(HPLC) (degasser DGU-20A3; pumps LC-
20AT and LC-10AT; injector SIL-20AC;
UV-VIS detector SPD-10A;

communications bus module CBM-20A;
nicolumn oven CTO-20AC, Shimadzu, Japa

High performance liquid chromatography
(HPLC) (degasser DGU-20A3; pumps LC-
20AT and LC-10AT; injector SIL-20AC;
UV-VIS detector SPD-10A;

communications bus module CBM-20A;
ncolumn oven CTO-20AC, Shimadzu, Japaj

Liquid chromatography mass spectrometry
(LCMS-2020, single quadrupole instrumery
Shimadzu, Japan)

Centrifuge with cooling (Hettich Universal

t’320R, Germany)

Gas chromatograph (GC) (GC-2014;
autoinjector AOC-20i, Shimadzu, Japan; ¢
generator 9150, Parker, USA)

Homogenizer (MS2 Minishaker, Ika-
Combing, Germany; V-1 plus, Biosan,
Latvia)

Homogenizer (MS2 Minishaker, Ika-
Combing, Germany; V-1 plus, Biosan,
Latvia)

Homogenizer (MS2 Minishaker, Ika-
Combing, Germany; V-1 plus, Biosan,
Latvia)

Spectrophotometers (UV 1601 and UV
1800, Shimadzu, Japan)

pH meter (Lab 860, Schott Instruments
Analytics, Germany)

Laboratory shaker (Vibromix 203 EVT,
Tehtnica, Slovenia)

Pump (PHD 4400 Syringe Pump Series,
Harvard Apparatus, USA) and

pump syringes (PHD 4400 Syringe Pump
Series 8 crf) Harvard Apparatus, USA)

Pump (PHD 4400 Syringe Pump Series,
Harvard Apparatus, USA) and

pump syringes (PHD 4400 Syringe Pump
Series 8 cr) Harvard Apparatus, USA)

Liquid chromatography mass spectrometry
(LCMS-2020, single quadrupole instrumery
Shimadzu, Japan)

Analytical balance (AUW120, Shimadzu,
Japan)

Analytical balance (AUW120, Shimadzu,
Japan)

Analytical balance (AUW120, Shimadzu,
Japan)

Rotary evaporator (Hei-VAP Value,
Heidolph, Germany)

Rotary evaporator (Hei-VAP Value,
Heidolph, Germany)

Centrifuge with cooling (Hettich Universal
320R, Germany)

Centrifuge with cooling (Hettich Universal
320R, Germany)

High pressure steam sterilizer (Sutjeska,
Yugoslavia)

High pressure steam sterilizer (Sutjeska,
Yugoslavia)

pH meter (Lab 860, Schott Instruments
Analytics, Germany)

pH meter (Lab 860, Schott Instruments
Analytics, Germany)

Ultrapure water system (NIRO-VV-UV-UF
Nirosta, Croatia)

Ultrapure water system (NIRO-VV-UV-UF
Nirosta, Croatia)

Ultrasound (Sonopuls HD 3100, horn type
SH 70G, 20 kHz, Bandelin GmbH,
Germany) and ultrasound probes (MS 73,
mm tip)

Oxygen electrode (FireSting 02,
PyroScience GmbH, Aachen, Germany)

Thermostat water bath (Termomix 1420,
Braun, Germany)

Spectrophotometers (UV 1601 and UV
1800, Shimadzu, Japan)
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Figure 10.2 HPLC analysis (method B from Table 5.2): A. chrémgaams of5A, 5B and5G, B.
calibration curves fobA, 5B and5G.
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Figure 10.3 Chromatograms obC and 5F analysed by LC-MS. A. TIC chromatogram, B. SIM
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Figure 10.4 Analysis of 4-bromophenacygthydroxyisobutyrate on chiral HPLC column A. Startia
solutions of §-4-bromophenacyp-hydroxyisobutyrate (RT 17.966 min), B. Standardusons of

(R)-4-bromophenacyp-hydroxyisobutyrate (RT 20.413 min), C. Analysis afsample obtained by
enzymatic oxidation (ee 51%).

182



10 Appendix

(|
.
| rr I f (
JJ J‘ Jr "/” ‘
. 11 3
8;12 12 _~10Br
911 1.9 s
5 5 2 6
HO 0 g
4 8
(0]
3
2
LLLJU
ML L
Y I &S s 8
@ o LR LX) < -1
22 s3 sa e a
8 7 6 5 4 3 2 1
8;12
9;11
5 1 2 3
6 4
‘ } 10
180 160 140 1‘20 100 80 60 40 20

B W U | I T
% C N

1] 120

8 7 6 5 a 3 2 1 8 7 6 5 a 3 2 1

Figure 10.5 NMR analysis of5G results. A."H NMR spectrum. B}*C spectrum. C. 2D COSY
spectrum. D. 2D HSQC spectrum.

183



10 Appendix

V(x100,000)

1.6x10
1.4x10
12316 y=41946x+687433 5.0 6A
R’=0.9992
o 1.0x10
«
® 800.0x16
< 600.0x16
400.0x16
200.0x10
0.0
0 5 10 15 20
cha\amne [mM]
6.55 6.60 6.65 6.70 6.75 6.80 6.85 6.90 min
V(x100,000)
5.0
1.5x10 90353
y=t X
R’=0.9997 4.0 6 B
‘S 1.0x10
o
z 3.0
500.0x10
2.0
00
0 5 10 15 20 1.0]
Clnomosernd MM
0'0““““ T — — — T
5.4 5.5 5.6 5.7 5.8 5.9 min
V/(x100,000)
1x10°
6.0]
800x10 y=90835x
R=0.9828 6C
— 5.0]
= 600x10
g 4.0]
< 400410 '
3.0]
200x16
o 2.0]
o 2 4 6 8 10 14
1.0}
Copruvate[MM]
0.0t T T T T T T T T
7.5 7.6 7.7 7.8 7.9 8.0 8.1 min
16x1¢ V(x100,000)
1.4x10 50
y=138876x
120 R'=0.9949 6 D
— 10x0 4.0]
]
@ 800.0x10
< 600.010 3.0{
400.0x10
200.0x16 2.0
0.0
0 2 4 6 8 10 12 14 A
1.0f
Cmrmamehyae[mM]
84 85 86 8.7 88 89 90 min
1.6x10 V(x100,000)
1.4x10 5.0
y=90368x
L.2a0 R=0.9994
o Lox6 4.0
< 6E
D 800.0x16
< 600.0x10 30|
400.0x16
200.0x10
* 2.0
0.0 -
o 2 4 6 8 10 12 14 /
=
cA-hydruxy—Z»oxobulanualeM] 1.0; —
62 63 6.4 65 66  min

184



10 Appendix

V(x100,000)

4.0 6A

V(x100,000)

4.0
3.5]
3.0 6 E
2.5]
2.0 “H\‘
1.5

1.0

0.5]

60 65 70 75 8o & 90 mn

Figure 10.6 Chromatograms ofA, 6B, 6C, 6D and 6E analysed by HPLC using Method B from
Table 6.2.
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Figure 10.7Chromatograms ofA, 7E and7D analysed on chiral HPLC column with UV detection.
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Figure 10.8 Chromatograms from the cascade reactiofy, 7F, 7A analysed by HPLC with
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Figure 10.10LC-MS analysis and confirmation of aldol adduct peaks (Single lon Monitoring
mode:M = 314 gmoat).
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Symbols

SYMBOLS

ABS

o

Ki
Km

Qv

S.A.

tip

absorbance, -

molar concentration, mmol dih(mM)
diameter, mm

operational stability decay rate constant, h
kinetic constant of the first order, min
inhibition constant, mmol dm (mM)
Michaelis constant, mmol dr(mM)

mass, g

volume productivity in the fed-batch reactor,rgdd™
volume flow rate, crhh™

reaction rate, mmol drmin™

specific activity, U mg"

reaction time, min

half-life time, h

volume activity, U cm® (U mL™)

enzyme volume, cfn

maximum reaction rate, U myg

reactor volume, ci(mL)

substrate conversion, % or —

reaction yield, %

mass concentratiomg cm® (mg mL™)
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