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BIOCATALYTIC SYNTHESIS OF STATIN SIDE-CHAIN
PRECURSORS

ABSTRACT

Statins, also known as 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors, are the most widely prescribed lipid-lowering drugs in the world. Even though well-
established chemical approaches for the production of statins are employed, they are time-
consuming and require a large number of steps. The increasing commercial demand for statins
and requirements for their high chemical and stereochemical purity have led to immense efforts
to find a more efficient and economical production of chiral statin side-chain precursors. Due
to the nature of enzymes to perform highly stereoselective attacks under mild conditions,

biocatalysis represents the most attractive alternative.

The objective of this thesis was the development of two enzymatic cascades for the
synthesis of two distinctive statin side-chain precursors. The kinetics of each elementary
reaction within the multi-enzyme system and the impact of all present compounds (organic
compounds: substrates and products) on the enzyme stability were determined. The developed
mathematical models were validated in different reactor types (batch, repetitive batch, and fed-
batch reactor). Using the validated models, the reaction conditions were optimized with respect

to production of optimum quantity of key molecules and volume productivity.
The research was based on the following hypotheses:

1. The kinetic models and enzyme stability properties will enable determination
of the most suitable strategy for the implementation of a multi-enzyme process.

2. The mathematical models will enable determination of optimal reaction
conditions.

3. The optimized multi-enzyme process for the synthesis of statin side-chain

precursors will become an attractive alternative to chemical methods.

Two different routes towards the production of statin side-chain precursors were
examined, which differed in starting materials and used enzymes. The first statin side-chain
precursor was obtained by conducting a reaction that involved a 2-deoxyribose-5-phosphate
aldolase (DERA), an NAD(P)-dependent dehydrogenase (DH), and a halohydrin dehalogenase



(HHDH), while the second precursor was synthesized by carrying out a tandem reaction
consisting of DERA and DH, whereby different genetically modified DERA and DH variants
were tested, using inexpensive, easily-accessible aldehydes. To make the DH-catalyzed
reactions economically feasible, for each reaction an in situ NAD(P)" regeneration system was
examined using an NAD(P)H-dependent oxidase (NOX).

The influence of different pH, buffers and organic compounds (substrates and products)
on the activity and/or stability of all applied enzymes was investigated. The kinetic data of each
elementary reaction within the multi-enzyme system was obtained applying the initial reaction
rate method. The developed kinetic models and the data obtained from the enzyme stability
measurements enabled the determination of the most suitable strategy for the implementation
of a multi-enzyme process. The mathematical models were developed for different reactor
modes and the proposed models were experimentally validated. The possibility of running
multi-enzyme one-pot reactions was examined as well. It was experimentally proven that all
cascade reactions could be conducted in a sequential multi-step one-pot manner with an
integrated coenzyme regeneration system working as simultaneous one-pot in order to obtain
industrially relevant metrics. The validated mathematical models were used for further
optimization of reaction conditions. Based on the obtained results and calculated metrics,
optimal reaction setups and enzymes were found. The validated mathematical models represent
a valuable basis for future application in the examined multi-enzyme-catalyzed synthesis of

statin side-chain precursors.

Key words: aldolase, cascade reaction, dehydrogenase, enzyme Kinetics, halohydrin

dehalogenase, mathematical modelling, optimization, statins.



BIOKATALITICKA SINTEZA PREKURSORA BOCNIH
LANACA STATINA

PROSIRENI SAZETAK
Uvod i cilj rada

Statini spadaju u najceSc¢e propisivane lijekove danasnjice za snizavanje lipida u krvi.
lako se za njihovu proizvodnju primjenjuju dobro uhodane kemijske metode, one su dugotrajne
1 sastoje se od velikog broja koraka. Zbog sve vece potraznje za statinima i zbog zahtjeva za
njthovom visokom kemijskom 1 stereokemijskom ¢istocom ulazu se veliki napori u
pronalazenju uéinkovitih i ekonomski prihvatljivih procesa proizvodnje kiralnih prekursora
boc¢nog lanca statina. Iz tog razloga razvijaju se biokataliti¢ki procesi njihove sinteze. Naime,
primjena enzima predstavlja vrlo atraktivnu alternativu kemijskim procesima zbog Cinjenice da
kataliziraju stereoselektivne reakcije pri vrlo blagim reakcijskim uvjetima koje rezultiraju

proizvodnjom produkata visoke enantiocistoce.

Cilj istrazivanja bio je razvoj dviju enzimskih kaskada u svrhu proizvodnje dvaju
prekursora statina. Odredena je kinetika svake pojedine reakcije unutar postavljenih
visSeenzimskih sustava te utjecaj svih prisutnih komponenata reakcija (organskih spojeva:
supstrata i produkata) na stabilnost enzima. Razvijeni matematicki modeli reakcija validirani
su u razli¢itim izvedbama reaktora (Sarzni reaktor, ponovljivi Sarzni reaktor, Sarzni reaktor s
dotokom). Primjenom validiranih matemati¢ih modela optimirani su reakcijski uvjeti s ciljem

proizvodnje optimalne koli¢ine klju¢nih molekula i postizanje visoke volumne produktivnosti.

Istrazivanje se temeljilo na hipotezama kako ¢e kineticki modeli i informacije o
stabilnosti enzima omoguéiti definiranje najprikladnije strategije implementacije
viSeenzimskog sustava, da ¢e se primjenom matematickog modeliranja utvrditi optimalni
reakcijski uvjeti te ¢e optimirani viSeenzimski sustav za proizvodnju prekursora bo¢nih lanaca

statina biti atraktivna alternativa trenutno zastupljenim kemijskim metodama.

Istrazivane kaskade razlikovale su se u polaznim molekulama (supstratima) i
primijenjenim enzimima. Supstrati koji su se koristili za potrebu sinteza prekursora bili su
ekonomski prihvatljivi i lako dostupni aldehidi, a reakcije su bile katalizirane kombinacijom

enzima razlicitih skupina. Supstrati prve rute bili su kloroacetaldehid (CAA) i acetaldehid (AA),



dok su supstrati druge rute bili N-(3-oksopropil)-2-fenilacetamid (OPA) i AA. Prva se kaskada
sastojala od enzima 2-deoksiriboza-5-fosfat-aldolaze (DERA), NAD(P)-ovisne dehidrogenaze
(DH) i halogenhidrin-dehalogenaze (HHDH?), dok se druga sastojala od enzima DERA i DH,
pri ¢emu su bile koriStene razlicite geneticki modificirane varijante enzima DERA i DH. S
obzirom na to da su odredeni stupnjevi reakcija bili katalizirani enzimom DH, ispitana je
moguénost primjene regeneracije koenzima NAD(P)" in situ primjenom NAD(P)H-ovisne
oksidaze (NOX).
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Slika 1. Viseenzimska (kaskadna) reakcija sinteze prvog prekursora bo¢nog lanca statina. Reakcija se
sastojala od aldolne reakcije katalizirane enzimom DERA (DERA™ ili DERA"*), reakcije oksidacije
katalizirane NAD(P)-ovisnom DH (AIDH ili KRED®*¥?) uz regeneraciju koenzima NAD(P)* in situ
primjenom NAD(P)H-ovisne DH (NOX), te reakcija kataliziranih enzimom HHDH (HHDH®"):
dehalogenacije i otvaranja prstena epoksida u prisustvu nukleofila (CN).

Prva reakcijska ruta (slika 1.) sastojala se od dvostruke aldolne adicije, oksidacije te od
dehalogenacije i otvaranja prstena epoksida u pristustvu jakoga nukleofila. Dvostruka aldolna
adicija bila je katalizirana enzimom DERA (DERA™ ili DERA%?#). Prva aldolna adicija AA na
CAA rezultirala je nastajanjem meduprodukta 4-kloro-3-hidroksibutanala (CHB), dok je

adicijom druge molekule AA na meduprodukt CHB dobiven konacni aldolni produkt 6-kloro-



3,5-dihidroksiheksanal (CDH). Oksidacija dobivenog aldehida CDH-a u 6-kloro-3,5-
dihidroksiheksansku kiselinu (CDHA) provedena je primjenom enzima DH. U tu svrhu ispitana
su dva razli¢ita enzima: NAD-ovisna aldehid dehidrogenaza (AIDH) i NADP-ovisha
ketoreduktaza (KRED3%?). Regeneracija koenzima NAD* provedena je implementacijom
regeneracijskog sustava in situ uvodenjem enzima NADH-ovisne oksidaze (NOX%9), koja kao
kosupstrat zahtjeva kisik. Treci, a ujedno posljednji stupanj kaskade, bila je reakcija katalizirana
enzimom HHDH (HHDH®?). Enzim HHDH®? katalizira reakciju dehalogenacije CDHA-a,
¢ime se na mjestu klorida fomira epoksid te nastaje kona¢ni produkt 3-hidroksi-4-(oksiran-2-
il)-butanska kiselina (HOBA). Ukoliko se reakcija provodi uz dodatak jakog nukleofila, poput
kalijeva cijanida, enzim HHDH%? katalizira dvostupnjevitu reakciju nastanka 6-cijano-3,5-
dihidroksiheksanske kiseline (CYDHA) preko gore spomenutog meduprodukta HOBA.
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Slika 2. Viseenzimska (kaskadna) reakcija sinteze drugog prekursora bo¢nog lanca statina. Reakcija se
sastojala od aldolne reakcije katalizirane enzimom DERA (DERA®®) i reakcije oksidacije katalizirane
NADP-ovisnom DH (KRED**) uz regeneraciju koenzima NADP* in situ primjenom NAD(P)H-ovisne
DH (NOX®! ili KRED).

Druga reakcijska ruta (slika 2.) sastojala se od dvostruke aldolne adicije i oksidacije
nastalog aldolnog produkta. Dvostruke aldolne adicije bila je katalizirana enzimom DERA%?,
dok je oksidacija aldola bila katalizirana NADP-ovisnom DH (KRED®*%). Reakcija katalizirana

enzimom DERA? rezultirala je produktom N-(2-((2R,4R)-4,6-dihidroksitetrahidro-2H-piran-



2-il)etil)-2-fenilacetamidom (DHP). Nastali aldehid DHP bio je enzimski oksidiran u N-(2-
((2R,4R)-4-hidroksi-6-oksotetrahidro-2H-piran-2-il)ethil)-2-fenilacetamid (HOP). Ispitana je
mogucénost regeneracije koenzima NADP* implementacijom regeneracijskog sustava in situ
uvodenjem enzima NADPH-ovisne DH. Kao moguéi enzimi ispitani su NOX%?, enzim koji

kao kosupstrat zahtjeva kisik, i KRED®, enzim koji kao kosupstrat zahtjeva aceton (ACE).

o] O
acetaldehid (R)-3-hidroksibutanal (3R,5R)-3,5-dihidroksiheksanal
(A7) (HB) (DHH)

(4R,6R)-6-metiltetrahidro-2H-piran-2,4-diol

Slika 3. Sporedna reakcija dvostruke aldolne samoadicije acetaldehida katalizirana enzimom DERA
(DERA™, DERA ili DERA"®?),

S obzirom na to da enzim DERA prihva¢a AA ujedno kao donor i akceptor, reakcija
dvostruke aldolne samoadicije AA rezultira nastankom kona¢nog produkta 3,5-
dihidroksiheksanala (DHH) preko meduprodukta 3-hidroksibutanala (HB) (slika 3.).

Razlog provedbe oksidacije u oba slucaja bio je prevodenje konacnog produkta
(aldehidi CDH i DHP) u svoj stabilniji oblik (kiseline CDHA i HOP). U sluc¢aju prve rute,
oksidacija CDH-a je takoder bila nuzna iz razloga $to karbonilni spojevi (aldehidi i ketoni)
kemijski reagiraju s cijanidom (CN") ¢ime dolazi do cijanohidrinske reakcije. Time bi nastali
nezeljeni nusprodukti, a reakcija bi rezultirala sa smanjenim prinosom na konacnom produktu

(prekursoru bo¢nog lanca statina).
Metodologija

Analiticke metode

Uzorci uzeti iz reakcijske otopine analizirani su primjenom tekucinske kromatografije

na kromatografu Shimadzu HPLC (Kyoto, Japan).

Aktivnosti svih enzima utvrdene su primjenom eksperimentalno definiranih

spektrofotometrijskih testova na spektrofotometru Shimadzu UV-1601 (Kyoto, Japan).



Optimalni pH i temperatura

Utjecaj razli¢itih pufera, pH i temperature na aktivnost i stabilnost svih koristenih
enzima odredeni su provedbom spektrofotometrijskih mjerenja. Posto enzimi DH Kataliziraju
reakcije pri jednom pH (¢ime nastaje glavni produkt oksidacije), a regeneracija koenzima odvija
se pri drugom pH, pronaden je kompromisan pH temeljem dostupne literature i prikupljenih

eksperimentalnih rezultata.

Stabilnost enzima

Stabilnost enzima odredena je mijeSanjem enzima s razliCitim koncentracijama
supstrata ili produkta, u optimalnom puferu pri optimalnoj temperaturi. Tijekom definiranog
razdoblja uzimani su uzorci i mjerena je aktivnost enzima. Iz dobivenih rezultata procijenjene

su konstante deaktivacije enzima u prisutnosti svakog pojedinog ispitanog spoja.

Regeneracija koenzima

Regeneracija koenzima provodena je ili uvodenjem novog enzima u reakcijski sustav
(NADH-ovisna NOX) ili primjenom istoga enzima koji katalizira glavnu reakciju oksidacije
(NADPH-ovisna KRED), ovisno o enzimu koji katalizira glavnu reakciju oksidacije, odnosno
njegovoj specifi¢nosti prema vrsti upotrijebljenog kofaktora. Koli¢ina regeneriranog koenzima
pracena je spektrofotometrijski pri 340 nm, s obzirom na to da koenzim NAD(P)H apsorbira

svjetlost pri toj valnoj duljini.

Kineti¢ka mjerenja

Za svaki pojedini biokataliticki stupanj unutar promatranog sustava provedena su
nezavisna mjerenja pracenjem ovisnosti pocetne reakcijske brzine o koncentracijama pojedinih
komponenti reakcijskog sustava, to jest primjenom metode pocetnih reakcijskih brzina.
Dobiveni eksperimentalni podaci koristeni su za procjenu kinetickih parametara. Mjerenja su
provedena ili primjenom spektrofotometrijskoga testa ili pradenjem reakcije u vremenu

mjerenjem koncentracije supstrata ili produkta primjenom tekucinske kromatografije.

Jednostupanijske reakcije

Sve reakcije ukljuéene u sintezu prekursora bo¢nog lanaca statina provedene su u barem
jednom od sljedecih reaktora: Sarznom reaktoru (BR), ponovljivom Sarznom reaktoru (RBR) ili

Sarznom reaktoru s dotokom (FBR). Kada se reakcija provodila u RBR-u, dodavana je svjeza



koli¢ina supstrata ili enzima jednaka onoj pocetnoj u onome trenutku kada je koncentracija ili
aktivnost pala na nulu. Kod reakcija koje su provedene u FBR-u, supstrati i/ili enzimi dovodeni
su u reaktor pomocu klipnih pumpi (PHD 4400 Syringe Pump Series, Harvard Apparatus,
SAD).

ViSeenzimski sustavi

Nakon $to su ispitane sve jednostupanjske reakcije ukljuene u sintezu prekursora,
provedene su kaskadne reakcije. Viseenzimski sustavi sastojali su se od kombinacije razli¢itih
enzima u svrhu pojednostavljenja procesa sinteze bez pada produktivnosti. Reakcije su
provedene ili u jednom reaktoru ili kao slijedne reakcije u odabranom tipu reaktora. Kod
reakcija provedenih u jednom reaktoru, na po¢etku eksperimenta dodani su svi supstrati, enzimi
i koenzimi, a kod reakcija provodenih kao niz slijednih reakcija, svaki se sintetski korak gledao
kao samostalna reakcija, $to zna¢i SU Se samo najnuzniji supstrati, enzimi i koenzimi dodali

prije sljedeceg sintetskog koraka, ali bez prethodnog procis¢avanja nastalih (medu)produkata.

Matemati¢ko modeliranje, validacija i simulacije modela

Matematicki modeli sastoje se od kineti¢kih i bilan¢nih jednadzbi, a razvijeni su na
temelju reakcijske sheme, procijenjenih kineti¢kih parametara 1 bilan¢nih jednadzbi za odabrani
tip reaktora te su validirani na nezavisnom skupu eksperimentalnih podataka prikupljenih iz
podataka prikupljenih u odgovaraju¢em tipu reaktora. Razvijeni modeli posluzili su u
simulacijama i optimizaciji pocetnih parametara reakcije u svrhu dobivanja optimalne

koncentracije glavnoga produkta i postizanja volumne produktivnosti.

Obrada podataka

Za procjenu kineti¢kih parametara i konstante operacijske stabilnosti enzima koristene
su simpleks-metoda i metoda najmannjih kvadrata primjenom racunalnog programa Scientist
(MicroMath), pri ¢emu se kao funkcija cilja koristila suma kvadrata odstupanja. Za potrebe
simulacije primijenjen je algoritam Episode za rjeSavanje skupa diferencijalnih jednadzbi.
Standardna devijacija i koeficijenti determinacije izraunati SU primjenom statisti¢kih funkcija

ugradenih u Scientist.
Rezultati, rasprava i zakljuéci

Da bi se utvrdili optimalni pufer i pH za provedbu enzimskih reakcija, ispitan je utjecaj

razli¢itih pufera i pH-vrijednosti na aktivnost i stabilnost enzima. Eksperimentalno je utvrdeno



kako je optimalni pufer za provedbu reakcije aldolne adicije AA na CAA Katalizirane DERA™™-
om 0.1 M pufer TEA-HCI, pH 7, dok je za istu reakciju kataliziranu DERA?*-om najbolji 0.1
M fosfatni pufer, pH 6. Za reakciju oksidacije CDH-a katalizirane enzimom AIDH odabran je
0.1 M fosfatni pufer, pH 8. Za reakciju aldolne adicije AA na OPA katalizirane enzimom
DERA? ytvrdeno je kako je optimalni pufer 0.1 M fosfatni pufer, pH 7, dok je za slijednu

reakciju kataliziranu KRED** optimalni isti pufer, ali pH 8.

Ispitan je utjecaj temperature na aktivnost i stabilnost enzima DERA™. Rezultati su
potvrdili kako aktivnost enzima raste s porastom temperature u skladu s Arrheniusovom
jednadzbom. Pomoc¢u prikupljenih eksperimentalnih podataka odredeni su parametri
jednadzbe. Enzim je pokazao vrlo dobru termostabilnost zadrzavsi 87 % inicijalne aktivnosti

nakon tri dana inkubacije pri temperaturi 20 — 25 °C.

Kako bi se uspjeSno postavili matematicki modeli, bilo je potrebno odrediti utjecaj
organskih spojeva (supstrata i produkata) na stabilnost enzima te odrediti kinetiku enzima u
reakcijama koje kataliziraju.

Konstanta deaktivacije enzima u prisustvu organskih spojeva za svaki pojedini enzim
procijenjena je pomoc¢u eksperimentalnih podataka vremenskih promjena aktivnosti enzima za
svaku pojedinu koncentraciju pojedinacnog aldehida primjenom kinetike drugoga reda.
Procijenjene konstante deaktivacije su potom prikazane kao ovisnost konstante deaktivacije o
pojedinoj koncentraciji svakog ispitivanog spoja, te opisane polinomom. Rezultati ispitivanja
utjecaja organskih spojeva na stabilnost enzima potvrdili su kako je nuzno odrediti optimalne
pocetne koncentracije supstrata te izbje¢i akumulaciju spojeva koji imaju destabilizirajuci

ucinak na enzime odabirom prikladne konfiguracije reaktora.

Primjenom metode pocetnih brzina odredena je kinetika svih enzima u svakoj pojedinoj
reakciji unutar postavljenog viSeenzimskog sustava. Kinetika svake pojedine enzimski
katalizirane reakcije opisana je jednosupstratnom ili dvosupstratnom Michaelis-Menteni¢inom
kinetikom. Ukoliko je bilo eksperimentalno utvrdeno, kineticke jednadzbe bile su proSirene
¢lanovima koji su se ukljucivali inhibicije uzrokovane supstratom i/ili produktom reakcije. Svi
parametri Michaelis-Menteni¢ine kinetike bili su procijenjeni primjenom nelinearne regresije
programskog paketa Scientist (MicroMath). Uzimajuéi vrijednosti kineti¢kih parametara u
obzir, enzimi su se pogodnim Kkatalizatorima istrazivanih reakcija, medutim zakljuceno je kako
je za dvostruku aldolnu adiciju AA na CAA prikladniji enzim DERA* nego enzim DERA™,
a kako je za oksidaciju CDH-a prikladniji enzimski sustav kojeg ¢ine AIDH/NOX®® nego



enzim KRED®**2, U sluéaju druge reakcijske rute, vezano uz regeneraciju koenzima NADP* in
situ, oba bi se enzima mogla uspjesno koristiti u svrhu njegove regeneracije, pri ¢emu primjena

enzima NOX%? pokazuje odredene prednosti nad KRED®!,

Temeljem prikupljenih podataka ovisnosti stabilnosti enzima o prisustvu organskih
spojeva u reakcijskoj otopini i razvijenih kineti¢kih modela predlozeni su matematicki modeli
za odgovarajuéi tip reaktora. Razvijeni matematicki modeli validirani su u odgovaraju¢em

reaktoru provedbom jednoenzimskih i viSeenzimskih (kaskadnih) reakcija.

Sluze¢i se validiranim matematickim modelima, optimirani su reakcijski uvjeti
promatranih enzimski kataliziranih reakcija s ciljem proizvodnje industrijski relevantne
koli¢ine kljuénih molekula. U tu svrhu, kao mjerilo uspjeSnosti, posluzili su relevantni
industrijski zahtjevi za proizvodnju finih kemikalija, poput koli¢ine proizvedenog produkta (>
50 g/L), konverzije supstrata (> 95 %, 24 h), iskoristenje biokatalizatora (> 10 Zprodukt/Jenzim) |
produktivnost (> 100 g/(L-dan)).

Kaskadne reakcije bile su provedene u odgovaraju¢em reaktoru na simultani (ako je
ukljucivalo regeneraciju koenzima) i/ili sekvencijalni (ako su produkti prethodne reakcije bili
supstrati sljede¢e reakcije bez prethodne alternacije reakcijske otopine) nacin. Na temelju
prikupljenih eksperimentalnih podataka, potvrdeno je kako je moguce pojednostaviti
promatrane reakcijske sustave provedbom kaskadnih reakcija i time dobiti vece koliCine
zeljenog produkta. Tako nije bilo moguce simultano provesti kaskadne reakcije koje ukljucuju
enzime DERA 1 DH, iz razloga $§to enzimi DH neselektivno oksidiraju aldehide,
eksperimentalno je potvrdeno kako je moguce provesti kaskadne reakcije na sekvencijalan
na¢in. Tako je provedbom sekvencijalne kaskade, koja ukljucuje prisustvo DERA%*-e i
AIDH/NOX®®-a, reakcija rezultirala zadovoljavanjem industrijski znacajnih procesnih
veli¢ina, u usporedbi s kaskadnom reakcijom provedenom u prisustvu DERA%*-¢ i KRED332-
a. Spomenute kaskade provedene su u Sarznom reaktoru, pri ¢emu su aldolne reakcije
provedene s dodacima supstrata i enzima a reakcije oksidacije s dodacima enzima u trenutcima
kada su se supstrati u potpunosti potrosili, odnosno kada je preostala aktivnost enzima bila ispod
20 %. Iako zbog kemijske reakcije aldehida s cijanidom nije bilo moguce provesti kaskadnu
reakciju katalizirane s HHDH" na simultan na¢in (AIDH, NOX%9 i HHDH%* dodani u istom
stupnju), reakcija je provedena na sekvencijalni (po zavrsetku reakcije katalizirane enzimskim
sustavom AIDH/NOX® dodana je HHDH") nagin. Ta se kaskada sastojala od prvog stupnja

(aldolna reakcija: DERA®*, ponovljivi $arzni reaktor), drugog stupnja (reakcija oksidacije:



AIDH/NOX® sarzni reaktor s dodatcima enzima) i treéeg stupnja (reakcija katalizirana s
HHDH%?, u prisustvu KCN-a, $arzni reaktor), a demonstrirala je moguénost uspjesne provedbe

kaskadne reakcije, kao i postizanje industrijskih zahtjeva za proizvodnju finih kemikalija.

Provedbom kaskadne reakcije na sekvencijalni na¢in, sadinjene od enzima DERA%? uy
prvom reakcijskom stupnju i KRED3* i NOX%* jli KRED! u drugom stupnju, pri optimalnim
reakcijskim uvjetima, dobiveni rezultati upuéuju kako se oba enzima (NOX%! i KREDY)
mogu uspjesno Koristiti u svrhu regeneracije koenzima NADP*. Zbog jednostavnosti i neznatno
boljih rezultata, preporudeni regeneracijski sustav je onaj kataliziran enzimom NOX%?,
Eksperimentalno je utvrdeno da dolazi do raspada produkta oksidacije HOP-a, ¢ime je
dokazano kako nastala kiselina HOP nije stabilniji oblik aldehida DHP-a proizvedenog
aldolnom adicijom. Time je dokazano kako oksidaciju trebalo provoditi simultano u prisustvu,
na primjer, lipaze kako bi se zaobi$ao gubitak na produktu HOP, odnosno gubitak HOP-a kao

supstrata sljedeceg, treCeg stupnja promatrane kaskade.

Ekperimenti provedeni na temelju validiranih matematickih modela rezultirali su s
industrijski znacajnim vrijednostima. Ti modeli predstavljaju dragocjenu osnovu za buduéu

primjenu promatranih kaskadnih sustava u svrhu proizvodnje prekursora bo¢nog lanca statina.

Klju¢ne rijeci: aldolaza, dehidrogenaza, enzimska Kkinetika, halohydrin dehalogenaza,

matematicko modeliranje, optimiranje, statini, viSeenzimski sustav.
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INTRODUCTION

1 INTRODUCTION

Biocatalysis is the use of enzymes (i.e. biocatalysts) for chemical synthesis [1, 2]. Their
use, either as isolated enzymes or as whole-cell systems [1, 3, 4], due to the recent advances
[5], has significantly expanded and has impacted the chemical synthesis in multiple industries,
including the production of pharmaceuticals, agrochemicals, and food [1, 2, 4]. The application
of enzymes shows remarkable advantages over classical chemical catalysis, due their nature to
perform highly selective reactions while operating under mild conditions, for which reason they
are considered as ‘green’ solutions with a minimized environmental impact [2 - 5].
Additionally, using recombinant DNA technology and protein engineering, it is possible to
completely tailor the enzymes in order to adapt them for the given process [5], although it is
still a challenging task to fully accomplish due to certain limitations [1 - 4]. Despite, the interest
in enzyme application, especially in the pharmaceutical industry [1], is ever-growing [2] and
thus some of the pharmaceutical companies are outsourcing the synthetic stages with a focus

on the discovery and formulation [3].

As of today, several pharmaceutical companies are successfully producing valuable
precursors for the production of active pharmaceutical ingredients! (APIs) using enzymes, some
of them being statins, such as atorvastatin calcium (based on the aldol reactions) or pravastatin
(based on the hydroxylation), among other APIs [2]. Statins are hypolipidemics, blockbuster
drugs? used for prevention of cardiovascular diseases [6] and for lowering low-density
lipoprotein cholesterol concentration in blood [7 - 9]. Due to challenges in the chemical
synthesis, the production of the statin intermediates using enzyme-catalyzed reactions shows
some notable advantages. Depending on the employed substrates in the statin precursor
synthesis [5, 8, 10 - 13], the biocatalytic production of those intermediates circumvents the
selective protective group addition that causes low yields and thus simplifies the production
process, demonstrates high enantioselectivity (ee >98.5 %) and operates under mild conditions,
as opposed to harsh conditions during the chemical synthesis (metal catalysts or extreme
temperatures) [10, 12, 14 - 18]. Also, the reason why they are appealing is that the formation

of chiral centers, present in the statin molecule, is a laborious task applying the traditional

! Active pharmaceutical ingredient (API) is any substance in a finished pharmaceutical product [205].

2 Blockbuster refers to pharmaceuticals with worldwide sales in excess of US$1 billion.
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chemical methods [10, 11]. Therefore, the research and development (R&D) laboratories of the
pharmaceutical (and biotechnological) industry, including Codexis, Pfizer, Bristol-Myers
Squibb, Diversa Corporation, Dow Pharmaceutical Sciences, DSM Pharma Chemicals, Lek
Pharmaceuticals, IMI TAMI (Institute for Research and Development Ltd.) [19], among others,
have shifted their focus towards applying the biochemical catalysis for the production of statin

intermediates.

The objective of this research was the production of two statin side-chain precursors by
the application of multiple enzymes that were used as cell-free extracts (CFES). Two different
routes towards their production were examined that differed in starting materials and used
enzymes. When possible, the process was optimized as (sequential and/or simultaneous)
cascade one-pot systems. Since the conducted reactions involved NAD(P)-dependent
dehydrogenases (DHs), they were combined with in situ coenzyme NAD(P)* regeneration

through an enzyme-coupled regeneration system using NAD(P)H-dependent enzymes.

The first reaction route consisted of four reactions catalyzed by three different enzymes
in the following order: (1) double-aldol addition reaction, (2) oxidation, (3) dehalogenation,
and (4) epoxide ring-opening in presence of a strong nucleophile. The starting materials were
acetaldehyde (AA) and chloroacetaldehyde (CAA). The aldol reaction, which was catalyzed by
deoxyribose-phosphate aldolase (DERA™, DERA#), proceeded via the production of
intermediate 4-chloro-3-hydroxybutanal (CHB) which further reacted with AA to form the final
aldol product 6-chloro-3,5-dihydroxyhexanal (CDH). The following reaction was the NAD(P)-
dependent DH-catalyzed (AIDH, KRED%*?) oxidation of CDH into 6-chloro-3,5-
dihydroxyhexanoic acid (CDHA). The AIDH-catalyzed oxidation was combined with
coenzyme regeneration facilitated by H,O-forming NADH-dependent oxidase (NOX%). The
third and the fourth step, and thus the final reactions of this route, were the reactions catalyzed
by halohydrin dehalogenase (HHDH?), which was responsible for the CDHA dehalogenation
and its ring-opening in presence of a strong nucleophile: KCN (Figure 1) [20 - 24].
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Figure 1 Reaction scheme of the first multi-enzyme reaction route. The full reaction route consists of
the DERA-catalyzed aldol reaction (DERA™ or DERA%*), NAD(P)-dependent DH-catalyzed oxidation
(AIDH or KRED*?) combined with in situ NOX-catalyzed NAD(P)* regeneration, and of HHDH®*-
catalyzed dehalogenation and epoxide ring-opening with a nucleophile (CN").

The second reaction route consisted of (1) an aldol reaction catalyzed by DERA%?
followed by (2) an oxidation catalyzed by NADP-dependent DH (KRED®*%). The starting
materials of the aldol reaction were N-(3-oxopropyl)-2-phenylacetamide (OPA) and AA. The
aldol reaction resulted in the formation of N-(2-((2R,4R)-4,6-dihydroxytetrahydro-2H-pyran-2-
ylethyl)-2-phenylacetamide (DHP) which was subsequently oxidized into N-(2-((2R,4R)-4-
hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (HOP). The oxidation was
paired with an NADP™ regeneration system. Two different enzymes were examined for that
purpose: the H,O-forming NOX (NOX%?) and NADPH-dependent DH (KRED?!), in which

case co-substrate acetone (ACE) was added (Figure 2).
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Figure 2 Reaction scheme of the second multi-enzyme reaction route. The full reaction route consists
of the DERA-catalyzed aldol reaction (DERA%?) followed by a NADP-dependent DH-catalyzed
oxidation (KRED**) combined with in situ NADPH-dependent DH-catalyzed NADP™ regeneration
(KRED®! or NOX™Y).

Since DERA accepts AA as both donor and acceptor, a DERA-catalyzed side reaction of
self-aldol addition of AA occurred. The reaction was a two-step reaction in which two
molecules of AA reacted to form the side intermediate 3-hydroxybutanal (HB) which further
reacted with the third molecule of AA to form the final side product 3,5-dihydroxyhexanal

(DHH) (Figure 3).
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(4R,6R)-6-methyltetrahydro-2H-pyran-2,4-diol

Figure 3 Reaction scheme of the side reaction of AA self-aldol addition catalyzed by DERA™, DERA%*
or DERA%?,

In both reaction routes, the oxidation was conducted to convert the aldehyde product into
its more stable acid form [8, 11, 12, 25 - 28]. In case of the first reaction route, the CDH

oxidation was also necessary because aldehydes (and ketones) chemically react with a cyanide
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anion or a nitrile to form a cyanohydrin. This would have caused unwanted side-products, while

the reaction would result in lowered yield of the final product (statin side-chain precursor).

The examined reactions were conducted as single- and multi-enzyme reaction systems.
While the single-enzyme catalysis refers to a reaction in which only one enzyme participates,
the multi-enzyme catalysis refers to a reaction in which a number of enzymes work together in
a multi-step (cascade) fashion so that the product of one enzyme is the substrate of the other
[29].

Both examined routes (Figure 1 — 3) were explored to be conducted in a cascade mode as
one-pot systems run either in a sequential or simultaneous one-pot format. The sequential one-
pot reaction is a reaction in which the reactants and enzymes are added into the reactor after the
previous chemoenzymatic step was successfully completed without prior or additional work-
up, whilst the simultaneous one-pot reaction is a reaction in which all the reactants and all the

enzymes are added into the reactor at the beginning of the reaction.

The application of multi-enzyme cascade systems shows a promising direction for the
production of optically active chemicals. That way, the process results in higher yields, spends
fewer chemicals, and saves time, especially when an unstable intermediate does not need to be
isolated. Moreover, process conducted in this manner results in significant reduction of both
waste and production costs on the industrial scale [30]. The main drawback, which can be
overcome by applying mathematical modelling, is finding optimal process conditions.
Therefore, when finding the most cost-effective mode for the statin side-chain biosynthesis,
especially for further industrial use, it is of great importance to understand the mechanisms and
kinetics of the enzyme systems [31]. For this purpose, mathematical modelling, as reaction
engineering tool, is used and has an important role in the study of enzymatic reactions [31].
Despite its undeniable importance, for each of the synthetic steps towards the production of
statin side-chain building blocks, the available literature offers very little or virtually no kinetic
data obtained based on kinetic models. Although the kinetic data concerning other reactions
catalyzed by NAD(P)-dependent oxidoreductase are available [32], the data concerning
aldolase-catalyzed reactions are scarce [14, 33, 34], and for now only two were found
concerning mathematical modelling of the reaction towards statin side-chain production [14].
In addition to the apparent lack of aldolase Kinetic data, the data related to halohydrin
dehalogenase and the reaction of statin side-chain production is even less available [27],

especially data obtained based on a simple and robust mathematical model but in no relation to
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the statin side-chain production [35]. It should be noted that, for the time being, the catalytic
data for the biocatalytic epoxide-ring opening in the presence of strong nucleophiles were not
estimated and thus no mathematical models were developed, although those reactions are of

scientific interest [8, 22, 24, 36].
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2 THEORETICAL BACKGROUND
2.1. Green chemistry

The well-being of modern society is unimaginable without the countless products of the
organic synthesis and the quality of our life is strongly dependent on the products of the
pharmaceutical industry. The success of the modern pharmaceutical industry is firmly built on
the remarkable successes in the organic synthesis over the last century, however many of the
recognized and trusted synthetic methodologies were developed at the time when the toxic
properties of reagents and solvents were less known and the issues of waste minimization and
sustainability were largely unheard of. In the last three decades, it became increasingly clear
that the chemical and allied industries are faced with substantial environmental issues. Many of
the classical synthetic methodologies have a broad scope but generate extensive amounts of
waste and the chemical industry has been subjected to increasing pressure to minimize or even

eliminate the waste [5].

In the mid-1990s Anastas and coworkers at the United States Environmental Protection
Agency [37 - 40] developed the concept of ‘benign by design’, which stands for designing
environmentally benign products and processes to address the environmental issues caused by
both chemical products and the processes by which they are produced [5]. It incorporated the
concepts of atom economy (synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the final product) and E factor (actual
amount of waste produced in the process, defined as kilogram of waste per kilogram of desired
product) and ultimately became a guiding principle of the Green Chemistry concept, embodied
in the 12 Principles of Green Chemistry [5, 39, 41 - 45]. Green Chemistry is based on prevention
rather than appliance of end-of-pipe solutions, it utilizes (preferably renewable) raw materials,
applies safer solvents and auxiliaries and designs safer chemicals while preserving functional
efficacy, thus less hazardous chemical syntheses. The syntheses obeying the Green Chemistry
principles are shortened and circumvent derivatization procedures, usually used as
protection/deprotection methods [16], i.e. as temporary modifications during syntheses, and
successfully apply catalytic reagents (as selective as possible) that are superior to stoichiometric
reagents [39, 40, 42 - 48].

More recently, 12 Principles of Green Engineering were proposed [49], which contain the

same underlying features but from an engineering standpoint. Poliakoff and coworkers [40]
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proposed a mnemonic PRODUCTIVELY, an acronym based on the 12 Principles of Green

Chemistry that should allow rapid understanding of the Green Chemistry idea.

When designing a process based on Green Chemistry, it is impossible to meet all twelve
principles at the same time but it should be attempted to apply as many principles as possible
during certain stages of the synthesis [42, 43, 50 - 52].

2.2 Industrial biotechnology

The industrial biotechnology, also called the white biotechnology, comprises the
production of a variety of different chemical compounds, materials, and energy through the
application of microorganisms and enzymes [53 - 57]. Biotechnology is considered variously
as ‘the science of genetic manipulation or the technology of industrial exploitation of
biochemical systems’, genetically modified or not [57]. A bioprocess is typically made up of
three steps: pretreatment (sorting, sieving, comminution, hydrolysis, medium formulation,
sterilization), bioreaction (biomass production, metabolite biosynthesis, biocatalysis) and
downstream processing (filtration, centrifugation, sedimentation, flocculation, cell disruption,
extraction, ultrafiltration, precipitation, crystallization, evaporation, drying, packaging, etc.)
[57].

Although running biochemical reactions is similar to running chemical reactions, it
requires additional multidisciplinary skills such as from biology and biochemistry along with
chemical and engineering sciences, which are essential features of biochemical engineering
[57]. There is a consensus among the stakeholders that white biotechnology will be vital for
helping specific economies build novel high-value products which have, so far, proved

impossible to manufacture economically [55].

Biocatalysis is the catalysis conducted by enzymes and presents the key technology
according to the green chemistry principles [41, 58]. It is perceived as an environmentally
friendly process that can open new possibilities for the production of highly valued products
from renewable resources with low energy input and minimization of (toxic) waste [3, 53]. The
most powerful driver of white biotechnology is its ability to perform specific biochemical
reactions which synthetic chemistry is not able to provide. According to the literature, enzymes
present an irreplaceable tool for some specific industries [54, 56, 59, 60] and, more
impressively, almost any chemical reaction seems to be achievable through the biocatalysis [61,

62]. Since naturally occurring enzymes are often not suitable for the desired biocatalytic
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processes, they are further tailored or redesigned in order to be fine-tuned for the substrate

specificity or activity [63].

Robins and coworkers [64] described how biocatalysis reached its present industrially
proven level through the technological research and innovations, leading to the application of
enzymes for the manufacture of chiral synthons, such as atorvastatin or sitagliptin [58, 64, 65].
But, despite these reactions running on an industrial scale, the potential of biocatalysis is not
yet fully realized [64, 65]. Although the enzyme-catalyzed production of natural and non-
natural intermediates as well as APIs does exist, biocatalysis still represents the second choice
[3,66,67] or is applied only when it is challenging to produce the desired product by traditional
methods [67]. Over the years biocatalysis has begun to establish itself primarily in the
pharmaceutical industry [3, 66], albeit the process remains a slow uphill battle with classic
organic chemical synthesis, which continues to be the most common approach [62]. The main
disadvantages of biocatalysis are manifested through a limited toolbox with commercially
available enzymes [62], low substrate solubility in aqueous systems, poor productivities,
insufficient stabilities [68] or the question of economic feasibility for its implementation [3].

Table 1 Industrial requirements for an economically feasible biocatalytic process using isolated
enzymes [8, 15, 19, 69, 70].

Parameter Value
Substrate concentration, g/L > 100
Enzyme concentration, g/L <5
Conversion (within 24 hours) > 05
Enantiomeric excess, % >995
Substrate-to-enzyme ratio® (BY), g/y > 10
Cofactor concentration, g/L <05
Space-time yield (STY), g/(L-day) > 100
Production volume, t/year > 1000
Final product concentration, g/L > 50

The pharmaceutical processes are run on a smaller scale compared to chemical processes.
For the biocatalysis to be run at an industrial scale as compared to the academic research, the
process requires significant substrate concentrations of at least 5 - 10 % w/w. With respect to
biocatalyst usage, conversion and optical purity, some general rules of thumb for a feasible

enzyme-catalyzed process can be roughly defined (Table 1) [8, 15, 69, 70]. The main problem

% This can also be referred to as ‘biocatalyst yield’. When using immobilized enzymes, the metrics suggest > 50
g/g for high value products (e.g. pharmaceuticals), > 100 g/g for medium value products (e.g. flavors), or > 10 000
g/g for low value products (e.g. biofuels) [214].
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for the industrial implementation of biocatalysis lies in the transfer of the biocatalytic process
from laboratory to a larger scale, which can cause a loss in productivity and product quality
[15], but can be overcome by getting insight in the reaction characteristics on a laboratory scale
[3, 15]. Despite the before-mentioned obstacles, the list of companies who successfully apply
biocatalysis on an industrial scale is ever-growing [41].

2.3 Enzymes: the driving force of biocatalysis

Enzymes are products of living cells and are defined as high molecular weight complex
proteins composed of amino acid chains linked together by peptide bonds [53 - 57].

Although the potential use of enzymes suffers from some common prejudices, such as
being sensitive, expensive or only active on their natural substrate [61], the application of

enzymes indeed shows to be advantageous to common chemical catalysis.
Below are listed key benefits of enzyme application and enzyme-catalyzed reactions:

1. EFFICIENCY. Enzymes catalyze reactions 10® to 10%° times faster compared to non-
catalyzed reactions, which is unachievable by the application of chemical catalysts [61].
Also, chemical catalysts are generally employed in concentrations of 0.1 to 1 % n/n,
whereas most enzymatic reactions can be performed at rates of 10 to 10* % n/n of
catalyst, making them even more effective [61, 71].

2. ENVIRONMENT-FRIENDLY. Enzymes are generally considered to be natural
products [72] and can be completely degraded in the environment [58, 71, 73], in
contrast to the usual chemical catalyst, such as heavy metals or hazardous and toxic
catalysts [61].

3. MILD CONDITIONS. Enzymes operate under mild, near-ambient reaction
conditions: pH ranging from 5 to 8 (typically around pH 7) and temperature ranging
from 20 to 40 °C (usually around 30 °C) [41, 56, 61, 71, 72, 74].

4. COMPATIBILITY. Since enzymes generally function under same or similar
conditions, they are compatible with each other within certain ranges [61, 73].
Therefore, some biocatalytic reactions can be carried out as sequential or simultaneous
one-pot cascade systems [58, 61]. This approach yields new advantages, such as the
production of chiral compounds from racemic mixtures or it can facilitate the down-

stream processing [30, 73].

10
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5.

231

SUBSTRATE SCOPE. Enzymes exhibit high substrate tolerance by accepting a large
variety of non-natural substances [56, 61].

MEDIUM SCOPE. If it is beneficial for the process, the aqueous medium can often be
replaced by an organic solvent [61], which can affect the stereoselectivity [74].
Enzymes, just like chemical catalysts, can only accelerate reactions and have no impact
on the position of the reaction’s thermodynamic equilibrium [61]. In principle, enzyme-
catalyzed reactions can be run in both directions [61]. Thus, there is an enzyme-
catalyzed process equivalent to almost every type of organic reaction [61].
SELECTIVITY. Enzymes display four major types of selectivities: chemo-, regio-,
diastereo- and enantioselectivity [41, 58, 61, 71, 74, 75]. Chemoselectivity is regarded
as the ability of an enzyme to ‘react with one group or atom in a molecule in preference
to another group or atom present in the same molecule’ [74, 76]; regioselectivity as ‘the
preference of one direction of chemical bond making or breaking over all other possible
directions’ [74]; diastereoselectivity as an ability to perform a reaction in which ‘one
diastereomer is formed in preference to another’ [74]; while enantioselectivity is
regarded as the ‘selectivity of a reaction towards one of a pair of enantiomers’ [74].
Stereoselectivity and enantioselectivity represent the most important properties of an
enzyme because of their asymmetric exploitation [74], whose significance Fisher

already recognized more than 120 years ago [61].

Enzyme classification

Enzymes are classified by the Enzyme Commission Number (the EC number), which is

a numerical classification scheme that divides enzymes into six distinctive groups according to

the chemical reaction they catalyze [41, 56] (Table 2).

Table 2 Enzyme classification according to EC numbers [41, 61].

EC .
Enzyme class General reaction
number
EC1 Oxidoreductases  Oxidation or reduction
EC2 Transferases Transfer of a functional group from one substance to another
EC3 Hydrolases Bond hydrolysis
EC4 Lyases Synthesis or cleavage of a covalent bond, without ATP consumption
EC5 Isomerases Intramolecular rearrangement (isomerization)
EC6 Ligases Bond synthesis between two molecules, with ATP consumption

The EC numbers are assigned by the Nomenclature Committee of the International Union

of Biochemistry and Molecular Biology [72, 77]. The EC number consists of letters ‘EC’

11
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followed by four numbers separated by periods. The first digit defines the general type of
reaction catalyzed by the enzyme (ranging from 1 to 6), the second indicates the subclass, the
third the sub-subclass, and the fourth figure is the serial identifier [41, 61, 72].

2.3.2 Oxidoreductases (EC 1)

Oxidoreductases (EC 1) are enzymes that catalyze oxidations and reductions in which the
transfer of electrons, hydrogen or oxygen atoms is involved [72]. They act in the central
metabolic pathways of the cell and are strictly intracellular enzymes [72]. Under this class, there
are 22 sub-classes [72]. Among them, several sub-classes are of technological importance, such
as the dehydrogenases [72]. Those enzymes are used as catalysts due to their reduction-
oxidation (redox) capabilities [78] and find practical use in the chiral synthesis [78, 79]. To be
catalytically active, these enzymes require the presence of coenzymes, such as NAD, NADP,
FAD or FMN, whose role is the transmission of hydride ions or electrons via the enzyme’s
catalytic center [69, 72, 80]. Some of those coenzymes, such as FAD, are bound to the enzyme,
while others, like NAD(P), mostly exist as a soluble component of the enzyme [80]. Over the
years the interest in the application of oxidoreductases to produce fine chemicals and APIs has

significantly grown [41, 81].
2.3.2.1 NAD(P)-dependent dehydrogenases (EC 1.2.1)

Dehydrogenases (DHs) are extremely useful catalysts in organic chemistry for the
production of chiral compounds. They can be divided into different groups according to used

donors (substrates) and acceptors (coenzymes) [80].

NAD(P)" + acceptor NAD(P)H + H* + oxidized acceptor

Figure 4 Oxidation catalyzed by NAD(P)-dependent dehydrogenases.

Throughout the literature names such as alcohol dehydrogenases (ADHS), ketoreductases
(KREDS), carbonyl reductases (CRs) or more specific names, such as shikimate (shikimic acid)
dehydrogenase, are frequently but interchangeably used and can be unified and generalized
under the name ‘dehydrogenases’ [82]. There are approximately 300 different DH sub-classes
[82]. DHs that belong to the EC 1.2.1 class are enzymes that catalyze reversible oxidation of
aldehydes, or oxo groups, as donors in presence of a NAD(P)* as an acceptor (Figure 4) [69,
77].

12
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These enzymes are mostly used for reduction of prochiral compounds but find important
applications in the oxidation and therefore are considered as a useful tool for large-scale
production of chiral compounds [80].

2.3.2.2 NAD(P)H oxidases: H.O-forming (EC 1.6.3.2)

The NAD(P)H oxidases (NOX, EC 1.6.3) can be either H20,- (EC 1.6.3.1) or H,O-
forming (EC 1.6.3.2) enzymes that act on the reduced form of the pyridine nucleotide
coenzyme, NAD(P)H, by using the molecular oxygen (O) as an acceptor [77]. The reaction
results in the reduction of oxygen into either hydrogen peroxide (H202), in a two-electron
reduction, or in water (H20), in a four-electron reduction (EC 1.6.3.2) (Figure 5) [83 - 85].

a
) 2NAD(PH +2 H" + O, N—OX’ 2 NAD(P)" + 2H,0

b)  NADH + H* + O, _NOX_, \ap* + H,0,

Figure 5 NOX-catalyzed NAD(P)H oxidation which results in a) hydrogen peroxide or b) water
formation.

Since most of the enzymes deactivate upon exposure to hydrogen peroxide, the
application of H.O-forming NOXs shows superiority over H,O,-forming NOXs when utilizing
multi-enzyme systems [81], despite a catalase, a common enzyme that catalyzes the
decomposition of hydrogen peroxide into water and oxygen, can be additionally added to the
system [69]. But, by adding a new enzyme into the process the complexity of the system
increases, due to the necessity to adjust optimal operating conditions for all of the present

enzymes [81].

Those H>O-forming NOX enzymes find use, most often, for cofactor recycling, since

oxidoreductases, especially DHs, depend on the stoichiometric use of cofactors [80, 81].

2.3.3 Aldolases: carbon-carbon lyases (EC 4.1)

The aldol reaction has long been considered a fundamental reaction in organic chemistry
since it results in the formation of new carbon-carbon bonds [14, 15, 28, 67, 86 - 91]. Aldol
reactions have been recognized as one of the most powerful strategies towards the production
of enantiopure multifunctional molecules, such as new valuable structures accessible for

investigations in drug discovery [92, 93].

13
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The aldol reaction is in vivo catalyzed by aldolases [28, 86, 89] exhibit high
regioselectivity and stereoselectivity under mild conditions [14, 15, 28, 87, 91, 94, 93].
Aldolases catalyze the stereoselective addition of a ketone or aldehyde donor to an aldehyde
acceptor [18, 77, 86, 95]. In the cell, the aldol reactions, i.e. carbon-carbon bond formation and
cleavage, are catalyzed by these enzymes and represent essential steps in the anabolism and

catabolism of a wide variety of carbohydrates and keto-acids [95].

To date, over 30 different aldolases have been identified and classified into two major
groups according to their catalytic mechanism: class I, found in animals and higher plants, and
class Il, found in bacteria and fungi [86, 93, 95]. With only a few exceptions, the
stereoselectivity in both types of aldolases is controlled by the enzyme and does not depend on
the structure or stereochemistry of the substrate, which allows highly predictable products
containing newly formed stereocenters [86, 92, 93].

The aldolase-catalyzed stereoselective synthesis represents an attractive alternative to
chemical aldol reactions. With the use of aldolases, it is possible to omit the application of
protecting group procedures and strategies [14, 15, 28, 87, 91, 94]. However, the application of
those enzymes shows some limits. Some enzymes and their substrates can be pricey and
unstable; not all substrates are readily soluble in aqueous media; due to their ingrained
specificity, the number of substrates and stereochemical outcomes being available is likely to
be limited; and their intrinsic specificity has prevented them from becoming broad-based,

general catalysts for asymmetric synthesis [67].

2.3.3.1 Deoxyribose-phosphate aldolase (EC 4.1.2.4)

The aldehyde-dependent aldolase family consists of only one enzyme: the deoxyribose-
phosphate aldolase (or the 2-deoxyribose-5-phosphate aldolase, DERA, E.C. 4.1.2.4) [28, 67,
86, 90, 91, 96, 97]. In vivo, DERA catalyzes the conversion of 2-deoxy-D-ribose-5-phosphate
(DRP) into glyceraldehyde-3-phosphate (GP) and acetaldehyde (AA), as shown in Figure 6 [77,
92, 93, 96, 98, 99].

14
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Figure 6 Natural reaction [100] [100]. The DERA-catalyzed reversible cleavage of DRP [77, 92, 96,
98, 99].

The DERA enzyme, which is a type | aldolase, is considered to be one of the most
important enzymes for carbon-carbon bond formation [96]. The most attractive feature of that
enzyme is its unique ability to catalyze self- and cross-aldol additions of acetaldehyde [92, 97]
without the use of cofactors [28, 101]. The enzyme catalyzes a two-step acetaldehyde addition
onto an aldehyde acceptor in a sequential, stereo-selective manner [14, 15, 67, 86, 87, 89, 96,
102 - 104]. It accepts a broad range of acceptor aldehydes [12, 28, 86, 87, 89, 91, 94, 99, 101,
105] and has a relatively large donor tolerance (with up to four carbon atoms) [12, 28, 86, 90,
94, 106]. The DERA enzyme, along with the fructose-6-phosphate aldolase (FSA, EC 4.1.2.-)
enzyme, is the only known class | aldolase that catalyze an aldol reaction between two
aldehydes that results in new aldehyde products containing two enantiopure chiral centers
(Figure 7) [15, 28, 86, 89, 90, 94, 99, 105 - 108].

OH
j\ DERA U DERA 7' 5 9 — o
R” H 0 0 R H 5
)J\ R H )k OH
acceptor CHs acceptor H™ "CHs; R
donor donor

final product

Figure 7 Engineered enzyme [100]. The aldol reaction is catalyzed in a two-step manner: first the donor
(acetaldehyde, blue) reacts with the first acceptor forming a monoadduct intermediate which
consecutively reacts with the same donor to produce the final product [14, 89], which spontaneously
cyclize to form a six-membered hemiacetal (lactol) [8, 61, 109].

Due to the wide substrate scope and enantiomerically pure products which arise from the
aldol reactions, DERA has been widely used as a biocatalyst to perform stereo-controlled aldol
reactions [96, 106]. The most promising commercial application of the DERA enzyme is in the
synthesis of valuable precursors that can be used as building blocks in the production of statin

side-chains [14].
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2.3.4 Dehalogenases: carbon-halide lyases (EC 4.5)

The carbon-halogen bond can be cleaved either by enzymatic dehalogenation, where the
carbon-halogen bond cleavage is catalyzed by specific enzymes (dehalogenases) or through
chemical dehalogenation [110]. Recently, the development of dehalogenating enzymes for the
industrial application was limited but has significantly improved in the following years [75].
There are several different enzymatic dehalogenation mechanisms [75, 110], and three classes
of enzymes have received much attention: haloalkanoic acid dehalogenases (EC 3.8.1.2),
halohydrin dehalogenases (EC 4.5.1), and haloalkane dehalogenases (EC 3.8.1). These
enzymes are applied to produce chiral intermediates, recycling of chlorinated by-products,
chemical manufacturing, and selective treatment of process waste streams [75]. The application
of dehalogenating enzymes for industrial biocatalysis is constantly increasing, but currently,
only hydrolytic dehalogenases and halohydrin dehalogenases are being commercially utilized

or are in development for industrial use [75].

2.3.4.1 Halohydrin dehalogenases (EC 4.5.1. -)

Halohydrin dehalogenases, also called haloalcohol dehalogenases,
haloalcohol/halohydrin epoxidases or hydrogen-halide lyases (HHDHSs, EC. 4.5.1.-.) [111 -
114], were reported and described for the first time in the 1970s as catalysts in the reaction of
epoxide formation from vicinal halohydrins [20, 75, 110, 111, 115, 116]. They were the first to
be proposed for the industrial application of dehalogenating enzymes for the conversion of
halohydrins to epoxides [75]. Since these enzymes require neither cofactors nor oxygen to be
catalytically active, the reaction mechanism proceeds via the intramolecular substitution [21,
75, 110].

These enzymes catalyze the nucleophilic displacement of a halogen by a vicinal hydroxyl
group in halohydrins (a,f-halohydrins) yielding an epoxide, a proton and a halide ion [75, 111,
113]. They can also efficiently catalyze the reverse reaction: the halogenation of epoxides [21,
111, 112] and the halogenation of vicinal chlorocarbonyls to hydroxycarbonyls [112]. Besides,
these enzymes can be also applied for the formation of novel carbon-carbon, carbon-nitrogen
and carbon-oxygen bonds [24, 27, 111, 117]. Due to the promiscuous epoxide ring-opening
activity strong nucleophiles such as cyanide, azide or nitrite are accepted in the ring-opening
reaction leading to a diverse range of products [20, 21, 23, 27, 111], such as p-azido alcohols,
S-hydroxynitriles, or optically pure cyano-substituted building blocks for the statin side-chain
synthesis [20 - 24].
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Figure 8 HHDH-catalyzed dehalogenation (removal of a halide, X). If a strong nucleophile (Nu’) is
present, the enzyme catalyzes both dehalogenation and nucleophile addition via epoxide formation [24,
61, 114].

The interest in the application of these enzymes increased when it was found that the
reaction can proceed with high enantioselectivity, which made these enzymes favorable for the
production of optically pure epoxides and halohydrins [21, 111, 112, 116]. Therefore, these
enzymes are in active development for the manufacture of optically active halohydrins and
epoxides, which find applications as chiral intermediates of pharmaceuticals and agrochemicals
[75, 116]. Based on the current publications and patent activities, companies such as Daiso Co.
Ltd. (Hyogo, Japan), Nitto Chemical Industry (Yokohama, Japan) and Hercules Inc. (now
Ashland Inc.; Kentucky, US) have been developing HHDH-based processes at an industrial
level [75].

2.4 Cascade systems

Cascade, tandem, domino or multi-enzyme reactions [73, 82] represent an appealing, yet
attractive development in the area of white biotechnology [30, 73]. Biocatalytic cascade
reactions are considered to be any reaction system in which two or more transformations are
carried out in the same reaction vessel [73], referred to as a one-pot reaction concept [82]. The
idea of performing such syntheses as either simultaneous or sequential one-pot systems, despite

not being very new, has received a lot of attention in the previous years [30, 73].

Cascades represent a promising approach mainly due to some fundamental advantages,

such as:

1. Intermediate extraction and purification steps can be reduced or even avoided. This is
especially important when unstable or toxic intermediates are formed [30, 73, 118].

2. If the enzyme that catalyzes the desired reaction is coenzyme-dependent, the
application of stoichiometric quantities of coenzymes can be circumvented [118], since
it is possible to regenerate the coenzyme by applying an enzyme-based regeneration
system.

3. Enzyme inactivation or inhibition due to side-product accumulation can be eliminated,
e.g. by biocatalytic decomposition of hydrogen peroxide as a side-product of a

coenzyme regeneration system [118].

17



THEORETICAL BACKGROUND

4. Optically pure products can be obtained, e.g. deracemization reactions* [73].

5. An additional source for forming new carbon-carbon bonds [73].

6. The reaction system requires the use of fewer chemicals, e.g. no need for organic
solvents which are required for intermediate (mid-step) extractions [118].

7. Consequently, less waste is produced, which implies lower production costs on the
industrial scale [20] and no mid-step downstream processes [73].

Based on the above-mentioned features, this approach is viewed as environmentally

acceptable and benign and makes the whole production process sustainable, hence falls into the
concept of green chemistry [118].

The cascades can be systemized into for different layouts: linear, orthogonal, parallel,
and cyclic (Figure 9) [73].
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Figure 9 Four different cascade configurations: a) linear cascade, b) orthogonal cascade, c) parallel
cascade, and d) cyclic cascade [73]. Legend: S, Si, Sz — substrate, P — product, | — intermediate, X — co-
substrate, Y — co-product, Z — side-product.

The linear cascade, shown in Figure 9a, is a cascade in which a single substrate is
converted into a single product through one or more intermediates in a multi-step one-pot
fashion. The advantage of this design is that it saves time and reduces waste through the
elimination of downstream processing steps. If the intermediate is toxic or unstable, it does not
accumulate but is directly transformed into the (final) product. This leads to a safer process with

reduced side reactions and better yields. Those linear cascades help in driving the reversible
reaction into completion.

4 Deracemization cascades are cascades applied for stereoselective deracemization of racemic compounds. One
enantiomer of a racemic compound is converted into an enantiomer of opposite configuration via a prochiral
intermediate which leads to an optically pure (or optically enriched) product.
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The best example of an orthogonal cascade is coenzyme regeneration (Figure 9b). The
cascade consists of an enzyme-catalyzed transformation of the main substrate into the main
product coupled with another reaction to regenerate a coenzyme into its original oxidative state,
to regenerate co-substrates, or to remove the unwanted by-products.

The parallel cascade consists of two substrates converted into two products by two distinct
biocatalytic reactions, which are coupled through coenzymes or co-substrates (Figure 9c). The
main difference between the orthogonal and parallel cascade is the economic value of the used
substrates; in the parallel cascade, both products are considered to be valuable compounds,
while in the orthogonal cascade the by-products are discarded.

In the cyclic cascade, shown in Figure 9d, one out of the mixture of substrates (S1, Figure
9d) is selectively converted into an intermediate which is then transformed back into starting
materials. Repetition of this cycle leads to the accumulation of the compound which is left
behind in the first transformation. This design is mostly used for deracemization of amino acids,

hydroxyl acids, and amines.

In most cases, a true cascade may consist of a combination of before-mentioned cascade
setups [73].

2.4.1 Cofactor regeneration

Traditionally, whole-cells have been preferred catalysts, as opposed to isolated enzymes
[82]. Since some enzymes are cofactor-dependent, a whole-cell system has the intrinsic ability
to recycle the biological cofactor by simple addition of an economically acceptable substrate,
such as glucose [119], as external cofactor addition is not necessary [82]. Therefore, the
application of whole-cells offers several advantages [61, 82, 119 - 121], like simplicity and low
cost [119], since there is no need for tedious enzyme purification [82]. For that purpose usually
non-growing, i.e. resting cells are applied [61, 119, 120], because working with living
organisms shows several drawbacks, like low biocatalytic activity, which is linked to metabolic
activity and therefore limits the space-time yield (STY) and the actual biotransformation time
window [82, 119].

Since DHs are emerging as eco-friendly alternatives applied for oxidative reactions due
to numerous advantages in comparison to chemical catalysts [63, 122], the main challenge for
their commercial application represents their cofactor dependency. Most of the enzymes depend
on the pyridine nucleotide coenzyme: 80 % on the NAD(H) and 10 % on the NADP(H) [61].
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The main drawbacks of these pyridine nucleotide coenzymes are that they are relatively
unstable and expensive if used in stoichiometric amounts but have to be applied in such
quantities since the oxidative state of the coenzyme changes during the reaction (Figure 4) [82]
[61]. However, while the coenzymes change their oxidative state, they do not change their
remaining complex structure, meaning that they can be regenerated in situ via a second
concurrent redox reaction that allows them to re-enter into the reaction cycle [61]. Thus, the
expensive cofactor is then only needed in catalytic amounts, which leads to a drastic cost

reduction.

Therefore, it is possible to make the whole process economically feasible by integrating
an efficient coenzyme regeneration system. Besides making the process economically

acceptable, in situ coenzyme regeneration adds additional advantages [74, 120]:

1. ECONOMY. By integrating the coenzyme regeneration system, there is no need for
adding stoichiometric but catalytic amounts of the coenzyme into the process.

2. BALANCE SHIFT. The coenzyme regeneration shifts the balance of the biochemical
reaction in the desired direction.

3. PREVENT INHIBITION. Due to the consumption of the state-changed coenzyme,
the accumulation of the state-changed coenzyme and/or reaction by-products that may
inhibit the forward reaction, are avoided.

4. SIMPLIFY WORKUP. Depending on the used co-substrate, the accumulation of by-
products is reduced or even eliminated since lower quantities of the coenzymes are used,

thus simplifying the reaction workup.

There are several different coenzyme regeneration methods that can be applied, which
are divided into enzymatic and non-enzymatic methods [82, 119]. The enzymatic regeneration
methods are the preferred approach, regarded as simple and efficient [123] [61]. So far, only
the enzymatic approach has reached preparative relevance [69]. As a rule of thumb, using less

than 0.1 % n/n of cofactor makes the regeneration system economically acceptable [69].
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Figure 10 Enzymatic NAD(P)" regeneration set-ups: a) substrate-coupled NAD(P)" coenzyme
regeneration, and b) enzyme-coupled NAD(P)" coenzyme regeneration.

There are two distinctive enzyme-based in situ setups (Figure 10), usually organized as
orthogonal cascades (Figure 9b): the substrate- and the enzyme-coupled regeneration system
[61, 124]. In the substrate-coupled approach, only one enzyme is applied: the same enzyme that
catalyzes the main reaction catalyzes the coenzyme regeneration reaction as well, whereas in
the enzyme-coupled approach two enzymes are applied: one enzyme that catalyzes the main

reaction and a second enzyme that catalyzes the coenzyme regeneration reaction.

0o
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R H R OH

NAD(P)*  NAD(P)H + H*

H,0 1/20
2 NOX 2

Figure 11 Enzyme-coupled NOX-catalyzed cofactor regeneration: the main reaction is catalyzed by a
NAD(P)-dependent enzyme (DH) that catalyzes the main reaction, while the regeneration reaction is
catalyzed by a NAD(P)H-dependent enzyme (NOX).

To have an efficient DH-catalyzed process, special attention must be paid to NAD(P)*
regeneration and the enzyme’s kinetic properties. The regeneration of NAD(P)* from NAD(P)H
is problematic since organic oxidants in enzyme-catalyzed oxidations are unstable at higher pH
values, that are required for maximal activity of the oxidations (pH = 9) [125]. In an appropriate
regeneration system, co-product or unreacted co-substrate of the regeneration reaction should
not interfere with the enzyme in the main reaction or with the method for the isolation of the
desired product [125]. In general, glutamate dehydrogenase, lactate dehydrogenase, alcohol
dehydrogenase, NAD(P)H oxidase (NOX), and NADH dehydrogenase are auxiliary enzymes
used for the NAD(P)" regeneration [125], although the most attractive among them for

NAD(P)* coenzyme regeneration is the H>O-forming NOX enzyme. Its advantageous
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application for coenzyme regeneration arises from the reaction it catalyzes: the enzyme accepts
oxygen, which is present as dissolved gas in the media, and NAD(P)H, which is produced
through the main DH-catalyzed oxidation. The NOX-catalyzed reaction results in the
production of water, which does not negatively affect the reaction since the enzyme-catalyzed
reactions are usually carried out in water-based (buffer) media, and NAD(P)", which is needed
by the main DH enzyme (Figure 11) [83, 125, 126]. The main disadvantage of the NOX
enzymes is their instability caused by the needed oxygen [125].

2.5 Biocatalysis in the pharmaceutical industry

Biocatalysis represents one of the most green technologies for the synthesis of complex,
pharmaceutically relevant molecules due to the advantageous properties of enzymes, like smart
insertion of chirality and selectivity with regard to regio- and stereochemistry in molecules,
simple usage in technical production units, and catalysis under mild reaction conditions [3, 63,
122, 127]. The main challenge in the pharmaceutical industry, regarding the production of
highly functionalized building blocks, is the complexity of molecules and the number of chiral
centers needed to be produced [3, 60, 127], which reflects on the number of reaction steps
combined with additional protection/deprotection of functional groups, thus regarded as
difficult or tedious syntheses [16, 60, 127] that tend to increase even further with improving
research [3, 122, 127].

The chiral pharmaceutical compounds are usually manufactured in a single enantiomeric
form [3, 60], since the opposite enantiomer may have adverse effects [60]. However, if a drug
has more than one chiral center, the single most active is usually marketed [128]. The current
regulations demand proof that the non-therapeutic enantiomer is non-teratogenic [3, 60].
Because most drug effects are due to the interactions with chiral biological materials, each
enantiomer may have different pharmacological properties [128]. The increasing understanding
of the mechanisms of action led to the widespread awareness of the importance of chirality as
the key to the efficiency of many drugs [127, 129]. The competition in the production of fine
chemicals does not work through the pressure on the production cost, unlike the situation in
bulk chemistry® [122].

° Bulk chemistry involves bulk chemicals or commodities, which are large-volume, low-price homogeneous and
standardized chemicals produced in dedicated plants and used for a large variety of applications and priced
typically less than US$1/kg.
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For the production of chiral drug intermediates, different routes are employed [129], but
the application and implementation of enzyme-based processes and their use in the
pharmaceutical industry is seen as a great promise [60], since enzymes inherently satisfy the
requirements expected for drug production. Hence, several pharmaceutical companies are now

outsourcing the synthetic stages to focus on the discovery and formulation [60].

Despite the biocatalysis’ potential is not being fully exploited; the recent developments
have focused on two important areas [129]. The first area is the development of novel enzymes
that catalyze reactions that are complicated to perform using traditional chemistry, such as
asymmetric catalytic decarboxylation, asymmetric carbon-carbon bond formation in water and
stereoselective oxidation, while the second area is the application of enzymes for
deracemization of racemic mixtures to obtain a single enantiomer with a theoretical yield of
100 % [129]. Accordingly, based on the most recently published literature, the application of
biocatalysis for the production of drug or drug intermediates has significantly increased in the

past few years [58].
2.5.1 Bioproduction of statin precursors

While cholesterol is vital for the normal functioning of the body [9], it is also considered
to be the main cause of coronary heart disease [7, 130]. Over the course of nearly a century of
investigation, scientists have developed several lines of evidence that establish the causal
relationship between blood cholesterol, atherosclerosis, and coronary heart disease [7]. Relying
on those findings, scientists and the pharmaceutical industry have successfully developed a
remarkably effective class of drugs called statins, which lower cholesterol levels in the blood
and therefore reduce the frequency of heart attacks and illnesses related to high cholesterol
levels [7 - 9]. Thus, statins belong to hypolipidemic drugs, which are lipid-lowering agents.
They are medication prescribed for lowering low-density lipoprotein cholesterol (LDL-C)
concentration by competitively inhibiting the enzyme 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase. This enzyme plays the central role in the production of cholesterol
in the liver [8, 11, 131 - 134] and, therefore, in presence of statins, the conversion of HMG-
CoA to mevalonic acid does not occur [1, 8, 11, 135] (Figure 12).
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Figure 12 Simplified scheme of the mevalonate pathway. The HMG-CoA reductase catalyzes the
conversion of HMG-CoA into mevalonic acid. In presence of statins (e.g. Lovastatin), the statin
molecules occupy the HMG-CoA binding site of the enzyme [136], thus blocking the access of the
HMG-COA substrate to the enzyme’s active site [135].
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Figure 13 Simplified structure of HMG-Co0A, an intermediate in the mevalonate and ketogenesis
pathways [138, 139]; red-colored is the syn-3,5-dihydroxy carboxylate side-chain.
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Statins are one of the most prescribed drugs today [8, 134] with worldwide annual sales
exceeding 15 billion US dollars [8, 13, 16, 25, 27, 64, 88, 102, 137] making them blockbuster
drugs [70]. As of now, a number of statins have been on the market, either as natural or synthetic
products [16], with all having the pharmacophore syn-3,5-dihydroxy carboxylate side-chain in
common (Figure 13) [11]. This side-chain resembles the HMG-CoA moiety (Figure 13), due to
which all statins (examples, Figure 14) are biologically active as inhibitors of the HMG-CoA
reductase (Figure 12) [8, 11, 12, 88, 131, 132, 134].

Besides lowering LDL-C levels, and therefore reducing the cardiovascular risk [6], it was
reported that the use of statins has additional positive side effects such as the promotion of new
blood vessel growth, stimulation of bone formation, offering protection against oxidative
modification of LDL, and having anti-inflammatory effects [135, 138].

Simvastatin

CH ey,

Fluvastin

Cerivastatin Rosuvastain

Atorvastatin

Figure 1 Structural formulas of several statin inhibitors [6, 8]. The HMG-like moiety, which is present
in all statins, is red-colored [138].

Statins can be classified into three categories based on their generation. The first
generation of statins includes simvastatin (Zocor), pravastatin (Pravachol) and lovastatin
(Mevacor), which are fungal metabolites with similar chemical structure. The second

generation includes synthetic and racemic fluvastatin (Lescol), while the third generation
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includes synthetic enantiomerically pure compounds like atorvastatin (Lipitor), rosuvastatin
(Crestor) and pitavastatin (Livazo) [6, 8]. These fully synthetic third-generation statins are
frequently being addressed as super-statins [140]. Based on the HMG-CoA motive, the statins
can be grouped into two categories according to the motive type (Figure 14) [140].
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Figure 15 Examples of common routes for the production of the syn-3,5-dihydroxy carboxylate statin
side-chain [5, 8, 11, 70].

Satins were discovered in the 1970s as fungal metabolites [7, 15, 25, 131] and since then
many efforts were focused not only on their structural modification to make them more effective
with less side effects [25, 131, 134, 140] but also to simplify their production process, since
laborious chemical processes at harsh conditions are currently being employed [10, 12, 14 -
18]. Additionally, the two chiral centers present in the molecule are challenging to make by

applying traditional chemical methods [10, 11].
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The increasing commercial demand for statins and the need for a simple preparation on
the industrial scale have led to immense efforts towards finding a more efficient and economical
process to produce statin intermediates [12, 15, 25, 70, 134, 141]. Driven by the requirements
of high chemical and stereochemical purity, considering the trend in the pharmaceutical
companies towards the biocatalysis as a source for enantio- and diastereopurities [8], a variety
of biocatalytic routes involving different classes of enzymes and starting materials have been
developed for the enantioselective synthesis of the statin side-chain precursors [5, 8, 10 - 13].
The most common biocatalytic methods towards the production of statin intermediates are
covered in Figure 15 [5, 8, 11, 13, 25, 137], whereby those biocatalytic approaches can be
broadly grouped into two strategies [10, 27].

The first strategy involves the synthesis of the key chiral precursor ethyl (R)-4-cyano-3-
hydroxybutyrate on which the second stereocenter is introduced at a later step (Figure 16a).
Most of the biocatalytic methods fall under this strategy [10], although, according to some
literature, the usage of nitrilases is classified as a separate third strategy [25, 64]. The second
strategy involves the generation of both chiral centers in a single step using aldolases that
catalyze the aldol reaction, which results in a more advanced six-carbon statin side-chain
intermediate (Figure 16b) [10, 27].
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Figure 16 Biocatalytic strategies towards the production of statin side-chain intermediates. a) The first
strategy results in the formation of ethyl (R)-4-cyano-3-hydroxybutyrate [10, 27], while b) the second
strategy is based on an aldol reaction that results in the formation of a six-carbon intermediate [10, 12].

b)

2.5.1.1 DERA-catalyzed statin side-chain intermediate production

Although different biocatalytic approaches have been developed, the ever-growing
attention is being shifted towards a simplified reaction containing fewer reaction steps with a
high atom economy in which the generation of both chiral centers is done in a single step by
using DERA (Figure 16Db) [10, 12, 16, 25, 28, 134]. By using achiral substrates [15, 131] DERA
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catalyzes the sequential aldol addition, that yields an enantiomerically pure lactol, a cyclized
2,4,6-trideoxyhexose [8, 11, 25, 26, 89, 99, 101, 142] (Figure 17). The lactol is a valuable chiral
synthon [87, 88, 99] that is used for the production of statin intermediates [28, 87 - 89, 101 -
105, 142]. The preparation of the chiral 2,4,6-trideoxyhexose has provoked extensive activities
towards its production, because of its extremely high market price and particular
pharmaceutical requirements (Table 3) [14, 88, 131]. Due to the challenges present in the
chemical synthesis of statin intermediates, the use of DERA presents one of the most attractive
and most promising routes [12, 14, 15, 86, - 88, 91, 102, 105, 131, 134, 141, 143].

Table 3 Example of the value-added chain in the chemical industry for atorvastatin (Lipitor by Pfizer)
[127].

. Fine chemicals .

Parameter Bulk chemicals Intermediates AP Specialty
Example Methanol | Acetic acid ) ) ( Lipitor
Molecul

olecuiar CH.,O C:HiO; | CrHuNO; | C1aH3oNO4 | CasHassFNoOs | NIA
formula
Lozl 32.04 60.05 157.17 269.34 558.65 N/A
weight
Applications > 100 > 50 10 1 1 N/A
Price
indication 0.2 1.00 100 200 2,000 80,000
(US$/kQ)
Production 6 6

32-10 8-10 200 300 400 400

(tons/year)
Producers 100 25 10 5 12 12
Customers 100 50 1 1 12 Millions
Plant type ° D, C D, C M, B M, B M, B N/A
Manufacturing 1 5 5 15 20 P
steps

& Active pharmaceutical ingredient (API)
b Ex-patent holder; several generic producers have launched in the meantime (B — batch, C —
continuous, D — dedicated, M — multipurpose)
Fine chemicals:
(1) or ethyl(R)-4-cyano-3-hydroxybutanoate (or ‘hydroxynitrile’)
(1) or tert-butyl(4R,6R)-2-[6-(aminoethyl)-2,2-dimethyl-1,3-dioxan-4-yl] acetate
(111) or 2-(4-fluorophenyl)-g,0-dihydroxy-5-(1-methylethyl)-3-phenyl-4-
[(phenylamino)carbonyl]-1-H-pyrrole-heptanoic acid (or atorvastatin)
Note: Figures are indicative only.

An example of the value-added chain extending from bulk through fine chemicals to APIs
is shown in Table 3, blockbuster Lipitor (atorvastatin) used as an example. The value-added
chain extends from a C; molecule (methanol) all the way to a Cs3 molecule (atorvastatin).
Methanol and acetic acid are typical commodities: low-price, multi-usage products

manufactured in large quantities by many companies. Three examples of fine chemicals used
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for the manufacture of atorvastatin are listed: the advanced intermediates (1) ethyl 4-chloro-3-
hydroxy butanoate and (2) tert-butyl (4R,6R)-2-[6-(2-aminoethyl)-2,2-dimethyl-1,3-dioxan-4-
yl] acetate, and the API itself: (3) atorvastatin. As long as atorvastatin, 2-(4-fluorophenyl)-g,0-
dihydroxy-5-(1-methylethyl)-3-phenyl-4-[(phenylamino)-carbonyl]-1H-pyrrole-heptanoic
acid, is sold according to specifications, it is a fine chemical. In the pharmaceutical industry,
the chemical synthesis of an API is also referred to as primary manufacturing. The secondary
manufacturing comprises the formulation of the API into the final delivery form (FDF). The
API is compounded by recommended bulkiness, stability, color, and taste. Once atorvastatin is
tableted, packed, and sold as the anti-cholesterol prescription drug Lipitor, it becomes a
specialty. The price difference between the API and the package sold in the drugstore is very
substantial, which is evident from Table 3 [127].

Although the application of DERA shows great potential in the production of statin
intermediates, the enzyme shows some major drawbacks for its practical application, such as
poor resistance to high aldehyde concentrations or the requirement of large quantities of the
enzyme to obtain industrially useful product yields [8, 12, 88, 131, 133, 141]. Due to the high
interest in the application of DERA for the mentioned synthesis, the enzyme is being
continuously re-engineered and cloned for better performance and stability under otherwise
harsh industrial conditions [10, 25, 26, 88, 99, 141].

o OH OH O dat OH OH O
DERA \w oxidation
R — =R
R\)J\H , 0 H OH
H
O.__,OH R 0. -0
R/\U oxidation
OH OH
lactol lactone

Figure 17 DERA-catalyzed 3,5-dihydroxy carboxylate side-chain synthesis followed by an oxidation.
Depending on the oxidation method or the enzyme substrate specificity, the oxidation of the appropriate
substrate-form occurs [12].

The DERA-based strategy is almost by default coupled with an oxidation step in which
the lactol is further oxidized into a lactone (Figure 17), such as the cyclized 3,5-
dihydroxyhexanoic acid, which is a more stable form of lactol [144]. For that reason, the lactone

presents a key product in the synthesis of statin intermediates [8, 11, 12, 25 - 28] (Figure 17).
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The significance of those reactions is evident also in the industry: DSM Pharma Chemicals
[145, 146] and Diversa [143, 147] operate the DERA-catalyzed aldol reaction followed by a
chemical oxidation of the produced lactol [8, 13, 143, 145, 146], while Lek Pharmaceuticals
patented the DERA-catalyzed reaction followed by DH-catalyzed oxidation, which results in a
more economic process: reduced number of synthetic steps, improved and simplified reaction,
etc. [148].

By studying the available literature, it is evident that there are only a few known suitable
ways for chemical oxidation of the enzymatically produced lactol [12, 88, 134, 143], whereas
investigations on the enzymatic lactol oxidations remain rare [25, 134]. This is especially
interesting considering that the chemical oxidation of the DERA-produced lactols is done with
the excess of harsh chemicals, while the biocatalytic oxidation uses oxygen as a co-substrate
and produces water as a by-product, which classifies the latter approach in the area of green
chemistry [25].

o) ') OH O
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ethyl 4-chloro-3-oxobutanoate ethyl (S)-4-chloro-3-
hydroxybutanoate

HHDH |- Cr, - H*

o OH O HHDH OH O

D\/‘\/LO/\ +CN, + H* NC\/k/lJ\O/\

ethyl (R)-3-hydroxy-4- ethyl (R)-4-cyano-3-
((S)-oxiran-2-yl)butanoate hydroxybutanoate

Figure 18 DH-catalyzed oxidation of ethyl 4-chloro-3-oxobutanoate followed by HHDH-catalyzed
conversion of ethyl (S)-4-chloro-3-hydroxybutyrate into ethyl (R)-4-cyano-3-hydroxybutyrate [5, 27,
149]. The change in stereo-configuration from the substrate to the final product is caused by a switch in
priority of the substituents at the chiral center according to the Cahn-Ingold-Prelog (CIP) priority rules
[149].

Based on the accessible literature, an interesting route towards the statin side-chain
intermediate production seems to be a multi-enzyme process consisting of DHs and HHDHs,
where the HHDHSs are used for their ability to replace the halide group with a strong nucleophile
containing nitrogen, such as nitrile [5]. The application of HHDHs is classified under the first
statin side-chain strategy that results in the production of ethyl (R)-4-cyano-3-hydroxybutyrate

(Figure 18) [5, 21, 27, 149].
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A similar reaction of statin intermediate synthesis was patented by Codexis, who
demonstrated a two-step three-enzyme catalyzed reaction involving two DHs, where one is
responsible for the substrate oxidation and the other for coenzyme regeneration, and an HHDH
enzyme applied for the dehalogenation reaction and cyano-group addition [150]. They filed a
new successive patent in which they expanded the substrate scope and applied newly
engineered enzymes [151]. Similar reactions were claimed by DSM Pharma Chemicals who
are using HHDH enzymes to synthesize epoxides, lactones, alcohols, and other intermediates
in the preparation of APIs, in particular of statins [152]. In their patent, they also claim a
completely chemoenzymatic pathway towards the production of the desired lactone by
combining DERA and HHDH enzymes.

2.6 Mathematical modeling of enzymatic reactions

The main goal of enzyme reaction engineering is a high space-time yield at a high degree
of substrate conversion under the conditions of high chemical and enantiomeric selectivity [41].
The goal of reactor design is the description of the behavior of both the pertinent degree of
conversion X (0 <X <100 %) and of selectivity o (0 <o < 1) over the reaction time [41].

Biocatalytic processes are quite similar to chemical processes in many aspects, where the
most significant difference is that enzyme kinetics and enzyme stability must be taken into
account [153]. A few years ago modeling of enzyme-catalyzed reactions was not considered to
be an important industrial practice, but nowadays the situation changed with the need for rapid
and effective scale-up combined with the aim of conducting economically feasible production
of fine chemicals [3, 4, 154]. This can be achieved with the use of miniaturized experimentation
or by applying mathematical modeling [3, 153]. Albeit there are four classification areas
regarding mathematical modeling [155], the strategy of mathematical modeling based on the
observed kinetics incorporated with mass balance equations for every participating component
in an appropriate reactor type seems not only to be promising but has already been successfully

applied for large-scale production optimization [153].

In order to choose the best enzyme reactor for the observed process, it is necessary to
determine the reaction kinetics. Consequently, particular attention should be applied to the
system features (pH, temperature, substrate, product and enzyme concentration), reaction
aspects (thermodynamic and kinetic constants), enzyme characteristics (mechanical properties,
activity, stability, and molecular mass), and their interdependence and influence on the process
as whole [31, 41, 156].
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Model development consists of enzyme kinetic modeling and reactor modeling that

connects enzyme Kinetics with mass balance equations in an appropriate reactor type [153].

To successfully develop a model, the following steps should be performed [41, 153, 157]:

1.

Characterization of enzyme activity and stability dependence on pH, temperature,
substrate and product concentrations.

Acquiring experimental data using the initial reaction rate method which is a steady-
state approximation where the initial reaction rates are measured at different substrate
concentrations.

Mathematical evaluation of the obtained results and the development of an adequate
reaction rate equation.

Estimation of kinetic parameters using non-linear regression analysis and optimization
using an optimization algorithm. The numerical values of the parameters are evaluated
by fitting the model to the experimental data. The model equations are solved
numerically by an algorithm such as the fourth order Runge-Kutta. The calculated data
is then compared to the experimental data, recalculated in the optimization routine and
fed again to the integration step until minimal errors between experimental and
integrated values are achieved. The residual sum of squares is defined as a measure of
discrepancy between the experimental data and the data obtained based on the model.
Model validation by comparing experimental data with simulations under identical
conditions, where the experimental data (validation set) is different from the

experimental data (training set) used for identifying kinetic parameters.

Once the model was successfully validated, it can be further used:

6.

2.6.1

Using validated mathematical models for computer simulations which will help in
optimization of reaction conditions, such as the appropriate concentration of enzyme(s),

substrate(s) and/or reactor type.

Reaction kinetics

The reaction kinetics have to be found under conditions relevant to the process, which are

different than the values published in literature since they refer to optimal values of pH and

temperature for the enzyme in question and are mainly for low substrate concentrations [41].

To develop a meaningful reaction kinetics model, the influence of all the substrates, products,

and inhibitors has to be known [41]. Also, the thermodynamics of an enzyme reaction must be
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integrated into the kinetic model, since an enzyme can catalyze both the forward and reverse
reaction [41]. The kinetic parameters, such as maximum rate of reaction (Vm) or Michaelis
constant (Kn®) for the Michaelis-Menten kinetic models, should be determined by using non-
linear regression models [41].

The Michaelis-Menten Kkinetics is one of the best-known models of enzyme kinetics, due
to being based on the simplest enzyme reaction mechanism consisting of a binding and a
catalytic step (Equation 1) [41, 153, 158 - 160].

fe1 k3 .
S+EZES—-> P+E Equation 1

k2
In Equation 1 S denotes the free substrate, E and ES denote the free and bound enzyme,
respectively, and P the product. The k; is the rate constant of the enzyme-substrate complex
formation, k. the rate constant of the enzyme-substrate complex dissociation, while ks is the

catalytic constant.

The Michaelis-Menten kinetics is based on the findings of Michaelis and Menten who
published 1913 an equation that incorporates the reaction rate with substrate and enzyme
concentration, which they supported by numerous experimental data [161]. They suggested that
the free enzyme first binds to the substrate forming the enzyme-substrate complex, which is a
fast but reversible reaction. The dissociation of the enzyme-substrate complex into the free
enzyme and product is a slow reaction and hence the rate-limiting step. Throughout the reaction,
the total concentration of the enzyme will be the sum of the concentration of total free enzyme
and concentration of total enzyme bound with the substrate [41, 160 - 162]. The rate of product
formation, i.e. the reaction rate of the enzyme-catalyzed reaction can be described by single-
substrate Michaelis-Menten kinetics expressed as

r_@_ Vin * Cs Equation 2
dt K5+

where r is the reaction rate (mmol/mL-min), cp the product concentration (mmol/mL), t the time
(min), Vm the maximum rate achieved by the system at the saturating substrate concentration
(mmol/mL-min), cs is the substrate concentration (mmol/mL), Kn® is the Michaelis constant

(mmol/mL), which equals the substrate concentration at which the reaction rate is half of Vp.

Biochemical reactions involving a single substrate are often assumed to follow Michaelis-

Menten kinetics, without regard to the model's underlying assumptions. The key parameters in
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the Michaelis-Menten equation are Kn® and Vi where Vm depends upon the enzyme
concentration (Equation 3), whereas Kn® on the constants given by Equation 4. The Vn is the
rate of reaction at which the enzyme is saturated with substrate. The Kn°, which is an inverse
measure of affinity, is the concentration of the substrate when the reaction rate is equal to one
half of the maximal rate (Vm) for the reaction (Equation 5). An enzyme with a high K»® has a
low affinity for its substrate and requires a greater concentration of substrate to reach Vm [160,
163].

Vi = k3 - Ey Equation 3
ki+k
= Equation 4
ka
1 .
Ky = 5" Vin Equation 5

When plotting the rate of the enzyme-catalyzed reaction as a function of substrate
concentration, the curve takes on the characteristic hyperbolic shape (Figure 19). At low
substrate concentration, the reaction rate linearly depends on substrate concentration and can
be approximated as first-order kinetics. At high substrate concentration, the reaction rate does
not depend on the substrate concentration and therefore can be approximated as zero-order

kinetics. The area between those two areas is called the Michaelis-Menten area [164].

r, mM/min
<
3
N
1

Figure 19 Typical Michaelis-Menten Kinetics plot.

Most enzyme-catalyzed reactions are multi-substrate systems, usually consisting of at
least two substrates Equation 6). In case of a DH-catalyzed reaction, the second substrate is
usually a coenzyme [164]. The Michaelis-Menten equation is then extended, and in case of a

double-substrate system, it is described as per Equation 7.

Si+S, > P+P, Equation 6
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. Vi " Cs, * Cs, Equation 7
(Kpt +cs,) - (K2 +cs,)

Biocatalytic reactions often show a change in enzyme activity over time which is
manifested as rate deceleration. These substances that reduce the activity of an enzyme-
catalyzed reaction are known as inhibitors, which cause reversible or irreversible enzyme
inhibition [160]. The inhibitors act either directly or indirectly by influencing the catalytic
properties of the active site [159] and can be a substrate, a product, or both [160]. There are
four types of reversible inhibition: competitive (Equation 8), non-competitive (Equation 9),
uncompetitive (Equation 10), and mixed inhibition [159, 160].

Vin * Cs
r= - .
K. (1 _l_%) +c, Equation 8
l
Vin - Cs
r= - .
W+ e (1+5) Equation o
Vin - Cs
r= : ;
KS +c, - (1 +%) Equation 10
l

In Equation 8 — 10 K; represents the inhibition constant (mM), while c; the concentration

of the inhibiting compound (mM).

Competitive inhibitors compete with the substrate at the substrate binding site [160]. One
of the characteristics of competitive inhibitors is that they can be displaced from the active site
if high concentrations of the substrate are used, thereby restoring the enzyme activity. Thus,
competitive inhibitors increase the Kn®° of a reaction because they increase the concentration of

the substrate required to saturate the enzyme. However, they do not change the Vi [159, 160].

Non-competitive inhibitors react with the enzyme at a site different from the active site.
Therefore, the binding of the inhibitor does not physically block the substrate-binding site, but
it does prevent the subsequent reaction [160]. Most non-competitive inhibitors are chemically
unrelated to the substrate, and their inhibition cannot be overcome by increasing the substrate
concentration. Such inhibitors reduce the concentration of the active enzyme in solution,

thereby reducing the Vi of the reaction, but do not change the value of Ky®° [159].

The uncompetitive inhibitor binds only to the enzyme-substrate complex, meaning the

binding of the substrate creates the binding site for the inhibitor; therefore, the binding of the
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inhibitor is promoted by the presence of the substrate. Both Vi and the Ki® decrease [159] [160,
165]. A special case of uncompetitive inhibition is substrate inhibition whereby the substrate
itself blocks enzyme activity at high concentrations. This is caused by more than one substrate
molecule binding to the active site of the enzyme meant for just one substrate molecule, e.g.,
different parts of the substrate molecule bind to different parts of the enzyme active site [160].

Mixed inhibition is a combination of competitive and uncompetitive inhibition [159,
160].

Another reason for the decrease of the reaction rate is the loss of enzyme activity during
a reaction due to its instability in the present system which is referred to as the decay of enzyme
activity. It is usually described using the first- (Equation 11) or second-order (Equation 12)
Kinetics [166].

dVn Equation 11
e k,-V
ddL;n = —k, V2 Equation 12

2.6.2 ldeal enzyme reactors

The reactor design is one of the fundamental elements of chemical reaction engineering
[167]. The reactor model of ideal reactors is based on a simplified perception of a reactor
system, such as the assumption of ideal flow or ideal mixing [167, 168], thus belonging to ideal
flow models [167]. Based on this, the reactant and the product concentration inside the reactor
are considered to be uniform and are therefore observed as homogeneous systems, combined
with the assumptions of constant temperature (isotherm conditions) and constant volume

(isochoric conditions), pressure and pH [167].

As of operation modes of chemical reactors for the industrial application are concerned,
they can run as either batch, continuous or semi-batch (or semi-continuous) models [167].
Reactors operating under batch mode are referred to as batch reactors (Figure 20a) [167]. When
carrying out the reaction under the batch mode, all feeds are loaded into the reactor at the very
beginning of the reaction [167]. After a certain period of reaction time when, for example, the
desired conversion was achieved, the whole content of the reactor is unloaded. Accordingly,

there is no input or output of the reaction materials meaning no material flow [167]. A batch
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reaction is an unsteady process and therefore the composition inside the reactor does change

with time. The reaction rate of an ideal batch reactor can be expressed as follows

d .
-1V = % Equation 13

where Vis the reaction volume (mL) and ns is the amount of substrate (mol) that equals

ng=cs-V Equation 14

Since the batch process is considered to be an isochoric process, Equation 13 can be expressed
as

e = — % Equation 15
An interesting upgrade of a batch operating mode is running a reaction as a repetitive
batch mode. This mode is especially interesting for obtaining higher product concentrations or
for increasing the substrate conversion [169]. In big part, the operating mode resembles a
standard batch mode, but instead of unloading and starting a new cycle, a fresh feed, often of
same as the initial, is loaded into the reactor once the previous load was spent, i.e. once substrate
concentration dropped to zero or enzyme does not show any residual activity. This repetitive
technique has been shown to be very effective and easy to handle [170] when the synthesized

products do not have a negative impact on the applied enzymes.

In case of running a reaction in a continuous mode, the feedstock is continuously fed
(supplied) into the reactor and simultaneously the product is removed from the reactor [167].
Reactors operating under such mode are called continuous or flow reactors [167]. Most reactors
that operate under a continuous mode are under steady state, since at any specific location in
the reaction system parameters, like the substrate or product concentration, do not change with
time. Thus, the general model for a continuous reactor can be expressed as given in Equation
16. If the reactor operates in steady-state (qo = g: = q = const.) and if V, p = const., it can be

expressed as per Equation 17.

dn .
Go Cso—qt-Cse =V 1= d—ts Equation 16

-q Equation 17

In Equations 16 and 17 c(sp) denotes the initial concentration of a substrate (mM), while

g denotes the volumetric flow rate (mL/min).
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If a reactor is operated with at least one reactant (or enzyme) that is continuously fed into
the reactor or if one product is leaving the reactor while other components are added to or
removed from the reactor, the reactor is then being operated under a semi-batch mode, hence
called a semi-batch reactor. When, during the reaction, nothing is removed from the reactor,
but at least one substrate or enzyme is continuously fed into the reactor, then the reaction is
being conducted under a fed-batch mode and is referred to as a fed-batch reactor [171, 172],
but alternatively may be called a semi-batch reactor [172]. In such reactors, the resulting
products remain in the reactor until the end of the run [172]. Based on the described, these
reactors operate under non-steady state.

a) b) Cs,0 Vo C) Cso Vo
AT e AT
V = const. V = const. V = const.
T = const. T = const. T = const.
r =f(t) r = const. rg = const.
=< =

Figure 20 Scheme of an ideal a) batch, b) continuous, and c) fed-batch reactor [168, 173].

The application of a fed-batch reactor shows some notable advantages, such as
avoidance of a substrate or product inhibition, or maintenance of appropriate enzyme activity
[172]. The reaction rate in a semi-batch (fed-batch) reactor depends on the system set-up and
the mass balance equation is expressed as given in Equation 16. If only one feed, i.e. one
substrate supply exists without the removal of formed products, the reaction rate for a fed-batch

reactor can be expressed as

_ d .
0% o 55 Equation 18
%4 dt

The Equation 18 stays true if the volume change is considered equal to the volumetric in-
flow rate [173].

Repetitive batch and fed-batch reactor modes are considered to be standard modes for

decreasing enzyme consumption [174].
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2.6.3 Kinetic data related to statin synthesis

Despite its certain importance for each of the synthetic steps towards the production of
statin side-chain building blocks, the available literature offers very little or virtually no kinetic
data obtained based on kinetic models.

The data concerning aldolase-catalyzed reactions are scarce [14, 33, 34], and for now,
only few studies were found concerning mathematical modeling of the reaction towards statin
side-chain production [14]. Svarc and coworkers (2019) have reported a mathematical model
(consisting of a formal kinetic model that includes the data-driven or the empirical model which
has less kinetic constants) validated in multiple reactor configurations. Using the developed
model, process simulations were done, and optimal process design was proposed [175]. Rucigaj
and Krajanc (2015) have reported a very complex model for the sequential aldol reaction
involving acetyloxyacetaldehyde, acetaldehyde, and chloroacetaldehyde as substrates, which

was catalyzed by crude DERA expressing culture lysate [14].

Regarding reactions catalyzed by NAD(P)-dependent DHSs, for now, only few published
research articles offer kinetic data for the enzymes used for the oxidation of the DERA-
produced lactols, but without further model development that would help in process
optimization and scale-up. A research was published in 2014, in which the Kinetic data of the
E. coli membrane-bound PQQ-dependent glucose dehydrogenase (GDH) was given [134]. The
authors have used a DERA-GDH coupled system using a whole-cell catalyst, but despite
performing a successful oxidation mediated by the PQQ-GDHSs, the system resulted in a
disadvantageous industrial application, due to the application of the PQQ as a cofactor and the
low expression level of GDH as membrane protein [134]. This finding was followed by the
research of the Xu group in 2016 [25] who carried the oxidation of the key lactol by a novel
NADP-dependent aldehyde dehydrogenase (AIDH). Although they have published values of
kinetic parameters, they have not developed a mathematical model which would be a basis for

future application.

In addition to the obvious lack of aldolase and DH kinetic data, the data related to HHDHs
and the reaction of statin side-chain production remains unavailable [11], especially data
obtained based on a simple and robust mathematical model for statin side-chain production
[22]. It should be noted that, for the time being, the catalytic data for the biocatalytic reaction

of epoxide-ring opening in presence of strong nucleophiles was not estimated yet and thus no
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mathematical models were developed, although these reactions are of scientific interest [8, 24,
22, 36].
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3 SYNTHESIS OF THE FIRST STATIN SIDE-CHAIN PRECURSOR
3.2 Introduction

The first reaction route consisted of four reactions catalyzed by three different enzymes

(Figure 1) in the following order:

1. DERA™.- or DERA%**-catalyzed double-aldol addition

2. AIDH- or KRED?**?-catalyzed oxidation

3. HHDH-catalyzed dehalogenation

4. HHDH"-catalyzed epoxide ring-opening in presence of a KCN

The starting materials were acetaldehyde (AA) and chloroacetaldehyde (CAA). The
aldol reaction proceeded via the production of intermediate 4-chloro-3-hydroxybutanal (CHB)
which further reacted with AA to form the final aldol product 6-chloro-3,5-dihydroxyhexanal
(CDH).

The following reaction was the oxidation of CDH into 6-chloro-3,5-dihydroxyhexanoic
acid (CDHA) catalyzed by either AIDH or KRED®®. The AIDH-catalyzed oxidation was
combined with coenzyme regeneration facilitated by H>O-forming NADH-dependent oxidase
(NOX099),

The third and fourth step were the reactions catalyzed by halohydrin dehalogenase
(HHDH®?Y), HHDH®! catalyzes CDHA dehalogenation and its ring-opening in presence of
KCN.

The DERA-catalyzed side reaction of self-aldol addition of AA is a two-step reaction
(Figure 3) in which two molecules of AA reacted to form the side intermediate 3-
hydroxybutanal (HB) which further reacted with the third molecule of AA to form the final side
product 3,5-dihydroxyhexanal (DHH).

The substrate and product abbreviation list are presented in Table 4.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Table 1 Abbreviation list of compounds of the first statin side-chain reaction route.

Abbreviation Full name of the compound
AA Acetaldehyde

CAA Chloroacetaldehyde

CHB 4-chloro-3-hydroxybutanal

CDH 6-chloro-3,5-dihydroxyhexanal

CDHA 6-chloro-3,5-dihydroxyhexanoic acid
HOBA 3-hydroxy-4(-oxiran-2-yl)butanoic acid
CYDHA 6-cyano-3,5- dihydroxyhexanoic acid
HB 3-hydroxybutanal

DHH 3,5-dihydroxyhexanal

3.3 Experimental part

3.3.1 Materials

In this thesis, following chemicals were used: ethyl acetate (EtOAc), hydrochloric acid,
NADP", nitric acid, sulfuric acid (BDH Prolabo Chemicals, UK); chloroacetic acid, 1,3-
dichloro-2-propanol, 2,4’-dibromoacetophenone, 2-deoxyribose 5-phosphate sodium salt
(DRP), 3-hydroxybutanal (aldol, CHB), acetaldehyde (AA), chloroacetaldehyde (CAA),
magnesium sulfate anhydrous, triosephosphate isomerase from rabbit muscle (TPI), a-
glycerophosphate dehydrogenase from rabbit muscle (GDH), o-benzylhydroxylamine
hydrochloride (Merck, Germany); dipotassium phosphate, mercury(Il) thiocyanate, methanol
(MetOH), monopotassium phosphate, NAD*, NADH, NADP™, potassium cyanate, potassium
hydroxide, propionaldehyde (PA), pyridine, triethanolamine hydrochloride (TEA-HCI),
tris(hydroxymethyl)aminomethane (Tris), O-benzylhydroksylamine hydrochloride (Acros
Organics, USA); acetic acid (T.T.T., Croatia); acetonitrile (ACN), ethanol absolute (EtOH),
magnesium sulfate anhydrous, trifluoroacetic acid (TFA) (Fisher Scientific, UK); albumin from
bovine serum (BSA) (Fluka Chemie, Germany); isopropyl alcohol (IPA), potassium hydroxide
(Kemika, Croatia); ammonium iron(l11) sulfate dodecahydrate, Coomassie brilliant blue G-250,
sodium chloride, sodium sulfate anhydrous (Lach-Ner, Czech Republic); NADPH (AppliChem,

Germany); sodium hydroxide (Gram-mol, Croatia).

The 2-deoxyribose-5-phosphate aldolases (DERA™, DERA%*) and NAD(P)(H)-
dependent dehydrogenases (AIDH, NOX%° KRED%*?) were expressed and supplied by
Prozomix (UK), while the halohydrin dehalogenase (HHDH?) was expressed and provided by

Enzymicals (Germany). The enzymes were supplied as cell-free extracts (CFES).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.3.2 Apparatus

In this thesis the following apparatus were used: analytical scale (AUW 120, Shimadzu,
Japan), centrifuge (Universal 320 R, Hettich, Germany), freeze dryer (FreeZone, Labconco,
USA), fume hood (Flores Valles, Spain), high performance liquid chromatography (HPLC;
degasser DGU-20A3; pumps LC-20AT and LC-10AT; injector SIL-20ACHT; UV-VIS
detector SPD-10A; column oven CTO-20AC, communications bus module CBM-20A,
Shimadzu, Japan), homogenizer (MS2 Minishaker, Ika-Combing, Germany), incubator/shaker
(Innova 4330, New Brunswick Scientific, USA; orbital shaker PSU-10i, Biosan, Latvia;
Tehtnica VibroMix 203 EVT, Slovenia), laboratory scale (EW 1500-2M, Kern & Sohn,
Germany), magnetic stirrer (Rotamix S-10, Tehtnica, Slovenia), pH meter (Lab 860, Schott
Instruments Analytics, Germany),refrigerator and freezer (Koncar, Croatia), rotary evaporator
(Hei-VAP Platinum 2, Heidolph, Germany), UV-Vis spectrophotometer (UV 1800, Shimadzu,
Japan), syringe pumps (PHD 4400 Syringe Pump Series, Harvard Apparatus, USA),
thermomixer (ThermoMixer C, Eppendorf, Germany), ultrapure water system (NIRO-VV-UV-
UF, Nirosta, Croatia).

Additionally, Amicon ultra-centrifugal filter units (CFUs, 10 kDa, 0.5 mL and 15 mL;

Merck Milipore, Ireland) were used.

3.3.3  Analytical methods
3.3.3.1 HPLC analysis

To follow aldehydes and carboxylic acids using HPLC on the Phenomenex Kinetex RP-
HPLC column (C18, 5 pm, 250 x 4.6 mm, 100 A), two different derivatization methods were
introduced to make the compounds UV detectable, but also to enhance the chromatographic

properties and to increase their stability [176].

The derivatization of aldehydes was done using the following procedure [107]: the
sample (5 pL) was mixed with 0.05 mL of a stock solution of O-benzylhydroxylamine
hydrochloride (0.02 g/mL in a mixture of pyridine, MetOH, and water in ratio 33:15:2) as the
derivatization agent. After incubation on a shaker at 25 °C for 20 minutes, samples were diluted

with MetOH (0.45 mL), centrifuged to remove any solid and analyzed by HPLC.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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The derivatization of carboxylic acids was based on the following procedure [177]: the
sample (0.01 mL) was mixed with 0.04 mL of stock solution of 2,4’-dibromoacetophenone (300
mM in ACN) as the derivatization agent, incubated at 60 °C for 60 minutes, diluted with MetOH
(0.2 mL), centrifuged (14 000 rpm, 4 °C, 5 min) to remove any solid and analyzed by HPLC.

The developed method was used for monitoring derivatized aldehydes and carboxylic
acids involved in the first reaction route (Method 1). The mobile phase consisted of solvent A
(ACN, water and TFA in the ratio 80:20:0.1) and solvent B (0.1 % v/v TFA in water) with
gradient elution from 90 to 28.4 % B for the first 10 minutes and from 28.4 to 90 % B from
minute 14 to 16. The injection volume was 20 pL, the flow rate 1.5 mL/min, the column
temperature was set at 30 °C, while the UV detection was at 215 nm. Examples of calibration
curves are presented in the Appendix. The calibration curves of not commercially available
compounds were made based on the experimental data using balance equations and
corresponding reaction scheme. Examples of calibration curves are shown in the Appendix:
AA (Appendix figure 1), CAA (Appendix figure 2), CHB (Appendix figure 3), CDH (Appendix
figure 4), HB (Appendix figure 5), and CHH (Appendix figure 6), and CDHA (Appendix figure
7). The retention time of AA, CAA, CHB and CDH were 11.1, 12.9, 10.4 and 9.3 minutes,
respectively. The retention time of HB was 9.1 minutes, while of DHH 8.3 minutes. The
retention time of the CDHA acid was 9.9 minutes. Respective examples HPLC chromatograms
are shown in Appendix. For the aldehydes in Appendix figure 17, while for CDHA in Appendix
figure 18.

Since aldehydes CHB, CDH, HB and DHH are not commercially available at the moment,
they were confirmed using LC-MS analysis. The LC-MS method is described in Appendix
figure 23.

3.3.3.2 Spectrophotometric measurements
3.3.3.2.1 Quantitative determination of protein content

The total protein concertation was determined using the Bradford protein assay [178].
The samples (0.2 mL) were mixed with Bradford reagent (0.8 mL) and incubated for five
minutes at 25 °C. The absorbance was measured at 595 nm. The calibration curve was made

using the BSA. Example of a BSA calibration curve is shown in Appendix figure 8.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.3.3.2.2 Quantitative determination of chloride ion content

The concentration of chloride ions present in the solution was measured using a
colorimetric assay [114, 179]. The samples (0.2 mL), filtered through a filter syringe, were
mixed with the halogen solution (0.8 mL) and immediately placed into the spectrophotometer
to read the absorbance at 460 nm, according to the procedure described elsewhere [24]. The
calibration curve was done using sodium chloride. Example of a NaCl calibration curve is

shown in Appendix figure 9.

3.3.3.3 Enzyme assays

All enzymes used in this work were provided as CFEs and were used without further
purification unless stated otherwise. All measurements were carried out in quartz cuvettes (10
mm path, 1 mL) at 25 °C.

The specific enzyme activity was calculated from the change in the absorbance over
time, AABS/t (min™) using the Equation 19 in which the extinction coefficient for NAD(P)H at
340 nm (e340) equals 6.22 1/(mM-cm), while d represents the light path length (cm) and ye the

mass concentration of enzyme in solution (mg/cmd).

1 AABS
AS = .

= Equation 19
E340 - d-Ye At a

3.3.3.3.1 DERA activity assays

To measure the DERA activity, two different assay methods were developed: the 2-
deoxyribose 5-phosphate (DRP) Assay and the DERA HPLC assay.

The activities of DERA™ and DERA%* were determined by using the DRP Assay, which
is based on the DRP cleavage activity of DERA by measuring the oxidation of NADH in a
coupled assay using triosephosphate isomerase (TPI) and a-glycerophosphate dehydrogenase
(GDH) enzymes [101, 103, 104]. The assay mixture contained 0.1 M TEA-HCI buffer pH 7,
0.1 mM NADH, 0.4 mM DRP, 11 U of TPI, 4 U of GDH, and diluted DERA (0.3 mg/mL). The
reaction was initiated by the addition of DERA, and the subsequent decrease of NADH

concentration was monitored at 340 nm. 1 U of DERA activity was defined as the amount of
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enzyme required for cleavage of 1 pmol of NADH per minute in 0.1 M TEA-HCI buffer pH 7
at 25 °C.

The DERA™ and DERA%* activities in the aldol addition reaction were determined by
monitoring the aldol reaction with 200 mM of AA and 100 mM of CAA in the indicated buffer
(DERA HPLC Assay). The reaction was initiated by enzyme addition (1 mg/mL). Samples
were withdrawn at regular time intervals during the first 10 minutes of the reaction, derivatized
using the derivatization procedure for aldehydes, centrifuged to remove any solid (14 000 rpm,
4 °C, 5min) and analyzed by HPLC Method 1. 1 U of DERA activity was defined as the amount
of enzyme required to form 1 pmol of product per minute at 25 °C in 0.1 M TEA-HCI buffer
pH 7 (DERA™) or 0.1 M phosphate buffer pH 6 (DERA%?). The specific enzyme activity was
calculated from the change in the concentration of the product over time (mM/min) using the
Equation 20, in which Vi represents the reaction volume (mL) and Ve volume of the added

enzyme (mL).

Ag =— — Equation 20

3.3.3.3.2 Activity assays for oxidoreductases

The AIDH activity mixture contained 50 mM PA, 10 mM NAD" and diluted AIDH
enzyme (0.1 mg/mL) in 0.1 M phosphate buffer pH 8. The reaction was initiated by the addition
of AIDH, and the subsequent increase of NADH concentration was monitored at 340 nm. 1 U
of AIDH activity was defined as the amount of enzyme required for reduction of 1 umol of
NAD? per minute in 0.1 M phosphate buffer pH 8 at 25 °C.

The NOX® activity mixture contained 0.1 mM NADH and diluted NOX%® enzyme (0.1
mg/mL) in 0.1 M phosphate buffer pH 7. The reaction was initiated by the addition of NOX,
and the subsequent decrease of NADH concentration was monitored at 340 nm. 1 U of NOX%°
activity was defined as the amount of enzyme required for oxidation of 1 umol of NADH per
minute 0.1 M phosphate buffer pH 7 at 25 °C.

The KRED3*? activity mixture contained 1 mM chloroacetic acid, 0.06 mM NADPH and
diluted KRED%*2 enzyme (0.2 mg/mL) in 0.1 M phosphate buffer pH 8. The reaction was

initiated by the addition of KRED?®®, and the subsequent increase of NADH concentration was
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monitored at 340 nm. 1 U of KRED3? activity was defined as the amount of enzyme required
for oxidation of 1 umol of NADPH per minute 0.1 M phosphate buffer pH 8 at 25 °C.

3.3.3.3.3 HHDH! activity assay

The HHDH* assay was determined by carrying the reaction (1.2 mL) of chloride release
from the 1,3-dichloro-2-propanol (10 mM) catalyzed by the HHDH%*! enzyme (0.5 mg/mL) in
phosphate buffer pH 8 at 25 °C. The experiments were conducted in locking microcentrifuge
tubes (1.5 mL) used as batch reactors. During the first 5 minutes since the addition of the
enzyme into the reactor, the samples were taken out at regular time intervals and filtered through
a syringe filter to remove the enzyme. The release of the halide ion was monitored at 460 nm
using the chloride assay (Chapter 3.3.3.2.2). 1 U of HHDH®* activity was defined as the amount
of enzyme required to release of 1 umol of chloride per minute 0.1 M phosphate buffer pH 8 at
25 °C.

3.3.4 Synthesis and purification of chemicals
3.3.4.1 Enzymatic synthesis of CDH

The aldol reaction (100 mL) of AA (200 mM) with CAA (100 mM) was catalyzed by
DERA%* (5 mg/mL) in the 0.1 M phosphate buffer pH 6 (batch reactor, glass bottle, 200 mL;
shaker, 150 rpm; 25 °C).

Figure 21 Removal of EtOAc under reduced pressure (Heidolph, Germany) to yield thick (viscous)
CDH product.

During the reaction, the samples were periodically taken from the reactor, derivatized

using the derivatization method for aldehydes and analyzed using the HPLC Method 1. After 8
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hours from the beginning of the reaction, AA (50 mM) and DERA (5 mg/mL) were re-added
into the reactor. The reaction was stopped after 28 hours from the beginning of the reaction by
distributing the reaction solution (25 mL) into conical centrifuge tubes (50 mL) and adding
EtOAcC (25 mL) into each tube to carry out the liquid-liquid extraction (3 x 25 mL). The organic
layer was dried using anhydrous magnesium sulfate and filtered. The solvent was removed
under reduced pressure (55 °C, Figure 21). The obtained product was stored in a glass vial at -20
°C.

3.3.4.2 Enzymatic synthesis of CDHA

The AIDH-catalyzed oxidation of CDH (approx. 350 mM, 100 mL) in 0.1 M phosphate
buffer pH 8. A glass bottle (200 mL) was used as batch reactor, which was placed on a shaker
at 280 rpm and 25 °C. The reaction was started with the addition of NAD* (10 mM), AIDH and
NOX%?® (10 mg/mL each), where the addition of AIDH was the beginning of the reaction.
During the reaction, the samples were periodically taken from the reactor, derivatized using the
derivatization method for acids and analyzed using the HPLC Method 1. The reaction was
conducted with multiple additions of fresh quantities of enzymes at 0 h (10 mg/mL AIDH and
NOX%9, each), at 6 h (10 mg/mL AIDH and NOX°®, each), at 24 h (5 mg/mL AIDH and
NOX%9 each) and at 52 h (7 mg/mL AIDH and NOX%, each) after start of the reaction. At 52
h fresh amount of coenzyme NAD* (10 mM) was added into the reactor as well. Before the
addition of enzymes into the reactor, they were desalted (100 mM phosphate buffer pH 7). To
do that, centrifugal filter units (CFUs, 0.5 mL) were used (20 min, 14 000 rpm, 4 °C) [180].
During the reaction, the pH was frequently checked using a pH electrode (magnetic stirrer, 150
rpm, 25 °C). Because the pH decreased during the reaction, the pH was adjusted to pH 8 using
the 5 M KOH solution.

The experiment was stopped after 74 h from the beginning of the reaction. The reaction
mixture was distributed into conical centrifuge tubes (50 mL) to precipitate any present solid
by centrifugation (15 min, 5 000 rpm, 4 °C). The decanted reaction mixture contained dissolved
proteins that were separated using CFUs (15 mL) by centrifugation (120 min, 5 000 rpm, 4 °C).
The filtrate, which contained the target CDHA molecule was distributed into multiple conical
centrifuge tubes (15 mL) and stored at -80 °C overnight. The frozen samples were placed in the

freeze dryer and lyophilized for 48 hours.
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3.3.5 Influence of buffers on enzyme activity and stability

The influence of buffers of various pH on the activity and stability of DERA™ and
DERA?%* were examined at 25 °C using the following buffers: 0.1 M phosphate buffer (pH 5.4,
6, 7, 8), 0.1 TEA-HCI buffer (pH 7), 0.1 Tris-HCI buffer (pH pH 7, 8, 9) and glycine-NaOH
buffer (pH 9, 10). To assess the influence of pH on the activity and stability of AIDH and
NOX%9 at 25 °C, 0.1 M phosphate buffer at pH 7, 7.4, 7.6, 7.8 and 8 were used.

The effects of buffers on the activities of DERA™ and DERA®?* were tested by following
the reaction of CHB production in the chosen buffer. The reactions (1 mL) were carried out in
1.5 mL-locking microcentrifuge tubes as batch reactors placed on a shaker at 1 000 rpm. The
activities were measured using DERA HPLC Assay. The samples were taken at regular time
intervals during the first 10 (DERA™) or 15 (DERA®?*) minutes from the beginning of the

reaction.

The stabilities of both DERAs in different buffers of various pH were determined by
dissolving 10 mg/mL DERA in the chosen buffer in a 1.5 mL-locking microcentrifuge tube by
incubating it using a thermomixer (1 000 rpm, 25 °C) for 24 hours. The residual activities of

DERAs were measured by applying the DRP Assay.

For evaluating the effects of pH on the activity of AIDH, the spectrophotometric test was
carried out in 0.1 M phosphate buffer consisting of 0.7 mM CDH, 9.4 mM NAD* and 0.1
mg/mL AIDH. To measure the influence of pH on the activity of NOX%® the
spectrophotometric test was prepared in 0.1 M phosphate buffer containing 0.1 M NADH and
0.01 mg/mL NOX%®, The final volume of the spectrophotometric tests was 1 mL. The reaction
was initiated by the addition of AIDH or NOX%®, and the subsequent change in NAD(H)
concentration was monitored at 340 nm at 25 °C. 1 U of AIDH or NOX% activity was defined
as the amount of enzyme required for oxidation of 1 umol of CDH or NADH, respectively, in

0.1 M phosphate buffer (AIDH: pH 8; NOX°%®: pH 7) at 25 °C.

The effects of different pH on the stability of AIDH and NOX%° were examined by
incubating the enzyme preparations in 0.1 M phosphate buffer (1 mg/mL, 1 mL) in locking
microcentrifuge tubes (1.5 mL) and placing them on a shaker at 1 000 rpm and 25 °C for 24
(AIDH) or five (NOX®) hours. The residual DH activity was measured using the appropriate
DH assay.
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3.3.6 Influence of temperature on DERA™ activity and stability

The influence of temperature on the activity and stability of DERA variants in the reaction
of CDH production was examined on the DERA™ variant. The examined temperature interval
was between 20 and 50 °C with a step of 5 °C. 10 mg/mL of DERA™ was incubated for five
minutes at different temperatures after which residual activity was determined at 25 °C by using
DRP Assay.

To assess the enzyme thermostability at different temperatures, 10 mg/mL of DERA™
was incubated in 0.1 M TEA-HCI buffer pH 7 for three days during which the residual activity

was determined at appropriate intervals using the DRP Assay.

3.3.7 Influence of organic compound on enzyme stability

The influence of compounds on the stability of an enzyme was examined by placing the
enzyme in a single-compound solution. The examined compounds were: AA, CAA, CHB, CDH
and CDHA. The experiments were carried out in 1.5 mL-locking microcentrifuge tubes with a
total reaction volume of 1 mL by placing the tube containing the enzyme dissolved in the
solution on a shaker at 1 000 rpm and 25 °C for 3 h. During incubation, the samples were taken
at regular time intervals to measure the residual activity using the appropriate assay. Prior to
carrying out the activity measurements, the compound was removed using 0.5 mL-CFUs and
the enzyme residue was diluted in the assay buffer. To determine the enzyme’s operational

stability decay rate constant the activities were measured using the same procedure.

The effects of AA, CAA, CHB and CDH on both DERA variants were examined by
incubating 10 mg/mL of enzyme in working buffer in a single-aldehyde solution of defined
concentration (up to 1000 mM). The working buffers for DERA™ and DERA%* were 0.1 M
TEA-HCI buffer pH 7 and 0.1 M phosphate buffer pH 6, respectively.

The influence of AA, CAA, CHB, CDH and CDHA on the AIDH, KRED?*2 and NOX%%®
stability were measured by incubating the enzyme preparation in 0.1 M phosphate buffer pH 8
at different concentrations of aldehydes (up to 200 mM). The experiments with AIDH and
KRED?%2 were carried out with 5 mg/mL of the enzyme, while the experiments with NOX°%°

were conducted with 1 mg/mL of the enzyme.
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The influence of CDHA and KCN on HHDH®? stability was examined in 0.1 M
phosphate buffer pH 8 by placing 10 mg/mL of HHDH? in DCHA or KCN solution. The DHA
concentration was varied up to 200 mM, while the KCN concentration up to 150 mM.

3.3.8 Enzyme kinetics

The kinetics of each of the applied enzymes was examined in the reactions which they
catalyze using the initial reaction rate method. The initial reaction rate was measured so that,
during the measurement, the concentration of the investigated substrate did not decrease by
more than 10 %. The double-substrate kinetics was measured at constant enzyme concentration
so that one substrate was kept constant at the saturating concentration (Figure 19), while the
other substrate’s concentration was varied. Then, the concentration of the second substrate was
kept constant at saturating concentrations, while the concentration of the first substrate was

varied.

The influence of products on the forward reaction was examined as well to evaluate the
existence of product inhibition. In that case, the concentration of both substrates was kept
constant at saturating concentrations, while the concentration of the product was varied. To
evaluate the influence of co-substrates and co-products, the same approach was applied when

the possibility of product inhibition was investigated.

All kinetic measurements concerning DERAs were measured by carrying the aldol
reaction and following it using the HPLC Method 1. The measurements in which
oxidoreductases were applied were carried out spectrophotometrically at 340 nm in 1 mL-quartz
cuvettes (10 mm path). The HHDH* kinetic measurements were carried out by following the

chloride release (Chapter 3.3.3.2.2) during the first 10 minutes of the reaction.

The kinetic equations (Chapter 3.6.4) were developed based on the reaction scheme
(Figures 1 and 3) and experimental data (Chapter 3.6.4). Experimental conditions for measuring

enzyme Kinetics can be found in figure descriptions in shown in Chapter 3.6.4.

3.3.9 Reactor experiments: one-step biocatalysis

The reactions for the synthesis of the first statin side-chain precursor were carried out at
25 °C. The reactions were initiated by the addition of the enzyme which catalyzes the reaction.

The reactions were monitored for a certain period, during which the samples were taken at
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regular time intervals to determine the concentrations of substrates and products by HPLC
Method 1. The residual enzyme activity was also measured by applying the appropriate assay
procedure. Prior to assaying, to remove compounds such as substrates and products, the enzyme
was separated from the reaction solution using 0.5 mL-CFUs by centrifugation (14 000 rpm, 4
°C, 5 min). The enzyme retained on the filter was resuspended with appropriate buffer

respecting the enzyme concentration in the assay and used in the activity assay.

When DHs were applied, the coenzyme NAD(P)" was added into the reactor before the
start of the oxidation. When needed, the pH was adjusted using the 5 M KOH solution, since
the pH decreased during the CDH oxidation.

3.3.9.1 DERA-catalyzed aldol additions

The DERA-catalyzed tandem aldol addition of AA onto CAA (Figure 1 and Figure 3)
was conducted in batch, repetitive-batch and fed-batch reactor modes. The DERA™-catalyzed
aldol reaction was carried out in 0.1 M TEA-HCI buffer pH 7, while the DERA*-catalyzed
reactions in 0.1 M phosphate buffer pH 6. The reactions were conducted at 25 °C. During all
reactions, the samples were taken at regular time-intervals to evaluate the substrate and product

concentration via HPLC and the residual enzyme activity by DRP assay.

The batch reactions were conducted in 2 mL-locking microcentrifuge tubes placed on a
shaker at 1 000 rpm. The repetitive-batch reactions of total reaction volume of 4 mL were
carried out in 5 mL-glass bottles used as a batch reactor placed on a shaker at 400 rpm. The
substrates and the enzyme were re-added to the reactor after substrate concentration dropped to

zero and the enzyme activity was below 20 %.

The aldol reactions in fed-batch reactor were conducted in a 10-mL glass bottle that was
placed on a shaker at 400 rpm to which two feeds (syringe pumps; HD 4400 Syringe Pump
Series, Harvard Apparatus, SAD) were connected. One was the substrate feed, while the other
was the enzyme feed. In all carried aldol reactions, at the beginning of the reaction the reactor
was filled with a certain amount of working buffer. The start of the pump, or pumps, was
approximated as the start of the experiment. The experimental conditions are given in detail in
figure descriptions: Figure 53 for DERA™ and Figure 54 for DERA"?,
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Figure 22 Fed-batch setup for the DERA™- and DERA"**-catalyzed reaction.

3.3.9.2 DH-catalyzed oxidations

All reactions were conducted in a batch reactor (locking microcentrifuge tube, 2 mL)
placed on a shaker at 1 000 rpm in 0.1 M phosphate buffer pH 8. The AIDH-catalyzed oxidation,
AIDH-catalyzed CDH oxidation with NOX°-catalyzed NAD* regeneration and KRED332-
catalyzed oxidation were conducted with purified CDH (Figure 1). During the experiment, the
samples were taken at regular time-intervals and were analyzed via HPLC and
spectrophotometer to assess the change of substrate and product concentration and residual
enzyme activity, respectively. The experimental conditions for the conducted CDH oxidation

reactions are given in detail in figure descriptions shown in Chapter 3.6.5.2.

3.3.9.3 HHDH%!-catalyzed reactions

The HHDH-catalyzed dehalogenation was carried out in 1.5 mL-locking
microcentrifuge tube placed on shaker at 1 000 rpm. The reaction volume was 1.2 mL. The
HHDH%!-catalyzed dehalogenation and epoxide ring-opening with KCN was conducted in 4
mL-glass bottle used as a batch reactor that was placed on a shaker at 300 rpm. The reactions
were conducted at 25 °C with purified CHDA in 0.1 M phosphate buffer pH 8. Because with
the addition of KCN the pH of the reaction solution increases, the pH was adjusted using the
9.2 M sulfuric acid solution. The samples were taken at regular time-intervals to quantify the
change in substrate and product concentration via HPLC and to evaluate the residual enzyme
activity using the appropriate assay procedure. The conditions at which the experiments were

carried out are given in detail under figure descriptions in Chapter 3.6.5.3.
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3.3.10 Reactor experiments: multi-step one-pot biocatalysis

The cascade reactions for the synthesis of the first statin side-chain precursor were carried
out at 25 °C. The reactions were initiated by the addition of the enzyme which catalyzes the
main reaction of the observed cascade. The reactions were monitored for a certain period,
during which the samples were taken at regular time intervals to determine the concentrations
of substrates and products by HPLC (Method 1). The residual enzyme activity was also
measured by applying the appropriate assay procedure. Prior to assaying, to remove compounds
such as substrates and products, the enzyme was separated from the reaction solution using 0.5
mL-CFUs by centrifugation (14 000 rpm, 4 °C, 5 min). The enzyme retained on the filter was
resuspended with appropriate buffer and used in the activity assay, respecting the enzyme

concentration in the assay procedure.

When DHs were applied, the coenzyme NAD(P)" was added into the reactor before the
start of the oxidation. When needed, the pH was adjusted using the 5 M KOH solution, since
the pH decreased during the CDH oxidation.

3.3.10.1 Cascade synthesis of CDHA

CDH was synthesized in the DERA%*-catalyzed aldol reaction in repetitive batch reactor
mode in 0.1 M phosphate buffer pH 6. Once full substrate AA and CAA conversion were
attained, the pH was adjusted using the 5 M KOH solution since the oxidation takes place at
pH 8. Depending on the desired concentration of the crude CDH, the final DERA%?* reaction
mixture was either used undiluted or diluted with 0.1 M phosphate buffer pH 8 to attain lower
concentrations of crude CDH. To oxidize the obtained crude CDH, the AIDH and NOX%® or
KRED?*? were added into the reactor containing the final DERA%* reaction mixture. The
reaction conditions are given in detail in Figure 47 (for DERA%*-catalyzed reaction), Figure 59
(for AIDH/NOX®®-catalyzed reaction) and Figure 60 (for KRED***-catalyzed reaction).

3.3.10.2 Cascade synthesis of CYDHA

The sequential multi-step one-pot reaction of CYDHA production consisted of three
consecutive reactions. The first reaction was the DERA®?*-catalyzed production of CDH in a
repetitive batch reactor in 0.1 M phosphate buffer pH 6. The second reaction was the CDH
oxidation, in order to obtain the CDHA product, catalyzed by AIDH with NOX%®-catalyzed
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NAD" regeneration system prior which the pH of the reaction mixture was adjusted to pH 8
using 5 M KOH. Once full CDH conversion into CDHA was achieved, KCN was added to the
final AIDH/NOX®° reaction mixture and the pH was adjusted to pH 8 using the 9.2 M sulfuric
acid solution, since KCN increases the pH of the reaction solution. The third reaction was
initiated with the addition of HHDH? into the reactor. The experimental conditions are given
in detail in Figure 47 (for DERA%?*-catalyzed reaction), Figure 59 (for AIDH/NOX%®-catalyzed
reaction) and Figure 61 (HHDH®"-catalyzed reaction).

3.4 Mathematical modeling

The kinetic parameters were estimated from the dependence of the initial reaction rate on
the concentrations of compounds in single- and multi-enzyme reactions. The mathematical
models for all enzyme-catalyzed reactions. The mathematical model consisted of kinetic
equations, mass balance equations in an appropriate reactor and operational stability decay
equations. The model was developed using the estimated kinetic parameters and relevant

reaction scheme.

3.4.1 DERAT™- and DERA%-catalyzed aldol additions

The DERA™- and DERA%*-catalyzed aldol reaction of AA with CAA is a two-step
reaction in which one molecule of AA reacts with CAA (reaction rate r1, Figure 23a) followed
by the second addition of AA onto newly-formed intermediate CHB (reaction rate r», Figure
23b) resulting with the formation of CDH (Figure 1).

The reaction rate ry for the first DERA-catalyzed AA addition onto CAA was described
by double-substrate Michaelis-Menten kinetics for DERA™ (Equation 21) and with non-
competitive inhibition by CHB and CDH for DERA%* (Equation 22). The reaction rate r for
the second AA addition was described by the double-substrate Michaelis-Menten kinetics for
DERA™ (Equation 23) and with uncompetitive substrate inhibition by CHB for DERA%%
(Equation 24). The reaction rate r3 for the DERA-catalyzed AA self-aldol addition (Figure 23c),
which results in the formation of DHH, was described by the Michaelis-Menten kinetics with

competitive inhibition by CAA and non-competitive inhibition by CHB (Equation 25).
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Figure 23 Reaction scheme of the DERA™- or DERA%*-catalyzed a) AA addition onto CAA, b) AA
addition onto CHB, and c) self-aldol AA addition.
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The mass balances for reactants and products in the batch and repetitive batch reactor are
presented by Equation 26 — 30. The activity decrease in the batch reactor was described by the
second-order kinetics (Equation 31), while the operational stability decay rate constant was
described by Equation 39.

dCAA _
dt

—r =Ty =373 Equation 26

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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% =1 Equation 27
di;:B =1 -1 Equation 28
dcg% =1, Equation 29
dcng =1, Equation 30
dVgl;RA = ey Viera Equation 31

The mass balance equations for reactants AA and CAA and products CHB, CDH and
CHH in the fed-batch reactor are presented by Equations 32 — 36. Equation 37 represents the
change in reactor volume during the aldol reaction, where q = q1 + g2. The DERA™ and
DERA%* gperational stability decay was described by Equation 38 as second-order kinetics,
while the operational stability decay rate constant was described by Equation 39.

% = % : (_CAA (:1_]; + Cano ‘h) —r=1r=373 Equation 32
dcd% = % (_CCAA (:1_]; + Ccano - ‘h) —-n Equation 33
dCdc% = % <_CCHB (;_‘Z) +r Ty Equation 34

dcng _ % <_CCDH Z_‘t/) +r, Equation 35

dcg:H _ % <_CDHH (:1_‘;) tr Equation 36

3_‘; =q,+q, Equation 37

dygiRA = % : <_VDERA c:i_‘; + YpERAO QZ) —kq * VBEra Equation 38

The dependence of the operational stability decay rate constant on the concentration of
AA, CAA and CHB was described by the second-order polynomial model that includes its
dependency on the concentration of AA, CAA and CHB, as per Equation 39.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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kgERA = Z(Cli . Ciz + bi . Ci)
i

Equation 39

3.4.2 AlDH-catalyzed CDH oxidation with NAD* regeneration catalyzed by NOX%®

The reaction rate r4 for the AIDH-catalyzed CDH oxidation into CDHA (Figure 24a) was
described by double-substrate Michaelis-Menten kinetics with uncompetitive inhibition by
substrate NAD™ and competitive inhibition by product NADH (Equation 40).

Vina * Yaipn * Ccon * Cnap+

- c Cnap+ Equation 40
ket +coonl [ (14 308 ) ey (14 2202 )]
i,4 i,4

Ty

The reaction rate rs for the reverse reaction of CDH oxidation (Figure 24a) was described

by second-order kinetics (Equation 41).

s = Ks * Yaipn * CcpHA * CNADH Equation 41

Due to the presence of NOX activity in the AIDH, which was used as CFE, the reaction
rate re of the NOX(AIDH)-catalyzed NADH oxidation (Figure 24a) was described by single-

substrate Michaelis-Menten kinetics with competitive NAD* inhibition (Equation 42).

Vine * YNox(alDH) * CNADH

NADH CnAD*
Km,6 <1 +KNAD+> + CnapH
i,6

Te = .
Equation 42

If the coenzyme was not regenerated by the action of the NOX° enzyme (Figure 24b),
the reaction rate rs of the NOX%®-catalyzed NADH oxidation (Equation 42) was upgraded with
NADH, CDH and CDHA inhibition (r7, Equation 43).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 24 Reaction scheme of the AIDH-catalyzed CDH oxidation a) without NAD" regeneration and
b) with NAD* regeneration catalyzed by NOX*,

Vin7 * YN0Xx009 * CNADH

Cnap+ o o Equation 43
o (14885 1 | (14 S5+ L) q
i,7 i,7 i,7

T7=

The mass balance equations for substrates and products in the AIDH-catalyzed oxidation
of CDH into CDHA with NOX%®-catalyzed NADH oxidation conducted in the batch reactor
were developed (Equation 44 — 47).

d .
=CDH _ —1y + T35 Equation 44
dt
d .
ZCDHA _ T —Ts Equation 45
dt
dc + .
% = 4Tt t+Ty Equation 46
deyapn o
ac AT s Te 7 Equation 47

The AIDH and NOX operational stability decay rates were described by second-order
kinetics (Equations 48 and 49, respectively). The operational stability decay rate constant for
NOX(AIDH) was assumed to be included under the operational stability decay rate constant of
AIDH (Equation 48).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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dYaipn .

— = —kAPH 2 Equation 48
d .
% = —fNOX009  p2 Equation 49

During certain experiments, it was found that the operational stability of AIDH (Equation
50) and NOX%® (Equation 51) was dependent on the concentration of CDH. This finding was

emphasized in corresponding experiments described in Chapters 3.6.5.2 and 3.6.6.

kg™ = a - ccpy Equation 50
kyO%0% = a - cepy Equation 51

3.4.3 KRED%*2-catalyzed CDH oxidation

The reaction rate rs for KRED®*¥-catalyzed oxidation of CDH into CDHA (Figure 25)
was described by double-substrate Michaelis-Menten kinetics with substrate NADP* and
competitive NADPH inhibitions (Equation 52). Unlike the AIDH-catalyzed CDH oxidation,

the KRED**?-catalyzed CDH oxidation was not a reversible reaction.

OH OH o OH oH a
g KRED?3?
Cl Cl
H OH
CDH CDHA
NADP* NADPH

NADP!
KRED?3? r
HyOa—2 1/2 0,

"o g NOX(KRED*32)
NADP*

OH OH OH

C'\/'\/'\/LH

CHO

Figure 25 Reaction scheme of KRED**2-catalyzed CDH oxidation.

Ving * YkrED332 * CcDH * CnaDP*

+ C C + .
(K%%H + CCDH) ) [anmpp : (1 + K{XQ%@Z) + Cnapp+ - <1 + %)] Equation 52
i, i,8

g =

Due to the application of KRED?**2 as a CFE, KRED?%? displayed a certain activity in the

reaction of NADPH oxidation, therefore the reaction rate rg for the reaction of KRED?33?-

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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catalyzed NADPH oxidation, NOX(KRED?*®?), was described by Michaelis-Menten kinetics
with competitive NADP™ and uncompetitive NADPH inhibition (Equation 53).

Vino * YNox(KRED332) * CNADPH

c + C i
K,’ylgDPH . <1 + %) + Cnapph (1 + K{Y\§4DDI:DI-I{I> Equation 53
i,9 L

T9=

Based on the experimental data, it was noted that the KRED?®*2 enzyme catalyzed the
reaction of CDH reduction into CHO. The reaction rate rip of the CDH reduction was not

experimentally determined but was described by second-order kinetics (Equation 54).

T10 = K10 * YkRED332 * CcDH * CNADPH Equation 54

The mass balance equations for substrates CDH and NADP* and products CDHA and
NADPH participating in the KRED3*-catalyzed reaction of CDH oxidation into CDHA in a

batch reactor are given in Equations 55 — 58.

decpy

n —7g — T10 Equation 55
dcepha ;
= Equation 56

d .
% = —1g 479 + 710 Equation 57
deyappr Equation 58
=8 T T quation

The enzyme operational stability decay in the batch reactor was described by second-

order kinetics (Equation 59).

dYKRED332 _ kKRED332
35 —Ra

dt - “ VRRED332 Equation 59

3.4.4 HHDH-catalyzed CDHA dehalogenation and epoxide ring-opening with KCN
The reaction rate ri; for HHDH%!-catalyzed CDHA dehalogenation (Figure 26) was

described by modified double-substrate Michaelis-Menten kinetics (Equation 60) that includes
KCN activation (Ka¥N) and inhibition (K{K°V) [181].

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 26 Reaction scheme of HHDH-catalyzed dehalogenation and epoxide ring-opening with KCN.

KCN\CKCN
Vi1 - (1 + Ky 11 ) *YHHDHO001 * CCDHA

1 =

c .
(KEBHA + copya) - (1 + %) Equation 60
;11

The reaction rate ri, HHDH®-catalyzed reverse reaction of epoxide-ring opening with
chloride (Figure 26) was described by first-order kinetics (Equation 61).

T12 = K12 * YHHDHO001 * CHOBA Equation 61

The HHDH%-catalyzed epoxide ring-opening in presence of KCN (ris, Figure 26) was

described by second-order kinetics (Equation 62).

13 = K13 * YuuDHO01 * CHOBA * CKCN Equation 62

The mass balance equations for substrates and products in the HHDH!-catalyzed

reaction in batch reactor are presented in Equations 63 — 66.

d .
SCcora _ —1y1 + Tz Equation 63
dt
denosa _ Equation 64
dr 1 —Tiz2 T3 q
degen .
— - 73 Equation 65
decypra
de 13 Equation 66

The enzyme operational stability decay in the batch reactor was described by second-

order kinetics (Equation 67).

dYHHDHOOl _ kHHDHOOl
- 3 —Ra

= Equation 67
dt

2
*YHHDHOO01

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.5 Data processing

The kinetic parameters of the Michaelis-Menten kinetic models (Vm, Km, Ki) were
estimated from the independent initial reaction rate data by non-linear regression analysis using
the simplex or least squares method implemented in the MicroMath Scientist software [182].
The same methods were used for the estimation of operational stability decay rate constants (kq)
and parameters (a, b, d) of the polynomial enzyme deactivation model. The operational stability
decay rate constants were estimated from the data set enzyme activity vs time, while the
polynomial parameters were estimated from the data set operational stability decay rate constant
vs compound concentration. The parameter estimation was done by fitting the model to the
experimental data. The calculated data were compared with the experimental data, recalculated
in the optimization routine and fitted again until a minimal error between experimental and
calculated values was achieved. The residual was defined as the sum of squares of the

differences between the experimental and calculated data.

The set of optimum parameters were used for the simulation according to the proposed
models. For the simulations, the built-in Episode algorithm for a stiff system of differential
equations was used. Coefficients of determination (R?) and standard deviations (o), used as

measures of goodness-of-fit, were calculated by Scientist built-in statistical functions.

3.6 Results and discussion

3.6.1 Influence of buffers on enzyme activity and stability
3.6.1.1 Influence of pH on DERA™ and DERA%* activity and stability

To find the optimal conditions for the DERA-catalyzed reaction of AA addition onto
CAA (Figure 1), the activity and stability of DERA™ and DERA%* in different buffers (pH 5.4
—10) was investigated. Following the DERA assay procedures, the activity and stability results

were collected (Figure 27).

DERAT™™ showed the highest activity in 0.1 M TEA-HCI buffer pH 7 (Figure 27a), which
was in agreement with the previously published codon-optimized DERA [101]. It was found
that the residual DERA™™ activity after 24 h of incubation was practically constant (> 80 %)

within the pH range from 5.4 to 8 (Figure 27b), which is in accordance with previous

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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investigations for a similar DERA [104]. The highest residual activity of 96 % was noticed in
0.1 M TEA-HCI buffer pH 7.
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Figure 27 Influence of pH on a) DERA™ activity, b) DERA™ stability, c) DERA* activity and d)
DERA%* stability at different pH (5.4 — 10.0; activity measurements: DERA HPLC Assay; stability
measurements: DRP Assay). The stability results regarding the residual activity of both enzymes were
collected after 24 hours of incubation. Pattern legend: 0.1 M phosphate buffer (black), 0.1 M TEA-HCI
buffer (intercrossing diagonal lines), 0.1 M Tris-HCI buffer (diagonal lines), 0.1 M Glycine-NaOH
buffer (horizontal lines).

DERA%* showed the highest activity in 0.1 M phosphate buffer pH 6. It was also noted
that the enzyme showed a quite high relative activity (> 80 %) in 0.1 M phosphate buffer pH
5.4 and in 0.1 M Tris-HCI buffer pH 9 (Figure 27c). After 24 h of incubation in various buffers,
DERA%%* showed high stability (> 80 %) in 0.1 M phosphate buffer in all examined pH values
and relatively good stability (> 70 %) in a wide range of buffers and pH (Figure 27d), which is
in accordance with previous findings [96, 131]. The highest measured residual activity after 24

hours of incubation was 93 % in 0.1 M phosphate buffer pH 6.

Based on this, further investigations of DERA™ and DERA?* were performed in 0.1 M
TEA-HCI buffer pH 7 and 0.1 M phosphate buffer pH 6, respectively.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.6.1.2 Influence of pH on AIDH and NOX%® activity and stability

Since it was found that the optimal buffer for the reaction mediated by the DERA%
enzyme was 0.1 M phosphate buffer, and because the AIDH-catalyzed reaction is a consecutive
reaction of the DERA-catalyzed reaction, the same buffer with different pH (7.0, 7.4, 7.6, 7.8,
and 8.0) was chosen for assessing the influence of pH on the AIDH and NOX%® activity and

stability. Results of enzyme’s activity and stability at different pHs are shown in Figure 28.
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Figure 28 Influence of pH on AIDH and NOX®® a) activity and b) stability (0.1 M phosphate buffer, 7
— 8). The stability results were collected after 24 (AIDH) or 5 (NOX°®) hours of incubation. Legend:
AIDH (black), NOX®® (grey).

The relative activity of AIDH increased with the increase of pH, opposite to the activity
of NOX%° that decreased with the increase of pH (Figure 28a). AIDH showed higher activities
(> 97 %) at pH above 7.8, while low activities (< 45 %) were measured at pH 7.6 and below.
NOX%? showed the high activities at pH below 7.6 (> 91 %), whilst its lowest activity (41 %)

was measured at pH 8.0.

Both enzymes showed poor stability (Figure 28b), which was measured after 24 hours
and five hours of incubation for AIDH and NOX%°, respectively. The highest residual activity
for AIDH was noted at pH 8.0 (54 %), while for NOX%® at pH 7.0 (52 %) and pH 7.4 (50 %).
Due to the obvious instability of the enzymes regardless of pH, the optimum pH for the AIDH-
catalyzed CDH oxidation was chosen to be pH 8.0, despite the obtained NOX® stability
results. Similar results for AIDH were reported in previously published literature, in spite of

enzyme origin, suggesting the pH optimum at 8.0 [183 - 187].

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.6.2 Influence of temperature on DERA™ activity and stability

To find the optimal temperature for the DERA-catalyzed reaction (Figure 1), the activity
and stability of DERA™ at different temperatures (20 — 50 °C, Figure 29) were investigated.
While measuring the impact of temperature on the relative activity of DERA™, its activity
increased with temperature in accordance with the Arrhenius equation given below (Equation
68).

_Ea
As = Asp-e RT Equation 68
The parameters of the Arrhenius equation were estimated from the experimental data
shown in Figure 29a. The pre-exponential factor, which was the specific enzyme activity Asp,
equaled (7.61 + 3.83) - 10° U/mg, while the activation energy Ea was found to be (3.86 + 0.13)
- 10* J/mol.

DERA™ showed very good thermostability (Figure 29b): more than 80 % of its initial
activity was retained after three days of incubation at temperatures in the range between 20 and
40 °C, with the highest residual activity at 20 — 25 °C (approx. 87 %) [96], showing that
DERAT™ is more thermostable than the corresponding DERA from Lactobacillus brevis [131].
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Figure 29 DERA™™ a) activity and b) stability at different temperatures (20 — 50 °C, 0.1 M TEA-HCI
buffer; DRP Assay). The stability results regarding the residual DERA™ activity were collected after
three days of incubation. Legend: experiment (dots), model (line).

Due to the low boiling point of AA (22.2 °C) and the presented results (Figure 29), the

chosen temperature for all reactions was 25 °C.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.6.3 Influence of organic compounds on enzyme stability
3.6.3.1 Influence of aldehydes on DERA™ and DERA% stability

According of previous observations reported in the literature [12, 96, 104, 131, 141], it
was necessary to investigate individual influences of AA, CAA, CHB, and CDH on DERA™
and DERA"?* stability. The purpose of those measurements was to obtain the insight of the
operational stability of both enzymes in order to predict the enzyme behavior during the
reaction. Within those measurements, the mechanism of deactivation, which has not yet been
fully clarified [141], was not investigated. It was found that AA, CA and CHB had a negative
effect on the enzyme stability, whereas CDH had practically no effect (Figure 30).
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Figure 30 Influence of AA, CAA, CHB and CDH concentration on the deactivation rate constant of a)
DERA™ (ypera = 10 mg/mL, 0.1 M TEA-HCI buffer pH 7, 25 °C, 3 h) and b) DERA%* (ypera = 10
mg/mL, 0.1 M phosphate buffer pH 6, 25 °C, 3 h). Legend: experiment (dots), model (line); AA (blue),
CAA (red), CHB (teal), CDH (pink).

Three models were tested for describing the enzyme deactivation: the first- and the
second-order decay kinetics model and the parallel model that is based on the three-parameter
bi-exponential equation [188]. The second-order decay Kinetics and the parallel model resulted
with almost the same goodness-of-fit to the experimental data. Due to a smaller number of
parameters, the decrease of DERA activity during incubation with AA, CAA and CHB was
described by second-order kinetics. The deactivation rate constant was estimated from the
experimental results of relative activity vs time for each individual aldehyde concentration. The
presented results show the dependence of the deactivation rate constant on the concentration of
AA, CAA and CHB, which were described by a second-order polynomial model (Figure 30).

The estimated parameters of the polynomial model (Equation 39) are presented in Table 5.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Table 5 Parameters of the polynomial model for the dependency of the deactivation rate constant on the
concentration of AA, CAA, CHB and CDH.

DERA™ DERA%*
A a, mM?2min?® | b, mM*min? | a3, MM?min? | b, MM min*
AA 2.70 - 107 5.18 - 10° 3.21-107 4.83.10°
CAA 7.40 - 107 9.85-10° 3.30-10°% 1.42 - 107
CHB 5.49 - 10° 3.27 -10° 1.63 - 107 9.59 - 10°
CDH - - - -

It was noted that the concentrations of AA and CAA of up to 100 mM influence the
stability of both DERAs considerably, which was in accordance with previous findings for
DERA [18]. Substrate CAA was found to be a more potent deactivator of DERA™ as compared
to AA, which was also the case with previous investigations with DERAs from various sources
[14, 18, 67, 131], but in contrast to findings regarding results given in Table 5 obtained for
DERA%, The deactivation of DERA™ by AA was consistent with previous research carried
out with DERA™ [104]. More interestingly, the results indicated that CHB had a stronger
destabilizing effect on DERA™, compared to either AA or CAA, which was not yet reported
in literature. Among the studied DERAs, DERA?* showed significant improvement in stability
against aldehydes compared to DERA™, particularly in presence of CAA and CHB. Both AA
and CHB had a similar effect on the DERA%* stability, in contrast to CAA, which had notably
lower impact on its stability among the examined aldehydes. Due to the negative impact of the
aldehyde substrates and the reaction intermediate on the stability of both DERAs, it is of crucial
importance to select optimal initial substrate concentrations and a suitable reactor
configuration, especially in case when the reaction is catalyzed by DERA™, to avoid

accumulation of CHB in the reactor.

3.6.3.2 Influence of aldehydes on AIDH, NOX%° and KRED?33? stability

Because the substrate for the AIDH- and KRED**?-catalyzed reaction was intended to be
used in its crude, unpurified form, it was assumed that certain amounts of unreacted AA, CAA
and CHB might be present in the reaction mixture obtained from the DERA-catalyzed reaction.
Therefore, the stability of AIDH, NOX%° and KRED3*? in the presence of organic compounds
was evaluated. From the collected results of relative activity vs time for each individual
compound concentration, the deactivation rate constants were estimated and described by
second-order kinetics. The dependence of the deactivation rate constant on the concentration of

each of the examined compounds is presented in Figure 31.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 31 Influence of aldehydes on the deactivation rate constant of a) AIDH, b) NOX°®, and c)
KRED** (yenzyme = 10 mg/mL, 0.1 M phosphate buffer pH 8, 25 °C, 3 h). Legend: experiment (dots),
model (line); AA (blue), CAA (red), CHB (teal), CDH (purple).

The dependence of the deactivation rate constants on the concentration of organic
compounds of all three enzymes were described by either zero-, first- or second-order
polynomial model or hyperbolic model, i.e. of AIDH by Equation 69, of NOX%° by Equation
70 and of KRED3*? by Equation 71.

kgt = Z(ai ~cf +b; - ;) Equation 69
7
JNOX009 _ 21 p AcHB " CcHB d .
d = (ai ¢t b Ci) + Dooe F Comm + Equation 70
7 CHB CHB

kKRED332 — Z(ai ~c2+dp) Equation 71
i

During the measurements, it was found that the presence of AA caused slight deactivation
of KRED?®2 and NOX®%°, but the deactivation rate did not depend on the AA concentration. The
estimated parameters of the developed polynomial models (Equations 69 - 71) are given in
Table 6. Based on the obtained results (Figure 31), it could be concluded that AA had negligible
effects on the AIDH stability, while CAA had a severe impact on the stability of this enzyme.
Additionally, it was noted that CDHA does not affect the stability of AIDH (data not shown).
Regarding the stability of NOX%®°, CAA proved to be the strongest inactivator among the
examined aldehydes, even at low concentrations (< 1 mM), while AA displayed the lowest
impact on the enzyme’s stability, followed by CDH and CHB. KRED?®*? proved to be the most
stable enzyme, compared to AIDH and NOX%9, its stability being the most affected by the

presence of higher quantities (> 50 mM) of CAA in the reaction system.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Table 6 Estimated parameters of the polynomial models for the dependency of the deactivation rate
constant of AIDH, NOX®® and KRED®** on the concentration of each of the examined aldehyde
compound.

Parameter | AA | CAA | CHB | CDH
AIDH
a, mM? min? - - - -0.0001
b, MM min® | 0.00038 239.64 0.026 0.049
NOXOOQ
a, mM* min™ ; : 0.32% | 1.28-10°
ora, min
b, mM™* min™ - 0.029 20.95 0.002
d, min™ 0.013 0.059 0.013 0.012
KRED®**
a, mM~? min* - 7.58-10° | 0.00021 | 1.34-10°
b, mM™* min* - - - -
d, min™ 0.0096 - - -

 hyperbolic dependency

Therefore, if the enzyme-catalyzed CDH oxidation would be carried out as a sequential
one-pot reaction, the reaction mixture obtained from the DERA-catalyzed reaction should be
purified from CAA, especially in case when the CDH oxidation should be done using the
AIDH/NOX® system. If the DERA reaction mixture should contain unreacted CAA and CHB,
an additional amount of AA should be added into the reactor in order to minimize the presence
of CHB and to fully convert CAA into the final product CDH by the action of DERA.

3.6.3.3 Influence of CDHA and KCN on HHDH stability

While measuring the residual activity of HHDH®?, it was observed that CDHA and KCN
inactivate the enzyme and that deactivation constant increased with the increase of CDHA and
KCN concentration. CDHA and KCN have a similar destabilizing effect on HHDH®! at
concentrations below 75 mM, while at higher concentrations, KCN impacts the enzyme activity

much more significantly (Figure 32).

The dependency of the deactivation rate constant on CDHA and KCN concentration was
described using the Equation 72 and the estimated values of its parameters are given in Table
7.

kgHDH001=Z(a+b-Ci+d'Ci2) i
i Equation 72

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 32 Influence of a) CDHA and b) KCN on the deactivation rate constant of HHDH* (yunpHoor
=10 mg/mL, 0.1 M phosphate buffer pH 8). Legend: experiment (dots), model (line).

Table 7 Parameters of the polynomial models for the dependency of the deactivation rate constant of
HHDH on the concentration of each of CDHA and KCN.
Compound | a, mM?min® | b,mM*min® | d, min®
CDHA 1.99 - 10* 8.85-10° -
KCN 2.10 - 10* -6.84 - 10 2.92 - 107

3.6.4 Enzyme Kinetics

The kinetic investigations for each of the applied enzymes were carried out to develop
mathematical models that would be applicable to different reactor configurations. Since the
examined statin side-chain productions are considered as a very complex reaction system, the
formal kinetic model was applied. During the reaction, many compounds are being produced
and consumed resulting in a system of many possible interactions [14]. Applying the
mechanistic model for its description would result in a high number of parameters [14] making
it hard to get an intrinsic control of correctness in its estimation. The formal kinetic model
includes the data-driven or the empirical model which has less kinetic constants [153]. Those
constants can be independently evaluated and have a defined physical meaning. Therefore, to
describe the kinetics in the explored process, single- or double-substrate Michaelis-Menten

equations were used.

The kinetic measurements for the enzymes involved in this reaction route were conducted
based on the reaction scheme (Figures 23 — 26) by using the initial reaction rate method. The
influences of relevant substrates and products on the specific enzyme activity in the observed

reaction were determined.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.6.4.1 DERA™ and DERA% kinetics in the aldol addition

The DERA™ and DERA®?* kinetic measurements were carried out in a batch reactor by
adding different amounts of reactants AA, CAA and CHB. By using the initial reaction rate
method, the influence of different concentrations of AA and CAA (Figure 23a) or AA and CHB
(Figure 23b) on the initial reaction rate of DERA™ and DERA%* are shown in Figure 33 and

Figure 34, respectively, were determined.
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Figure 33 Comparison kinetics of the first aldol addition of AA onto CAA catalyzed by DERA™ (0.1
M TEA-HCI buffer pH 7) and DERA%* (0.1 M phosphate buffer pH 6) (yoera = 1 mg/mL, 1 000 rpm,
25 °C). The dependence of the initial reaction rate on a) CAA (Caa = 200 mM), b) AA (Ccaa =200 mM),
c) CHB (caa= 200 mM, ccaa = 200 mM), and d) CDH (caa = 200 mM, ccaa = 200 mM). Legend:
experiment (dots), model (line); DERA™ (black), DERA* (white).

Since DERA can also utilize AA as an electrophilic aldol component, and thus can
catalyze a direct AA self-aldol addition to produce CHH over two steps (Figure 23c), the
kinetics of this side reaction was examined as well (Figure 35 and Figure 36). The Kinetic
parameters of mathematical models for DERA™ and DERA%* of the first and second aldol
addition, as well as of the AA self-aldol addition were estimated and are given in Table 8
(Equation 21 — Equation 25). The kinetic measurements revealed that the DERA%*-catalyzed
first aldol reaction was inhibited by products CHB (Figure 33c) and CDH (Figure 33d), while

the second aldol reaction was inhibited by its substrate CHB (Figure 34a). It was found that the

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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reaction of AA self-aldol addition catalyzed by either DERA™ or DERA%* was inhibited by
substrate CAA (Figures 35b and 36b) and by the intermediate CHB (Figures 35c¢ and 36¢). The
possibility of the existence of a retro-aldol reaction catalyzed by DERA™- and DERA%* was

examined, but none was detected (data not shown).
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Figure 34 Comparison kinetics of the second aldol addition of AA onto CHB catalyzed by DERA™
(0.1 M TEA-HCI buffer pH 7) and DERA%* (0.1 M phosphate buffer pH 6) (bera = 1 mg/mL, 1 000
rpm, 25 °C). The dependence of the initial reaction rate on a) CHB (caa = 200 mM) and b) AA (DERA™:
Cers = 95 mM; DERA%: ccpg = 80 mM). Legend: experiment (dots), model (line); DERA™ (black),
DERA" (white).
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Figure 35 Kinetics of the DERA™-catalyzed AA self-aldol addition (0.1 M TEA-HCI, pH 7, poeratm =
1 mg/mL, 1 000 rpm, 25 °C). The dependence of the initial reaction rate on a) AA, b) CAA (caa = 200
mM) and ¢) CHB (caa = 200 mM). Legend: experiment (dots), model (line).

The maximum reaction rate of DERA™ and DERA% of the first AA addition reaction
was 6- and 3-fold higher, respectively, than the maximum reaction rate of the second AA
addition step (Table 8). Because of that, accumulation of CHB is to be expected [12], but in
lower amounts if the reaction is catalyzed by DERA%* The DERA%“-catalyzed first AA
addition on CAA was inhibited by its product CHB, which was not observed when the reaction
was catalyzed by DERA™. Additionally, the second reaction step was inhibited by its substrate

CHB.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 36 Kinetics of the DERA*-catalyzed AA self-aldol addition (0.1 M phosphate buffer pH 6,
yoera =1 mg/mL, 1 000 rpm, 25 °C). The dependence of the initial reaction rate on a) AA, b) CAA (Caa
=200 mM) and c) CHB (caa = 200 mM). Legend: experiment (dots), model (line).

Table 8 Estimated kinetic parameters for the double aldol addition of AA onto CAA and for the AA

self-aldol addition catalyzed by DERA™ and DERA%%,

Parameter Unit Al

DERAT" DERA%*
First addition of AA to CAA
Vi1 U/mg | 1.92+0.15 4.72 +0.63
KA mM | 867 +1.85 5.04 + 0.54
K & mM | 37.63+555 | 13559+ 12.11
K, cHB mM - 126.55 + 16.31
K.1PH mM - 632.31 + 70.21
Second addition of AA to CHB
V2 U/mg | 0.35+0.04 1.53 +0.26
Km2™ mM | 1.43+0.91 2.03+0.28
K C1B mM | 13.31+218 | 86.26 +7.62
Kis ,°MB mM - 72.44 + 754
AA self-aldol addition
Vi3 U/mg | 2.51+0.51 0.02 +0.00
Kms™ mM | 29.04+3.82 | 13.80+1.68
Kis®AA mM | 0.14 +0.02 0.57 +0.08
KisCHB mM | 20.44 +5.50 9.11+2.85

The maximum reaction rate of DERA™™-catalyzed self-aldol addition of AA was
somewhat higher than the rates of the aldol additions of CAA with AA (Vm,1 and Vi), but due
to severe inhibition by CAA (K;z“*4) this reaction would not be the preferred one [101]. In case
of DERA%*-catalyzed AA self-addition, the maximum reaction rate (Vm3) was 235-fold lower
than the maximum reaction rate of the first aldol addition (Vm1) and 77-fold lower than the
maximum reaction rate of the second aldol addition (Vim,2), meaning the reaction occurs slowly.
As in case of DERA™, high inhibition by CAA as well as by CHB was noted, suggesting that
the preferred reaction would be the addition of AA to CAA. The DERA%*-catalyzed aldol

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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addition of AA onto CAA should result in insignificant amounts of side-products, opposed to

the same reaction catalyzed by DERA™,

3.6.4.2 AIDH kinetics in the CDH oxidation

The kinetic measurements for AIDH were conducted by examining the influence of
different concentrations of substrates CDH and NAD" and products CDHA and NADH on the
initial reaction rate of CDH oxidation catalyzed by AIDH (Figure 24). The obtained results are
shown in Figure 37, while the estimated kinetic parameters (Equation 40) are presented in Table
9.
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Figure 37 Kinetics of the AIDH-catalyzed oxidation of CDH into CDHA (0.1 M phosphate buffer pH
8, vaipn = 0.1 mg/mL, 25 °C). The dependence of the initial reaction rate on substrates a) CDH (Cnap =
10.26 mM) and b) NAD" (ccon = 10.43 mM), as well as on product ¢) NADH (ccpn = 10.43 mM, Cnap
=10.26 mM). Legend: experiment (dots), model (line).

Table 9 Estimated kinetic parameters for the oxidation of CDH catalyzed by AIDH.

Parameter | Unit Value

Vina U/mg | 0.754 +£0.054
Km 4°PH mM 2.470 £ 0.654
Kima"AP* mM | 0.074 £0.016
Ki VAP mM | 6.579 +0.756
K 4NAPH mM 0.012 £0.004

The results regarding the dependence of the initial reaction rate on the NAD®
concentration showed inhibition by substrate NAD* (Ki/NP*) at higher concentrations (> 1
mM), since the reaction rate decreased with further concentration increase of substrate NAD™.
The influences of products NADH and CDHA, that are formed during the reaction, on the
reaction rate of the CDH oxidation were examined as well. The results (Table 9) indicated
inhibition by NADH and revealed that CDHA does not inhibit the CDH oxidation (ccon = 10.43
mM, cnap = 10.26 mM, paipH = 0.1 mg/mL; data not shown).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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From the estimated values of the kinetic constants (Table 9), it could be concluded that
the enzyme was severely inhibited by NADH, which was formed during the CDH oxidation,

while the inhibitory effects of NAD* on the AIDH enzyme were not severe.
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Figure 38 Kinetics of the NOX(AIDH)-catalyzed oxidation of NADH into NAD* (0.1 M phosphate
buffer pH 8, yaon = 0.25 mg/mL, 25 °C). The dependence of the initial reaction rate on a) substrate
NADH and b) product NAD" (cnapn = 0.2 mM). Legend: experiment (dots), model (line).

Since it was found that the AIDH CFE contains traces of NOX enzymes, the kinetics of
the NADH oxidation catalyzed by NOX(AIDH) was examined as well. By using the initial
reaction rate method, the influence of different concentrations of NADH and NAD* on the
initial reaction rate of NADH oxidation catalyzed by NOX(AIDH) were determined (Figure
38). The estimated kinetic parameters of single-substrate Michaelis-Menten kinetics, expressed

as Equation 42, are given Table 10.

Table 2 Estimated kinetic parameters of the NOX(AIDH)-catalyzed NADH oxidation.
Parameter | Unit Value
s U/mg | 0.020 + 0,001
Kmg " PH mM | 0.018 +0.003
Kig"?* | mM | 0.367 +0.011

Based on the values of estimated kinetic parameters (Tables 9 and 10), the maximum
reaction rate of the CDH oxidation (Vm) was 5-fold higher than the maximum reaction rate of
the NAD™ reduction (Vme), which would cause NADH accumulation during the reaction and
make the NAD" the limiting reactant of the reaction. Because of that and the NADH inhibitory
effects on AIDH, the coenzyme regeneration is necessary for carrying out an economically

feasible CDH oxidation catalyzed by AIDH.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.6.4.3 NOX%9 kinetics in the NADH oxidation

The NOX kinetic investigations were carried out by examining the impact of different
concentrations of NADH, NAD* and CDH on the initial reaction rate of NADH oxidation
(Figure 24b). The results obtained based on the initial reaction rate are shown in Figure 39,
while the kinetic parameters of the single-substrate Michaelis-Menten kinetics (Equation 43)

were estimated (Table 11) based on the gathered experimental data.
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Figure 39 Kinetics of the NOX°-catalyzed oxidation of NADH into NAD* (0.1 M phosphate buffer
pH 8, ¥noxooe = 0.01 mg/mL, 25 °C). The dependence of the initial reaction rate on a) substrate NADH,
b) product NAD" (cnapn = 0.2 mM), and c) co-substrate CDH (cnapn = 0.2 mM). Legend: experiment
(dots), model (line).

The results (Table 11, Figure 39) regarding the dependence of the initial reaction rate on the
NAD* concentration indicated substrate NAD" inhibition. The impact of substrate and product
of the main reaction (Figure 39c and d) on the NADH oxidation was investigated as well and
the results suggested reaction inhibition by both compounds, since with the increase of CDH

and CDHA concentration the initial reaction rate decreased.

From the values of estimated kinetic parameters (Table 11), it could be concluded that
NOX%? should successfully serve as an NAD" regenerating enzyme. The maximum reaction

rate (Vm;7) was 2.6-fold higher than the maximum reaction rate of the AIDH-catalyzed main

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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reaction (Table 9: Vm4), making the AIDH-catalyzed CDH oxidation the rate limiting reaction
of the AIDH/NOX% reaction system. Although the value of the inhibition constant for NAD*
(KiNAP*) was about 5-fold higher than the Michaelis constant for NADH (Km7VAPH), NAD*
should not affect significantly the NOX® activity during the NADH oxidation since NAD*
would be consumed in the main reaction (AIDH-catalyzed CDH oxidation). Since the values of
the inhibition constants for CDH (Ki7°PH) and CDHA (Ki7°PH4) were 150- and 170-fold higher,
respectively, than the Michaelis constant for NADH (Km,7), CDH and CDHA should not have
a substantial impact on the NOX®-catalyzed reaction and therefore should enable a successful

regeneration of NAD™.

Table 11 Estimated kinetic parameters of the NOX*®-catalyzed NADH oxidation.

Parameter | Unit Value

V7 U/mg | 1.989 £ 0.024
K, 7VAPH mM | 0.036 + 0.002
K 7VAP* mM | 0.183 +0.036
K 7°PH mM | 5.409 + 0.618
K 7°PHA mM | 6.124 +0.970

3.6.4.4 KRED?®? kinetics in the CDH oxidation

The kinetic measurements for KRED*32 were conducted by examining the effects of the
initial concentration of substrates CDH and NADP™ on the initial rate of the reaction of CDH
oxidation (Figure 25). Using the obtained experimental data (Figure 40), the Kinetic parameters

of the double-substrate Michaelis-Menten kinetics (Equation 52) were estimated (Table 12).
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Figure 40 Kinetics of the KRED**?-catalyzed oxidation of CDH into CDHA (0.1 M phosphate buffer
PH 8, ykrepasz = 1.0 mg/mL, 25 °C). The dependence of the initial reaction rate on substrates a) CDH
(cnape = 10 mM) and b) NADP* (ccon = 80 mM) and ¢) product NADH (ccon = 80 mM, cnape = 10
mM). Legend: experiment (dots), model (line).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
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Table 12 Estimated kinetic parameters of the KRED**?-catalyzed CDH oxidation.

Parameter | Unit Value

Vg U/mg 0.812 +0.093
Kim,s“PH mM 26.35 +2.36

Kim g\ AP mM 0.241 +0.036
KighAPP* mM 10.05 + 1.460
KigAPPH mM | (1.78£0.293)- 107

Based on the results of the dependence of the initial reaction rate on the NADP™*
concentration, it was evident that the reaction rate decreased with further increase of substrate
NADP* concentration (> 1.8 mM), meaning the KRED?*?*? enzyme was substrate-inhibited by
NADP*. The experimental results regarding the impact of the NADPH product on the initial
reaction rate suggested severe inhibition by NADPH (Table 12, Figure 40).

From the estimated kinetic parameters for AIDH (Table 9) and KRED**? (Table 12), it
could be noted that both enzymes show a similar maximum reaction rate (Vm) of around 0.8
U/mg, but the AIDH enzyme showed about 11-fold higher CDH affinity and 3-fold higher
NAD(P)* affinity than KRED**?, which means less CDH and NAD" substrate was needed to
reach %2-Vm. The AIDH-catalyzed reaction would result in faster substrate consumption and thus

an overall faster CDH oxidation.
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Figure 41 Kinetics of the NOX(KRED?*?)-catalyzed oxidation of NADPH into NADP* (0.1 M
phosphate buffer pH 8, ykrepss2 = 1.0 mg/mL, 25 °C). The dependence of the initial reaction rate on a)
substrate NADPH and b) product NADP* (cnapen = 0.08 mM). Legend: experiment (dots), model (line).

During the research it was found that the KRED3? enzyme, used as lyophilized CFE,
contained NADPH-acting oxidases that participated in the NADP* coenzyme regeneration.
Therefore, the impact of NADPH and NADP* on the initial reaction rate of the reaction of
NADPH oxidation catalyzed by KRED**2 was examined as well (Figure 41). From the collected
data it was evident that the NOX(KRED?%*?)-catalyzed reaction of NADPH oxidation was

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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inhibited by both the substrate NADPH and the product NADP*. Using this data, combined
with the developed single-substrate Michaelis-Menten kinetics (Equation 53), the kinetic
parameters for the NOX(KRED?*?) enzyme were estimated and are presented in Table 13.

Table 13 Estimated kinetic parameters of the NOX(KRED?*)-catalyzed NADPH oxidation.

Parameter | Unit Value
Ving U/mg 0.028 + 0.031
KmgVAPPH 1 mM 0.087 +0.124
KigNAPPH mM 0.047 +0.068
KigNAPP* mM 0.124 +0.042

By observing the results for KRED*? (Table 12) and NOX(KRED?*?) (Table 13) it could
be concluded that the inhibitory effects of NADPH on KRED*? would be circumvented by
some degree due to the NADPH being consumed in the NOX(KRED?*?)-catalyzed reaction.

From the estimated kinetic parameters for NOX(AIDH) (Table 10) and for
NOX(KRED?®*®) (Table 13), it could be observed that NOXs that were present in AIDH and
KRED?2 CFEs had similar activities, i.e. the maximum reaction rate (Vi) of about 0.02 U/mg.
From the Michaelis constants it was evident that NOX(KRED®*?) had a lower specificity
towards NADPH than NOX(AIDH) towards NADH, the KnNAP®H value of NOX(KRED?*%®?)
being 5-fold higher than of NOX(AIDH). In both cases, the enzymes manifested product
NAD(P)* inhibition, whereby the inhibition constant of NOX(KRED?**?) was 3-fold higher than
of NOX(AIDH). The enzyme NOX(KRED?**?) also showed substrate NADPH inhibition. By
comparing those results in the results obtained for NOX° (Table 11), it could be noted that the
NOX%® enzyme showed 100-times higher activity (Vm) than NOXs present in AIDH and
KRED?®%? CFEs. The affinity of NOX%° towards NAD(P)H (KnNAP®™H) was 2-fold lower than
of NOX(AIDH) and 2.5-fold higher than of NOX(KRED?33?), while the estimated value of the
inhibition constant for NAD(P)* was similar to the one estimated for NOX(KRED?®?), but 2-
times lower than for NOX(AIDH). Therefore, based on those findings, it could be concluded
that the KRED3%?-catalyzed reaction would be somewhat slower than the AIDH-catalyzed
reaction, due to the rate limiting step being the NOX(KRED33?)-catalyzed coenzyme
regeneration. In the AIDH-catalyzed CDH oxidation, the NOX%® enzyme would be added and
hence would result with a faster coenzyme regeneration process. Since it was found that
KRED3*? catalyzes both CDH oxidation and reduction, reducing the CDHA Yyield, the
KRED?*2-catalyzed CDH oxidation was not further explored with a NADP* regeneration

system.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
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3.6.4.5 HHDH! kinetics in the dehalogenation and epoxide ring-opening with KCN

The kinetic measurements for HHDH®? were conducted using the initial reaction rate
method by examining the effects of the initial concentration of substrates CDH and KCN on
the initial reaction rate of the HHDH®-catalyzed reaction of CDHA dehalogenation into
HOBA and epoxide ring-opening with cyanide to produce the CYDHA molecule (Figures 26
and 40). The kinetic parameters for the HHDH%-catalyzed dehalogenation reaction (Equation
60, ckne = 0 mM) and epoxide ring-opening (Equation 60) were estimated and are presented in
Table 14.

a) b)
1.0 1.0
0.8 0.8
(o)) j@2]
£ os £ o6
=} o}
504 504 .
0.2 0.2
[ )
L
0.0 0.0
0 10 20 30 40 50 60 0 20 40 60 80
Ceppar MM Cycne MM

Figure 42 Kinetics of the HHDH""-catalyzed CDHA a) dehalogenation and b) dehalogenation and
epoxide ring-opening with cyanide (0.1 M phosphate buffer pH 8, yuhproor = 1.0 mg/mL, 25 °C). The
dependence of the initial reaction rate on substrate a) CDHA (cken = 0 mM), and b) KCN (ccpna = 20
mM). Legend: experiment (dots), model (line).

Table 14 Estimated kinetic parameters of the HHDH®*-catalyzed CDHA dehalogenation.

Parameter | Unit Value

V11 U/mg | 0.119 £ 0.005
Kim,11“PH4 mM | 3.931+0.575
KaKEN - 0.065 +0.001
KKEN mM 5.118 +0.003

From the presented results (Figure 42b), it could be concluded that at lower KCN
concentrations (< 18 mM) the cyanide acts as an inhibitor, while at higher concentrations (> 18
mM) it acts as an activator. This suggests that the cyanide shows an inhibitory effect that is
outcompeted by its activation effect. Additionally, this could be explained by the fact that the
dehalogenation reaction is a reverse reaction. With the addition of KCN, the HOBA epoxide is
rapidly consumed in the forward reaction to yield CYDHA during which the reverse reaction
does not take place. This was also confirmed by conducting a batch experiment with and

without the addition of KCN. Namely, when the reaction was conducted with the addition KCN,

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
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the HHDH’s substrate CDHA was more rapidly consumed and full conversion was attained, in

contrast to the reaction conducted without the KCN addition (Figure 58).

3.6.4.6 Concluding remarks

The kinetics of all enzymes involved in the first reaction route (Figures 1 and 3) were

determined.

Based on the DERA kinetic results (Figures 33 — 35; Table 8), the optimal enzyme for
the DERA-catalyzed aldol reaction of AA and CAA was DERA%?* because of its kinetics.

During the AIDH kinetic measurements, it was observed that the enzyme catalyzed
NADH oxidation due to present NOXs in the CFE. Taking the collected kinetic data into
account (Figures 37 and 38; Tables 9 and 10), it was concluded that the coenzyme regeneration
would be necessary for carrying out an economically feasible AIDH-catalyzed CDH oxidation.
For that purpose, NOX%, as an auxiliary enzyme, was considered. The kinetic measurements
(Figure 39, Table 11) confirmed that NOX°® should successfully serve for the regeneration of
NAD" in the AIDH-catalyzed CDH oxidation.

The kinetic analysis for KRED3*? (Figure 40, Table 12) confirmed the existence of an
internal NADP* regeneration system, which was due to the usage of unpurified enzymes, i.e.
CFEs.

By observing the values of estimated kinetic parameters for AIDH and KRED**? it could
be concluded that AIDH showed higher affinities towards both substrates (CDH, NAD*) and
lower NAD* and NADH inhibition than KRED%?, Additionally, KRED3*? was severely
inhibited by NADPH. Based on these kinetic results, and that KRED3*? catalyzes both CDH
oxidation and reduction, AIDH shows a better fit for the oxidation of CDH. Because of the
CDH reduction catalyzed by KRED®*2, an NADP" regeneration system was not explored for
the KRED**2-catalyzed CDH oxidation. Based on the NOX°° Kinetics, it could be concluded
that the oxidation of CDH should be faster if the reaction would be catalyzed by the
AIDH/NOX%? system than by solely AIDH.

If the oxidation would be conducted using the crude (unrefined) CDH, the starting CDH
reaction mixture should be free of AA and CAA, especially in case of AIDH, since that enzyme

is significantly affected by their presence, even at very low concentrations (Figure 31).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
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The estimated Kinetic parameters for HHDH®? (Figure 40, Table 14) suggested that KCN
acts as both an activator (> 18 mM) and as an inhibitor (< 18 mM) and that the enzyme shows

good affinity towards the CDHA substrate.

3.6.5 Validation of developed mathematical models: one-step biocatalysis

The reactions related to the first reaction route (Figure 1) that were conducted as one-step

reactions were:

DERA™-catalyzed aldol reaction of AA with CAA,

DERA?-catalyzed aldol reaction of AA with CAA,

AlIDH-catalyzed CDH oxidation,

AlIDH-catalyzed CDH oxidation with NOX°-catalyzed NAD" regeneration,
KRED?3%2-catalyzed CDH oxidation,

HHDH®"-catalyzed CDHA dehalogenation, and

HHDH%!-catalyzed CDHA dehalogenation and epoxide ring-opening with KCN.

N o gk~ w Ddh e

All reactions were conducted with either commercially available substrates (AA, CAA)
or with substrates enzymatically produced in the lab (CDH, CDHA; procedures described in
Chapter 3.3.4).

The developed mathematical models (Chapter 3.4) were validated against obtained
experimental data. The models were used to estimate the operational stability rate constants of
AIDH (deIDH)’ NO X009 (deoxoog), KRED3? (K<RED332) and HHDH®! (kgHHPHOL) and to
estimate the reaction rate constants of AIDH-catalyzed CDHA reduction (ks), KRED3%-
catalyzed CDH reduction (kio), HHDH%!-catalyzed epoxide-ring opening with chloride (ki2)
and HHDH-catalyzed epoxide ring-opening in presence of KCN (ri3). To estimate the
operational stability rate constants and reaction rate constants, the reactions were conducted in

batch reactors.

Because the DH enzymes were dependent upon the NAD(P)* coenzyme to be
catalytically active, NAD(P)* was added into the reactor prior to the addition of AIDH or
KRED?®%,

The enzymatic activity was given as a relative value (maximum activity of 100 %). In

case when the reaction was conducted in repetitive batch reactor mode, after each addition of

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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the enzyme into the reactor, its value was regarded as its maximum, defined as 100 %. The
substrate conversion (X, %) was calculated using the Equation 73, the product yield (Y, %)
using the Equation 74, the biocatalyst yield (BY, Qproduct/Qenzyme) USing the Equation 75, while
the space-time yield (STY, g/(L-day)) using the Equation 76. Regarding DERA-catalyzed
reactions, selectivities were calculated at the end of the experiment: using the Equation 77 the

CDH-to-CHB ratio was calculated, whereas the CDH-to-CHH ratio was determined using the

Equation 78.
(Csubstrate,t=0 - Csubstrate,t=n) -
X = -100 % Equation 73
Csubstrate,t=0
C =
Y = actual product,t=n . 100 % Equation 74
Ctheoretical product,t=0
Mproduced prod
BY = produced product Equation 75
mspent enzyme
Y product,final .
STY = M Equation 76
CcpH .
Scou = Equation 77
cHB  CcHB
CcpH .
ScoH = Equation 78
cHH CcHH

3.6.5.1 DERA-catalyzed aldol additions
3.6.5.1.1 Preliminary experiments in batch reactor with different concentrations of DERA™

It was reported that lower quantities of DERA would decrease the quantity of product
CDH arising from the second aldol reaction [18, 105]. Therefore, to find the optimal DERA
concentration for obtaining the highest concentration of CDH, and to minimize the enzyme
operational stability decay, several reactions were performed in a batch reactor using the same

initial substrate concentrations but different initial DERA™ concentrations.

The results (Figure 43) show that enzyme concentrations above 5 mg/mL resulted in high
product concentration, whilst the enzyme operational stability decay was less prominent. These
results implicated that DERA™ stability was significantly affected by the presence of substrates
[12, 14, 18, 67, 104]. Lower DERAT™™ concentration caused a lower consumption rate of AA

and CAA and, as a conseguence, the enzyme was longer exposed to the negative influence of

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
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substrates [15, 18]. Based on this preliminary experiment, future DERA™ and DERA%*

experiments were conducted taking the presented results (Figure 43) into account.
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Figure 43 Enzyme half-life and concentration of CDH at different enzyme concentrations in the batch
reactor (caa = 200 MM, ccaa = 100 mM, 0.1 M TEA-HCI buffer pH 7, 25 °C, yperamm = 1; 2; 5; 10; 15
mg/mL). Legend: CDH (black circles), ti» (white circles).

3.6.5.1.2 DERA-catalyzed aldol additions in batch reactor
The developed model (Equations 21, 23, and 25 — 31) of the DERA™-catalyzed aldol

reaction was validated in the batch reactor. The obtained experimental and simulation data are
shown in Figure 44.
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Figure 44 Experimental and simulation data of the double aldol addition of AA to CAA in a batch
reactor catalyzed by DERA™ (0.1 M TEA-HCI buffer pH 7, caa = 198 mM, ccaa = 93 MM, pberatm =
10 mg/mL). Change of a) substrate concentration, b) product concentration, c) relative enzyme activity
during the experiment. Legend: experiment (dots), model (line); AA (blue), CAA (red), CHB (teal),
CDH (purple), CHH (dark blue).

Complete conversion of AA and CAA was achieved after 0.5 h and 1.2 h, respectively
(Figure 44). The intermediate CHB was not completely transformed into CDH due to a lack of
AA, which was also consumed in the side reaction. The yield of the desired product CDH with
respect to substrate CAA was 83 % (ycon = 14.2 mg/mL). The reaction solution composition

for each product at the end of the experiment (1.2 h) are presented in Table 15. The obtained

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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SconrcHs and Scorichn Were 12.5 and 14.0, respectively. These values suggest the quantity (mol)
of CDH that was formed in ratio to the undesired product (CDH or CHH, in mol). Based on
them, it can be concluded that the formation of side products cannot be circumvented and that
for every 13" and 14™ mol of CDH 1 mol of CHB and CHH are formed, respectively. The
calculated BY and STY were 2.4 gcor/goeratm and 283.2 g/(L-day), respectively. Based on the
statistic goodness-of-fit (R?= 0.98, o = 5.31) and data shown in Figure 44, it could be concluded
that the model described the experimental data well.

The model validation of the DERA%*“-catalyzed aldol reaction in the batch reactor
(Equations 22 and 24 — Equation 31) is shown in Figure 45. After one hour from the start of the
reaction, complete AA (>> 99.9 %) and 97.2 % of CAA conversion was achieved, due to a lack
of AA (AA and CAA were introduced in a ratio of 1.9:1), also spent in the side reaction. The
yield on the desired product CDH with respect to substrate CAA was 80 % (ycon = 12.9 g/L),
while Scoriche and Scorichn were 4.8 and 26.2, respectively. The mass percent product
composition for each product at the end of the experiment (1.0 h) are presented in Table 15.
The BY of 9.7 gcon/gperacza and STY of 309.6 g/(L-day) were calculated. Based on the statistic
goodness-of-fit (R?= 0.98, ¢ = 5.67) and data presented in Figure 45, it can be concluded that
the model described the experimental data well.
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Figure 45 Experimental and simulation data of the double aldol addition of AA to CAA in a batch
reactor catalyzed by DERA%* (0.1 M phosphate buffer pH 6, caa = 170 mM, ccaa = 91 MM, 7beraozs =
5 mg/mL). Changes of a) substrate concentration, b) product concentration, ¢) enzyme activity during
the experiment. Legend: experiment (dots), model (line); AA (blue), CAA (red), CHB (teal), CDH
(purple), CHH (dark blue).

The reaction time until full AA conversion was achieved in the DERA™-catalyzed
reaction was 1.2 h, whereas the respective reaction time of the DERA%*-catalyzed reaction was

1.0 h, which suggested fast aldol reactions. DERA%* showed higher operational stability in

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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comparison to DERA™. The reaction mixture composition was improved in case when the
reaction was catalyzed by DERA™, resulting in side product percentage below 10 % (DERA™
9.5 % vs DERA"* 15.1 %), which was due to a lack of AA in the experiment catalyzed by
DERA%* that caused CHB accumulation. By comparing the BY and STY, higher BYs and
STYs were obtained in the experiment catalyzed by DERA%* than in the experiment catalyzed
by DERA™: 4-fold higher BY and 1.1-fold higher STY (Table 18).

Table 15 The final mass percent product composition and the final mass product concentration: results
obtained after 24 h of the aldol reaction of AA with CAA catalyzed by DERA™ and DERA%* in
repetitive batch reactor mode.

wiw, % y, g/L
CHB |CDH | CHH | CHB | CDH | CHH
DERA™ | 3.8 | 90.5 5.7 06 | 142 | 09
DERA® | 125 | 849 | 26 1.9 | 129 | 04

Enzyme

Based on the results for both DERA™ and DERA%?, it could be concluded that the
developed mathematical models could be used for reaction simulations and thus predictions of
the DERA™- and DERA%?*-catalyzed aldol reaction of AA and CAA.

3.6.5.1.3 DERA-catalyzed aldol additions in repetitive batch reactor

Because DERA is deactivated by substrates AA and CAA, as well as by the intermediate
CHB, it is very hard to obtain a high final concentration of CDH in a single batch reactor.
Therefore, the aldol reaction was further performed in a repetitive batch [189] and fed-batch
reactor configurations. Supplying the substrates into the reactor allows their concentration to
be maintained at a lower level, by which the enzyme operational stability decay can be lowered,
or even minimized. The enzyme should also be freshly added into the reactor to maintain its
activity and to prevent operational stability decay. The repetitive technique has been shown to
be very effective and easy to handle [170, 175]. Additionally, this type of reactor is a promising
alternative to a batch reactor for producing higher concentrations of CDH [175] by having not
only additions of substrates, but also fresh enzyme. Therefore, the DERA™- and DERA%?-
catalyzed reactions were carried out in a repetitive batch reactor configuration with three
additions of fresh substrates and enzyme, without the removal of the synthesized product
(Figures 46 and 47), because CDH does not have a negative impact on the enzyme. Based on

the currently available literature, until recently [175], this type of reactor was not used for the
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DERA-catalyzed aldol reaction. The usual reactor employed for the aldol reaction of AA with
CAA catalyzed by DERA, either as an isolated enzyme or as a whole-cell catalyst, were the
batch reactor [12, 14, 87, 96, 101, 105, 131] and, rarely, the fed-batch reactor [12, 15, 88].
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Figure 46 Experimental and simulation data of the double aldol addition of AA to CAA in the repetitive
batch reactor catalyzed by DERA™ (0.1 M TEA-HCI buffer pH 7, caa = 200 mM, ccaa = 100 mM,
yoeratm = 5 mg/mL per addition). Changes of a) substrate concentration, b) product concentration, and
c) relative enzyme activity during the experiment. Legend: experiment (dots), model (line); AA (blue),
CAA (red), CHB (teal), CDH (purple), CHH (dark blue).

The concentration of AA was added in surplus considering its consumption in the side
reaction [14]. At 2 and 4 h from the start of the reaction, the second and the third fresh feed of
substrates and enzyme (of same concentrations as the initial) were added into the reactor
(Figurea 46 and 47). It was observed that the concentration of AA was higher in second and
third substrate addition, because AA was not fully consumed prior to its addition into the
reactor. Also, the concentration of the intermediate CHB increased with the second and third
addition of substrates. With both DERA™ (t = 21.8 h) and DERA%* (t = 9.5 h) full conversion
of AA and CAA was obtained, and in both cases around 50 g/L of product CDH was obtained
(Table 16). Based on the obtained experimental data (Table 16), DERA%* gave better results
regarding the composition of the reaction solution, containing mainly the final product and
fewer side products, and resulted in 2.3-fold higher STY of 56.0 vs 126.6 g/(L-day), while a
similar BY of 3.7 gcon/goeratm for DERA™ and 4.3 gcpr/goeraoczs for DERAY% was obtained.
The high STY in the reaction conducted with DERA®?* could be attributed to better DERA%*
stability and its higher relative activity (Figure 46¢ vs Figure 47c). The yield of the product
CDH with respect to substrate CAA was similar: 96 % for DERA™ and 97 % for DERA%?,
The selectivity CDH/CHB were 20.1 for DERA™ or 27.7 for DERA?*, while CDH/CHH were
7.2 for DERA™ or 7.3 for DERA%* which showed that the DERA%* had slightly higher

selectivity towards CDH than DERA™. Complete composition of both aldol reactions
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dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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(DERAT™- and DERA%**-catalyzed) as well as the calculated mass concentrations of products

obtained at the end of the experiment are given in Table 16.

The DERA™ and DERA* operational stability decay occurred in all three batches and
the deactivation rate in this type of reactor was slightly higher than in the batch experiments
(Figures 44 and 45).
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Figure 47 Experimental and simulation data of the double aldol addition of AA to CAA in the repetitive
batch reactor catalyzed by DERA®* (0.1 M phosphate buffer pH 6, caa = 220 mM, ccaa = 90 mM,
oeracza = 5 mg/mL per addition). Changes of a) substrate concentration, b) product concentration, and
c) relative enzyme activity during the experiment. Legend: experiment (dots), model (line); AA (blue),
CAA (red), CHB (teal), CDH (purple), CHH (dark blue).

Table 16 Final mass percent product composition and final mass product concentration: results obtained
after 24 h of the aldol reaction of AA with CAA catalyzed by DERA™ and DERA%* in repetitive batch
reactor mode.

wiw, % 7, 9/L
CHB | CDH | CHH | CHB | CDH | CHH
DERA™ | 23 | 87.0 | 9.7 1.3 | 50.9 | 5.7
DERA™ | 21 | 900 | 7.7 | 12 | 50.1 | 4.2

Enzyme

3.6.5.1.4 Optimization of the DERA™-catalyzed aldol addition

After carrying out DERA™™-catalyzed aldol additions in batch (Chapter 3.6.5.1.2) and
repetitive batch reactor (Chapter 3.6.5.1.3), the reaction was conducted in a fed-batch reactor
to validate the developed mathematical model for the DERA™™-catalyzed aldol addition in fed-
batch reactor (Equation 21, 23, 25, and 32 — 39).

The aldol addition of AA onto CAA catalyzed by DERA™ in the fed-batch reactor was
conducted in 0.1 M TEA-HCI buffer pH 7 at 25 °C. The starting volume of the reaction solution

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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was 6 mL. The reaction was carried out with a constant substrate (q.) and enzyme supply (g2)
(Figure 48). At the end of the experiment (25 h), the final concentration of CDH was 70 g/L.
The final product composition (% w/w) of the reaction mixture was 6.42% of CHB, 77.12% of
CDH and 16.46% of DHH. The statistical output (R? = 24.27, ¢ = 0.93) was weaker than in the
previous two types of investigated reactors. This could be attributed to the relatively the high
concentration of aldehydes present in the reaction mixture for which the samples had to be
diluted before analysis. Additionally, due to high concentration of added crude enzyme (total
enzyme addition of 20 mg/mL), the solution became viscous, possibly causing a sampling error.
Despite the difficulties, from the data shown in Figure 48, it can be concluded that the model

described the experimental data acceptably.
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Figure 48 Experimental and simulation data of the double aldol addition of AA to CAA in the fed-batch
reactor catalyzed by DERA™ (0.1 M TEA-HCI buffer pH 7, Vo = 6 mL; feed 1: g1 = 5 pL/min, Caao=
2450 mM, ccanpo = 950 mM; feed 2: g2 = 2 pul/min, poeratmo = 100 mg/mL; 33.33 h). Change of a)
substrate AA and CAA concentration, b) product CHB, CDH and CHH concentration, and c) enzyme
volume activity during the experiment. Legend: experiment (dots), model (line); AA (blue), CAA (red),
CHB (teal), CDH (purple), CHH (dark blue).

Based on the carried-out experiments, it could be concluded that the main drawback of
DERAT™™.-catalyzed aldol reaction is the enzyme operational stability decay caused by aldehydes
present in the reaction mixture. Therefore, the choice of effective process design is of crucial
importance to minimize the enzyme decay, which should lead to significant process

improvement. To accomplish this, it is necessary to find the most effective reactor mode.

Since the statistic output of the proposed model (Chapter 3.4.1), together with the
estimated Kkinetic parameters (Chapter 3.6.4.1: Table 8), was satisfactory for all types of
investigated reactors (reactor experiments described in Chapter 3.3.9.1), the validated model
was used for reaction optimization in different reactor modes. The model simulations were

performed by changing the initial conditions in the batch and fed-batch reactor.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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The concentration of CDH, Ycpn, STY and BY were taken as the measures of process
relevant outputs [190]. Since the bottleneck of this process is the enzyme stability [12, 104], to
optimize this process would be finding the minimal enzyme concentration at which the optimal
product yield and productivity would be obtained. Therefore, the simulations were performed
by varying the enzyme concentration and its supply into the reactor. To minimize enzyme
operational stability decay in the batch reactor caused by aldehyde substrates, fresh substrate
additions were considered as well. Thus, three different batch reactor modes were investigated:

1. BR1 - batch reactor in which the total amount of substrates and enzyme were added at
the beginning of the process,

2. BR2 — repetitive batch reactor in which the total amount of enzyme was added at the
beginning of the process combined with three sequential substrate additions, and

3. BR3 - repetitive batch reactor with three sequential additions of substrates and enzyme.

In the last two modes (BR2 and BR3), extra substrates and enzyme additions were
simulated when the yield CDH was 80%. The simulations were stopped either when the final
CDH yield was 99% or after 24 hours. The results of those simulations are shown in Figure 49.
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Figure 49 Model simulations of the double aldol addition of AA to CAA catalyzed by DERA™ in
different batch reactor modes (BR1: caa = 740 mM, ccaa = 300 mM; BR2 and BR3: caa = 230 X 3 mM,
ccaa = 100 x 3 mM). a) Biocatalyst yield and b) productivity change with total enzyme addition. Legend:
BR1 (red), BR2 (blue), BR3 (purple).

CDH belongs to the category of pharmaceutical compound [14]. According to the
industrial requirements for this kind of compounds, the minimum biocatalyst yield must be 10
g/g and the final product concentration must be at least 50 g/L to become economically feasible
(Table 1) Also, the total product yield should be at least 80%. Regarding the final CDH
concentration and vyield, all three reactor modes satisfied these demands, however, the

concentration of enzyme is crucial. BR1 required enzyme addition of at least 40 mg/mL, while

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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in BR2 and BR3 the beforementioned requirements were reached at enzyme concentrations of
15 mg/mL. The highest BY was achieved as in BR2, but at an enzyme concentration of 5 mg/mL
at which the required concentration of CDH was not achieved. Taking into account the STY,
CDH concentration and BY, BR2 ended being the optimal reactor mode at the total enzyme
addition of 15 mg/mL. At that DERA™™ concentration, the same BY was achieved in BR3, but
with lower STY. Nevertheless, in all tested batch reactor modes, the industrial requirement for

the BY was not achieved.
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Figure 50 Model simulations of the double aldol addition of AA to CAA catalyzed by DERA™ in
different fed-batch reactor modes (feed 1: g1 = 5 pL/min; caa,0 = 2300 mM, Ccaa,0 = 950 mM, FBR1
and FBR2: Vo =6 mL; feed 2: g, =2 uL/min; FBR3: Vo =10 mL). a) Biocatalyst yield and b) productivity
change with total enzyme addition. Legend: FBR1 (solid line), FBR2 (dotted line), FBR3 (dashed line).

For the fed-batch reactor simulation, different conditions of enzyme supply were
examined. In all tested fed-batch reactor modes, the substrates were continuously fed into the

reactor.
Three different ways of enzyme additions were investigated:

1. FBR1 - fed-batch reactor with enzyme addition only through feed,
2. FBR2 — fed-batch reactor with the addition of half of the amount of the enzyme at the
beginning of the reaction and half of the amount through feed, and

3. FBR3 - fed-batch reactor with the addition of the total amount of the enzyme at the

beginning of the reactions.

The simulations were stopped at 33.33 h (2000 min) and at that moment the BYs and STY's

were calculated (Figure 50).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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The yield of at least 80% was achieved at total DERA™ additions of 20, 9 and 8 mg/mL
for FBR1, FBR2, and FBR3, respectively. The highest BY was observed at 9 mg/mL of total
DERA™ addition for FBR1 (6.57 gcoH/gperatm), 10.2 mg/mL for FBR2 (10.16 gcor/goeratm)
and 9 mg/mL for FBR3 (9.25 gcon/gperatm). At these points, the final concentration of CDH
was above 70 g/L. The FBR2 (total enzyme addition of 10.2 mg/mL) was chosen as the optimal
reactor mode for the aldol reaction based on the highest BY since all other indicators (Ycor,
CcoH, and STY) were similar under all studied conditions (FBR1, FBR2, FBR3).

Based on the conducted simulations, it was concluded that the requirements for CDH
concentration and yield were achieved in both types of studied reactors (BRs and FBRS). The
desire BY was not achieved in the batch modes. Therefore, this type of reactor proved not to be
a good choice. The FBR2 simulation was experimentally validated since this type of studied
reactor satisfied all considered requirements. The collected data and results are shown in Figure
53 and Table 17 (Chapter 3.6.5.1.6).

3.6.5.1.5 Optimization of the DERA%“-catalyzed aldol addition

To find the optimal reaction conditions for carrying out the DERA%*-catalyzed aldol
reaction in the fed-batch reactor (Equations 22, 24, 32 — 39), model simulations were carried
out. They were done based on the information obtained from the experimental data collected
from the DERA%*-catalyzed aldol additions in the batch (Chapter 3.6.5.1.2) and repetitive batch
reactor (Chapter 3.6.5.1.3) combined with the information based on the results obtained from
the DERA™™-catalyzed aldol addition in the fed-batch reactor (prior optimization: Figure 48,

after optimization: Figure 53).

The model simulations were done by changing the initial conditions in different reactor
modes. The final CDH concentration, Ycon, STY and BY were taken as goal functions. Since
it was experimentally confirmed that AA and CAA have a negative effect on the DERA%?
stability (Figure 30) and its operational stability (Figure 50 and Figure 52), the concentration of
DERA%* and its supply into reactor were varied. Since AA and CHB have a negative impact
on the DERA?* stability even at lower concentrations (Figure 30, Table 5), the possibility to
supply AA and CAA was considered as well.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Three different modes of batch reactor were investigated:

1. BR1 - batch reactor with the addition of total amount of substrates and enzyme at the
beginning of the process,

2. BR2 — repetitive batch reactor with the addition of total amount of enzyme at the
beginning of the process and three sequential additions of substrates, and

3. BR3 - repetitive batch reactor with three sequential additions of substrates and enzyme.

In the last two modes (BR2 and BR3) extra substrates and enzyme additions were simulated
when the CDH yield of 99 % was reached. The simulations were stopped when the final CDH

yield was 99% or after 24 hours. The simulation results are shown in Figure 51.
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Figure 51 Model simulations of double aldol addition of AA to CAA catalyzed by DERA%* in different
batch reactor modes (BR1: caa = 750 mM, ccaa = 300 mM; BR2 and BR3: caa = 250 X 3 mM, Ccaa =
100 x 3 mM). a) Biocatalyst yield and b) productivity change with total enzyme addition. Legend: BR1
(red), BR2 (blue), BR3 (purple).

All three reactor modes (BR1 — BR3, Figure 51) satisfied the industrial requirements
(Table 1) for final CDH concentration and CDH yield, but not for the minimum enzyme
concentration. In the BR1 the required enzyme addition of at least 30 mg/mL, while in the BR2
and BR3 the minimum required final CDH concentration and Ycpn were achieved at enzyme
concentrations of 10 and 15 mg/mL, respectively. The highest BY was achieved in the BR2 but
at the enzyme concentration of 5 mg/mL at which the required final CDH concentration was
not obtained. Considering STY, final CDH concentration and BY, the optimal reactor mode
was the BR2 with total enzyme addition of 10 mg/mL, although in none of the tested batch

reactors the industrial requirement for the BY was achieved.

In fed-batch reactor different setups of enzyme supply were considered, while AA and

CAA were continuously feed into the reactor. The investigated fed-batch modes were:

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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1. FBR1 —fed-batch reactor with the addition of total amount of enzyme at the beginning

of the process,
2. FBR2 — fed-batch reactor with the addition of half of the amount of enzyme at the

beginning of the process and half of the amount in the feed,
3. FBR3 - fed-batch reactor with the enzyme addition only in the feed.

Simulations were stopped at 33.33 h (2000 min) and for that moment BYs and STY's were
calculated (Figure 52).
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Figure 52 Model simulations of double aldol addition of AA to CAA catalyzed by DERA%* in different
fed-batch reactor modes (feed 1: g1 = 5 uLL/min; caa,0 = 2200 mM, Ccaa,0 = 1000 MM, FBR1 and FBR2:
Vo =6 mL; feed 2: g, =2 uL/min; FBR3: V, = 10 mL). a) Biocatalyst yield and b) productivity change
with total enzyme addition. Legend: FBR1 (solid line), FBR2 (dotted line), FBR3 (dashed line).

In the FBR1 and FBR2 the CDH vyield of at least 80 % was achieved at the total DERA%*
addition of 7.0 mg/mL, while in the FBR3 at 14.7 mg/mL. The highest BY in the FBs were
observed at 7.0 mg/mL of total enzyme addition for FB1 (12.13 gcor/gperacz4), 8.8 mg/mL for
FBR2 (12.78 gcoH/gperacza) and 18.4 g for FBR3 (9.68 gcoH/gperacza). At these data points,

the final CDH concentration was at least 70 g/L.

The FBR2 was chosen as the optimal reactor mode with a total enzyme addition of 8.8
mg/mL. This reactor mode was chosen based on the highest BY since the remaining indicators
(YcoH, Ccon, and STY) were of similar values in all studied FBR reactor modes. The results of
the aldol reaction of AA with CAA catalyzed by DERA%* in the fed-batch reactor at these

FBR2 conditions are shown in Figure 54.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.6.5.1.6 DERA-catalyzed aldol additions in fed-batch reactor

To validate the developed mathematical model in the fed-batch reactor (Equations 21, 23,
25 and 32 — 39) the DERA™™-catalyzed aldol addition was conducted in a fed-batch reactor
shown in Figure 48 (Chapter 3.6.5.1.4). The reaction resulted in a certain quantity of side
products (approx. 23 % w/w). The statistical output (R? = 24.27, ¢ = 0.93) was weaker than in
the previous two types of investigated reactors (Chapters 3.6.5.1.2 and 3.6.5.1.3). This was
attributed to (1) increased serial dilution, due to high concentration of aldehydes present in the
reaction solution, and to (2) high amount of DERA™™ that caused the reaction mixture to become
viscous thus causing a possible sampling error. Since the developed mathematical model
described the experimental data well (Figure 48), several model simulations were done to find
the optimal reactor mode. The results of carried simulations are described in Chapter 3.6.5.1.4.
Based on the carried out simulations (Chapter 3.6.5.1.4: Figures 49 and 50) and taking the
predicted final CDH concentration, CDH yield, BY and STY into account, the optimal reactor
mode was chosen to be the fed-batch reactor with two feeds: one being the substrate supply and
the other enzyme supply. The starting volume was 6.0 mL of 0.1 M TEA-HCI buffer pH 7. At
the beginning of the experiment, the concentration of AA and CAA was zero, while half of the
total enzyme amount was added into the reactor prior to the start of the reaction (16.67 mg/mL

in 6 mL at 0 min). The experimental conditions are given in the description of Figure 53.

At the end of the experiment with DERA™ (33.33 h, Figure 53), the final concentration
of CDH was 76.7 g/L (Table 17) and the yield of the product CDH with respect to the substrate
CAA was 96.9 %. The CDH/CHB selectivity was 28.1, which was the highest obtained for this
enzyme by comparing the examined reactor configurations: 2.3-fold higher than in batch
experiment and 1.4-fold higher than in the repetitive batch experiment. The CDH/CHH
selectivity was 7.1 and was 2-fold lower than in the batch experiment and the same as in the
repetitive batch experiment (1.01-fold lower). The STY was calculated to be 55.2 g/(L-day),
which was 5.1-fold lower than in the batch experiment, and the same as in the repetitive batch

experiment (1.01-fold higher).

The final product composition of the reaction mixture and the mass concentrations of
obtained products at the end of the experiment are given in Table 17. The statistical output (R?
= 0.99, o = 6.95) proved that the experimental data are in good agreement with the model

simulations predicted data, which can be seen from Figure 53.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 53 Experimental and simulation data of the double aldol addition of AA to CAA in the fed-batch
reactor catalyzed by DERA™ (0.1 M TEA-HCI buffer pH 7, Vo = 6 mL, pberatm = 16.67 mg/mL; feed
1: g1 =5 uL/min, caao= 2300 MM, ccaao = 950 mM; feed 2: g2 = 2 ul/min, pperatmo = 25 mg/mL;
33.33 h). Change of a) substrate AA and CAA concentration, b) product CHB, CDH and CHH
concentration, and c) enzyme volume activity during the experiment. Legend: experiment (dots), model
(line); AA (blue), CAA (red), CHB (teal), CDH (purple), CHH (dark blue).

Model (Equations 22 and 32 — 39) simulations were done for the DERA%*-catalyzed aldol
reaction as well. The simulations were done by changing the initial conditions in different
reactor modes based on the experimental data obtained in the previous two experimental setups
for the DERA®?* aldol reaction (batch reactor: Figure 45, repetitive batch reactor: Figure 47).
Based on the simulation results (Figures 51 and 52) the optimum reaction conditions for
carrying out the reaction were found to be in the fed-batch reactor with the substrate (AA, CAA)
and enzyme supply (Chapter 3.6.5.1.5: Figure 52). The proposed initial reaction volume was 6
mL containing only 0.1 M phosphate buffer pH 6. At the beginning of the experiment, the
concentrations of AA, CAA, and DERA%* were zero. The reaction conditions are given in

detail in the description of Figure 54.

At the end of the experiment with DERA* (33.33 h), the final concentration of CDH
was 81 g/L (Table 17). The yield of the product CDH with respect to substrate CAA was 97.9
%. The ScoricHe at the end of the experiment was 67.7, which was the highest obtained among
both DERAs and reactor types, while the Sconchr equaled 13.6. The calculated STY was 58.6
g/(L-day). The final product composition of the reaction mixture and the mass concentration of
each of the product at the end of the experiment are presented in Table 17. According to that
data, the DERA?*-catalyzed aldol reaction produced higher quantities of the desired CDH
product, with less side-products and better selectivity towards CDH, which is in accordance
with the estimated kinetic data for the studied DERA enzymes (Table 8).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 54 Experimental and simulation data of the double aldol addition of AA to CAA in the fed-batch
reactor catalyzed by DERA"** (0.1 M phosphate buffer pH 6, Vo = 6 mL; feed 1: g1 = 5 uL/min, Caao=
2200 mM, ccaao = 1000 mM; feed 2: g2 = 2 uL/min, pberaczao = 100 mg/mL; 33.33 h). Change of a)
substrate AA and CAA concentration, b) product CHB, CDH and CHH concentration, and c) enzyme
volume activity during the experiment. Legend: experiment (dots), model (line); AA (blue), CAA (red),
CHB (teal), CDH (purple), CHH (dark blue).

Based on the statistical output (R? = 0.98, o = 11.88) and by comparing the experimental
data with the model simulation (Figure 54), it can be concluded that the model described the

experimental data well.

Table 17 Final mass percent product composition and final mass product concentration: results obtained
after 33.33 h (2000 min) of the aldol reaction of AA with CAA catalyzed by DERA™ and DERA%* in
the fed-batch reactor.

wiw, % y, g/L
CHB | CDH | CHH | CHB | CDH | CHH
DERA™ | 23 | 87.8 | 9.9 20 | 76.7 | 8.6
DERA® | 38 | 906 | 56 | 1.0 | 81.6 | 43

Enzyme

3.6.5.1.6.1 Concluding remarks: DERA-catalyzed aldol addition

In order to obtain higher amounts of CDH, the aldol reaction had to be conducted either
in the repetitive batch reactor or fed-batch reactor mode, since the reaction carried out in the

batch reactor resulted in a low amount of CDH.

The developed mathematical models for the DERA-catalyzed aldol reaction were
validated in different reactors (Equations 21 — 39). Reaction optimization was done based on
the collected experimental data using the validated models. Based on the simulations, optimal

reactor setup was found. The DERA™-and DERA%**-catalyzed aldol reactions were conducted

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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at optimum initial conditions. The obtained experimental data was in accordance with

simulation data.

From the results given in Table 18 and presented data (Figures 44 — 54), it was evident
that the DERA?*-catalyzed aldol reaction produced less side-product (< 10 %). The calculated
STYs, BYs and product yield suggested a similar reaction outcome, but their values were
slightly higher when the reaction was catalyzed by DERA?*. By comparing those results to the
industrial requirements (Table 1) it could be noted that experiments conducted in a repetitive
batch reactor and a fed-batch reactor mode fulfilled some notable requirements, such as the
final product concentration (> 50 g/L) or the substrate conversion (> 95 % after 24 hours). Thus,

the DERA"?* enzyme was used for future multi-step one-pot experiments.

Table 18 Results for the DERA™- and DERA%*-catalyzed aldol reactions in three different reactor
modes.

Reactor | DERAtype | t,h® | wcpu/W, % | ycom, 9/L | Y, % | STY BY
BR DERA™™ 1.2 91 14.2 83 2832 | 2.4
DERA% 1.0 85 12.9 80 309.6 | 9.7
DERA™™ 21.8 87 50.9 96 56.0 | 3.7

RBR 024
DERA 9.5 90 50.1 97 126.6 | 4.3
S DERA™ 33.33 88 76.7 97 55.2 | 9.3
DERA"™ | 33.33 91 81.6 98 586 | 7.4

 end of the reaction; Xaa = Xcaa >99.0 %

b full substrate conversion was not obtained

Abbreviations: batch reactor (BR), repetitive batch reactor mode (RBR), fed-batch reactor
(FBR)

Notes: Y represents CDH yield with respect to CAA, while STY is expressed as g/(L-day)
and BY as gCHD/gDERA.

The highest obtained CDH mass concentration were obtained in the fed-batch reactor
(approx. 6-fold higher than in the batch reactor), the highest CDH yields (> 96 %) were obtained
in repetitive batch reactor and in fed-batch reactor, the highest STY was calculated for the batch
reactor (approx. 5-fold higher than in the fed-batch reactor), while the highest BYs (> 7.4
dcrn/goera) Were obtained in the batch reactor (for DERA™) and the fed-batch reactor (for both
DERAES). The calculated metrics, such as Wepn/w, ycoH, Ycon, BY, were in favor of the reactions
catalyzed in the fed-batch reactor, suggesting the fed-batch reactor as the optimal reactor. If
taking the calculated STYs into account, the optimal reactor would be the repetitive reactor
because it resulted with high STY (DERA%*: 2-fold higher than obtained in fed-batch reactor),
CDH yield (DERA%*: almost identical to the one obtained in fed-batch reactor, > 96 %) and

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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high final CDH concentration (> 50 g/L; DERA%*: 0.6-fold lower than obtained in fed-batch

reactor).

3.6.5.2 DH-catalyzed CDH oxidation
The CDH oxidation was accomplished in following three ways:

1. AIDH-catalyzed oxidation without NAD™ regeneration
2. AIDH-catalyzed oxidation with NAD* regeneration by NOX?%%°
3. KRED?**-catalyzed oxidation without NADP" regeneration

Each reaction was conducted using purified CDH substrate obtained following the
procedure described in Chapter 3.3.4.1. All reactions were carried out in batch reactor.

3.6.5.2.1 AIlDH-catalyzed CDH oxidation without NAD" regeneration

To validate the mathematical model developed for the AIDH-catalyzed CDH oxidation
without coenzyme regeneration (Equations 40 — 42 and 44 — 48), the reaction was carried out

in a batch reactor with equimolar concentrations of CDH and NAD* (Figure 55).
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Figure 55 Experimental and simulation data of the oxidation of purified CDH into CDHA catalyzed by
AIDH (0.1 M phosphate buffer pH 8, ccon = 10 mM, cnap = 10 mM, 1 000 rpm, paipn = 5 mg/mL).
Change of a) substrate CDH and product CDHA concentration, b) relative enzyme activity during the
experiment. Legend: experiment (dots), model (line); change of concentration with time: CDH (black),
CDHA (white).

Although the reaction was originally described without the presence of the reverse
reaction (the reaction of CDH oxidation, Equation 41, rs = 0; data not shown), it was noted that

the mathematical model described the results better if it contained the above-mentioned

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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equation (Figure 55). Therefore, using the collected experimental data (Figure 55a), the value
of the maximum reaction rate of the AIDH-catalyzed CDHA reduction was estimated to be ks
= 0.044 mL/(mg-mM-min). The operational stability decay constant was estimated using the
experimental data (Figure 55b) and Equation 48 (k¢! = 0.0035 min™). After just four hours
of the reaction, the CDH conversion was 99.9 %. Such conversion would not be possible if the
enzyme was used in its purified form. Due to the presence of NOX(AIDH) (Figure 38, Table
10), the reaction ran to its completion. The developed mathematical model contained the
Equation 42 as well and thus described the experimental data well (R? = 0.97, ¢ = 1.20, Figure
55).

3.6.5.2.2 AIDH-catalyzed CDH oxidation with NAD* regeneration catalyzed by NOX?®

To validate the mathematical model that describes the reaction of AIDH-catalyzed
oxidation of purified CDH with NOX%°-catalyzed NAD* regeneration (Equations 40 — 51),
three experiments in batch reactor were conducted with the same initial CDH and enzyme
concentrations and different NAD™ concentrations, since the kinetic measurements revealed
that the coenzyme NAD* inhibits the AIDH-catalyzed reaction (Figure 37b). The reaction rate
for the AIDH-catalyzed CDHA reduction (the CDH oxidation reverse reaction, Figure 24a) was
estimated from the batch experiment (ks = 0.044 mL/(mg-mM-min), Equation 41). Because the
enzymes lost their activity during the experiments, fresh amounts of enzymes of the same
concentration as the initial were added into the reactor. The results of those three experiments

are shown in Figure 56.

From the results (Figure 56) it could be concluded that with an increase of NAD*
concentration the conversion of CDH increased: in the experiment with 1 mM NAD" the CDH
conversion was 40 %, with 5 mM NAD" 77 %, while with 10 mM NAD™ the substrate

conversion was 82 %.

The values of enzyme operational stability decay rate constants (k¢*'°", kgN°*%) were
estimated using the second-order deactivation kinetics (Equation 48 for AIDH, Equation 49 for

NOX%9) and experimental data shown in Figure 56.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 56 Experimental and simulation data of the AIDH-catalyzed oxidation of purified CDH into
CDHA with NOX%®-catalyzed NAD* regeneration system (0.1 M phosphate buffer pH 8, 1 000 rpm,
25 °C, ccpn = 140mM, cnap = 1 - 10 mM, yaipn =5 mg/mL per addition, ynoxoos = 5 mg/mL per addition).
Results for the experiments with a) 1 mM NAD®, b) 5 mM NAD" and c¢) 10 mM NAD". Legend:
experiment (dots), model (line); change of concentration with time: CDH (black), CDHA (white).

From the estimated operational stability rate constants (Table 19) it can be observed that
with the increase of the initial concentration of NAD", the value of the estimated constant
significantly decreased (kq for 1% addition, Table 19). With each further enzyme addition, the
value of the operational stability rate constants decreased, which suggested that both enzymes
were more stable with each fresh enzyme addition, which could be attributed to (1) increased
protein concentration in the system that usually contributes to enhanced operational enzyme
stability [190] and (2) less CDH was present in the system.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Based on the independent measurements of influence of CDH on the AIDH stability, it
was concluded that CDH has a negative influence on AIDH stability (Figure 31). Additionally,
the data given in Figure 56¢ suggest that the 3" AIDH addition and (even 3™ and) 4" NOX%%°
addition were not necessary. This can be also observed based on the corresponding values of kg
for AIDH and NOX° presented in Table 19. Therefore, it should be noted that with the increase
of the initial NAD* concentration in the reactor the number of necessary AIDH and NOX%°

additions did not increase.

After 15 hours of the reaction, the AIDH/NOX®®-catalyzed CDH oxidation in presence
of 10 mM NAD" (Figure 56c) resulted in a CDH conversion of 82 % and CDHA yield of 90
%. The calculated BY and STY were 2.4 gcpHa/gaipH and 38.2 g/(L-day), respectively, while
the final CDHA concentration that was obtained was 23.9 g/L.

The goodness-of-fit statistics of the experimental and model simulation data (Figure 56)

suggested a very good fit (RZ>0.97).

Table 19 Deactivation rate constant estimated from the experimental data shown in Figure 56.

NAD" concentration,mM | Enzyme addition | k" min™® | ksN9*, min?
1 1% 1.94 4.08
2" 0.13 0.19
5 1% 0.36 0.31
2nd 0.006 0.044
1% 0.182 0.30
10 2nd 0.008 0.08
31 0.004 0.06
4" - 0.05

3.6.5.2.3 KRED%?-catalyzed CDH oxidation

The developed mathematical model for the KRED?3*2-catalyzed CDH oxidation in batch
reactor (Equations 52 — 59) was validated with the experimental data presented in Figure 57.
The obtained experimental data was used to estimate the operational stability rate constant
(kaREP332 Equation 59) and the reaction rate of the CDH reduction (rio, Equation 54). By
carrying out the KRED**?-catalyzed CDH reduction in presence of NADPH, the decrease of

NADPH concentration at 340 nm was spectrophotometrically observed (data not shown).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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The experimental and model simulation data for the oxidation of the purified CDH
catalyzed by KRED?* in the batch reactor are shown in Figure 57. In this experiment, full
conversion (> 99.8 % CDH) was achieved after six hours, but due to a side reaction, a possible
CDH reduction (Figure 25), the reaction resulted with a CDHA yield of only 53 %. The reaction
rate constant of CDH reduction into CHO (kio) was estimated from the experimental data to be
0.0011 mL/(mg-mM-min).

During the experiment, KRED**? was added two-fold (at 0.0 h and 2.1 h; Figure 57).
Despite the fact that the coenzyme regeneration was slow, the main reaction was fast (Table 12
and 13), the reason being the potential CDH reduction in which NADPH was oxidized and thus
served as an indirect NADP* regeneration system combined with the action of the
NOX(KRED?%*?) enzyme.
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Figure 57 Experimental and simulation data of the oxidation of purified CDH into CDHA catalyzed by
KRED?**? (0.1 M phosphate buffer pH 8, ccon = 60 mM, cnape = 10 mM, 1 000 rpm, pikrepssz = 10
mg/mL per addition). Change of a) substrate CDH and product CDHA concentration, b) relative enzyme
activity during the experiment. Legend: experiment (dots), model (line); change of concentration with
time: CDH (black), CDHA (white).

Table 3 Deactivation rate constant estimated from the experimental data shown in Figure 57.
Enzyme addition | kq“FfEP**2 1/min
1% 0.1377
2" 0.0018

The operational stability rate constants for each KRED®*? addition (ks<?EP%%2) were
estimated based on the experimental data (Figure 57b). Based on them it could be concluded
that the enzyme deactivation was almost 80-time lower in the second than in the first addition,
which could be attributed to (1) the increased protein content [191] and (2) lowered CDH
concentration in the reactor. After six hours, the final CDHA concentration was 6.0 g/L.The

calculated BY and STY were 2.0 gcpHa/gaipH and 24.0 g/(L-day), respectively.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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3.6.5.2.4  Concluding remarks: DH-catalyzed CDH oxidation

Both AIDH and KRED?®** could be used as enzymes that catalyze the CDH oxidation.
The AIDH-catalyzed CDH oxidation should be coupled with NOX%°-catalyzed NAD*
regeneration to create a feasible reaction system. The optimum coenzyme concentration for the
reaction found to be 10 mM (Figure 56), despite obvious deactivation of both enzymes (Table
19). At the reaction conditions described in Figure 56¢ (for AIDH) and Figure 57 (for
KRED?*?), the AIDH-catalyzed reaction did not result in full CDH conversion, unlike in the
experiment catalyzed by KRED®2, The obtained full CDH conversion in the KRED3%-
catalyzed CDH oxidation can be attributed to the noted side reaction of CDH reduction (Figure
25): the CDH being spent in two parallel reactions (in the CDH oxidation and CDH reduction).
Due to the existence of that side reaction in the KRED3*?-catalyzed system, the reaction was
not further investigated with an NADP* regeneration system, which may have improved the
CDHA vyield. During the KRED?®32 experiments, the side reaction reflected in the CDHA vyield
which was only 53 %, despite the 99.8 % CDH conversion.

From the estimated operational stability rate constants for each enzyme addition (kg) in
all of the conducted experiments of CDH oxidation, it could be concluded that the enzyme
deactivation was less prominent with each enzyme addition, which could be explained by

increased protein content [191] and lowered concentration of the CDH substrate in the reactor.
3.6.5.3 HHDH%!-catalyzed dehalogenation and epoxide ring-opening with KCN

The HHDH%-catalyzed reaction was conducted with purified CDHA without and with
the addition of KCN. The developed mathematical model was validated in a batch reactor
(Equations 60 — 67). Since HOBA and CYDHA are not commercially available, they were not
quantified.

The operational stability rate constant (ks™HP"%!) was estimated using the Equation 67
and the obtained experimental data from relative enzyme activity vs time. The discrepancy
between the deactivation rate constants estimated using Equation 67 and 72 (independent
measurements) could be explained by unknown effects of HOBA and CYDHA on the enzyme

activity.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 58 Experimental and simulation data of the HHDH%!-catalyzed reaction of a) CDHA
dehalogenation (ccona = 55 mM) and b) CDHA dehalogenation and epoxide-ring opening with KCN
(Ccona = 85 MM, cken = 200 MM) (pHmproos = 10 mg/mL, 0.1 M phosphate buffer pH 8, 1 000 rpm, 25
°C). Legend: experiment (dots), model (line: CDHA, solid line; HOBA, dashed, CYDHA, dotted),
change of concentration with time: CDHA (black).

Using the data shown for the HHDH%-catalyzed reaction of CDHA dehalogenation
(reaction conducted without the presence of KCN, Figure 58a), the reaction rate constant of the
HHDH"-catalyzed halogenation of HOBA into CDHA (the reverse reaction of HHDH®-
catalyzed CDHA dehalogenation, ki2, Equation 61) was estimated to be 0.0029 mL/(mg-min).
The enzyme deactivation rate constant (kq™HPHl Equation 67) was estimated using the
experimental data and equaled 0.01 min. After approximately seven hours from the beginning
of the experiment the substrate conversion was 58.4 %, while the relative residual enzyme
activity was 20 %. Such conversion outcome was expected, due to the dehalogenation being an
equilibrium reaction. Only after the KCN addition, full conversion would be possible as the
epoxide ring-opening with CN™ is not reversible and hence, shifts the equilibrium of the
dehalogenation reaction towards the product CYDHA formation.

The same reaction was conducted with the addition of KCN (Figure 58b) to estimate the

reaction rate parameter of epoxide ring-opening (kis, Equation 62). From the collected data, the

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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value of the reaction rate parameter was estimated to be 0.0006 mL/(mg-mM-min). Due to
enzyme deactivation, the value of the deactivation rate constant (kq"HPH%! Equation 67) was
estimated using the collected experimental data to be 0.003 min. After three hours, > 99.9 %
CDHA conversion was obtained, whilst the relative residual HHDH" activity was 61 %.

From the experimental results of reactions conducted without and with the addition of
KCN (Figure 58), it could be observed that the reaction with KCN resulted in almost full
substrate conversion (>> 99.9 %), as expected, after just three hours, as opposed to the reaction
without the KCN addition when less than half of the substrate was converted (3 h: Xcpra =53
%). Based on the model simulation prediction (Figure 58), it could be also noted that HOBA
was virtually immediately consumed in the subsequent reaction. Interestingly enough, the
enzyme retained 3-fold higher activity in the experiment with KCN addition than without,
which could be due to HOBA being rapidly consumed during the reaction, because of the
possible negative effects of HOBA on the HHDH®! enzyme. This was, however, also expected
based on the results obtained in the kinetic measurements (the KCN being a potent activator, )
and the nature of the reaction (epoxide ring-opening with CN" being an irreversible reaction

thus shifting the reaction in the desired direction).

3.6.5.4 Concluding remarks: one-step biocatalysis

Based on all the experimental and simulation data for the DERA-catalyzed aldol reaction,
DH-catalyzed oxidation and HHDH®"-catalyzed dehalogenation and epoxide ring-opening

with KCN, the following could be concluded.

DERA%* yielded better results, such as product yield, final product concentration, STY
or BY, than DERA™ in the aldol reaction of AA with CAA, while the repetitive batch reactor

proved to be the optimal reactor mode for the observed reaction system.

Both AIDH and KRED3? can be used as enzymes that catalyze the reaction of CDH
oxidation. In the reaction catalyzed by KRED?*?, a side reaction of CDH reduction into CHO
occurred, causing low CDHA yields, which was experimentally proven. Therefore, an NADP*
regeneration system was not further explored for the KRED3*?-catalyzed CDH oxidation. The
AIDH proved to be a better reaction system for the examined CDH oxidation than KRED3%,
The AIDH-catalyzed CDH oxidation was carried out with NOX°®-catalyzed NAD*

regeneration. The AIDH/NOX®® reaction system conducted in batch reactor resulted with

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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better values of the calculated metrics, such as final product concentration, product yield, BY
and STY.

The results of the HHDH%-catalyzed CDHA dehalogenation and epoxide ring-opening
with KCN revealed that the presence of KCN shifts the reaction in the desired direction,
yielding full substrate CDHA conversion (t=3 h, > 99.9 %), as opposed to the reaction without
the presence of KCN (t =8 h, 59 %).

Based on the statistic parameters provided by Scientist and goodness-of-fit of
experimental results with the model, it was concluded that the developed mathematical models

could be utilized for future optimization of this system.

3.6.6 Validation of developed mathematical models: multi-step one-pot biocatalysis

To simplify the reaction system of the first reaction route (Figure 1), different multi-step

one-pot setups were examined:

1. DERA%“-catalyzed CDH production — AIDH-catalyzed CDH oxidation with NOX°%°-
catalyzed NAD™ regeneration,

2. DERA%“-catalyzed CDH production —» KRED**-catalyzed CDH oxidation, and

3. DERA%“-catalyzed CDH production — AIDH -catalyzed CDH oxidation with NOX%%-
catalyzed NAD* regeneration - HHDH%-catalyzed dehalogenation and epoxide ring-

opening with KCN.

A simultaneous one-step one-pot reaction containing the DERA and DH enzymes was
not possible, since the DHs (AIDH, KRED?**) do not oxidize the aldehydes selectively and
therefore would oxidize the DERA substrates (AA, CAA) into their corresponding acids (acetic

acid, chloroacetic acid).

All multi-enzyme reactions were conducted with crude substrates without the removal of
enzymes from the previous reaction step. The crude CDH substrate was obtained by carrying
out the DERA%*-catalyzed reaction (Figure 47). Depending on the required crude CDH
concentration, the reaction mixture was diluted using 0.1 M phosphate buffer pH 8 to obtain

the desired CDH concentration.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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The only condition to start the following consecutive reaction was that the substrates from
the previous reaction step had fully reacted into the designated product. When needed, the pH
of the reaction mixture was adjusted to pH 8 using 5 M KOH solution or 9.2 M sulfuric acid
solution, due to changes of pH during the reaction.

Due to the occurrence of the cyanohydrin reaction® when carrying out the experiment
consisting of (1) a DERA%*-catalyzed CDH production followed by (2) a simultaneous
AIDH/NOX®-catalyzed CDH oxidation combined with HHDH®-catalyzed dehalogenation
and epoxide ring-opening with KCN, the obtained experimental data are not presented, but are
described under Concluding remarks within this Chapter.

3.6.6.1 Sequential one-pot CDH synthesis with AIDH/NOX?°

The sequential one-pot CDH synthesis consisted of two reactions conducted in sequential

manner:

1. DERA%*“-catalyzed aldol reaction
2. AIDH-catalyzed CDH oxidation with NOX%°-catalyzed NAD* regeneration.

The oxidation was conducted with 10 mM of NAD?, since in the experiment with pure
CDH (Figure 56) it was observed that under those conditions higher substrate conversions were
obtained, while the values for the operational stability rate constants of both AIDH and NOX%%°
were lower (Table 19). In order to further reduce the enzyme deactivation during the reaction,
the experiment was performed with a two-fold higher initial concentration of both enzymes
than in the experiments with purified CDH (5 vs 10 mg/mL; Figure 56). Fresh additions of

enzymes were added into the reactor once their residual activity was less than 20 %.

The experimental data of the AIDH-catalyzed oxidation of 80 mM and 335 mM CDH
with NOX%®-catalyzed NAD* regeneration as well as the data obtained by model simulation

are presented in Figure 59.

From the experimental data shown in Figure 59a, it was concluded that during the

observed time-course AIDH and NOX%®° became completely stable after one hour from the

& A chemical reaction of CDH with KCN that resulted with the formation of a cyanohydrin.
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dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
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beginning of the experiment, which was most likely caused by high protein content in the
reaction mixture, since DERA%* was present in the mixture as well [191]. Therefore, a linear
dependence of the operational stability decay rate constant on the concentration of CDH
(Equations 50 and 51) was introduced into the model. If the operational stability rate constant
was calculated using independent measurements at given conditions (Figure 59a), the a”'PH
(Equation 50) and aN°*% (Equation 51) values would be 0.045 and 0.0033 1/(mM-min),
respectively. Using the experimental data and the beforementioned equations, the value of the
a parameter for both AIDH and NOX°% were estimated and their values are presented in Table
21. Based on the estimated values (Table 21), it could be concluded that the enzyme operational
stabilities, especially of AIDH, significantly improved in the experiment with crude CDH
(Figure 59a): the observed stability was 115-fold higher in the experiment with crude CDH than
the one calculated using the equation developed for independent measurements (Equation 69).
The enzyme even showed improved stability as compared to the experiment conducted with
purified CDH (Chapter 3.6.5.1). Additionally, NOX%° demonstrated improved stability in
comparison to the experiment conducted with purified CDH (Table 19) and in case if the
equation of independent measurement (Equation 70) was used for calculating the NOX%®

operational stability (approx. 8-fold).

A similar positive outcome regarding improved enzyme (operational) stabilities were
noted in the experiment shown in Figure 59b, although the enzymes demonstrated deactivation
during the CDH oxidation and had to be added two (AIDH) and four (NOX®) times during 24
hours of the experiment. The operational stability rate constants (kq) were estimated using the
collected data (Figure 59b) and second-order kinetics (Equations 48 and 49), and the values are
given in Table 27. It can be observed that with the second AIDH addition into the reactor, the

enzyme exhibited improved operational stability.

The experimental data in Figure 59a show that almost full conversion of substrate CDH
was achieved after 2.5 hours of the reaction, which was not obtained in the experiments with
purified CDH, even after 24 hours of reaction (Figure 56c). Accordingly, in the experiment
with purified CDH (140 mM, Figure 56c¢), the final CDH conversion was 82 % (23.9 g/L of
produced CDHA; CDHA yield of 90 %), whereas in the experiment with 80 mM of crude CDH
(Figure 59a) 98.9 % CDH conversion was accomplished after just 2.5 hours (14.4 g/L CDHA;
yield of 98.9 %), and in the experiment with 335 mM of crude CDH (Figure 59b) 95.3 % CDH

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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conversion was achieved after 24 hours (58.3 g/L CDHA, vyield of 95.4 %). It could be
concluded that in case when the reaction was conducted with crude CDH, higher yields were

achieved (> 95 %). Additionally, the experiment with 335 mM of CDH met the industrial
requirements (Table 1).
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Figure 59 Experimental and simulation data of the AIDH-catalyzed oxidation of crude CDH into CDHA
with NOX-catalyzed NAD" regeneration (0.1 M phosphate buffer pH 8, 1 000 rpm,, cnap = 10 mM,
yaipH = 10 mg/mL per addition, ynoxoos = 10 mg/mL per addition, 25 °C). Experiment with a) 80 mM of

CDH and b) 335 mM of CDH. Legend: experiment (dots), model (line); change of concentration with
time: CDH (black), CDHA (white).

Table 21 Parameter estimated for the experiment shown Figure 59a for AIDH (Equation 50) and NOX"*®
(Equation 51).

Enzyme a, 1/(mM-min)
AIDH 0.00039
NOX%° 0.00042

The results presented in Table 21 and Table 27 implicate that higher protein content,
since the DERA* enzyme was present in the reaction mixture as well, positively affect the
operational stabilities of AIDH and NOX® [191].

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Table 22 Deactivation rate constant estimated form the experimental data shown in Figure 59b.

Enzyme addition | ks*®", min? | kaV9*%, min*
1t 0.007
2nd 0.002
= : 0.033
4th _

Comparing the deactivation rate constants estimated in experiments conducted with
purified (Table 19, 5 mg/mL per enzyme) and crude CDH (Table 27, 10 mg/mL per enzyme),
it is evident that higher initial enzyme concentration (5 vs 10 mg/mL per enzyme) contributed
to the increase of the operational stability of NOX%®, The deactivation of AIDH was higher
after its first than after its second addition into the reactor. This could be attributed to the
presence of aldehydes in the reaction mixture, such as CHB and CHH, which had a negative
effect on the AIDH activity, causing its deactivation. The second addition of AIDH resulted
with a lower kq value, which can be attributed to two facts. The first being relatively high protein
concentration present in the reactor. The second, the diminished negative effects of CHB and
CHH, which were oxidized into corresponding acids, because AIDH does not selectively

oxidize aldehydes.

Table 23 BYs and STY's calculated for the experiments shown in Figure 59a and Figure 60.

Metric 80 mM of crude CDH | 335 mM of crude CHD
BY, QCDH/gA|DH 2.9 3.7
STY, g/(L-day) 138.2 53.8

For both experiments shown in Figure 59 BYs and STYs were calculated and their
values are given in Table 23. The developed mathematical model described the experimental
results well (Figure 59a: R? = 0.99, ¢ = 4.10; Figure 59b: R?> = 0.98, ¢ = 1.37).

3.6.6.2 Sequential one-pot CDH synthesis with KRED?33?

The sequential one-pot CDH synthesis consisted of two reactions conducted in sequential

manner:

3. DERA%*-catalyzed aldol reaction
4, KRED%*2-catalyzed CDH oxidation without NADP™ regeneration

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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The crude CDH substrate was obtained by carrying out the DERA%*-catalyzed reaction
(Figure 47). Depending on the required crude CDH concentration, the reaction mixture was
diluted using 0.1 M phosphate buffer pH 8 to obtain the desired CDH concentration.

The enzyme KRED?33 was examined as an alternative catalyst in the reaction of crude
CDH oxidation. The reaction was conducted with same substrate and enzyme concentration as
the experiments catalyzed by the AIDH/NOX?° system (Figure 59). During the experiment, if

the relative enzyme activity dropped below 20 %, a fresh amount of enzyme (same amount as
the initial) was added into the reactor.
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Figure 60 Experimental and simulation data of the KRED®**-catalyzed oxidation of crude CDH into
CDHA (0.1 M phosphate buffer pH 8, cnape = 10 mM, yxrepss2 = 10 mg/mL per addition, 1 000 rpm,
25 °C). Experiment with a) 80 mM of CDH and b) 335 mM of CDH. Legend: experiment (dots), model
(line); change of concentration with time: CDH (black), CDHA (white).

The experimental and simulation data are shown in Figure 60, while the estimated
deactivation constants (kqREP332 Equation 59) are given in Table 24. Due to the increased

protein content (presence of DERA#) [191], KRED* manifested higher operational stability

than the stability expected by independent measurements when using Equation 71 (data not
shown).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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The reaction rate constant (rio, Equation 54) for the KRED®*¥-catalyzed CDH reduction
was previously estimated in the batch experiment (Chapter 3.6.5.2.3, 0.0011
mL/(mg-mM-min)).

The experimental data collected from the experiment conducted with 80 mM of CDH
(Figure 60a) showed that full CDH conversion (> 99.9%) was accomplished after nine hours of
reaction, while the CDHA vyield was 54.6 % (7.9 g/L final CDHA concentration). In the
experiment with 335 mM of CDHA (Figure 60b), almost full conversion was achieved (99.7%)
after twelve hours of reaction, while the CDHA yield was 54 % and 31.3 g/L of CDHA
concentration. By comparing those results with the results using pure CDH (60 mM, Figure
57), in which almost full conversion was obtained after six hours (99.8 %) and a CDHA yield
of 53 % (6.0 g/L CDHA), it could be concluded that the yields were of similar value, regardless
of the CDH concentration or form (purified or crude/unrefined).

Table 24 Deactivation rate constant estimated from the experimental data shown in Figure 60.
Enzyme addition | kd“****** min™
Oxidation of 80 mM CDH

1% 0.0312

2nd 0.0065
Oxidation of 335 mM CDH

1% 0.0560

2nd 0.0258

31 0.0049

Since KRED®*3? was inactivated during the reaction, the enzyme was added two (Figure
60a) or three (Figure 60b) times during the experiment. The experimental data for the time-
dependence of KRED®*? activity show that the enzyme deactivation decreases with each fresh
enzyme addition as a result of CDH concentration reduction and protein content increase (Table
24). Comparing those results with the results of the experiment using purified CDH (Table 20),
the experiments with crude CDH resulted in lower values of deactivation rate constants, because
the reaction mixture had higher protein content due to the presence of the protein from the
DERA reaction.

Table 25 BYs and STY's calculated for the experiments shown in Figure 60.

Metric 80 mM of crude CDH | 335 mM of crude CHD
BY, gcor/gkrepssz 1.0 2.0
STY, g/(L-day) 21.1 62.6

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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The BYs and STYs were calculated for both conducted experiments (Figure 60) and are
presented in Table 25. The goodness-of-fit statistics of the experimental and model simulation
data (Figure 60) suggested a very good fit (R? > 0.98).

3.6.6.3 Sequential one-pot CYDH synthesis

The sequential one-pot CYDH synthesis consisted of four reactions conducted in a

sequential manner:

1. DERA%“-catalyzed aldol reaction,

2. AIDH-catalyzed CDH oxidation with NADP* regeneration catalyzed by NOX%%, and
3. HHDH-catalyzed CDH dehalogenation, followed by

4. HHDH"!-catalyzed HOBA ring-opening with KCN.

The HHDH®-catalyzed dehalogenation and epoxide ring-opening was conducted using
the crude CDHA substrate obtained in the experiment of AIDH/NOX®®-catalyzed CDH
oxidation shown in Figure 59b.

The value of the operational stability rate constant (ks""P"%1) was estimated to be 0.006
min. It was estimated using the Equation 67 and the obtained experimental results from
relative enzyme activity vs time (Figure 61b). It could be concluded that the value of the
estimated deactivation constant was 2-fold higher than in the experiment with purified CDHA
(Chapter 3.6.5.1), which could be due to the high initial substrate CDHA and KCN

concentrations in the reactor.

The HHDH®-catalyzed reaction was conducted with high concentration of substrates
CDHA and KCN. HOBA and CYDHA were not quantified, since they are not commercially
available. After 24 hours of the reaction, almost full CDHA conversion was obtained (99.99
%), while the enzyme residual activity was 25 %. From the HOBA simulation (Figure 61a) it
could be observed that the epoxide is practically immediately consumed in the reaction of
epoxide-ring opening with KCN. Using the simulation data, substrate CDHA conversion,
product CYDHA vyield, final CYDHA concentration, BY and STY were calculated. At the 18-
hour mark, the CDHA conversion was 99.7 %, while the simulated CYDHA yield, with respect
to CDHA, was 99.6 %. The simulated final product CYDHA concentration was 62.7 g/L, the
simulated BY was 14.2 gcypHa/gHHDHoo1 and the simulated STY was 83.6 g/(L-day).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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Figure 61 Experimental and simulation data of the HHDH-catalyzed dehalogenation and epoxide
ring-opening of crude CDHA into CYDHA (0.1 M phosphate buffer pH 8, ccona = 364 mM, cken = 600
MM, yurproor = 5 mg/mL, 1 000 rpm, 25 °C). Change of a) substrate CDHA, and b) relative enzyme
activity during the experiment. Legend: experiment (dots), model (line); change of concentration over
time: CDHA (dots), modeled concentration expressed as lines: CDHA (solid), HOBA (dashed),
CYDHA (dotted).

Based on the goodness-of-fit statistics (R = 0.97, ¢ = 2.8) and Figure 61, it could be

concluded that the developed mathematical model described the experimental results well.

3.6.6.4 Concluding remarks: multi-step one-pot biocatalysis

Considering the estimated kinetic parameters for AIDH (Table 9), AIDH proved to be a
more suitable enzyme for the reaction of CDH oxidation than KRED33? (Table 12). When
considering the enzyme stability in presence of aldehydes, the KRED33? enzyme showed to be
more aldehyde-resistant and, therefore, stable in presence of higher concentrations of CAA and
CDH (Figure 31). It was observed that high protein content in the reactor had a significant
stabilization effect on all three applied enzymes (AIDH, NOX, KRED?3%?). Both AIDH and
KRED?%2 were stable during the reaction of pure CDH oxidation (Figures 56 and 57). When the
oxidation was carried out with purified CDH, both enzymes (AIDH, KRED?%*) manifested
similar operational stability (k4), for KRED3*? being slightly lower (0.75-fold lower; Tables 19
and 20). When crude (unrefined) substrate CDH was applied, when the CDH reaction mixture
contained a considerable amount of proteins (due to the use of the DERA?* CFE), the AIDH
enzyme proved to be very stable and its operational stability rate constant was more than 10-
times lower than the KRED3? operational stability rate constant under same reaction
conditions. The AIDH stability in the reaction mixture increased 100 — 1500-fold, depending

on the crude substrate concentration, i.e. protein content (Tables 22 and 24).

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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To obtain industrially relevant metrics, the reaction was conducted with 335 mM of CDH.
The comparative results of the oxidation conducted by AIDH/NOX%® and KRED3* are
presented in Table 26. The presented summary results show that AIDH/NOX® is a better
catalyst than KRED?33%, although the reaction catalyzed by KRED®*? was without NADP*
regeneration. The KRED®*¥2-catalyzed CDH oxidation was not further explored due to the
obvious impact of the side reaction (the CDH reduction into CHO, Figure 1), which occurred
in the KRED3*-catalyzed reaction resulting in lower CDHA yields.

Table 26 Results between AIDH/NOX®°- and KRED3**-catalyzed oxidation of 335 mM of crude CDH
in batch reactor.
Catalyst t,h® | Xcow, % | Ycona, % | ycom, /L | STY BY
AIDH/NOX™ | 24 95.3 95.4 53.8 53.8 | 2.9
KRED?* 12 99.7 54 31.3 62.6 | 2.0

 end of the reaction
Notes: STY is expressed as g/(L-day) and BY as gcrpa/gaion OF gcHpa/Okrepss?

The AIDH/NOX?® catalyst system thus fulfilled some important industrial requirements,
such as substrate conversion (> 95 %) or final product concentration (> 50 g/L). Hence, it could
be concluded that the AIDH was a more appropriate enzyme for the observed reaction than the
KRED?**? enzyme (Ycona) and that it would be better to conduct the reaction with crude
substrate than with a purified one (Chapter 3.6.5.1), due to the stabilization effects of the
proteins present in the crude reaction solution. Additionally, the multi-enzyme (cascade)
reaction setup represents an advantageous system, due to no need for a mid-step CDH isolation,
making the process economically and environmentally more acceptable (circumvented mid-
downstream processes). This way, the loss of product CDH is minimized and, consequently,

the yield of product CDHA is maximized.

The HHDH%-catalyzed reactions could only be examined as sequential one-pot reactions
consisting of three stages: (1) DERA%4- (2) AIDH/NOX%®-  and (3) HHDH"-catalyzed
reactions. A simultaneous one-pot reaction consisting of (1) DERA%*-catalyzed CDH synthesis
and (2) simultaneous AIDH/NOX%®- and HHDH®-catalyzed reactions could not be carried
out due to the occurrence of the cyanohydrin reaction between the aldehyde CDH and KCN.
This was tested by adding 1 M of KCN into the reaction solution obtained at the end of the
DERA%* reaction (Figure 47). The HPLC analysis (Method 1, aldehyde derivatization)
revealed that 300 mM CDH immediately reacted with KCN to yield corresponding a-

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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cyanohydrin, since no CDH could be detected in the analysis of the sample taken right after the

addition of the cyanide. Thus, the reaction indeed cannot be carried out in a simultaneous mode.

Nevertheless, the HHDH®-catalyzed dehalogenation and epoxide ring-opening with
KCN was conducted using a purified (Chapter 3.6.5.1) and crude CDHA (Chapter 3.6.6.3)
substrate. Due to commercial unavailability of HOBA and CYDHA, they were not quantified,
but simulation data was used for calculating product yield, final product concentration, BY and
STY (Table 27). This was done to obtain insight, but the model should be validated with the
experimental data. Based on those results of the HHDH®!-catalyzed reaction with purified and
crude CDHA, presented in Table 27, it could be concluded that the reaction could be simplified
and thus carried out as a sequential one-pot system using the crude substrate as starting material.
By observing the presented values for the experiment conducted with crude CDHA, it could be

noted that all met the industrial requirements (Table 1).

Table 27 HHDH™ -catalyzed reaction with purified and crude CDHA substrate in batch reactor.

CDHA | ccona, MM | t,h? | Xcona, % | Yevoma, %° | povona, g/L° | STY® | BY®
Purified 85 3 99.9 99.9 14.6 116.8 7.5
Crude 364 18 99.7 99.6 62.7 83.6 14.2

2 end of the reaction
b results calculated based on model simulation data
Notes: STY is expressed as g/(L-day) and BY as gcyrpa/gHHDH001.

List of reactant and product abbreviations: acetaldehyde (AA), chloroacetaldehyde (CAA), 4-chloro-3-hydroxybutanal (CHB), 6-chloro-3,5-
dihydroxyhexanal (CDH), 6-chloro-3,5-dihydroxyhexanoic acid (CDHA), 3-hydroxy-4(-oxiran-2-yl)butanoic acid (HOBA), 6-cyano-3,5-
dihydroxyhexanoic acid (CYDHA), 3-hydroxybutanal (HB), 3,5-dihydroxyhexanal (DHH).
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4 SYNTHESIS OF THE SECOND STATIN SIDE-CHAIN PRECURSOR

4.2 Introduction

The second reaction route consisted of two enzyme-catalyzed reactions in the following
order (Figure 2):

1. DERA%2-catalyzed double-aldol reaction, and
2. KRED®**-catalyzed oxidation with NADP+ regeneration catalyzed by NADPH-
dependent auxiliary enzyme

The starting materials of the aldol reaction were N-(3-oxopropyl)-2-phenylacetamide
(OPA) and AA. The aldol reaction resulted in the formation of N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP) which was subsequently
oxidized into N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP). The oxidation was paired with an NADP* regeneration system. Two
different enzymes were examined for that purpose: the H,O-forming NOX (NOX%?) and
NADPH-dependent DH (KRED?), in which case co-substrate acetone (ACE) was added.

The DERA%?-catalyzed side reaction of self-aldol addition of AA is a two-step reaction
(Figure 3) that results with the production of DHH.

The substrate and product abbreviation list are presented in Table 28.

Table 28 Abbreviation list of compounds of the first statin side-chain reaction route.

Abbreviation Full name of the compound

AA Acetaldehyde

OPA N-(3-oxopropyl)-2-phenylacetamide

DHP N-(2-((2R,4R)-4,6-dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide

HOP N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide

DHH 3,5-dihidroxyhexanal

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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4.3 Experimental part

4.3.1 Materials

In this thesis, following chemicals were used: acetone (ACE), dichloromethane (DCM),
ethyl acetate (EtOAc), hydrochloric acid, NADP®, nitric acid, sulfuric acid (BDH Prolabo
Chemicals, UK), 2-deoxyribose 5-phosphate sodium salt (DRP), 3-hydroxybutanal (aldol,
CHB), acetaldehyde (AA), magnesium sulfate anhydrous, triosephosphate isomerase from
rabbit muscle (TPI), a-glycerophosphate dehydrogenase from rabbit muscle (GDH), o-
benzylhydroxylamine hydrochloride (Merck, Germany); dipotassium phosphate, methanol
(MetOH), monopotassium phosphate, NAD*, NADH, NADP*, potassium hydroxide,
propionaldehyde (PA), pyridine, silica gel (0.035-0.070 mm, 60 A, for chromatography),
triethanolamine hydrochloride (TEA-HCI), tris(hydroxymethyl)aminomethane (Tris), O-
benzylhydroksylamine hydrochloride (Acros Organics, USA); acetic acid (T.T.T., Croatia);
acetonitrile (ACN), ethanol absolute (EtOH), magnesium sulfate anhydrous, trifluoroacetic acid
(TFA) (Fisher Scientific, UK); aloumin from bovine serum (BSA) (Fluka Chemie, Germany);
isopropyl alcohol (IPA), potassium hydroxide (Kemika, Croatia), Coomassie brilliant blue G-
250, sodium chloride, sodium sulfate anhydrous (Lach-Ner, Czech Republic); NADPH
(AppliChem, Germany); sodium hydroxide (Gram-mol, Croatia).

Large quantities of purified N-(3-oxopropyl)-2-phenylacetamide (OPA) were provided
by Enzymicals (Germany).

The 2-deoxyribose-5-phosphate aldolases (DERA%?2) and NAD(P)(H)-dependent
dehydrogenases (NOX!, KRED®!, KRED®**) were expressed and supplied by Prozomix
(UK), while the halohydrin dehalogenase (HHDH%?) was expressed and provided by

Enzymicals (Germany). The enzymes were supplied as cell-free extracts (CFES).

4.3.2 Apparatus

Same apparatus were used as in Chapter 3.3.2.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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4.3.3  Analytical methods
4.3.3.1 HPLC analysis

The HPLC analysis was done on the Phenomenex Kinetex RP-HPLC column (C18, 5
pm, 250 x 4.6 mm, 100 A).

The samples were analyzed with and without the application of a aldehyde
derivatization procedure. The derivatization procedures are described in Chapter 3.3.3.1. If the
samples were analyzed without prior compound derivatization, the non-derivatized samples
were diluted in ACN, vortexed and centrifuged (14 000 rpm, 4 °C, 5 min) to remove any solid
and analyzed by HPLC.

To analyze derivatized aldehyde and carboxylic acid samples Method 2 was used. The
mobile phase consisted of solvent A (mixture of ACN, water and TFA in the ratio 80:20:0.1)
and solvent B (0.1 % v/v TFA in water) with gradient elution from 90 to 30 % B for the first 12
minutes and from 30 to 90 % B from minute 16 to 18. The flow rate was 1.5 mL/min, the
column temperature was set at 30 °C and the UV detection at 215 nm. Examples of calibration
curves are presented in the Appendix. Calibration curve for OPA is shown in Appendix figure
10, DHP in Appendix figure 11, AA shown in Appendix figure 12, while for DHH in Appendix
figure 13. The retention time of AA, OPA, DHP, HB and DHH were 12.6, 13.0, 11.2, 10.2 and
9.2 minutes, respectively, while the retention time of the HOP was 6.2 minutes. Respective
examples HPLC chromatograms for the DERA%2-catalyzed aldol addition are shown in Figure
105, while for the KRED***-catalyzed DHP oxidation in Figure 106.

To analyze non-derivatized analytes OPA, DHP and acetic acid Method 3 was used.
The mobile phase consisted of solvent A (mixture of ACN, water and TFA in the ratio
80:20:0.1) and solvent B (0.1 % v/v TFA in water) with gradient elution from 100 to 80 % B
for the first 13 minutes and from 80 to 100 % B from minute 15 to 16. The flow rate was 1.5
mL/min, the column temperature was set at 30 °C and the UV detection at 215 nm. Examples
of calibration curves are presented in the Appendix: in Appendix figure 14 for OPA, Appendix
figure 15 for DHP and Appendix figure 16 for acetic acid. The retention time of OPA, DHP
and acetic acid were 19.5, 21.0 and 1.9 minutes, respectively. Respective example HPLC
chromatograms are shown in Appendix figure 21 for OPA and DHP, while for the acetic acid

is shown in Appendix figure 22.
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4.3.3.2 Spectrophotometric measurements
4.3.3.2.1 Quantitative determination of protein content

The procedure is described in Chapter 3.3.3.2.1.

4.3.3.3 Enzyme assays

All enzymes used in this work were provided as CFEs and were used without further
purification unless stated otherwise. All measurements were carried out in quartz cuvettes (10
mm path, 1 mL) at 25 °C.

The specific enzyme activity was calculated following the procedure described in
Chapter 3.3.3.3 and using the Equation 19.

4.3.3.3.1 DERA%? gctivity assay

To measure the activity of DERA? DRP Assay was used. The procedure is described
in Chapter 3.3.3.3.1.

4.3.3.3.2 Activity assays for oxidoreductases

The KRED®* activity mixture contained 600 mM PA, 0.1 mM NADPH and diluted
KRED®* enzyme (0.1 mg/mL) in 0.1 M phosphate buffer pH 7. The reaction was initiated by
the addition of KRED?%*, and the subsequent decrease of NADPH concentration was monitored
at 340 nm. 1 U of KRED** activity was defined as the amount of enzyme required for oxidation
of 1 umol of NADPH per minute 0.1 M phosphate buffer pH 7 at 25 °C.

The NOX%? activity mixture contained 0.1 mM NADPH and diluted NOX%! enzyme
(0.04 mg/mL) in 0.1 M phosphate buffer pH 7. The reaction was initiated by the addition of
NOX%! and the subsequent decrease of NADPH concentration was monitored at 340 nm. 1 U
of NOX®! activity was defined as the amount of enzyme required for oxidation of 1 umol of
NAPDH per minute 0.1 M phosphate buffer pH 7 at 25 °C.

The KRED®! activity mixture contained 30 mM ACE, 0.1 mM NADPH and diluted
KRED!! enzyme (0.01 mg/mL) in 0.1 M phosphate buffer pH 7. The reaction was initiated b
y g phosp p y

the addition of KRED*, and the subsequent decrease of NADPH concentration was monitored

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
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at 340 nm. 1 U of KRED! activity was defined as the amount of enzyme required for oxidation
of 1 umol of NADPH per minute 0.1 M phosphate buffer pH 7 at 25 °C.

4.2.4. Synthesis and purification of chemicals
4.2.4.1. Enzymatic synthesis and purification of DHP

The DHP was obtained by carrying the reaction in a repetitive batch mode (glass bottle,
50 mL). The reaction of total reaction volume of 100 mL was conducted with 100 mM of OPA
and 400 mM AA and catalyzed by DERA®? (30 mg/mL) in 0.1 M phosphate buffer pH 7 placed
on a shaker (200 rpm, 25 °C). After 2.5 and 5.2 hours from the beginning of the reaction, an
additional quantity of fresh substrates of the same concentration as the initial were added into
the reactor, while the additional amount of DERA%? of 15 mg/mL was added after 6.5 hours.
After 24 hours from the beginning of the reaction, the reaction solution was transferred into two
CFUs (15 mL) and centrifuged (4 °C, 5 000 rpm, 60 min) to remove the enzyme. The filtrate
was equally divided into four conical centrifuge tubes (15 mL) and frozen at -80 °C overnight.
The frozen samples were lyophilized for 48 hours using the freeze dryer and then purificatied

via preparative column chromatography (CC).

Figure 2 Column chromatography (CC).

The DHP sample (0.6 g) was purified using a glass column (21 x 1.5 cm) with silica gel
(14 g) as the stationary phase (Figure 62). DCM was used as mobile phase A, while a mixture
of solvents (DCM, ACE and acetic acid in ratio 60:30:1) was used as mobile phase B. The
sample was placed into the column and the column was washed with 38 mL of mobile phase

A. After that, the solvent was switched to mobile phase B. The fractions of 10 to 15 mL were

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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collected and analyzed using the HPLC Method 3. Those fractions which contained the aldol
product were pooled and the solvent was removed under reduced pressure (40 °C). Since the
presence of low quantities of acetic acid were noted in the obtained DHP sample, to remove the
acetic acid, the sample was diluted in 2 mL of ultrapure water, disseminated in 1.5 mL-locking
centrifuges, frozen at -80 °C and lyophilized for 24 hours (Figure 63).

Figure 63 Removal of acetic acid from the CDHA sample by diluting the CDHA sample obtained after
evaporation. CDHA lyophilization in 1.5 mL-locking microcentrifuges.

4.2.4.2. Enzymatic synthesis of HOP

Due to unavailability of purified HOP, it was biocatalytically produced by carrying the
KRED%*-catalyzed DHP oxidation. The reaction (1 mL) was conducted in a batch reactor
(locking microcentrifuge tube, 1.5 mL) placed on a shaker (1 000 rpm, 25 °C) in 0.1 phosphate
buffer pH 8 at 25 °C with 50 mM of DHP, 10 mM NADP*, 10 mg/mL NOX%* and 10 mg/mL
KRED?***. The addition of KRED** was the start of the reaction. After 2.5 hours from the
beginning of the reaction, full DHP conversion into HOP was obtained. The reaction was
stopped by transferring the reaction mixture into two CFUs (0.50 mL) to precipitate the proteins
by centrifugation (60 min, 14 000 rpm, 4 °C). The supernatant was transferred into a locking
microcentrifuge tube (1.5 mL) that was placed on a shaker (1 000 rpm, 25 °C) to assess the
HOP stability. The change of HOP concentration was monitored using the HPLC Method 3.

4.2.5 Influence of buffers on DERA? stability

The DERA? stability was assest in the following buffers: 0.1 M phosphate buffer (pH 6
—8), 0.1 M TEA-HCI buffer pH 7 and 0.1 M Tris-HCI buffer (pH 7 and 8). The stability was
determined by dissolving 10 mg/mL DERA®%? in the chosen buffer in a 1.5 mL-locking
microcentrifuge tube by incubating it using a thermomixer (1 000 rpm, 25 °C) for three days.

The residual DERA%? activity was measured by applying the DRP Assay.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
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4.2.6 Influence of OPA and AA on DERA%? stability

The influence of OPA and AA on the stability of DERA%?2 was examined by placing the
enzyme in a single-aldehyde solution. The experiments were carried out in 1.5 mL-locking
microcentrifuge tubes with a total reaction volume of 1 mL by placing the tube containing the
enzyme dissolved in the solution on a shaker at 1 000 rpm and 25 °C for 3 h. During incubation,
the samples were taken at regular time intervals to measure the residual activity using the DRP
Assay. Prior to carrying out the activity measurements, the compound was removed using 0.5
mL-CFUs and the DERA®? residue was washed with 0.1 M TEA-HCI pH 7, respecting the
enzyme concentration in the DRP Assay. To determine the enzyme’s operational stability decay
rate constant the activity was measured using the same procedure.

4.2.7 Enzyme kinetics

The kinetic measurements were carried following the description given in Chapter 3.3.8.
All kinetic measurements concerning DERA®? were following using the HPLC Method 2,
while  kinetic  measurements  concerning  oxidoreductases ~ were  measured

spectrophotometrically at 340 nm in 1 mL-quartz cuvettes (10 mm path).
4.2.8 Reactor experiments: one-step biocatalysis

The reactions for the synthesis of the second statin side-chain precursor were carried out
following the procedure described in Chapter 3.3.9. To determine the concentration of
substrates and products via HPLC, Method 2 and Method 3 were used.

Since KRED®** requires the presence of the NADP* coenzyme to be catalytically active,
the coenzyme was added into the reactor prior to the addition of KRED*. When needed, the
pH of the reaction solution was adjusted using the 5 M KOH solution, since the pH decreased
during the DHP oxidation.

4.2.8.1 DERA%?2-catalyzed aldol addition

The DERA%2-catalyzed tandem aldol addition of AA onto OPA was conducted in batch,
repetitive-batch and fed-batch reactor modes in 0.1 M phosphate buffer pH 6. During all
reactions, the samples were taken at regular time-intervals to evaluate the substrate and product

concentration via HPLC and the residual DERA? activity using the DRP assay.
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The batch reaction was conducted in a 2 mL-locking microcentrifuge tube placed on a
shaker at 1 000 rpm. Reaction conditions are given in detail in Figure 75. The repetitive-batch
reaction of reaction volume of 4 mL was conducted in a 5 mL-glass bottle used as a batch
reactor placed on a shaker at 400 rpm. The reaction was performed with several substrates
and/or enzyme additions. New amounts of OPA and AA were added once their full conversion
was attained, while fresh amounts of DERA®? were added once the enzyme showed low
residual relative activity of below 20 %. Full reaction conditions are given in Figure 76. The
reaction in fed-batch reactor was conducted in a 5 mL-glass bottle. The reaction setup consisted
of AA supply using a syringe pump, while OPA and DERA®? were added into the reactor prior

the beginning of the reaction. Full reaction conditions and details are given in Figure 77.
3.9.1.2 KRED%**-catalyzed DHP oxidation

All KRED®“-catalyzed DHP oxidations were conducted in a 2 mL-locking
microcentrifuge tube used as a batch reactor placed on a shaker at 1 000 rpm in 0.1 M phosphate
buffer pH 8 with purified DHP. In case when the coenzyme regeneration was required, in situ
NADP™ regeneration system was used. Two different auxiliary enzymes were investigated:
NOX%! and KRED, When the NADP* regeneration was performed by KRED®!, ACE was

added into the reactor as a co-substrate.

4.2.9 Reactor experiments: multi-step one-pot biocatalysis

The cascade reactions in the second reaction route for the synthesis of statin intermediate
were carried following the procedure described in Chapter 3.3.10. To determine the

concentration of substrates and products via HPLC, Method 2 and Method 3 were used.

Because KRED3* requires the presence of the NADP*, the coenzyme was added into the
reactor prior to the addition of KRED3**, When needed, the pH of the reaction solution was

adjusted using the 5 M KOH solution, since the pH decreased during the DHP oxidation.

4.3.3.4 Cascade synthesis of HOP without and with NADP* regeneration

The sequential multi-step one-pot reaction of HOP production consisted of two

consecutive reactions:

1. DERA%®2-catalyzed aldol addition, and

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
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2. KRED®**-catalyzed DHP oxidation without and with coenzyme regeneration.

The reactions were conducted in 2 mL-locking microcentrifuge tubes used as batch
reactors. The first reaction was the DERA%2-catalyzed aldol reaction of AA and OPA in a batch
reactor (0.1 M phosphate buffer pH 7). Once total AA and OPA conversion were obtained, if
needed, the obtained reaction solution was diluted to desired DHP concentration using 0.1 M
phosphate buffer pH 8 and the pH of that reaction solution was further adjusted using 5 M KOH.
The second reaction was the KRED**-catalyzed DHP oxidation with and without coenzyme
NADP* regeneration. The coenzyme regeneration was accomplished by the action of NOX%?
or KRED®! as an auxiliary enzyme. In case when the coenzyme regeneration was conducted
by KRED®!, ACE was added into the reactor as a co-substrate. Full reaction conditions are
given in detail in Figure 75 (DERA®?-catalyzed aldol reaction), Figure 84 (KRED*“-catalyzed
DHP oxidation without NADP* regeneration), Figure 85 (KRED*-catalyzed DHP oxidation
with NADP" regeneration catalyzed by NOX®?) and Figure 86 (KRED**-catalyzed DHP
oxidation with NADP" regeneration catalyzed by KRED!Y),

4.4 Mathematical modeling

The kinetic parameters were estimated from the dependence of the initial reaction rate on
the concentrations of compounds in single- and multi-enzyme reactions. The mathematical
models for all enzyme-catalyzed reactions. The mathematical model consisted of Kinetic
equations, mass balance equations in an appropriate reactor and operational stability decay
equations. The model was developed using the estimated kinetic parameters and relevant

reaction scheme.

4.4.1 DERA%?-catalyzed aldol additions

The reaction rate r; for DERA%2-catalyzed double addition of AA to OPA (Figure 64a)
was described by the double-substrate Michaelis-Menten kinetics (Equation 79). The reaction
rate r, for the DERA%2-catalyzed AA self-aldol addition (Figure 64b) was described by three-
substrate Michaelis-Menten kinetics (Equation 80), while the reaction rate rs of its reverse

reaction was described using the first-order kinetic model (Equation 81).
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Figure 64 Reaction scheme of DERA-catalyzed a) tandem AA addition onto OPA and b) AA self-
aldol addition.

Vin,1 * YDERAOG2 * €aa * Copa

= Equation 79
! (Km,1AA + CAA) . (Km,10PA + COPA) a
Vin,2 * YDERA062 * Caa .
T, = m 3 Equation 80
(Km,Z + CAA)
13 = k3 * YDERAOG2 * CDHH Equation 81

The mass balances for substrates AA and OPA and products DHP and DHH in the batch
and repetitive batch reactor are presented by Equations 82 — 85, respectively. The operational
stability decay in batch and in repetitive batch reactor was described using the second-order
kinetic (Equation 86).

dc .
d/zA =1 —31+3 75 Equation 82

dcopa .
N -1 Equation 83

dcpup :
T Equation 84

d .
DHH _ . 4o, Equation 85

dt

dyDERA062 — _kDERA062 . ]/2 .

dt d DERA062 Equation 86
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The mass balance equations for reactants AA and OPA and products DHP and DHH in
the fed-batch reactor are presented by Equation 87 — 90. Equation 91 represents the change in
reactor volume during the aldol reaction. The DERA? operational stability decay in the fed-
batch reactor was described by Equation 92.

dc 1 dv .
d/tl.A =V. <_CAA .E-FCAA,O .ql)_z-rl —3 -1"2 +3 ~‘r‘3 Equatlon 87
dCOPA 1 dv .
& "V <_COPA a) -1 Equation 88
dc 1 dv .
thHP == (_CDHP a) +7 Equation 89
dc 1 dv .
(’;f” =z (_CDHH E) +7,—T3 Equation 90
dv .
—= Equation 91
T |
dyperaoe2 _ l _ d_V _ kDERA062 , 2
“at v \TVpEracez 7 d YDERAO62 Equation 92

The operational stability decay rate constants in all types of reactors were calculated from
the second-order model that includes its dependency on the AA and OPA concentration
(Equation 93).

JDERAOG2 — Z a-ct+b-c Equation 93

i

4.4.2 KRED**-catalyzed DHP oxidation with NADP* regeneration catalyzed by NOX%!
or KRED"!

The reaction rate rs for KRED***-catalyzed oxidation of DHP into HOP (Figure 65a) was
described by double-substrate Michaelis-Menten kinetics with substrate DHP and product
NADPH inhibition (Equation 94). Since this enzyme is coenzyme-dependent, two possible
enzymes for the regeneration of NADP* coenzyme were considered: NOX® (Figure 65b) and
KRED!! (Figure 65c). If the regeneration was carried out using the KRED!! as the auxiliary
enzyme, which requires ACE as a substrate, the Equation 94 was extended with corresponding
terms, since it was noted that both ACE and IPA, which are co-substrate and co-product of the

regeneration reaction, inhibit the man reaction of DHP oxidation.
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Figure 65 Reaction scheme of KRED**-catalyzed DHP oxidation: a) without coenzyme regeneration,
b) combined with NOX"-catalyzed NADP* regeneration and c) combined with KRED®!-catalyzed
NADP" regeneration.

Vina * YkrED354 * CDHP * CNaADP*

=

c C C + C

g (1t cone - (14205 )| e (1 + ) + ennor |
i'4 iS,4 i,4'

Equation 94

While carrying out the batch experiments, the drop in HOP concentration was observed
due to its decomposition, which was also confirmed by independent measurements (Figure 83).
The reaction rate rs for HOP decomposition side reaction was described by first-order kinetics
(Equation 95).

15 = ks * Cyop Equation 95

During the batch experiments it was noted that the enzyme demonstrates certain activity
on the NADPH coenzyme, since the KRED®** enzyme was used as CFE, the reaction rate rs of
the NOX(KRED*%-catalyzed NADPH oxidation was described by Equation 96.
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Ving " YNOX(KRED354) * CNADPH

NADPH CNADP* CNADPH Equation 96
Kms ' <1 + KNADP+> + Cnapph - <1 + W)
i,8 i,

Tg =

The reaction rate rg for NOX!-catalyzed NADP* regeneration was described by single-
substrate Michaelis-Menten kinetics with competitive product NADP* and co-substrate DHP
inhibitions (Equation 97).

Vine * Ynox001 * CNADPH

c + ., C Equation 97
KRAPPH (14 NABES + BHE ) + cuappn |
Ki,e Ki,6

T6 =

The reaction rate re for KRED!-catalyzed NADP* regeneration was described by
double-substrate Michaelis-Menten kinetics with substrate ACE, product IPA and NADP*, and
co-substrate DHP inhibition (Equation 98).

Vine " YKREDOI11 * CACE " CNADPH

AC Cipa CpHP CACcE A CnADP
KRS\ 1+ 5+ 2ohp ) +cace |1+ Zaes )| | Km&™ P + cnvapen - | 1+ 2Napp
Ki,6 Ki,6 Ki5,6 Ki,é

T6 =

Equation 98

The KRED!-catalyzed reverse reaction of IPA oxidation into ACE was noted and was
described by double-substrate Michelis-Menten kinetics with substrate NADP* and competitive
product ACE inhibition (Equation 99).

Vin,7 * YkrEDOO1 * CIPA * CNADP*

T7 = .

c + c + Equation 99

I:K‘f{f{j‘;l . <1 + —KIZC(':EI;-> + CIPA] . I:KﬁéDP + CnNaADPT * (1 + —KII\OIZ%IIJJ"')] g
i,7 iS,7

The mass balances for DHP, HOP, NADP*, NADPH, ACE and IPA in the batch reactor
are presented by Equation 100 — 105.

dcpup :
T Equation 100

dc .
% =1 -1y Equation 101
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d -
CN(;ltDP"' s AT =T 4T Equation 102
d -

CNdA;)PH —ry—Te Ty —Tg Equation 103
dcace _ i
=—15+1; Equation 104
dt
d .
;I::A —rg—1, Equation 105

The operational stability decay of enzymes KRED3**, NOX%! and KRED?! in the batch
reactor were described by second-order kinetics (Equation 106 — 108).

dYkrED354 i

- —[KRED3S4 2 s Equation 106
d .
% = —kNOXO1L .2 o1 Equation 107

dYkreD011 .

— - —KREDOLL 2 011 Equation 108

4.5 Data processing

Data processing was done as previously described in Chapter 3.5.

4.6 Results and discussion

4.6.1 Influence of pH on DERA? stability

To find the optimal buffer conditions for the DERA%?-catalyzed reaction of AA addition
onto OPA (Figure 2), the stability of DERA%? in different buffers of various pH (pH 6 — 8) was
investigated. Applying the DRP Assay, the residual activity results were collected (Figure 66).

The DERA%? enzyme showed good stability in the examined pH range, the enzyme
retaining its activity for three days (72 hours), which was in accordance with previously
published data for a similar DERA [104]. The highest residual activity was measured in the 0.1
M phosphate buffer (74 — 90 %), while the lowest was measured in 0.1 Tris-HCI buffer pH 7
(65 %). Thus, further investigations of DERA%? were performed in 0.1 M phosphate buffer pH
7.
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Figure 66 Influence of pH on DERA? stability at different pH (6 — 8; DRP Assay). The stability results
were collected after three days of incubation. Pattern legend: 0.1 M phosphate buffer (black), 0.1 M
TEA-HCI buffer (intercrossing diagonal lines), 0.1 M Tris-HCI buffer (diagonal lines).

4.6.2 Influence of aldehydes on DERA%? stability

The measurements of the individual influence of AA, OPA and DHP on the stability of
DERA%? revealed that AA (Figure 67a) and OPA (Figure 67b) have a negative impact on the
enzyme, the latter having a higher impact, while HOP does not affect its activity (data not
shown). The parameters of the deactivation rate constant for AA and OPA were estimated using
the given polynomial model (Equation 93; Table 29).
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Figure 67 Influence of AA and OPA concentration on the deactivation rate constant of DERA®?
(yperaos2 = 10 mg/mL, 0.1 M phosphate buffer pH 7, 25 °C, 3 h). Legend: experiment (dots), model
(line).

Table 29 Parameters of the polynomial model for the dependency of the deactivation rate constant on
the concentration of AA, OPA and HOP.

Aldehyde | a, mMM?min? | b, mM™ min™
AA 6.26 - 10° 1.73 - 10°
OPA 1.80 - 107 i
HOP . .

4.6.3 Enzyme kinetics

Kinetic investigations were conducted as described in Chapter 3.6.4.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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The kinetic measurements for each of the enzymes involved in this reaction route were
done based on the reaction scheme (Figure 64 and 65) by using the initial reaction rate method.
The effects of the concentration of substrates and products on the initial reaction rate of the

reaction were evaluated.

4.6.3.1 DERAD%Z kinetics in the aldol addition

The kinetic measurements for DERA?2 were carried out in a batch reactor by varying the
concentration of substrates and product (Figure 64a). The obtained results are shown in Figure
68, while the estimated kinetic parameters of the double-substrate Michaelis-Menten equation

(Equation 79) are given in Table 30.

The influence of product DHP on the DERA%?-catalyzed aldol reaction was measured as
well (caa = 200 mM, copa = 200 mM, yperacs2 = 5 mg/mL). It was found that DHP does not
inhibit DERA%? in the aldol reaction up to 350 mM (data not shown).

Since the enzyme catalyzes the side reaction of AA self-aldol addition, the kinetics of the
side reaction was investigated as well (Figure 64b). The influence of AA on the initial reaction
rate was studied (Figure 69) and the estimated kinetic parameters are presented in Table 30. A
retro-aldol reaction of formed DHH was observed. Because DHH is not commercially available,
the maximum reaction rate of the retro-aldol reaction was estimated from a batch experiment
(Chapter 4.2.8.1: Figure 75).
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Figure 68 Kinetics of the DERA%2-catalyzed aldol addition of AA onto OPA (0.1 M phosphate buffer
PH 7, yoeraos2 = 5.0 mg/mL, 1 000 rpm, 25 °C). The dependence of the initial reaction rate on substrates
a) OPA (caa = 200 mM) and b) AA (Cora = 200 mM). Legend: experiment (dots), model (line).

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Figure 69 Kinetics of the DERA?-catalyzed AA self-aldol addition (0.1 M phosphate buffer pH 7,
voeraos2 = 2.0 mg/mL, 1 000 rpm, 25 °C). The dependence of the initial reaction rate on substrate AA.
Legend: experiment (dots), model (line).

Table 30 Estimated kinetic parameters of the DERA%?-catalyzed aldol addition of AA onto OPA.

Parameter | Unit | Value
Addition of AA to OPA

Vi1 U/mg 0.55+£0.05
Km ™ mM 24.06 +2.85
Km19PA mM 42.81 +5.55
AA self-aldol addition

V2 U/mg 2.71£0.36
K 2™ mM | 868.47 +66.05

From the estimated kinetic parameters (Table 30), it could be noted that the reaction rate
of the side reaction (Vm2) was 38-fold higher than the one of the main reaction (Vm,1), meaning
the enzyme displayed higher activity in the side reaction. Despite, the enzyme showed higher
affinity towards both substrates of the main reaction. Therefore, the addition of AA onto OPA
should be the predominant DERA%?-catalyzed reaction at lower AA concentrations. During the
batch experiments (Figure 75), the retro-aldol reaction of DHH was observed with an estimated

maximum reaction rate (ks = 0.0063 mL/(mg'min)).

4.6.3.2 KRED?3** kinetics in the DHP oxidation

The kinetic measurements for KRED** were carried out by varying the concentration of
substrates DHP and NADP and of product NADP* (Figure 65a). Since the regeneration of
NADP* was conducted via KRED®!-catalyzed reduction of ACE to IPA (Figure 65c), the
influence of ACE and IPA on the initial reaction rate of KRED**-catalyzed DHP oxidation was
examined. Using the obtained results (Figure 70), the kinetic parameters of the double-substrate

Michaelis-Menten kinetics (Equation 94) were estimated (Table 31).

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Figure 70 Kinetics of the KRED**-catalyzed DHP oxidation into HOP (0.1 M phosphate buffer pH 8,
ykrepssa = 0.5 mg/mL, 25 °C). The dependence of the initial reaction rate on substrates a) DHP (Cnapp =
10 mM) and b) NADP™ (Cone = 55 mM), ¢) product NADPH (core = 55 mM, cnaoe = 10 mM), d) co-
substrate ACE (Conp = 55 mM, cnape = 10 mM) and €) co-product IPA (Conp = 55 mM, cnapp = 10 mM).
Legend: experiment (dots), model (line).

Table 31 Estimated kinetic parameters of the KRED**-catalyzed DHP oxidation into HOP.

Parameter | Unit Value

Vina U/mg 0.158 +0.083
Kma2PH mM 36.201 + 30.911
Kim aVAOP* mM 0.086 + 0.048

K; 4P mM 64.418 + 0.519

K 4NAPPH mM (2.430 £0.325) - 10
K; 4ACE mM 310.789 + 100.72
Kis™A mM 357.250 + 399.72

Since it was noted that the KRED*** CFE contains a certain quantity of NADPH-acting
oxidases, the influence of NADPH and NADP™ on the initial reaction rate of the reaction of
NADPH oxidation catalyzed by NOX(KRED%**) was investigated. The enzyme demonstrated
inhibitions by both NADPH (Kisg“AP"H) and NADP* (Kig\APP*) (Figure 71). Using the

collected experimental data, combined with the developed single-substrate Michaelis-Menten

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Kinetics (Equation 96), the kinetic parameters for the NOX(KRED%**) enzyme were estimated

and are presented in Table 32.
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Figure 71 Kinetics of the NOX(KRED®**)-catalyzed oxidation of NADPH into NADP* (0.1 M
phosphate buffer pH 8, ykrenssa = 1.0 mg/mL, 25 °C). The dependence of the initial reaction rate on a)
substrate NADPH and b) product NADP* (cnapen = 0.003 mM). Legend: experiment (dots), model
(line).

Table 32 Estimated kinetic parameters of the NOX(KRED?**)-catalyzed NADPH oxidation.

Parameter | Unit Value

Vs U/mg 0.055 +0.011
K g\ APPH mM 0.0006 + 0.0003
Kis,g\PPH mM 0.0612 + 0.047
Ki g\APP* mM 0.008 + 0.002

From the values presented in Table 31, it could be concluded that the enzyme showed
420-fold higher affinity towards the NADPH than DHP, which is reasonable considering the
aldehyde not being its natural substrate. Based on the value of the Michaelis constant of the
DPH substrate (Km4°™), the enzyme showed quite high affinity towards DHP. The kinetic
measurements revealed that the enzyme was inhibited by DHP, NADPH, ACE and IPA. From
the values of the inhibition constants (Table 31) it could be concluded that the inhibitory effects
of ACE (Ki+"°F) and IPA (Ki4'"™") were quite weak, while that of NADPH (K; 4NP"H) was very

strong.

From the results presented in Table 32, it could be concluded that a satisfactory
regeneration system would be needed to circumvent the negative effect of NADPH which is
formed during the DHP oxidation and accumulated due to relatively low maximum reaction
rate of the reaction of NOX(KRED?***)-catalyzed NADPH oxidation (Table 32: Vig).

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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4.6.3.3 NOX%1 kinetics in the NADPH oxidation

The kinetic measurements for NOX%! were done by varying the concentration of
substrate NADPH and of product NADP* (Figure 65b). The kinetic parameters of Michaelis-
Menten kinetics (Equation 97) were estimated based on the obtained kinetic measurements

(Figure 72). The estimated values are given in Table 33.
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Figure 72 Kinetics of the NOX*-catalyzed NADPH oxidation into NADP* (0.1 M phosphate buffer
pH 8, ynoxoor = 10 mg/mL, 25 °C). The dependence of the initial reaction rate on a) substrate a)
NADPH, b) product NADP* (cnappn = 0.1 mM), c) co-substrate DHP (cnapen = 0.1 mM). Legend:
experiment (dots), model (line).

Table 33 Estimated kinetic parameters of the NOX°*-catalyzed NADPH oxidation into NADP*.

Parameter | Unit Value

Vs U/mg | 10350.704 + 4.372
Ko ADPH mM 0.006 +0.001
Ki g PP mM 0.040 + 0.003
Ki PP mM 23.795 + 0.503

The enzyme displayed very high maximum reaction rate (Vmg), high affinity towards the
substrate NADPH (Km"AP"™), strong inhibition in presence of high concentrations of NADP*
(Kis"*P™) and slight inhibition in presence of high concentrations of DHP (Kis"). Despite the
manifested inhibitions, the enzyme should serve as a good auxiliary enzyme for the regeneration

of coenzyme NADP™, mainly due to the high reaction rate.

4.6.3.4 KRED%! kinetics in the DHP oxidation

The kinetic measurements for KRED®! were carried out by varying the concentration of
substrates ACE and NADP and of products IPA and NADP* (Figure 65c). The kinetic
parameters of Michaelis-Menten kinetics (Equation 98) were estimated based on the obtained

kinetic measurements (Figure 73). The estimated values are given in Table 34.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Figure 73 Kinetics of the KRED*'!-catalyzed ACE reduction into IPA (0.1 M phosphate buffer pH 8,
vkrepo11 = 0.01 mg/mL, 25 °C). The dependence of the initial reaction rate on substrates a) ACE (CnapeH
= 0.1 mM) and b) NADPH (cace = 30 mM), product ¢) IPA (cace = 30 mM, cnapen = 0.1 mM) and d)
NADP (cace = 30 mM, cnapen = 0.1 mM) and co-substrate €) DHP (cace = 30 mM, cnapen = 0.1 mM).
Legend: experiment (dots), model (line).

a) b) c)
0.8 0.8 0.8
L
° L]
0.6 . 0.6
J
(o)) [o))
£ £
S 04 S 04
0.2 0.2
Ld
L]
0.0 0.0 0.0
0 100 200 300 400 0 1 2 3 4 5 0 500 1000 1500 2000 2500 3000
ClpA, MM CNADP+, MM CACE: MM

Figure 74 Kinetics of the KRED'!-catalyzed IPA oxidation into ACE (0.1 M phosphate buffer pH 8,
ykrepo11 = 0.03 mg/mL, 25 °C). The dependence of the initial reaction rate on substrates a) IPA (Cnaop
= 4.9 mM) and b) NADP™ (cipa = 130 mM) and c) product ACE (cipa = 130 mM, cnapp = 0.246 mM).
Legend: experiment (dots), model (line).

Since the enzyme catalyzed the IPA oxidation, the kinetics was measured in the KRED%!-

catalyzed reaction of IPA oxidation as well. The kinetic parameters of the double-substrate

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Michaelis-Menten kinetics (Equation 99) were estimated using the obtained results are shown
in Figure 74 (Table 34).

Table 4 Estimated kinetic parameters of the KRED"-catalyzed ACE reduction into IPA.

Parameter | Unit | Value
Reduction of ACE to IPA

Vins U/mg 5.80 + 0.56
Km,g"“E mM 10.98 + 2.39

K g APPH mM 0.068 + 0.016
Ki"F mM | 2121.26 + 546.77
Kig'™ mM 4.57 +1.47
Kig"APP* mM 0.29 +0.05

Ki 6P mM 17.33+1.20
Oxidation of IPA to ACE

Vin7 U/mg 1.67 £0.11
K7 ™A mM 2.51 +3.46
Kim,7VAPP* mM | (1.44 £1.91)-10°
Kis 7 APP* mM 8.29 +2.86

Ki " mM 0.73 £ 0.04

The KRED®! enzyme showed 160-fold higher affinity towards the coenzyme than ACE
and did display some notable inhibitions caused by ACE, IPA, NADP* and DHP. The inhibition
caused by the ACE substrate can almost be neglected due to high value of the inhibition constant
(Ki6"°F), whereas the strongest inhibitions were caused by products IPA (Kig'™) and NADP*
(Kig"APP*). In the reaction of IPA oxidation, based on the inhibition constants, it could be
observed that the enzyme was severely inhibited by both NADP* and ACE. Regardless,
comparing the maximum reaction rates of the ACE reduction and IPA oxidation, it could be
noted that the main reaction (ACE reduction) was 3.5 times higher than in the reverse reaction
(IPA oxidation). Therefore, KRED®! should offer a good NADP* regeneration system,
especially considering that NADP™ is consumed during the DHP oxidation and, to some extent,
in the IPA oxidation as well. Hence, NADP* should not accumulate in high amounts during the
KRED?**-catalyzed DHP oxidation. Regarding the inhibition caused by NADPH in the reaction
of NADPH oxidation, from the estimated value of the maximum reaction rates for KRED®**
(Table 31: Vima4) and KRED! (Table 34: V) it could be concluded that the predominant
reaction would be the KRED®!-catalyzed NADPH oxidation, since the value of the maximum
reaction rate of DHP oxidation was 37-fold lower than the value of the maximum reaction rate
of NADPH oxidation. Hence should not cause NADPH accumulation. This would prevent
severe NADPH inhibitory effects on KRED®4,

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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By comparing the estimated kinetic parameters for the reactions involved in the NADP*
regeneration, i.e. NOX%!- or KRED!-catalyzed NADPH oxidation (Table 33, Table 34), it
could be noted that NOX®? displayed a high maximum reaction rate of NADPH oxidation:
almost 1800-fold higher than the one estimated for the KRED'!-catalyzed reaction.

4.6.3.5 Concluding remarks

By observing the estimated values of DERA? kinetic parameters (Figure 69, Table 30),
it was concluded that the main reaction would be the aldol reaction of OPA and AA due to the
enzyme’s high affinity towards both of the substrates in that aldol reaction, despite the
DERA%2-catalyzed AA self-aldol addition reaction manifested a higher maximum reaction
rate.

The kinetic measurements for KRED*** (Figure 70, Table 31) suggested good affinity
towards DHP, but a satisfactory regeneration system should be implemented. Two different
enzymes for NADPH oxidation were examined: NOX%? and KRED®!. The kinetic analysis
revealed a better fit of the NOX% (Figure 72, Table 33) enzyme over the KRED! enzyme
(Figure 73 and 74, Table 34). NOX%! manifested higher maximum reaction rate (1784-fold
higher) and higher affinity towards the NADPH (11-fold higher), in comparison to KRED®*,
For both enzymes, the inhibitory effects of NADP* were not prominent, which was concluded
by comparing the Michaelis constant for NADPH (Km¢"APP") and the inhibition constant for
NADP* (K gVAPP*).,

4.6.4 Validation of developed mathematical models: one-step biocatalysis

The reactions related to the first reaction route (Figure 1) that were conducted as one-step

reactions were:

DERA%2-catalyzed aldol reaction of AA with OPA,

KRED?**-catalyzed DHP oxidation without NADP* regeneration,
KRED?**-catalyzed DHP oxidation with NADP* regeneration catalyzed by NOX%!,
KRED?**-catalyzed DHP oxidation with NADP* regeneration catalyzed by KRED®!,

A e e

All reactions were conducted with either commercially available substrates (AA) or with
substrates enzymatically produced in the lab (OPA; procedures described in Chapter 4.2.4:
DHP, HOP).

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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The developed mathematical models (Chapter 4.4) were validated against obtained
experimental data. They were used to estimate the operational stability rate constants of all used
enzymes (Kg<RED354  kgNOX001 1 KREDOLL) and to estimate the reaction rate constants of the
DERA%2_catalyzed reverse reaction of DHH synthesis (ks, Equation 81) and of the HOP
decomposition (ks, Equation 95).

Since KRED** requires NADP* for its activity, NADP* was added into the reaction
mixture prior to the addition of the KRED®** enzyme. If the NADP" regeneration reaction was
conducted with KRED®!, ACE was added into the reactor and served as a co-substrate in the

NADP* regeneration.

The enzymatic activity is given as a relative value (0 — 100 %) with its initial value (at t
= 0 min) regarded as its maximum, defined as 100 %. In case of repetitive batch reactor mode,
after each addition of the enzyme into the reactor its value was regarded as 100 %.

The substrate conversion was calculated using the Equation 73, the product yield using
the Equation 74, the BY using the Equation 75, and the STY using the Equation 76.

4.6.4.1 DERA%®2-catalyzed aldol additions
46.4.1.1 DERA%2catalyzed aldol addition in batch reactor

The developed mathematical model for the DERA%2-catalyzed reaction was validated in
a batch reactor (Equations 79 — 86). The experimental data of concentration of AA and DHH
vs time (Figure 75) indicated the existence of a reverse reaction: a retro-aldol reaction of the
AA-self aldol addition. The reaction rate constant for that retro-aldol reaction was estimated

using the data collected from the reactor experiment (Figure 75: k3 = 0.0063 mL/(mg-min)).

Full conversion of AA was not reached, even after 24 hours, due to the addition of AA in
large excess. After 7.8 h of the experiment, the reaction yielded 27.3 g/L of DHP and 9.2 g/L
of DHH. At that time-point, the conversion of AA was 90.1 %, whereas the conversion of OPA
was 99.2 % and the Ypnriora Was 99.2 %. The reaction mixture contained 20.8 % AA, 0.4 %
OPA, 45.8 DHP and 33.0 % DHH. The STY and BY were calculated and equaled 84.1 g/(L-day)

and 3.3 gpHr/gperacs?2, respectively.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Figure 75 Experimental and simulation data of the double aldol addition of AA to OPA in a batch
reactor catalyzed by DERA%? (0.1 M TEA-HCI buffer pH 7, caa = 450 mM, Copa = 100 MM, pberace2
= 20 mg/mL). Change of a) substrates AA and OPA concentrations, b) products DHP and CHH
concentrations, c) relative enzyme activity during the experiment. Legend: experiment (dots), model
(line); AA (blue), OPA (red), DHP (purple), CHH (teal).

Based on the goodness-of-fit statistics (R? = 0.98, & = 13.90) and data show in Figure 75,
it was concluded that the developed mathematical model with estimated kinetic parameters

could serve as a useful basis for future optimization of the examined aldol reaction with
DERA%?,

4.6.4.1.2 DERA%2_catalyzed aldol addition in repetitive batch reactor

To obtain higher concentration of DHP, the reaction was conducted in a repetitive batch
reactor mode (Figure 76) thus model (Equations 79 — 86) validation. Fresh substrate was added
three times during the experiment: 0.0, 2.5 and 5.2 h. The added substrate concentrations were
same as the initial substrate concentration. During the experiment, the enzyme was added two
times: into the reactor at the beginning of the reaction (0.0 h; 30 mg/mL) and at the time-point
when the enzyme lost 69 % of its initial activity (6.5 h; 15 mg/mL). The reaction rate constant
for that retro-aldol reaction was estimated using the data collected from the previous batch
reactor experiment (ks = 0.0063 mL/(mg-min), Chapter 3.6.5.1).

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Figure 76 Experimental and simulation data of the double aldol addition of AA to OPA in a repetitive
batch reactor catalyzed by DERA? (0.1 M TEA-HCI buffer pH 7, caa = 450 mM, Copa = 100 mM,
yoeraos2 = 30 mg/mL + 15 mg/mL). Change of a) substrate AA and OPA concentration, b) product DHP
and CHH concentration, c) relative enzyme activity during the experiment. Legend: experiment (dots),
model (line); AA (blue), OPA (red), DHP (purple), CHH (teal).

Although the reaction was monitored for 24 hours, almost full OPA conversion (99.8 %)
was already reached after 8.8 h of the experiment. The reaction resulted in the production of
94.0 g/L DHP (YpHriora = 99.8 %), which was 3-fold higher than the amount obtained in the
reaction conducted in the batch reactor. The reaction composition at that time point was: 0.1 %
OPA, 5.8% AA, 40.9 % DHP and 53.2 % DHH. The STY and BY were calculated and equaled
229.1 g/(L-day) and 3.8 goHp/gperacs2, respectively. The reaction resulted with a high
concentration of side-product DHH (51.4 g/L). To obtain lower amounts of DHH, since the

production DHH cannot be avoided, the reaction was conducted in a fed-batch reactor as well.

From the goodness-of-fit statistics (R? = 0.95, ¢ = 27.9) and data shown in Figure 76, the
model described the experimental data well.

4.6.4.1.3 DERA%2catalyzed aldol addition in fed-batch reactor

The developed mathematical model for the aldol addition in fed-batch reactor (Equations

79 — 81 and 87 — 92) was validated. The obtained data is shown in Figure 77.

The experimental setup consisted of a single substrate supply containing only AA that
was slowly fed into the reactor, while OPA and DERA%? were added at the beginning of the
experiment (Figure 77). The value of the reaction rate constant for the retro-aldol reaction (k)

was estimated in the batch reactor experiment (0.0063 mL/(mg-min), Chapter 3.6.5.1).

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Figure 77 Experimental and simulation data of the double aldol addition of AA to OPA in the fed-batch
reactor catalyzed by DERA%? (0.1 M phosphate buffer pH 7, Vo = 2.84 mL, Copa = 880 MM, pberace2 =
35.21 mg/mL; feed 1: g1 = 1.5 pL/min, caao= 3472 mM; 24 h). Change of a) substrate AA and OPA
concentration, b) product DHP and DHH concentration, and c) relative enzyme activity during the
experiment. Legend: experiment (dots), model (line); AA (blue), OPA (red), DHP (purple), CHH (teal).

After 24 hours of the reaction, the reaction mixture had 20 % and 6.4 % of unreacted
substrates AA and OPA, respectively, and contained 46.4 % DHP and 27.2 % DHH. The
reaction yielded 124.0 g/L of DHP. Although complete conversion of neither substrates was
obtained, the DHP yield with respect to substrate OPA was 87.7 %. The STY was 124.0
g/(L-day). The total amount of enzyme added into the reactor was 20 mg/mL at the end of the
experiment, when the reaction volume was 5 mL, the calculated BY was 6.7 goHr/gperacs2. The
reaction produced 34.0 g/L of DHH, which is slightly less than in the repetitive batch reactor
(1.5-fold lower). Despite of impurities, DHP isolation from the reaction mixture containing
certain quantities of DHH should not be challenging.

Based on the goodness-of-fit statistics (R?> = 0.99, ¢ = 14.14) and data shown in Figure

77, it was concluded that the model simulation predicted the experimental outcome well.

4.6.4.1.4 Optimization of the DERA%?-catalyzed aldol addition

Based on the results collected from the kinetic (Figure 68, Table 30) and stability
measurements (Figure 67, Table 29), the developed mathematical model (Equations 79 —-81; in
batch and repetitive batch reactor: Equations 82 — 85, in fed-batch reactor: Equation 87 — 90
and 93) and conducted reactions in batch (Figure 75), repetitive batch (Figure 76) and fed-batch

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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reactor (Figure 77), model simulations were done by changing the initial conditions in the
(repetitive) batch and fed-batch reactor to optimize the DERA%“-catalyzed aldol addition.

In addition to investigating the impact of the total enzyme concentration on the DHP
production, the effects of initial ratios of AA and OPA on process metrics was investigated as

well. Because AA is rapidly consumed in the side reaction of AA self-aldol addition, the

optimal ratio of AA and OPA could have a significant effect on the reaction rate and STY.
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Figure 78 Model simulations of double aldol addition of AA to OPA catalyzed by DERA? in different
batch reactor modes (Copa = 300 mM, repetitive batch: 3 x 100 mM; caa = (ratio AA:OPA) X Copa MM).

Legend: OPA:AA ratio (colored lines).

Three different batch reactor modes were investigated:

1. BR1 - batch reactor with the addition of total amount of substrates and enzyme at the

beginning of the process,
2. BR2 - repetitive batch reactor with three sequential additions of substrates and enzyme,

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-

dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP),

phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).

N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
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3. BR3 — repetitive batch reactor with the addition of total amount of enzyme at the

beginning of the process and three sequential additions of substrates.

The results of the carried-out simulations are shown in Figure 78.
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Figure 79 Model simulations of double aldol addition of AA to OPA catalyzed by DERA? in different
fed-batch reactor modes (Cora = 781 mM (FBR1 and FBR2), copa = 638 mM (FBR3); Vo = 6.4 mL
(FBR1 and FBR2), Vo = 7.84 mL (FBR3); feed 1: g; = 1.5 pL/min, caao = 6944 mM; feed 2: 1.0 pL/min,
Coerace2 Calculated from the total amount of enzyme addition; all calculations are based on Viina = 10
mL, 24 h). a) Biocatalyst yield and b) STY change with total enzyme concentration. C) Impact of
AA:OPA ration on BY (Copa = 702 mM (FBR1 and FBR2), 584 mM (FBR3); Vo = 7.12 mL (FBR1 and
FBR2), 8.56 mL (FBR3); Coeracs20 = 14.0 mg/mL (FBR2), 17.5 mg/mL (FBR3); Vo=7.12 mM, feed 1:
g1 = 1 uL/min, feed = (Caa:Cora) X 500 X 6.94; feed 2: g2 = 1 uL/min, Coeracs2o0 = 173.6 mg/mL (FBR1),
69.44 mg/mL (FBR2); all calculations are based on Vsina = 10 mL, 24 h). Legend: FBR1 (solid line),
FBR2 (dotted line), FBR3 (dashed line).

Based on the BY results (Figure 78a), BR2 and BR2 resulted in a similar outcome. BR3
proved to be the best reactor considering productivity (Figure 78b). It was also evident that
STY increased with the increase of the AA:OPA ratio. Taking BY into account, the AA:OPA
ratio of 3.5 should be the optimal ratio for carrying the aldol addition in either BR2 or BR3.
Based on these results (Figure 78) and regarding the process metrics (Table 1) it was concluded

that from the tested batch reactors, the BR3 would be the most convenient.

The model simulations were done in the fed-batch reactor as well. In all investigated
modes, AA was slowly added into the reactors. The studied modes differed in terms of enzyme

supply. Following fed-batch setups were examined:

1. FBR1 - fed-batch reactor with enzyme addition only in the feed,

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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2. FBR2 — fed-batch reactor with the addition of half of the amount of enzyme at the
beginning of the process and half of the amount in the feed,

3. FBR3 - fed-batch reactor with the addition of the total amount of enzyme at the
beginning of the process.

The results of FBR simulations are shown in Figure 52.

The highest BY values were obtained for FBR1 and FBR2, while they were the lowest
for FBR3 (Figure 52a). Regarding STYS, slightly higher STY values were observed for FBR2
and FBR3 (Figure 52b). The influence of the AA volumetric flow rate on the BY was
investigated as well. It was observed that with the increase of flow BY linearly decreases. By
studying the effects of AA:OPA ratio on BY (Figure 52c), it was found that the highest BY
values were obtained at ratios between 3.0 and 3.5.

Based on the data collected from the conducted model simulations shown in Figure 78
and Figure 52, it was concluded that FBR2 would be the most convenient reactor for the
DERA%2_catalyzed aldol addition. Despite these findings, the reaction was not carried out at
these conditions since the simulated results were not significantly better than the data obtained

by the previously conducted aldol reaction shown in Figure 77.

4.6.4.1.5 Concluding remarks: DERA%2-catalyzed aldol addition

The developed mathematical model for the DERA%2-catalyzed reaction was validated in
a batch, repetitive batch and fed-batch reactor (Equations 79 — 92). The obtained data was used
for reaction optimization via model simulation, but the simulation results did not yield with a
significant improvement in the process outputs, such as cpwp, Yore, STY or BY (Figure 75, 76
and 77 vs Figure 78 and 79). From the obtained results (Table 35), it could be summarized that

highest substrate conversions were obtained in both batch and repetitive batch reactors.

In all three types of reactor the reaction mixture at the end of the experiment had similar
composition regarding DHP, while in the fed-batch had side product DHH. The highest STY
and BY were obtained in the repetitive batch reactor. The calculated STY in the repetitive batch

reactor was 2-fold higher than in fed-batch reactor and was 3-fold higher than in batch reactor,

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).

148



SYNTHESIS OF THE SECOND STATIN SIDE-CHAIN PRECURSOR

while the calculated BY in the repetitive batch reactor was similar to the one obtained in the in
fed-batch reactor, but 2-fold higher than obtained in the batch reactor. By comparing these
values with the industrial requirements (Table 1), it could be concluded that the aldol reaction
conducted in the repetitive batch reactor mode resulted in industrially relevant metrics, such as
STY, substrate conversion or final product concentration within only nine hours of reaction at
the given reaction conditions. Although the relevant industrial metrics were satisfied, the
examined aldol reaction catalyzed by DERA%2 may not be industrially viable due to high
amount of DHH formed in all three reactor types. Despite, the isolation of DHP from the
reaction solution containing DHH as well should not represent a challenge, especially because
DHP is an important statin building block.

Table 35 Results for the DERA%?-catalyzed aldol reaction in three different reactor modes.

Reactor | t,h?® | youp, g/L | DHP, %° | DHH, % ¢ | Xopa, % | STY | BY
BR 7.8 27.3 45.8 33.0 99.2 84.1 | 3.3
RBR 8.8 84.0 40.9 53.2 99.8 229.1 | 3.8
FBR" 24.0 124.0 46.3 27.2 87.7 124.0 | 6.7

& end of the reaction, Xaa > 90 %, Xopa>99 %

b end of the reaction, Xaa = 87.4 % Xora= 93.0 %

¢ molar percentage, % n/n

Abbreviations: batch reactor (BR), repetitive batch reactor mode (RBR), fed-batch
reactor (FBR)

Notes: STY is expressed as g/(L-day), while BY as gorp/gperacs?.

4.6.4.2 KRED?®**-catalyzed DHP oxidations

The DHP oxidation was accomplished in following three ways:

1. KRED®**“-catalyzed DHP oxidation without NADP* regeneration,
2. KRED®*-catalyzed DHP oxidation with NADP* regeneration catalyzed by NOX%,
3. KRED%®*-catalyzed DHP oxidation with NADP" regeneration catalyzed by KRED?!,

Each reaction was conducted using purified DHP substrate obtained following the

procedure described in Chapter 4.2.4.1. All reactions were conducted in batch rector.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).

149



SYNTHESIS OF THE SECOND STATIN SIDE-CHAIN PRECURSOR

4.6.4.2.1 KRED**-catalyzed DHP oxidation without NADP" regeneration

The developed mathematical model was validated by carrying out the experiment of DHP
oxidation by KRED*** without coenzyme regeneration in batch reactor (Equations 94 — 96 and
100 — 106). The experimental and model simulation data are shown in Figure 80.

The reaction rate constant of the HOP decomposition (ks) was estimated using the

Equation 95 and experimental data shown in Figure 80a. The value was estimated to be 0.0025
1

min™.

Since the KRED®** activity decreased during the reaction (Figure 80b), the operational
stability rate constant (kq“REP34) was estimated using the Equation 106 and experimental data
shown in Figure 80b. It was estimated to be 0.0069 min™.
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Figure 80 Experimental and simulation data of the oxidation of purified DHP into HOP catalyzed by
KRED?** (0.1 M phosphate buffer pH 8, conwp = 8.6 MM, cnape = 10 mM, 1 000 rpm, ykrepsss = 10
mg/mL). Change of a) substrate DHP and product HOP concentration, b) relative enzyme activity during
he experiment. Legend: experiment (dots), model (line); change of concentration with time: DHP

(black), HOP (white).

Using the collected experimental data (Figure 80a), HOP yield, DHP conversion, STY,
and BY were calculated. After three hours of the reaction, 1.8 g/L of HOP was produced, the
obtained product yield was 74 %, substrate conversion was 96 %, the STY was 13.9 g/(L-day),

while the BY was 0.33 gHopr/gkrepsss. TO obtain higher amounts of HOP, two NADP*
regeneration systems were explored.

According to statistical outputs (R? = 0.99, ¢ = 0.96) and data shown in Figure 80 it could

be concluded that the developed mathematical model described the experimental data well.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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4.6.4.2.2 KRED®“-catalyzed DHP oxidation with NADP* regeneration catalyzed by
NOX001

The developed mathematical model for the DHP oxidation catalyzed by KRED%** with

NADP" regeneration catalyzed by NOX%?! was validated in the batch reactor (Equations 94 —
97 and 100 — 107).

The experimental data for the oxidation of purified DHP catalyzed by KRED3** with

NOX%-catalyzed coenzyme regeneration system in the batch reactor are shown in Figure 81.

It was observed that the concentration of the HOP started to decrease at one point of the
experiment. This side reaction was described as first-order kinetics (Equation 95) and its
reaction rate constant was estimated (ks = 0.0012 mint).

During the experiment, both enzymes (Figure 81b and c¢) showed good operational
stability, although they had lost a certain amount of their initial activity during the reaction. The
values of the operational stability rate constants for both enzymes were estimated using the

experimental data, Equation 106 (kq“REP3%* = 0.0031 mint) and Equation 107 (kgV©*%! = 0.0047
min).
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Figure 81 Experimental and simulation data of the KRED**-catalyzed oxidation of purified DHP into
HOP with NOX®*-catalyzed regeneration system (0.1 M phosphate buffer pH 8, conp = 45 MM, Cnapp
= 10 mM, ykrepssa = 10 mg/mL, ynoxoor = 10 mg/mL, 1 000 rpm, 25 °C). Change of a) substrate DHP
and product HOP concentration; and relative enzyme activity of b) KRED** and ¢) NOX*" during the
experiment. Legend: experiment (dots), model (line); change of concentration with time: DHP (black),

HOP (white).
After 24 hours of the experiment, full substrate conversion was achieved (Xpnp >> 99.9
%), although the product yield was only 51 %. The HOP vyield, due to the obvious side reaction,

started to decrease after 2.3 hours from the start of the reaction (t = 2.3 h: YnoripHr = 86 %,

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Xpnp = 96 %). The STY was calculated after 2.3 h of the experiment (10.7 g/L HOP produced)
and equaled 111.7 g/(L-day), while the BY was 3.7 gHop/QkRreD354.

Comparing the experimental and simulation data (Figure 81) and taking statistical

calculations into account (R? = 0.96, ¢ = 4.4) it can be concluded that the developed models
described the experimental results acceptable.

4.6.4.2.3 KRED®“-catalyzed DHP oxidation with NADP* regeneration catalyzed by
KRED%!

The developed mathematical model of the KRED3*“-catalyzed DHP oxidation with
NADP* regeneration catalyzed by KRED! was validated in the batch reactor (Equations 94 —
96, 98 — 106 and 108). The experimental data for the KRED3**-catalyzed oxidation of purified

DHP with KRED®!!-catalyzed coenzyme regeneration in a batch reactor are shown in Figure
82.
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Figure 82 Experimental and simulation data of the KRED**-catalyzed oxidation of purified DHP into
HOP with KRED"!-catalyzed regeneration system (0.1 M phosphate buffer pH 8, 1 000 rpm, 25 °C,

Conp = 42 mM, Cnaop = 10 mM, Cace = 150 mM, YKRED354 = 10 mg/mL, YKREDO11 = 10 mg/mL). Change
of a) substrate DHP and product HOP concentration; and relative enzyme activity of b) KRED** and c)
KRED®! during the experiment. Legend: experiment (dots), model (line); change of concentration with

time: DHP (black), HOP (white).
The reaction rate constant for the observed side reaction of HOP degradation was
estimated using the Equation 95 and collected data (Figure 82a). It was estimated to be 0.0011

min, which was, as expected, almost of identical value as the one estimated in the experiment
with NOX®*-catalyzed NADP™ regeneration system.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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The enzymes showed higher operational stability during this experiment than in the
KRED*4/NOX!-catalyzed experiment, losing between 10 and 20 % of their initial activity
(Figure 82b and c). Using the experimental data (Figure 82b and c) and the second-order
enzyme deactivation kinetics (Equation 106 and 108), the deactivation rate constants of both
enzymes were estimated (kq“REP*** = 0.00010 min, kg¥REPOL! = 0,00003 min™). By comparing
the estimated kq*REP34s in the experiment with NOX®!-catalyzed NADP* regeneration (0.0031
min?, Figure 81b) with the value estimated from this experiment (Figure 82b), it can be
observed that in this experiment the operational stability rate constant was 31-fold lower than
in the previous experiment. This may be caused by different composition of used CFEs,
suggesting that the KRED®!! CFE has an additional stabilizing effect on KRED>*,

The experiment had a similar outcome as the experiment with NOX%!-catalyzed
coenzyme regeneration (Figure 81a vs Figure 82a). After 24 hours, the final product yield was
only 27 % despite full substrate conversion was obtained (XpHp >>99.9 %). The highest product
yield was observed after 2.6 hours (t = 2.6 h: YrorioHp = 86 %, Xpnp = 96 %). The final HOP
concentration, STY and BY were calculated after 2.6 h and equaled 10.0 g/L HOP, 92.3
g/(L-day) and 57.6 gpnr/Qkrep3ss, respectively. The calculated STY was lower in this

experiment than in the experiment with NOX®-catalyzed NADP* regeneration.

Comparing the experimental and simulation data (Figure 82) it can be concluded that the

developed models described the experimental results well (R = 0.97, o = 3.4).

4.6.4.2.4 Concluding remarks: KRED%**“-catalyzed DHP oxidation

To obtain higher amounts of HOP and to make the reaction economically feasible, two
NADP* regeneration systems were explored: NOX%!- and KRED%!-catalyzed NADPH
oxidation. Summarized results are presented in Table 36. From the data for the oxidation of
purified DHP with and without coenzyme regeneration it could be concluded that higher STY's
and BYs were obtained when the reaction was conducted with enzyme-catalyzed NADP*
regeneration. Both KRED®*/NOX%! and KRED***/KRED!! systems revealed similar reaction

trend.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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During all conducted reactions, HOP decomposition was noted. The reaction rate constant

(ks, Equation 95) for its degradation was estimated in each conducted experiment:

1.  KRED®**-catalyzed DHP oxidation,

2.  KRED**-catalyzed DHP oxidation with NOX%!-catalyzed NADP* regeneration,
and

3. KRED®‘-catalyzed DHP oxidation with KRED!-catalyzed NADP*

regeneration.

As expected, in all three experiments its reaction rate constant was estimated to be of
similar value. Additionally, to confirm that the HOP decomposition is not dependent on the
presence of enzymes, the stability of HOP in buffer (0.1 M phosphate buffer pH 8) was
examined as well. HOP was obtained following the procedure described in Chapter 4.2.4.2. The
HOP stability was followed for 2 days since it lost around 80 % of its initial concentration
during first 24 hours of incubation (Figure 83). This finding is in accordance with the HOP
degradation during all KRED®**-catalyzed DHP oxidations (with and without NADP*
regeneration). Based on this, it was concluded that HOP decomposition is a chemical

decomposition.
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Figure 83 Stability of DHP and HOP in buffer expressed as relative change of their concentration over
time. Legend: DHP (black), HOP (white). Reaction conditions: 0.1 M phosphate buffer pH 8, 25 °C.

4.6.4.3 Concluding remarks: one-step biocatalysis

Based on the collected data for the one-step production of the second statin side-chain

precursor, following could be concluded.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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By carrying out the DERA%2-catalyzed aldol reaction in a repetitive batch reactor, the
reaction should yield industrially relevant metrics, such as for STY, substrate conversion or
final product concentration within nine hours of the reaction (Table 35).

The KRED®*-catalyzed DHP oxidation should be paired with a NADP* regeneration
system (Table 36).

Based on the statistic parameters provided by Scientist and goodness-of-fit of
experimental data with the model, it was concluded that the developed mathematical models
could be used for future predictions of the reaction conditions in the studied reactions.

4.6.5 Validation of developed mathematical models: multi-step one-pot biocatalysis

To simplify the reaction system, the production of the second statin side-chain precursor
(Figure 2) was examined to be conducted as a multi-step one-pot reaction. Thus, the following

multi-step one-pot setups were explored:

1. DERA%2_catalyzed DHP production - KRED®**-catalyzed DHP oxidation,

2. DERA%Zcatalyzed DHP production — KRED%®“-catalyzed DHP oxidation with
NOX%-catalyzed NADP* regeneration, and

3. DERA%Zcatalyzed DHP production — KRED%®“-catalyzed DHP oxidation with
KRED!- catalyzed NADP" regeneration.

A simultaneous one-step one-pot reaction containing both DERA%? and KRED®**
enzyme could not be conducted, since the KRED3** enzyme does not oxidize the aldehydes

selectively and therefore would oxidize the DERA? substrates into their corresponding acids.

The multi-step one-pot reactions were conducted with crude DHP substrate without the
removal of the DERA%?2 enzyme. The crude DHP substrate was obtained by carrying the
DERA%2-catalyzed aldol addition as described in Figure 76. If lower concentrations of crude
DHP were needed, the DERA? reaction solution was diluted using 0.1 M phosphate buffer pH
8. Prior to carrying the oxidation, the pH was adjusted to pH 8 using 5 M KOH solution, since
the DHP oxidation is conducted at pH 8.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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4.6.5.1 Sequential one-pot HOP synthesis with KRED3%*

The sequential one-pot HOP synthesis was conducted by carrying following two reactions
in sequential order:

1. DERA%2-catalyzed DHP production, and
2. KRED?***-catalyzed DHP oxidation without NADP* regeneration.

The model simulation and experimental data of the sequential one-pot reaction of
KRED?***-catalyzed DHP oxidation are shown in Figure 84. Since the reaction was conducted
with five times higher concentration of DHP than NADP™, instead of equimolar concentrations,
the model predicted expectable results.

The experimental data (Figure 84a) and the developed model were used for estimating
the values of the reaction rate constant of the side reaction (HOP decomposition, ks = 0.0012

mint) and the enzyme deactivation rate constant (ks“?EP34 = 0.0009 min).

a) b)
(=}
40 2 100
2 i A
=
30 g 80 (J
s 3 60
£ 20 ® a
G B a0 0
10 x
2 20
3
0 9| g o
0 5 10 15 20 25 0 5 10 15 20 25
t,h t,h

Figure 84 Experimental and simulation data of the KRED**-catalyzed oxidation of crude DHP into
HOP (0.1 M phosphate buffer pH 8, cone = 38 MM, Cnapp = 10 mM, ykrepsss = 10 mg/mL, 1 000 rpm,
25 °C). Change of a) substrate DHP and product HOP concentration and b) relative enzyme activity of
KRED** during the experiment. Legend: experiment (dots), model (line); change of concentration with
time: DHP (black), HOP (white).

By comparing the KRED®* operational stability rate constant estimated in this
experiment (Figure 84b) with the one estimated in the experiment conducted with purified DHP
(Figure 80b), it could be observed that the KRED** operational stability rate constant was
approx. 8-fold lower, which could be attributed to higher protein content in the reaction solution
[191]. Additionally, it was concluded that HOP had 2-fold higher stability in this reaction

(Figure 84b) than in the reaction conducted with purified DHP (Figure 80a), suggesting a

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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favorable impact of the unrefined (crude) reaction solution on the compounds participating in
the examined reaction.

After 3.9 hours of the reaction, when maximal concentration of HOP was observed in the
reaction, 4.9 g/L of HOP was produced. The DHP conversion at that point was 50 %, while the

HOP vyield was 46 %. The calculated STYs and BYs were 30.2 g/(L-day) and 0.49
gHor/OKRED354, respectively.

Based on the goodness-of-fit statistics (R? = 0.98, & = 0.98) and data shown in Figure 84,
the developed mathematical model described the experimental results well.

4.6.5.2 Sequential one-pot HOP synthesis with KRED3%4/NOX%!

The KRED**-catalyzed DHP oxidation with NOX®-catalyzed coenzyme regeneration

resulted after 24 hours in 99.7 % substrate conversion and 12 % product yield. The experimental
and simulation data are shown in Figure 85.

The reaction rate constant for the observed side reaction (ks) was estimated using the
collected experimental data (Figure 85a) and Equation 95. The estimated value was

0.0013 min* and was of similar value as the one estimated in the same experiment but with
purified DHP (ks = 0.0012 min, Chapter 4.6.4.2.2).
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Figure 85 Experimental and simulation data of the KRED***-catalyzed oxidation of crude DHP into
HOP with NOX®*-catalyzed regeneration system (0.1 M phosphate buffer pH 8, conp = 40 MM, Cnapp
= 10 mM, ykrepssa = 10 mg/mL, ynoxoor = 10 mg/mL, 1 000 rpm, 25 °C). Change of a) substrate DHP
and product HOP concentration; and relative enzyme activity of b) KRED*** and ¢) NOX®* during the

experiment. Legend: experiment (dots), model (line); change of concentration with time: DHP (black),
HOP (white).

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).

157



SYNTHESIS OF THE SECOND STATIN SIDE-CHAIN PRECURSOR

The operational stability rate constant (kq) for both enzymes were estimated using the
experimental data (Figure 85b and c) and second-order deactivation kinetics (Equation 106 and
107). For KRED®*, the estimated value of the deactivation rate constant was 0.0049 min,
while for NOX%* it was 0.0024 mint. The estimated constants were of similar value to the

constants estimated in the same experiment but conducted with purified DHP (Figure 85).

The maximum HOP yield of 85 % was obtained after 2.3 hours (9.4 g/L HOP produced), while
the conversion of DHP equaled 96 %. The STY and BY were calculated for the 2.3 h time point
and were 98.1 g/(L-day) and 2.4 gror/gkRrepass, respectively.

By comparing the simulation and experimental data (Figure 85), it could be concluded

that the developed mathematical model described the experimental data well (R? = 0.97, ¢ =
0.84).

4.6.5.3 Sequential one-pot HOP synthesis with KRED3%*/KRED!!

The KRED?***-catalyzed DHP oxidation with KRED®'!-catalyzed coenzyme regeneration
resulted after 24 hours in full substrate conversion (Xprp >> 99.9 %) and 16 % yield of product

HOP. The experimental and simulation data are shown in Figure 86.
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Figure 86 Experimental and simulation data of the KRED***-catalyzed oxidation of crude DHP into
HOP with KRED!-catalyzed regeneration system (0.1 M phosphate buffer pH 8, conp = 40 MM, Cnapp
=10 mM, cace = 150 mM, ykrepass = 10 mg/mL, ykrepor1 = 10 mg/mL, 1 000 rpm, 25 °C). Change of a)
substrate DHP and product HOP concentration; and relative enzyme activity of b) KRED®** and c)

KRED®! during the experiment. Legend: experiment (dots), model (line); change of concentration with
time: DHP (black), HOP (white).

Using the collected data (Figure 86a) and the first-order kinetics (Equation 95), the
reaction rate constant for the HOP decomposition was estimated (ks = 0.0016 min™). As a

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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comparison, when the same reaction was catalyzed using purified DHP substrate (Figure 85),

the estimated value of the reaction rate constant was 0.0011 min, predicting a similar value.

During the 24-hour period, the enzymes lost around 60 % of their initial activity, and the
deactivation rate constants for KRED*** and KRED®'! were estimated using the second-order
kinetics and obtained experimental data. The estimated values of the deactivation rate constants
for KRED** and KRED®! were 0.0024 and 0.0026 min™, respectively.

The highest HOP yield was after 2.5 hours and equaled 82 % at which point 9.1 g/L of
HOP was produced. The DHP conversion was 92 %. Using this data, STY and BY were
calculated and equaled 87.3 g/(L-day) and 3.4 gnop/gkRreD354, respectively.

By comparing the experimental data with model simulation data (Figure 86), it could be
concluded that the developed model described the experimental results very good (R? = 0.99, ¢
=0.98).

4.6.5.4 Concluding remarks: multi-step one-pot biocatalysis

The summarized results regarding the multi-enzyme one-pot KRED%“-catalyzed
oxidation of purified and crude DHP are given in Table 36. All described experiments were
conducted in a batch reactor at similar reaction conditions: ~ 40 mM DHP, 10 mM NADP™ and
10 mg/mL KRED®*, In case when the reaction was conducted with a coenzyme regeneration
system, 10 mg/mL of the auxiliary enzyme (NOX%?!, KRED®* + 150 mM ACE) was added,
except in case of the KRED®***-catalyzed oxidation of purified DHP without coenzyme

regeneration when the DHP concentration was 8.6 mM instead of 40 mM.

From the reactions carried out with in situ NADP™ regeneration systems, it could be
concluded that both regeneration systems served equally good regardless of substrate type
(purified vs crude) and that the experimental outcome of all four experiments showed
comparable data. Due to an obvious side reaction of product HOP decomposition, the product
yield decreased with time, but reached its peak quite fast: after about 2.4 hours from the
beginning of the experiment. The HOP decomposition rate constant was estimated in all four
experiments separately but ended being of similar value. This could serve as a confirmation that
decomposition proceeded at the same rate (ks) and does not depend on the reaction mixture

composition, in addition to HOP stability data shown in Figure 83.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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Table 36 The KRED**-catalyzed oxidation of purified and crude CDH. The reactions were conducted
with 40 mM DHP, 10 mM NADP*, and 10 mg/mL per enzyme.

Catalyst system DHP ks, min® | tth®| X, % | Y,% | STY BY
e Purified 0.0025 3.1 96 74 13.9 0.18
Crude 0.0012 3.9 50 46 30.2 0.49
Purified 0.0012 2.3 96 86 | 111.7 0.54

354 001
KRED™/NOX Crude 0.0012 2.3 96 85 98.1 0.47
Purified 0.0011 2.6 96 86 92.3 0.5

KRED**/KRED"!
! Crude 0.0016 2.5 92 82 87.3 0.46

®end of the reaction
Notes: X represents DHP conversion, Y represents HOP yield, while STY is expressed as g/(L-day)
and BY as grop/QkRreD3s4-

During all KRED**-catalyzed DHP oxidations, HOP decomposition was observed
(Figure 80 — 86). Independent measurements on HOP stability revealed chemical HOP
degradation (Figure 83). HOP decomposition may be circumvented by carrying out a
simultaneous one-pot KRED?***-catalyzed DHP oxidation (with NOX%- or KRED"!!-catalyzed
NADP™ regeneration) and e.g. lipase-catalyzed acylation with vinyl acetate [192]. This way,
DHP is oxidized into HOP and HOP is immediately acylated, thus preventing loss on product

yields.

By comparing the KRED3*/NOX%" to KRED*4/KRED!, marginally higher values of
DHP conversion, HOP yield, STY and BY were reached slightly earlier. All four enzymes in

both experimental setups showed high operational stability.

Based on this, both regeneration systems (NOX%?!, KRED®Y/ACE) fulfilled their purpose
and resulted with a very similar experimental outcome. Thus, the NOX%-catalyzed coenzyme

regeneration should be favorable, due to no need of an additional co-substrate.

List of reactant and product abbreviations: acetaldehyde (AA), N-(3-oxopropyl)-2-phenylacetamide (OPA), N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP), N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (HOP), 3,5-dihidroxyhexanal (DHH).
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5 CONCLUSION

Two statin side-chain precursors were examined using a multi-step approach that
combined enzymes from different classes. The first precursor was produced by combining
DERA™- or DERA%4- AIDH/NOX®- or KRED**?-, and HHDH®-catalyzed reactions using
AA and CAA as starting materials, whereas the second precursor was obtained by combining
DERA%2- and KRED**/NOX%!- or KRED**/KRED"!!-catalyzed reactions using OPA and

AA as starting compounds.

The optimum buffer and pH for running the examined enzyme-catalyzed reactions were
experimentally determined based on the enzyme stability and activity results in the designated
buffer. It was experimentally determined that the optimal buffer for the DERA™-catalyzed
aldol reaction of AA with CAA was 0.1 M TEA-HCI buffer pH 7, while the optimal buffer for
the DERA"%-catalyzed aldol reaction was 0.1 M phosphate buffer pH 6. For the reaction
catalyzed by the AIDH enzyme or by the AIDH/NOX%® system, 0.1 M phosphate buffer pH 8
was chosen. The optimal buffer for the DERA%?-catalyzed aldol reaction of AA with OPA was
found to be 0.1 M phosphate buffer pH 7, while for the consecutive KRED**“-catalyzed reaction

the same buffer was chosen but at pH 8.

The influence of temperature on the DERA™™ activity and stability was investigated. The
results confirmed that the enzyme’s activity increases with the increase of temperature, which
is in accordance with the Arrhenius equation. Using the collected data, the equations’
parameters were estimated. The enzyme displayed good thermostability retaining 87 % of its

initial activity after three days of incubation at 20 — 25 °C.

The influence of different compounds (substrates, products) on the enzyme stability was
evaluated and was described by a polynomial model. These results confirmed that it was
necessary to determine optimal initial substrate concentrations and to select a suitable reactor
configuration to avoid accumulation of compounds which have a destabilizing effect on the

enzymes.

By applying the initial reaction rate method, the kinetics of each elementary reaction within
the observed multi-enzyme (cascade) systems was determined. Each enzyme-catalyzed reaction
was described by single- or double-substrate Michaelis-Menten kinetics. When experimentally

observed, the kinetic equations were expanded with substrate and/or inhibition terms. Based on
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the collected data of enzyme dependence on different concentrations of reaction compounds
and developed kinetic models, mathematical models for different types of reactors were
proposed. The developed mathematical models were validated in appropriate reactor types by

conducting single- and multi-enzyme reactions.

The mathematical models were developed based on the reaction scheme and data collected
from kinetic measurements. Using the validated mathematical models, the reaction conditions
for the DERA-catalyzed aldol additions were optimized to obtain optimal quantity of key
molecules and volume productivity. Final product concentration (> 50 g/L), substrate
conversion (> 95 %, 24 h), BY (> 10 Qproduct/Qenzyme) and STY (> 100 g/(L-day)) served as
relevant industrial requirements. The optimum conditions and reactor modes were found and

validated in the reactor at experimental conditions proposed by optimum simulation.

To simplify the reaction systems, the examined reactions were carried out as cascade
reactions. They were conducted as simultaneous and/or sequential one-pot reactions in batch
reactors. The simultaneous one-pot reactions were carried out as DH-catalyzed oxidation with
enzyme-catalyzed NAD(P)* regeneration. The sequential one-pot reactions were carried out
with substrates and enzymes added to the rector one at a time. In both one-pot modes, the
reactions were done without work-up. According the collected data, it was confirmed that it is
possible to simplify the reaction setup by carrying out multi-enzyme multi-step one-pot
reactions and thus obtain higher quantities of the desired product. It was not possible to conduct
a simultaneous cascade consisting of DERA and DH enzymes, since the DH enzymes do not
selectively oxidize aldehydes. Additionally, due to the cyanohydrin reaction, the simultaneous
one-pot cascade consisting of AIDH/NOX®® and HHDH®? could not be performed as well.
Despite, it was experimentally proven that these cascades could be conducted in a sequential

manner.

In the first cascade, between DERA™ and DERA®* DERA* was chosen as the
preferred DERA catalyst in the aldol reaction of AA with CAA, while for the CDH oxidation
the suitable enzyme system was the AIDH/NOX%® system instead of the KRED%*2 enzyme.
The multi-step one-pot cascade involving the DERA* and AIDH/NOX%° enzymes met certain
industrial requirements, in comparison to the multi-step one-pot DERA%* and KRED?3*?
cascade. The cascades were conducted in a batch reactor. The aldol reactions were further
carried out in a repetitive batch reactor mode, meaning both substrates and DERA?* were added

again into the batch reactor once full substrate conversion was achieved or the activity of the
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enzyme was recorded to be below 20 %. Once the desired quantity of the aldol product was
obtained, the following, consecutive oxidation was carried out in the same reactor by adding
the necessary NAD(P)" coenzyme and the DH enzyme(s). The oxidations were conducted in
repetitive mode regarding enzyme additions: fresh amounts of enzymes were added into the
reactor when their residual activity was measured to be less than 20 %.

By carrying out the second cascade, consisting of the DERA%2-catalyzed aldol reaction
as the first catalytic step and the KRED***-catalyzed DHP oxidation with NOX%- or KRED®!-
catalyzed NADP* regeneration as the second catalytic step, in a sequential, multi-step mode at
optimal reaction conditions, the collected data suggested that both enzymes (NOX®! and
KRED?Y) could be successfully applied for the NADP™* regeneration. Due to simplicity and
slightly better results, the recommended regeneration system should be NOX%! It was
experimentally found that non-enzymatic HOP decomposition occurs. HOP decomposition
may be circumvented by carrying out a simultaneous one-pot KRED3“-catalyzed DHP
oxidation (with NADP™ regeneration) combined with e.g. lipase-catalyzed acylation with vinyl
acetate to avoid loss on product yields.

The conducted multi-step multi-enzyme one-pot reactions demonstrated that it is possible
to carry out a successful cascade to meet certain industrial relevant metrics to produce fine
chemicals, although the examined systems need further improvement due to observed side

reactions in both systems.

All the developed mathematical models represent a valuable basis for future optimization
of the applied enzyme cascades for the synthesis of statin side-chain precursors in different

types of reactors.
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APPENDIX

7 APPENDIX

7.1 Calibration curves
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Appendix figure 1 Calibration curve for acetaldehyde (AA). HPLC analysis using Method 1.
Retention time: 11.1 minutes. AA is commercially available.
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Appendix figure 2 Calibration curve for chloroacetaldehyde (CAA). HPLC analysis using Method 1.
Retention time: 12.9 minutes. CAA is commercially available.
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Appendix figure 3 Calibration curve for 4-chloro-3-hidroxybutanal (CHB). HPLC analysis using
Method 1. Retention time: 10.4 minutes. The calibration curve was made based on the reaction scheme
and mass balance equations. The reaction from which the data was used was the aldol reaction of AA
with CAA catalyzed by D-fructose-6-phosphate aldolase (FSA) in 0.1 M TEA-HCI buffer pH 7 at 25
°C. The reaction was catalyzed in 1.5 mL-locking microcentrifuge tube used as a batch reactor placed
on a shaker at 1 000 rpm. The total reaction volume was 0.5 mL. The reaction was carried out with 50
mM AA, 50 mM CAA and 3 mg/mL of FSA. The FSA is an enzyme that catalyzes the aldol addition of
AA onto CAA to yield CHB. FSA was provided by Prof. P. Clapés, PhD from The Institute of Advanced
Chemistry of Catalonia (IQAC-CSIC; Barcelona).
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Appendix figure 4 Calibration curve for 6-chloro-3,5-dihidroxyhexanal (CDH). HPLC analysis using
Method 1. Retention time: 9.3 minutes. The calibration curve was made based on the reaction scheme
and mass balance equations. The reaction from which the data was used was the DERA™-catalyzed
reaction in 0.1 M TEA-HCI buffer pH 7. The reaction was conducted in 1.5 mL-locking microcentrifuge
tube used as batch reactor. The total volume of the reaction was 0.5 mL. The reaction was carried out
with 100 mM AA, 50 mM CAA and 2 mg/mL DERA™ at 25 °C. The reactor was placed on a shaker at
1 000 rpm.
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Appendix figure 5 Calibration curve for 3-hidroxybutanal (HB). HPLC analysis using Method 1.
Retention time: 9.1 minutes. The calibration curve was made based on the reaction scheme and mass
balance equations. The reaction from which the data was used was the aldol reaction of AA catalyzed
by D-fructose-6-phosphate aldolase (FSA) in 0.1 M TEA-HCI buffer pH 7 at 25 °C. The reaction was
catalyzed in 1.5 mL-locking microcentrifuge tube used as a batch reactor placed on a shaker at 1 000
rpm. The total reaction volume was 0.5 mL. The reaction was carried out with 50 mM AA and 2 mg/mL
of FSA. The FSA is an enzyme that catalyzes the aldol addition of two molecules of AA to yield HB.
FSA was provided by Prozomix Ltd (UK).
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Appendix figure 6 Calibration curve for 3,5-dihidroxyhexanal (DHH). HPLC analysis using Method 1.
Retention time: 10.2 minutes. The DHH standard was provided by Prof. W.-D. Fessner, PhD from
Technische Universitat Darmstadt (Germany).
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Appendix figure 7 Calibration curve for 6-chloro-3,5-dihidroxyhexanoic acid (CDHA). HPLC analysis
using Method 1. Retention time: 9.9 minutes. The calibration curve was made using the experimental
data from an experiment of AIDH-catalyzed oxidation of purified CDH. CDH was obtained following
the procedure described in Chapter 3.3.4.2.
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Appendix figure 8 Bovine serum albumin (BSA) calibration curve.
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Appendix figure 9 Calibration curve for chloride ions.
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Appendix figure 10 Calibration curve for N-(3-oxopropyl)-2-phenylacetamide (OPA). HPLC analysis
using Method 2. Retention time: 13.0 minutes. OPA was produced in the lab following a standard
operating procedure provided by the CarbaZymes partners. Larger quantities of OPA were provided by
M. Fekete, PhD from Enzymicals AG (Germany).
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Appendix figure 11 Calibration curve for N-(2-((2R,4R)-4,6-dihydroxytetrahydro-2H-pyran-2-
yl)ethyl)-2-phenylacetamide (DHP). HPLC analysis using Method 2. Retention time: 11.2 minutes.
DHP was produced in lab following the procedure described in Chapter 4.2.4.1.
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Appendix figure 12 Calibration curve for acetaldehyde (AA). HPLC analysis using Method 2.
Retention time: 12.6 minutes. AA is commercially available.
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Appendix figure 13 Calibration curve for 3,5-dihidroxyhexanal (DHH). HPLC analysis using Method
2. Retention time: 10.2 minutes. The DHH standard was provided by Prof. W.-D. Fessner, PhD from
Technische Universitat Darmstadt (Germany).
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Appendix figure 14 Calibration curve for N-(3-oxopropyl)-2-phenylacetamide (OPA). HPLC analysis
using Method 3. Retention time: 13.1 minutes. OPA was produced in the lab following a standard
operating procedure provided by the CarbaZymes partners. Larger quantities of OPA were provided by
M. Fekete, PhD from Enzymicals AG (Germany).
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Appendix figure 15 Calibration curve for N-(2-((2R,4R)-4,6-dihydroxytetrahydro-2H-pyran-2-
yhethyl)-2-phenylacetamide (DHP). HPLC Method 3. Retention time: 14.4 minutes. DHP was produced
in lab following the procedure described in Chapter 4.2.4.1.
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Appendix figure 16 Calibration curve for acetic acid. HPLC Method 3. Retention time: 1.9 minutes.
Acetic acid is commercially available.
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7.2 HPLC and LC-MS chromatograms
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Appendix figure 17 Overlapped HPLC chromatograms that show 3,5-dihydroxyhexanal (DHH), 3-
hidroxybutanal (HB), 6-chloro-3,5-dihydroxyhexanal ~(CDH), acetaldehyde (AA) and
chloroacetaldehyde (CAA). The chromatograms represent experimental data obtained from a DERA-
catalyzed aldol addition of AA with CAA. The black-colored chromatogram represents the CDH sample
taken at the beginning of the reaction (t = 0 min), when only AA and CAA were present. The blue-
colored chromatogram represents the DHP sample taken during the aldol addition, when certain amounts
of DHH, HB, CDH and CHB were present. The retention times of AA, CAA, CHB and CDH were 11.1,
12.9, 10.4 and 9.3 minutes, respectively. The retention time of HB was 9.1 minutes, while of DHH 8.3
minutes.
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Appendix figure 18 Overlapped HPLC chromatograms that show 3-chloro-3,5-dihidroxyhexanoic acid
(CDHA). The chromatograms represent experimental data obtained from a AIDH-catalyzed CDH
oxidation. The black-colored chromatogram represents the CDHA sample taken at the beginning of the
reaction (t = 0 min). The blue-colored chromatogram represents the CHDA sample taken during the
oxidation. The retention time of the CDHA acid was 9.9 minutes.
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Appendix figure 19 Overlapped HPLC chromatograms that show 3,5-dihydroxyhexanal (DHH), 3-
hidroxybutanal (HB, double-peak), N-(2-((2R,4R)-4,6-dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide (DHP), acetaldehyde (AA) and N-(3-oxopropyl)-2-phenylacetamide (OPA). HPLC
analysis using Method 2. The chromatograms represent experimental data obtained from a DERA®-
catalyzed aldol addition of AA with OPA. The black-colored chromatogram represents the DHP sample
taken at the beginning of the reaction (t = 0 min), when only AA and OPA were present. The blue-
colored chromatogram represents the DHP sample taken during the aldol addition, when certain amounts
of DHH, HB (double-peak) and DHP were present. The retention time of AA, OPA, DHP, HB and DHH
were 12.6, 13.0, 11.2, 10.2 and 9.2 minutes, respectively.
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Figure 106 Appendix figure 20 Overlapped HPLC chromatograms that show N-(2-((2R,4R)-4,6-
dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP) and N-(2-((2R,4R)-4-hydroxy-
6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (HOP). HPLC analysis using
Method 2. The chromatograms represent experimental data obtained from a KRED**-catalyzed DHP
oxidation. The black-colored chromatogram represents the HOP sample taken at the beginning of the
reaction (t = 0 min), when only DHP was present. The remaining chromatograms, shown in color
represent, the HOP samples taken during the DHP oxidation into HOP. The retention time of the HOP
was 6.2 minutes, while of DHP was 11.2 minutes.
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Appendix figure 21 Overlapped HPLC chromatograms that show N-(3-oxopropyl)-2-phenylacetamide
(OPA) and N-(2-((2R,4R)-4,6-dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-phenylacetamide (DHP).
HPLC analysis using Method 3. The chromatograms represent experimental data obtained from a
DERA?-catalyzed aldol addition of AA onto OPA. The black-colored chromatogram represents the
DHP sample taken at the beginning of the reaction (t = 0 min), when only OPA was present. The
remaining blue- and pink-colored chromatograms show the DHP samples taken during the DHP
synthesis. The retention time of OPA and DHP were 19.5 and 21.0 minutes, respectively.
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Appendix figure 22 Overlapped HPLC chromatograms for different concentrations of acetic acid
visible as a double-peak. HPLC analysis using Method 3. Retention time .1.9 minutes.
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Appendix figure 23 LC-MS chromatograms for acetaldehyde, 4-chloro-3-hydroxybutanal, 6-chloro-
3,5-dihydroxyhexanal, 3-hydroxybutanal and 3,5-dihydroxyhexanal. The LC-MS analysis of the
derivatized products was done using the LC-MS analysis (Phenomenex Kinetex Core shell C18 column,
2.6 um, 100 x 4.6 mm). HPLC with DAD and MS detection (Shimadzu LCMS-2020 single quadrupole
liquid chromatograph mass spectrometer) was used. The selected ion monitoring method was used to
confirm molecular weight of the derivatized peaks of formed products. The mobile phase consisted of
solvent A (0.1% v/v formic acid in water) and solvent B (0.1% v/v formic acid in acetonitrile) with
gradient elution from 90 to 19 %A for the first 10 minutes and from 19 to 90 %A from minute 14 to 16.
The flow rate was 0.5 mL/min, the column temperature was set at 30 °C, and the UV detection at 215
nm. The mass spectrophotometer was equipped with electrospray ionization (ESI) source and operated
in positive polarity mode. ESI conditions were capillary voltage 4 kV, nebulizing gas flow 1.5 L/min,
drying gas flow 15 L/min, temperature 300 °C.
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8 ABBREVIATIONS AND SYMBOLS

8.1 Abbreviations

AA

ACE

ACN

AIDH

API

ATP

BSA

BY

CAA

CDH

CDHA

CFE

CFU

CHB

CYDHA

DCM

DERA

DH

DHH

186

acetaldehyde

acetone

acetonitrile

aldehyde dehydrogenase

active pharmaceutical ingredients

adenosine triphosphate

albumin from bovine serum
substrate-to-enzyme ratio, g/g
chloroacetaldehyde
(3R,55)-6-chloro-3,5-dihydroxyhexanal
(3R,55)-6-chloro-3,5-dihydroxyhexanoic acid
cell-free extract

Amicon ultra-centrifugal filter units
(S)-4-chloro-3-hydroxybutanal
(3R,55)-6-cyano-3,5-dihydroxyhexanoic acid
dichloromethane

deoxyribose-phosphate aldolase (e.g. DERA™, DERA%4 DERA®%?)
dehydrogenase

(3R,5R)-3,5-dihydroxyhexanal



ABBREVIATIONS AND SYMBOLS

DHP

DRP

EC

EtOAcC

EtOH

FAD

FDF

FMN

GDH

GDH

HB

HHDH

HMG-CoA

HOBA

HOP

HPLC

IPA

KRED

LDL-C

MetOH

NAD*

NADH

N-(2-((2R,4R)-4,6-dihydroxytetrahydro-2H-pyran-2-yl)ethyl)-2-
phenylacetamide

2-deoxyribose 5-phosphate sodium salt
enzyme commission (number)

ethyl acetate

ethanol absolute

flavin adenine dinucleotide

final delivery form

flavin mononucleotide

glucose dehydrogenase

a-glycerophosphate dehydrogenase from rabbit muscle
(R)-3-hydroxybutanal

halohydrin dehalogenase
3-hydroxy-3-methylglutaryl coenzyme A
(R)-3-hydroxy-4-((S)-oxiran-2-yl)butanoic acid

N-(2-((2R,4R)-4-hydroxy-6-oxotetrahydro-2H-pyran-2-yl)ethyl)-2-

phenylacetamide

high performance liquid chromatography
isopropanol

ketoreductase (e.g. KRED**, KRED**, KRED?)
low-density lipoprotein cholesterol

methanol

nicotinamide adenine dinucleotide, oxidized form

nicotinamide adenine dinucleotide phosphate, reduced form
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NADP* nicotinamide adenine dinucleotide phosphate, oxidized form
NADPH nicotinamide adenine dinucleotide phosphate, reduced form
NOX NAD(P)H-dependent oxidase (e.g. NOX%°, NOX%1)
NOX(AIDH) NOX-acting enzymes in the AIDH CFE

NOX(KRED?3%?) NOX-acting enzymes in the KRED**? CFE

NOX(KRED%**%) NOX-acting enzymes in the KRED** CFE

OPA N-(3-oxopropyl)-2-phenylacetamide
PA propionaldehyde

R&D research and development

STY space-time yield, g/(L-day)

TEA-HCI triethanolamine hydrochloride

TFA trifluoroacetic acid

TPI triosephosphate isomerase from rabbit muscle
Tris tris(hydroxymethyl)aminomethane

8.2 Symbols

% n/n molar percentage
% v/v volume percentage
a parameter of a polynomial model, mM2 min™ or min™*

As specific enzyme activity, U/mg

b parameter of a polynomial model, mM* min?
C molar concentration
d parameter of a polynomial model, min
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Ea

ee

Ka

Kd

Ki

Km

diameter, mm
activation energy, J/mol

enantiomeric excess, %

reaction rate constant, mL/(mg-mM-min) or mL/(mg-min)

activation constant, -

deactivation rate constant, min*
inhibition constant, mM (mmol/dm?)
Michaelis constant, mM (mmol/dm?)
mass, g

volumetric flow rate, mL/min
reaction rate, U/mL (mmol/mL-min)
coefficient of determination, -
temperature, °C

time, minor h

volume, mL

volume of the added enzyme, mL

maximum rate of reaction, U/mg (mmol/mg-min)

reactor volume, mL

reaction volume, mL

mass fraction for mass percent, %
substrate conversion, %

product yield, %
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8.3 Greek alphabet letters and symbols
p density, g/mL
o standard deviation, -

y mass concentration, mg/mL
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