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Abstract

Sugars in their free form or conjugated to biomolecules like proteins, lipids, and small molecules have
significant functional roles in different biological processes. The importance of free sugars is very
pronounced in human milk — through human milk oligosaccharides (HMOs) — by directly and indirectly
contributing to the cognitive and physical development of infants. In their attached form, for instance, it
has been shown that certain sugar (glycan) structures significantly contribute to therapeutic properties
of glycoproteins such as efficacy and half-life. However, difficulties in synthesis of free glycans in large
guantities, or modification of glycans on biomolecules to different structures have limited their

biotechnological application as well as fundamental understanding of their biological roles.

This work proposes enzymatic synthesis and modification of oligosaccharides as a suitable approach
to unlock the potential of glycosylation for various field of applications. In the principal step of this work,
novel multi-enzyme cascades were developed to synthesize sugar nucleotides as glycosylation
substrates.

For synthesis of uridine diphosphate (UDP) sugars, uridine (Uri) and the corresponding
monosaccharides were used as the major precursors. In a cascade of six enzymes and seven reactions,
uridine diphosphate N-acetylglucosamine (UDP-GIcNAc) was produced to a concentration of 66.2 mM
(40.2 g/L), a synthesis yield of 97.4%, and a biocatalyst load of 0.01 genzyme/Qproduct. With the same
cascade, uridine diphosphate N-acetylgalactosamine (UDP-GalNAc) was produced with a similar yield.
In another multi-enzymatic cascade of six enzymes and seven reactions, uridine diphosphate galactose
(UDP-Gal) was produced to a titer of 48 mM (27.2 g/L), a synthesis yield of 96%, and a biocatalyst load
of 0.02 Qgenzyme/Qproduct. FOr synthesis of uridine diphosphate glucose (UDP-GIc), a cascade of seven
enzymes and eight reactions was developed. The cascade was able to deliver UDP-Glc to a final titer
of 48.8 mM (27.6 g/L), a reaction yield of 81.3%, and a biocatalyst load of 0.04 genzyme/Qproduct.

For synthesis of guanosine diphosphate (GDP) sugars, three different cascades were designed and
established — one for guanosine diphosphate mannose (GDP-Man) and two for guanosine
diphosphate fucose (GDP-Fuc). Guanosine (Guo) — solubilized in dimethyl sulfoxide (DMSO) — was
used as the guanosine-base of GDP-sugars. In a cascade of seven enzymes and eight reactions GDP-
Man was produced to a titer of 6.7 mM (4 g/L). For initial synthesis of GDP-Fuc starting from fucose
(Fuc), a cascade of five enzymes and seven reactions was established which resulted in a final
concentration of 7 mM (4.1 g/L). To avoid usage of expensive Fuc, the GDP-Man cascade was
extended to enable the synthesis of GDP-Fuc from Man. In the cascade of 10 enzymes and 11
reactions, GDP-Fuc was produced to a final concentration of 7.6 mM (4.5 g/L) and a reaction yield of

72% after 48 h with a biocatalyst load of 0.97 genzyme/Qproduct.

For synthesis of cytidine monophosphate N-acetylneuraminic acid (CMP-Neu5Ac), cytidine (Cyt) was
used as one of the main precursors. At first, a cascade of five enzymes and six reactions was designed
by using N-acetylneuraminic acid (Neu5Ac) as the source of monosaccharide which resulted in almost

full conversion. A second cascade consisted of seven enzymes and eight reactions was developed to
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enable the usage of GIcNAc and pyruvate (Pyr) instead of expensive Neu5Ac. By using this cascade,
CMP-Neu5Ac was produced to a titer of 24.6 mM CMP-NeuAc (15.1 g/L) and synthesis yields of 77%,
34%, and 31% corresponding to Cyt, GIcNAc, and Pyr, respectively. Adenosine triphosphate (ATP) was
used in catalytic amounts in all the developed cascades and was constantly regenerated by using

polyphosphate (PolyPn).

Upon successful establishment of multi-enzyme cascades for synthesis of sugar nucleotides, two
strategies were proposed and demonstrated for synthesis of HMOs. In the first approach — the coupling
approach — the sugar nucleotide synthesis cascade was coupled to a glycosyltransferase. The one-
pot setting of this strategy offers the advantage of using nucleosides in catalytic amounts. To
demonstrate the practicality of this strategy and as a proof-of-concept study, synthesis of two simple
HMOs — e.g., 3-fucosyllactose (3-FL), and 6'-sialyllactose (6'-SL) — was demonstrated. In the second
approach — the modular approach — the product of sugar nucleotide synthesis cascade was combined
with an acceptor and a glycosyltransferase. This led to synthesis of 10 different HMOs — in a proof-of-

concept study.

Two methods were proposed for glycoengineering of therapeutic proteins. In the first method, the
addition of terminal Gal by using E. coli-derived human B-1,4-galactosyltransferase was demonstrated
and enhancement of antibody-dependent cell-mediated cytotoxicity (ADCC) activity was shown with a
chromatographic assay. In the second method, the concept of an in vitro microbial-based artificial Golgi
was described by using mannosylated (high mannose) glycoproteins. For demonstration of this idea,
the known inhibitor of mannosidase | — i.e., kifunensine — was added to Chinese hamster ovary (CHO)
cells to produce mannosylated (Man9) immunoglobulin G (IgG) proteins. Afterwards, Man9 1gG was
enzymatically trimmed to Man5 structures and further extended to Man5-GO structure by using E. coli
derived human a-1,3-mannosyl-glycoprotein 2-3-N-acetylglucosaminyltransferase (MGAT1). Despite
successful expression of human a-1,6-mannosyl-glycoprotein 2-B-N-acetylglucosaminyltransferase
(MGAT2) in E. coli, the concept was not further extended experimentally, due to inactive expression of

mannosidase Il in E. coli.

Finally, multiple process engineering strategies are presented to demonstrate the scalability of multi-
enzyme synthesis of sugar nucleotides. UDP-Gal and UDP-GIcNAc were scaled to 1 L and 4 L (directly
from 200 L), respectively, by using centrifugally clarified cell lysate. In the second strategy, six
enzymes were simultaneously produced in a single E. coli strain through co-expression of their
corresponding genes in order to minimize the number of independent fermentations. The combination
of six enzymes enabled the synthesis of UDP-GIcNAc and UDP-Gal at 150 mL and 3 L scale,
respectively. This approach was also used for synthesis of CMP-Neu5Ac at 100 mL scale. Lastly, six
enzymes were co-immobilized on commercially available resins for synthesis of UDP-GIcNAc. The

activity of co-immobilized enzymes was demonstrated for 20 cycles.

The results presented in this work have the potential to be used for production of functional
oligosaccharides (e.g., HMOs) at industrial scales as well as development of glycoengineered

therapeutic proteins. Overall, | hope that the presented work can serve as a contribution to the
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glycobiotechnology field in the development of superior nutritious and therapeutic products to better the

quality of human life.

Vi



Kurzfassung

Zucker oder Saccharide spielen in ihrer freien Form oder konjugiert an Biomolekile (Proteine, Lipide
oder andere Molekile) bei verschiedenen biologischen Prozessen eine wichtige Rolle. In der humanen
Muttermilch ist die Bedeutung von freien Zuckern durch ,human milk oligosaccharides” (HMOs) — sehr
ausgepragt, da diese sowohl direkt als auch indirekt zur kognitiven und kdrperlichen Entwicklung von
Sauglingen beitragen. Es hat sich auch gezeigt, dass bestimmte Zuckerstrukturen (Glykane), in ihrer
gebundenen Form, wesentlich zu therapeutischen Eigenschaften von Glykoproteinen wie Wirksamkeit
und Halbwertszeit beitragen. Probleme bei der Schwierigkeiten oder bei der Ubertragung und
Modifikation von Glykanen auf Biomolekule beschranken jedoch nicht nur inre Anwendung in grof3erem
MaRstab sondern erschweren auch die Durchfihrung grundlegender Studien bezuglich ihrer

biologischen Rolle.

Diese Arbeit schlagt die enzymatische Synthese und Modifizierung von Oligosacchariden als
vielversprechenden Ansatz vor, um die Glykosylierung fir verschiedene Anwendungsfelder zu
erschlieBen. Im Hauptteil dieser Arbeit wurden neuartige Multienzymkaskaden zur Synthese von

Zuckernukleotiden als Glykosylierungssubstrate entwickelt.

Fur die Synthese von Uridindiphosphat (UDP)-Zuckern wurden Uridin (Uri) und die entsprechenden
Monosaccharide als Hauptvorlaufer verwendet. In einer Kaskade von sechs Enzymen und sieben
Reaktionen wurde Uridindiphosphat-N-Acetylglucosamin (UDP-GIcNAc) mit einem Titer von 66,2 mM
(40,2 g/L), einer Syntheseausbeute von 97,4% und einer Biokatalysatorlast von 0,01 Qenzym/Qprodukt
hergestellt. Mit der gleichen Enzymkaskade wurde Uridindiphosphat-N-Acetylgalactosamin (UDP-
GalNAc) mit einer &hnlichen Ausbeute hergestellt. In einer anderen multi-enzymatischen Kaskade mit
sechs Enzymen und sieben Reaktionen wurde Uridindiphosphat-Galaktose (UDP-Gal) mit einer
Konzentration von 48 mM (27,2 g/L), einer Syntheseausbeute von 96% und einer Biokatalysatorlast
von 0,02 genzym/Qprodukt hergestellt. Fir die Synthese von Uridindiphosphat-Glukose (UDP-Glc) wurde
eine Kaskade aus sieben Enzymen und acht Reaktionen entwickelt. Die Kaskade war in der Lage,
UDP-GIc mit einer Konzentration von 48,8 mM (27,6 g/L), einer Reaktionsausbeute von 81,3% und

einer Biokatalysatorlast von 0,04 Genzym/Produkt herzustellen.

Fir die Synthese von Guanosindiphosphat-Zuckern (GDP) wurden drei verschiedene Kaskaden
entwickelt und etabliet — eine fir Guanosindiphosphat-Mannose (GDP-Man) und zwei fir
Guanosindiphosphat-Fucose (GDP-Fuc). Guanosin (Guo) — geldst in Dimethylsulfoxid (DMSO) —
wurde als Guanosin-Base der GDP-Zucker verwendet. In einer Kaskade von sieben Enzymen und acht
Reaktionen wurde GDP-Man bis zu einem Konzentration von 6,7 mM (4 g/L) hergestellt. Fir die
Erstsynthese von GDP-Fuc ausgehend von Fucose (Fuc) wurde eine Kaskade von finf Enzymen und
sieben Reaktionen etabliert, die zu einer Endkonzentration von 7 mM (4,1 g/L) fuhrte. Um die
Verwendung von teurem Fuc zu vermeiden, wurde die GDP-Man-Kaskade erweitert, um die Synthese

von GDP-Fuc aus Man zu ermoéglichen. In der Kaskade mit 10 Enzymen und 11 Reaktionen wurde
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GDP-Fuc bis zu einer Konzentration von 7,6 mM (4,5 g/L) und einer Reaktionsausbeute von 72% nach

48 Stunden mit einer Biokatalysatorlast von 0,97 genzym/Qprodukt hergestellt.

Fur die Synthese von Cytidinmonophosphat-N-Acetylneuraminséaure (CMP-Neu5Ac) wurde Cytidin
(Cyt) als einer der wichtigsten Ausgangsstoffe verwendet. Zunachst wurde eine Kaskade aus funf
Enzymen und sechs Reaktionen unter Verwendung von N-Acetylneuraminsdure (Neu5Ac) als
Monosaccharidquelle entwickelt, die zu einer fast vollstandigen Umsetzung flhrte. Eine zweite
Kaskade, bestehend aus sieben Enzymen und acht Reaktionen, wurde entwickelt, um die Verwendung
von N-Acetylglucosamin (GIcNAc) und Pyruvat (Pyr) anstelle des teuren Neu5Ac zu ermdglichen. Mit
dieser Kaskade wurde CMP-Neu5Ac mit einer Konzentration von 24,6 mM CMP-NeuAc (15,1 g/L) und
Syntheseausbeuten von 77%, 34% und 31% entsprechend Cyt, GIcNAc bzw. Pyr hergestellt.
Adenosintriphosphat (ATP) wurde in allen entwickelten Kaskaden in katalytischen Mengen verwendet

und durch die Verwendung von Polyphosphat (PolyPn) standig regeneriert.

Nach erfolgreicher Etablierung der Multienzymkaskaden fur die Synthese von Zuckernukleotiden
wurden zwei Strategien fur die Synthese von HMOs demonstriert. In einem Kopplungsansatz wurde die
Zuckernukleotid-Synthesekaskade an eine Glykosyltransferase gekoppelt. Diese Strategie bietet den
Vorteil, dass Nukleoside in katalytischen Mengen verwendet werden kénnen. Um die Realisierung
dieser Strategie zu demonstrieren, wurde die Synthese von zwei einfachen HMOs — z.B. 3-
Fucosyllactose (3-FL) und 6'-Sialyllactose (6'-SL) — als Proof-of-Concept-Studie durchgefihrt. In
einem modularen Ansatz wird das Produkt der Zuckernukleotidsynthesekaskade mit einem Akzeptor

und einer Glykosyltransferase kombiniert. Dies fuhrte zur Synthese von 10 verschiedenen HMOs.

Fir das Glyco-Engineering von therapeutischen Proteinen wurden zwei Methoden vorgeschlagen. Bei
der ersten Methode wurde die Verbindung von endstandigem Gal mit einem Antikdrper unter
Verwendung der aus E. coli stammenden humanen 3-1,4-Galaktosyltransferase demonstriert und eine
Erhdhung der Aktivitat der antikdrperabhéngigen zellvermittelten Zytotoxizitat (ADCC) mittels einem
chromatographischen Assay nachgewiesen. Bei der zweiten Methode wurde das Konzept eines
kunstlichen Golgi Kompartments auf mikrobieller Basis in vitro unter Verwendung mannosylierter
(mannosereicher) Glykoproteine beschrieben. Zur Demonstration dieser Idee wurde ein bekannter
Inhibitor der Mannosidase | (Kifunensin) zu Ovarialzellen des chinesischen Hamsters (CHO) gegeben,
um mannosylierte (Man9) Immunglobulin G (IgG)-Proteine zu produzieren. Anschlieend wurde das
Man9-1gG enzymatisch auf Man5-Strukturen getrimmt und mit Hilfe der aus E. coli stammenden
humanen a-1,3-Mannosyl-Glykoprotein 2-3-N-Acetylglucosaminyltransferase (MGAT1) weiter zur
Man5-GO-Struktur verlangert. Trotz erfolgreicher Expression des humanen a-1,6-Mannosyl-
Glykoprotein 2-B-N-Acetylglucosaminyltransferase (MGAT?2) in E. coli wurde das Konzept aufgrund der

inaktiven Expression von Mannosidase Il in E. coli experimentell nicht weiter ausgebaut.

SchlieBlich wurden mehrere verfahrenstechnische Strategien vorgestellt, um die Skalierbarkeit von
Multi-Enzym-Synthese von Zuckernukleotiden zu demonstrieren. UDP-Gal und UDP-GIcNAc wurden
unter Verwendung von abzentrifugiertem Zelllysat auf 1 L bzw. 4 L (direkt aus 200 pL) skaliert. Um die

Anzahl der unabh&angigen Fermentationen zu minimieren, wurden bei der zweiten Strategie sechs
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Enzyme gleichzeitig in einem einzigen E. coli-Stamm durch Koexpression der entsprechenden Gene
hergestellt. Die Kombination von sechs Enzymen ermdglichte die Synthese von UDP-GIcNAc und UDP-
Gal im MalRstab von 150 mL bzw. 3 L. Dieser Ansatz wurde auch fiir die Synthese von CMP-Neu5Ac
im 100-mL-Maf3stab verwendet. SchlieRlich wurden sechs Enzyme auf handelstblichen
Chromatographieharzen fir die Synthese von UDP-GIcNAc co-immobilisiert. Die Aktivitat der co-

immobilisierten Enzyme wurde fir 20 Zyklen nachgewiesen.

Die in dieser Arbeit vorgestellten Ergebnisse haben das Potenzial, fur die Produktion funktioneller
Oligosaccharide (z. B. HMOs) in industriellem MaRstab sowie fir das Glykoengineering von
Therapeutika mit besserer klinischer Wirksamkeit genutzt zu werden. Insgesamt ist zu hoffen, dass die
vorgestellte Arbeit als Beitrag zur Glykobiotechnologie bei der Entwicklung von hochwertigen
Néhrstoffen und therapeutischen Produkten zur Verbesserung der menschlichen Lebensqualitéat dienen

kann.
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1 Introduction

The attachment of sugars to molecules such as proteins and lipids takes place in a process called
glycosylation. Protein glycosylation is a co- and/or post-translational modification which is considered
to be among the most complex biological processes [1]. The majority of glycosylation reactions in vivo
are catalyzed by Leloir-glycosyltransferases by using sugar nucleotides as substrates [2]. The roles of
glycosylation in different stages of life from infancy to adulthood as well as, in health and diseases are

turning glycobiology to an incredibly attractive field to explore opportunities for better human health.

The glycosylation of therapeutic proteins is essential to their performance [3]. For instance, it has been
demonstrated that intravenously administered erythropoietin (EPO) has a plasma half-life of 5to 6 h, in
contrast to desialylated EPO, which has a half-life of less than 2 min [4]. In the case of immunoglobulin
G (IgG) antibodies, deglycosylated IgGs had an 85% lower affinity toward receptor proteins compared
to glycosylated ones [5]. Furthermore, the glycosylation profile of IgGs is of significant importance in
enhancing binding to receptor proteins as well as for their physical properties [6]. Therefore, the
modification of glycosylation profiles of therapeutic proteins is considered as a relevant target in the
glycoengineering field [7,8]. Tailoring the glycoforms is usually achieved through different strategies
such as in vivo glycoengineering (e.g., genetic manipulation), cell culture additives (e.g., feeding
glycosylation precursors), and in vitro glycoengineering (e.g., enzymatic) [9]. Amongst existing
glycoengineering methods, enzymatic approaches have been demonstrated to be one of the most
promising strategies for obtaining desired glycoforms [10]. Therefore, there is great interest in the
advancement of enzymatic methods to modify the glycoforms of therapeutic proteins for development

of superior or even novel drugs.

Functional roles of oligosaccharides in the human body (e.g., acting as prebiotics) have been described
in various studies [11-13]. There are more than 200 different free oligosaccharides in human milk in a
concentration range of ~5-20 g/L [13,14]. These oligosaccharides or so-called human milk
oligosaccharides (HMOs) have substantial direct and indirect roles in an infant’s cognitive and physical
development [13]. Moreover, they can act as prebiotics and antivirals [15]. Research is ongoing to
unravel their role in lives of infants [16,17] and adults [18,19]. Current infant formula is based on cow
milk [20], which has an oligosaccharide content of ~1—-2 g/L in colostrum and ~100 mg/L in mature milk
[21] as well as significantly less complex structures compared to HMOs [22]. Therefore, there is
significant interest in the addition of synthetic HMOs to infant formula [23]. So far, the addition of only
two structures of 2'-fucosyllactose (2'-FL) and lacto-N-neotetraose (LNNnT) has been achieved at a
commercial scale thanks to fermentation-based production of HMOs [24]. Meanwhile, there is high
demand for alternative, scalable synthesis technologies to enable commercial scale production of
HMOs, ideally the complex structures which are challenging to produce through fermentation

processes.



Leloir-glycosyltransferases have been described as a “game-changer” in synthesis of oligosaccharides
[25]. Prudden et al. synthesized 60 different types of HMOs by employing 10 different Leloir-
glycosyltransferases and four different sugar nucleotides [26]. Warnock et al. glycoengineered one
kilogram of a therapeutic IgG by using a Leloir-glycosyltransferase and a sugar nucleotide [27]. Johnson
et al. synthesized a few hundreds of grams of tri-, tetra-, and pentasaccharide HMOs by using Leloir-
glycosyltransferases and sugar nucleotides [28]. Interestingly, the supply source of sugar nucleotides

is not mentioned in the two latter studies.

As of 2021, the price of sugar nucleotides is in the range of ~1-30 €/mg with availability of milligram to
a few gram quantities from known chemical suppliers. Evidently, both high price and limited availability
of sugar nucleotides substantially hamper large-scale applications for production of HMOs and

glycoengineering of therapeutic proteins.

In this work, it was hypothesized that developing scalable strategies for production of sugar nucleotides
could significantly contribute to the glycoengineering and other glycotechnology fields. To bring this
idea to practice, two main development categories were used: First, establishment of industrially
applicable synthesis processes for production of glycosylation precursors — i.e., sugar nucleotides —
and second, establishment of an artificial Golgi for large-scale synthesis and modification of glycans. In

the following, the content of the dissertation is described.

This dissertation describes multi-enzyme methods for the scalable production of sugar nucleotides from
industrially available precursors as well as platform technologies for synthesis of HMOs and
glycoengineering of therapeutic proteins. In chapter 2, the theoretical background of the concepts used
in this work is introduced and described. In chapter 3, the material and methods used are described in
detail. In section 4.1 is described how eight novel multi-enzyme cascades were designed, established,
and optimized for synthesis of sugar nucleotides in small scales. The obtained results are discussed
and extensively compared to previous works regarding synthesis of sugar nucleotides. In section 4.2,
two different strategies were proposed and demonstrated for synthesis of HMOs by using multi-enzyme
cascade developed for synthesis of sugar nucleotides. In the first approach, sugar nucleotide synthesis
cascades were coupled to relevant glycosyltransferases to synthesize three different HMOs by using
catalytic amounts of nucleosides. In the second approach, products of multi-enzyme cascades for
synthesis of sugar nucleotides were mixed with an acceptor and a glycosyltransferase to synthesize 12
different HMOs. Afterwards, the obtained results are discussed and developed approaches are
compared to the state-of-the-art methods for enzymatic synthesis of HMOs. In section 4.3, two E. coli-
based platforms were proposed and developed for glycoengineering of therapeutic proteins. In the first
approach, therapeutic antibodies were engineered through addition of terminal galactose (Gal) to the
existing glycans. The enhanced performance of glycoengineered antibodies was confirmed through
evaluating antibody-dependent cellular cytotoxicity (ADCC) activity. In the second strategy, high
mannose antibody was produced and furthered modified by using E. coli-derived enzymes. The
obtained results were discussed and compared to the current methods used for glycoengineering of
therapeutic proteins. In section 4.4, process development strategies were used for scale-up of the multi-

enzyme cascades from microliter to litre scales. Moreover, multi-enzyme co-immobilization was
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evaluated as a potential approach for large-scale production of sugar nucleotides. In chapter 5,
conclusion of the work conducted in the context of this dissertation is described and some outlook for

future advancement of the current work is presented.



2 Theoretical Background

2.1 Glycosylation

Glycosylation is one of the most common co- and/or post-translation modifications [29]. There are
various forms of glycosylation in vertebrates, e.g., N-glycosylation and O-glycosylation [30]. N-
glycosylation — the most studied form of glycosylation — starts in the endoplasmic reticulum (ER)
through the addition of core structure from a lipid-linked oligosaccharide (donor) to the nitrogen atom of
an asparagine (Asn) which is located in the Asn—X-serine (Ser)/threonine (Thr) consensus sequence,
where X can be any amino acid except proline [30]. The glycan modifications take place in the Golgi
apparatus. The details of various forms of glycosylation have been thoroughly reviewed in literature
[30—32]. There are more than 7000 different glycans in mammalians [30]. The large number of different
glycans consist of different monosaccharides, e.g., N-acetylglucosamine (GIcNAc), mannose (Man),
glucose (Glc), N-acetylgalactosamine (GalNAc), fucose (Fuc), and sialic acid [30]. However, there are
two forms of sialic acid: N-glycolylneuraminic acid (Neu5Gc) which is only found in non-human
mammals and N-acetylneuraminic acid (Neu5Ac) which is only found in human and a few other
mammals [33]. Approximately, 200 out of the 700 proteins involved in glycosylation processes are
glycosyltransferases that employ either lipid-linked oligosaccharides or nucleotide sugars [30]. An

illustration of the O- and N-glycosylation processes is shown in Figure 2.1.
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Figure 2.1. Schematic representation of major types of glycosylation in humans. Abbreviations are as
follows: EGF, epidermal growth factor; TSR, thrombospondin type 1 repeats; GPI,
glycosylphosphatidylinositol; GAG, glycosaminoglycans; N, Asn; S, Ser; T, Thr; 2S, sulfation at C-2
carbon; 3S, sulfation at C-3 carbon; 4S, sulfation at C-4; 6S, sulfation at C-6 carbon; NS, N-sulfation;
GlcA, glucuronic acid; GIcN, glucosamine; IdoA, iduronic acid. Adapted with permission from Ref. [31].

Glycans either attached on glycoproteins or in their free form have crucial biological roles such as
shaping physical structures (specifically glycans located on cell walls), water solubility of glycoproteins
and glycolipids, protein folding, protection from proteases, modulation of membrane receptor signaling,
antiadhesive actions, nutritional storage, intracellular trafficking, fertilization and reproduction,
protection from immune recognition, triggering of endocytosis and phagocytosis, and many other
functions which are thoroughly described and discussed elsewhere [32]. Therefore, glycans are
involved in manifold biological phenomena which are directly and indirectly connected to human health
and thus, one’s well-being. The therapeutic roles of glycoproteins and functionality of free

oligosaccharides are further described below.

2.1.1 Therapeutic glycoproteins

In 2017, 16 out of the 20 best-selling therapeutic proteins were glycoproteins, with 13 being monoclonal
antibodies (mAbs) [34]. Therapeutic proteins are mainly produced in mammalian cell cultures [35]. The
glycosylation of therapeutic proteins is important for their performance [9,36] to such an extent that it
makes their glycosylation profile one of the most important critical quality attributes (CQASs) [37]. For
example, in 2006, Genzyme received approval for alglucosidase alfa from the United States Food and
Drug Administration (FDA) for treatment of Pompe disease. The approval was based on a 160 L scale
cultivation. Under the same approval authorization, however, the application to produce alglucosidase

alfa at the 2000 L scale was rejected due to a different glycosylation profile after scale-up [38].

Various studies have demonstrated that glycosylation has a significant effect on antibody-dependent
cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) activity of mAbs [39—
41]. ADCC is a mechanism performed by different immune cells (leukocytes) carrying receptors for the

fragment crystallizable region (Fc region) of IgG which are able to kill antibody-coated antigens [42,43].
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CDC is a mechanism in which complement component 1q (C1q) binds to the Fc region of IgG to start
the complement cascade as part of the immune system for lysis of antigens [6]. Improvements in ADCC
and CDC activity through tailoring the glycosylation profile of IgGs have turned glycans into an important
target for drug development purposes, an approach known as glycoengineering [6,9,44,45]. Currently,
there are significant efforts in process towards the advancement of treatment options through

modification of the glycan structure of therapeutic glycoproteins [8,9,46,47] and viral vaccines [48].

A protein can have multiple glycosylation sites, which results in heterogeneity in the site occupancy and
glycan structure on the protein. Heterogeneity at glycosylation sites is referred to as macro-
heterogeneity (completeness of glycosylation) and micro-heterogeneity refers to differences in glycan
structures at a given glycosylation site [49,50]. Process parameters such as host cell line, dissolved
oxygen [51], temperature [52], pH [53], and even scale-up [38] can contribute to heterogeneities in the
glycosylation of proteins [54-58]. Therefore, due to such causes of heterogeneity, glycoproteins have
several types of glycosylation. Both forms of heterogeneity can substantially affect protein properties
and functionality [49,50,59]. The average relative distribution of glycans found on most therapeutic

mAbs are shown in Figure 2.2.
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Figure 2.2. Most abundant glycans found on the Fc region of therapeutic mAbs. Values were obtained
from Ref. [37]. Blue squares, N-acetylglucosamine; green circle, mannose; yellow circle, galactose;
pink square, sialic acid; red triangles. fucose.

It has been shown that afucosylated (e.g., GO) and galactosylated (e.g., G2) mAbs have the highest
ADCC activity, and thus, they are considered the main templates for mAb glycoengineering [41,45,60].

Obtaining such structures can be achieved by in vivo and/or in vitro glycoengineering [9].

There are currently substantial efforts underway to produce therapeutic glycoproteins with homogenous

glycans through the feeding of glycosylation precursors [61], use of cell culture additives [62—64], and
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especially through cell line glycoengineering (in vivo glycoengineering) [8,47,65]. Despite significant

works on in vivo glycoengineering, obtaining homogenous glycoforms is still extremely challenging [47].

Enzymatic glycosylation has been demonstrated to be a very promising approach for obtaining
homogenous glycoforms [10,66,67]. Enzymatic glycoengineering is typically performed using two
strategies. In this first approach (the transglycosylation approach), endo-B-N-acetylglucosaminidase
(ENGase) EndoS2 is used for glycan cleavage from the asparagine attached GIcNAc (Figure 2.3A) [6].
In this way, only a GIcNAc (either with or without Fuc) will remain. Afterwards, oxazoline
oligosaccharides with defined structures are used as substrates in combination with engineered
ENGase EndoS2-D184M [6]. This method was developed more than two decades ago and is still being
used for synthesis of glycoproteins with homogenous glycoforms [8]. The enzymes used in
transglycosylation reactions are readily produced in E. coli [6,68]. However, the reaction substrates
have to be isolated from natural sources like egg yolk powder [69], which has its own challenges and

disadvantages.
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Figure 2.3. concepts used in in vitro or enzymatic glycoengineering. (A) Glycoengineering by using
oxazoline glycans as the substrate and ENGase (EndoS2) and its engineered variants (EndoS2-
D184M) as the biocatalyst [6]. (B) Glycoengineering by using sugar nucleotides and Leloir-
glycosyltransferases. Abbreviations: B1,4GALT1, (-1,4-Galactosyltransferase 1; UDP-Gal, uridine
diphosphate galactose.

B)

Another approach for enzymatic glycoengineering — the method that is used in this dissertation — is
performed with Leloir-glycosyltransferases and sugar nucleotides as substrates (Figure 2.3B)
[41,44,70]. This strategy is similar to what takes place in vivo [2]. Therefore, any glycan can be

potentially synthesized with the suitable glycosyltransferase and sugar nucleotide precursors.

There are multiple reports on glycoengineering (e.g., galactosylation and sialylation) of different
therapeutic proteins based on mammalian cell-derived Leloir-glycosyltransferases [41,44,71,72].
However, the cost of recombinant protein production is significantly higher in mammalian cells
(compared to common microbial hosts e.qg., E. coli) [73,74], which, through their usage for development
of enzymatically glycoengineered drugs, substantially increase manufacturing cost. Additionally, high
costs and unavailability of UDP-Gal and CMP-NeuS5Ac (major sugar nucleotides used in
glycoengineering) in large scales are among the main reasons that hamper process scale

implementation of in vitro glycoengineering.



2.1.2  Human milk oligosaccharides

Free glycans are another important product of glycosylation. HMOs — sugars that are found in human
milk — are one of the major components of functional free glycans [15]. The importance of HMOs in
the infant’'s physical and cognitive development, together with their long term health benefits are
currently being discovered [16,17,75]. In the following, the historical aspects of HMOs, their application,

and synthesis strategies are described.

In the 1950s, there was clear evidence that breast-fed infants had higher physical and cognitive
development as well as higher resistance to infections compared to formulae-fed infants [76,77]. There
were two distinct differences between breast-fed and formulae-fed infants: 1) intestinal flora of breast-
fed infants was found to be abundant with Bifidobacterium and 2) breast-fed infants had distinctly acidic
feces, while formula-fed infants had neutral or even alkaline fecal pHs [78]. Experiments on human milk
suggested that the presence of some active molecules — which were traditionally quantified as bifidus
factor — promote the growth of Bifidobacterium, which does not exist (abundantly) in cow milk [78].
Interestingly, other body fluids, like tears and saliva, were also found to contain these active molecules
(oligosaccharides) [78]. Richard Kuhn and Paul Gyérgy demonstrated that these active molecules are
a mixture of oligosaccharides which were later termed as HMOs [79-82]. So far, more than 200 different
structures have been found in human milk. Due to the inherent complexity of HMOs, there are ongoing

efforts for their identification and quantification [83,84]. Some example HMOs are shown in Table 2.1.



Table 2.1. Examples of human milk oligosaccharides (HMOs), their molecular structures, and reported
concentrations in human milk. Concentrations are reported from Ref. [85].

Conc. Conc.
Name Structure Name Structure
(mg/L) (mg/L)

2'-FL 2740 oh e 3-FL 420 ?

DFL 440 3-SL 290 L@
LNT 790 LNNT 740 (}f‘
B
B4
o 3 bt
LSTc 710 N < DS-LNT 770 B
[14
LNFP Il 160 LNFP V 20 w
B4 ’
DF-para-
LNnH 60 500
LNnH
DF-LNH I 2700

Abbreviations: 2'-FL, 2'-fucosyllactose; 3-FL, 3-fucosyllactose; DFL, difucosyllactose; 3'-SL, 3'-
sialyllactose; LNNT, lacto-N-neotetraose; LNT, lacto-N-tetraose; LSTc, sialyl-lacto-N-neotetraose c; DS-
LNT, disialyllacto-N-tetraose; LNFP V, fucosyllacto-N-neotetraose V; LNFP I, fucosyllacto-N-
neotetraose IllI; LNnH, lacto-N-neohexaose; DF-LNH II, difucosyllacto-N-hexaose II.

Since the discovery of HMOs, there have been an increasing number of studies on their importance
and functional roles [13,16,17]. Until the early 90s, HMOs were considered to have mainly prebiotic
roles [13]. Prebiotics are defined as “a selectively fermented ingredient that allows specific changes,
both in the composition and/or activity in the gastrointestinal microflora, that confers benefits upon host
well-being and health” [13,86,87]. In order for prebiotics to promote growth of beneficial bacteria in the
gut, they need to be resistant to the acidity of gastric juice, non-hydrolysable by host enzymes, and
have low absorption affinity in the gastrointestinal tract [13]. The properties of HMOs meet all the
requirements of prebiotic compounds [88,89]. Other roles of HMOs are antiadhesive antimicrobial
agents as well as antivirals by acting as soluble decoys [90-93]. Such properties of HMOs make them
potential candidates for antiviral applications [90]. Moreover, there is strong evidence regarding the
regulatory role of HMOs in the maturation of the immune systems in infants both directly [94] and
indirectly [95,96].



Necrotising enterocolitis was identified as one of the most common causes of death in preterm infants,
for which there is yet no effective treatment [97]. Animal studies have proven that HMOs can
significantly improve survival and reduce pathology [98,99]. Recently, the correlation of necrotising
enterocolitis occurrence in infants and HMOs was reported [100]. Interestingly, there is a growing

number of patent applications claiming the therapeutic application of HMOs [101-104].

The growth in head circumference — correlated with brain volume — is the fastest organ growth rate
in human infants at a rate of 1.1 mm/day [105]. The role of sialic acid — i.e., Neu5Ac — and sialic acid-
containing molecules in infant cognitive development has been supported by various studies [106,107].
Since Neu5Ac can only be found in human [108] (and a few other mammals e.g., New World monkeys
[108] and ferrets [109]), there are not many sustainable resources for dietary supplementation of sialic

acid. Therefore, sialylated HMOs are an important source of sialic acid for infants nutrition [13,106,107].

Patents titled “food compositions” [110] and “food products containing glucosides of N-acetyl-D-
glucosamine” [111] by Paul Gyodrgy and Richard Kuhn — the scientists who discovered HMOs —
demonstrate the first efforts to add HMOs to infant formulae. Further patents regarding processes for
HMOs synthesis [112] (with Wyeth LLC, a well known company in infants nutrition at the time, as
assignee) further illustrates the commercial interests in HMOs. Despite this, the addition of HMOs to
infant formulae at commercial scales was not realized untill 2016 [24]. However, among >200 different
structures of HMOs, so far only 2'-FL and LNnT have been added to the formulae [24]. The main
obstacle for launching HMOs at commercial scales is the lack of economically viable production

processes [113,114].

Production strategies of HMOs and other oligosaccharides have been described in detail in various
studies [115-119]. Fermentation of engineered E. coli is a promising strategy for the large scale
production of simple HMOs such as 2'-FL [120] with successful commerical launches by various
companies [24]. Fermentation-based production of HMOs has been thoroughly reviewed [121].
However, the production of complex and large HMOs is very challenging through fermentation due to
known problems like high metabolic burden (e.g., high level of sugar nucleotides) and transport
processes [119,122].

Utilizing Leloir glycosyltransfreases is the only strategy which allows the synthesis of any type of HMOs,
regardless of their complexity [26]. The main challenges for large scale application of Leloir
glycsoyltransfereases are the high cost and unavailability of sugar nucletides which serve as sugar
donors (substrate) for this family of glycosyltransfereases [123]. In addition, hurdles such as difficulties
in recombinant production (mainly as inclusion bodies) and unfavorable process parameters (e.g.,
stability, activity) of Leloir-glycosyltransfereases are among the challenges involved in the large scale

application of this family of enzymes (thoroughly reviewed by Mestrom et al. [114]).

To avoid the direct usage of sugar nucleotides for the synthesis of oligosaccharides, the concept of

one-pot multi-enzyme (OPME) systems has been developed to generate the desired sugar nucleotides
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in situ [124]. In the OPME approach, sugar nucleotides are produced in situ from low cost precursors

such as triphopshate nucleotides and monosaccharides. The concept of OPME is shown in Figure 2.4.
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Figure 2.4. Concept of OPME for synthesis of lacto-N-tetraose (LNT) based on Ref. [125]. In this
approach both syntheses of sugar nucleotide and HMO are carried out in one-pot. SpGalk,
Streptococcus pneumoniae TIGR4 galactokinase; BLUSP, Bifidobacterium longum UDP-sugar
pyrophosphorylase; PmPpA, Pasteurella multocida inorganic pyrophosphatase; CvR33GalT, C.
violaceum [3-1,3-galactosyltransferase; Gal, galactose, Gal-1P, galactose 1-phosphate; PPi,
diphosphate; Pi, phosphate; ATP, adenosine triphosphate; ADP, adenosine diphosphate; UTP, uridine
triphosphate; LNT II, lacto-N-triose II.

The concept of OPME is highly used for lab and preparative scale synthesis of various oligosaccharides
[125-127]. However, there are multiple process-related aspects which significantly chellenge OPME
implementation in industry. For instance, stoichiometric usage of ATP and nucleotide triphosphates
lead to high synthesis costs. Furthermore, direct application of low-abundance and costly sugars such
as Fuc and Neu5Ac for synthesis of their nucleotide activated forms is another factor that challenges

the scalabity of OPME.

To avoid stoichiometric usage of nucleotide triphosphates, the concept of sugar nucleotide regeneration
was develped in various studies [128-132]. In this strategy, named the coupling approach, released
mono- or diphosphate nucleotides from a glycosyltransfereas reaction enter a regeneration cycle in
which they will convert to their triphosphate form and re-serve as substrates for sugar nucleotide
synthesis — all in one pot. The concept of the coupling approach is shown in Figure 2.5. Based on this,
mono-, di-, or triphosphate nucleotides are used in catalytic amounts in the excess presence of a
phosphate donor compound e.g., phosphoenolpyruvate (PEP). This strategy is claimed to have been
used in large scale synthesis of functional oligosacchrides in the form of carbohydrate vaccines [128].
However, using multiple purified enzymes for synthesis of one glycosidic bond is very costly and
inefficient at large scales, specifically for applications like HMOs which are needed in multi-ton

guantities.
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Figure 2.5. lllustration of coupling approach for synthesis of 6'-sialyl-N-acetyllactosamine (6'-SLN) from
N-acetyllactosamine (LacNAc) as described in Ref. [133]. Neu5Ac, N-acetylneuraminic acid; ADP,
adenosine diphosphate; ATP, adenosine triphosphate; CMP, cytidine monophosphate; CDP, cytidine
diphosphate; CTP, cytidine triphosphate; CMP-NeuAc, cytidine monophosphate N-acetylneuraminic
acid; PPi, inorganic pyrophosphate; Pi, inorganic phosphate; PEP, phosphoenolpyruvate; Pyr,
pyruvate; PK, pyruvate kinase; NMK, nucleoside monophosphate kinase; PPase, inorganic
pyrophosphorylase.

Either in the case of in vitro glycoengineering or synthesis of functional oligosaccharides, direct usage
of sugar nucleotides and Lelior glycosyltransferases evidently offer significant advantages over any
other synthesis strategies. However, the high cost of sugar nucleotides is the main bottleneck for large-
scale purposes. Therefore, development of scalable processes for production of sugar nucleotides can
enable the implementation of Lelior glycosyltransferases in large scales. In the following, previous

approaches for synthesis of sugar nucleotides are described.

2.2 Sugar nucleotides

Sugar nucleotides are high energy molecules in the form of mono- or diphosphate nucleotide attached
to a monosaccharide. Attachment of a high energy nucleotide through a phosphodiester bond to a
monosaccharide significantly increases its thermodynamic energy level and makes it readily available
to act as a sugar donor in glycosyltransferase reactions [134]. The main sugar nucleotides used in in
vitro glycoengineering and HMOs synthesis are: guanosine diphosphate L-fucose (GDP-Fuc), which is
the substrate for fucosyltransferases; uridine diphosphate N-acetylglucosamine (UDP-GIcNAc), which
is the substrate for N-acetylglucosaminyltransferases; uridine diphosphate galactose (UDP-Gal), which
is the substrate for galactosyltransferases; and cytidine monophosphate N-acetylneuraminic acid

(CMP-Neu5Ac), which is the substrate for sialyltransferases.

Traditionally, sugar nucleotides were isolated from microbial sources like E. coli and yeast [135,136]
but their low yield did not allow their application in large scales. There are some reports on fermentation-
based production using metabolically engineered microorganisms, however, the reported titers are in
the range of ~10 mg/L, which are too low for large-scale applications [137-139]. Chemical syntheses
of sugar nucleotides consist of laborious and complex multi-step synthesis that has very low yield and
productivity [140,141].

Using multi-enzyme systems for production of sugar nucleotides has proven to be the most viable option
among the other synthesis methods (extensively reviewed in [116,134,142-144]). In 1988, Simon et al.
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clearly stated that the high cost of CMP-Neu5Ac (~10¢ $/mol in 1988) was the reason behind the
development of a multi-enzyme cascade for its synthesis [145]. The same reasoning applies to the
synthesis of UDP-Gal reported by Liu et al. in 2002 [146]. Interestingly, despite the advances in various
techniques associated with enzymatic synthesis, prices of sugar nucleotides in 2021 are still in the same

range (except UDP-GIc which is still considerably expensive for large scale applications).

Despite many studies on the synthesis of sugar nucleotides, most syntheses, except for a few reports
[147-149], were carried out from expensive and low-abundant precursors i.e., di- and triphosphate
nucleotides [150-152]. Therefore, the lack of cost-efficient synthesis routes could be one of the reasons
that sugar nucleotides are still scarce. The details of precursor choice and pathway design for synthesis
of sugar nucleotides are thoroughly discussed in section 4.1.4. In the following, the concept of multi-

enzyme synthesis and its utilization for process design and development is described.

2.3 Multi-enzyme systems

The first observation of enzymes being responsible for biochemical reactions took place in a multi-
enzyme system by Eduard Buchner in 1897 [153], for which he was awarded the Noble Prize in
Chemistry in 1907 for his work on “cell-free fermentation”. However, the high potential of multi-enzyme
systems or multi-enzyme cascades for production of high value chemicals was not realized until recently
[154-158]. The core concept of using multi-enzyme cascades for synthesis purposes is employing
inexpensive precursors as raw materials [159-161]. There are multiple advantages of multi-enzyme
synthesis over traditional synthesis methods such as: elimination of intermediates isolation, better
handling of unstable intermediates, higher synthesis yield by shifting equilibrium reactions, and
implementation of catalytic energy modules [156,158]. The significant decrease in DNA synthesis costs
in the last decade has enabled accessibility to many types of enzymes [162]. Naturally, a majority of
enzymes are active in physiological conditions, e.g., comparable pH and temperature activity ranges.
Therefore, by bringing enzymes from different sources (i.e., organisms), efficient (and unnatural) multi-
enzyme cascades can be designed and established based on thermodynamics and kinetic principles
for synthesis of value-added chemicals [156,158]. Schrittwieser et al. provided an excellent review on

multi-enzyme cascades for synthesis of organic molecules [163].

Availability of synthesis precursors has a crucial and often decisive role in the large-scale manufacturing
of a product. Therefore, industrial availability of synthesis precursors at reasonable costs (reasonable
value is defined based on the product value) is an important factor in designing large-scale processes.
This issue is one of the main weak points of sugar nucleotide synthesis in literature which has
significantly challenged its large-scale implementation despite of excellent reaction metrics such as
yield and titer [150,164].

Scalability of a technology is a vital factor for its industrial implementation. For fermentation-based
processes for product synthesis (e.g., small molecules), there is abundant literature from academia and
industry for systematic analysis of process scale-up [165,166]. However, there is little information

available regarding the scale-up of biocatalytic processes, specifically, for the case of multi-enzyme
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processes. There are multiple reports on presenting the industrial enzymatic processes in various

scales, however, the process scale-up details are not described [167,168].

Multi-enzyme systems are significantly more complex compared to common enzymatic processes
involving one or two enzymes. For instance, fermentation scale-up is considered complex and costly
[166,169]. Considering a six-enzyme cascade in which six separate fermentation units are required to
produce the enzymes, the complexity of experimental work, development time, and consequently the
scale-up cost is significantly higher (compared to, e.g., a single enzyme process) [170]. For instance,
in the previous example of a six-fermentation unit, failure in one fermentation adversely affects the
whole production process as well as process scheduling, and thus, product output. In stark contrast,
using one large fermenter can be significantly cheaper than running multiple smaller fermenters (scale-
up effect), considering process optimization, control, and logistics [171]. Furthermore, since
fermentation is considered one of the costliest process steps (in terms of raw materials, utilities, and
capital investment), reducing the number of required fermentation units will substantially decrease the
scale-up cost [166]. Strategies such as simultaneous production of enzymes by co-expression in one
fermentation unit can bring the concept of multi-enzyme synthesis closer to industrial applications. One
strategy for co-expression of multiple enzymes is based on the gene fusion concept [172]. For example,
for a cascade of two enzymes and two reactions, the corresponding two genes will be fused together
and in the case of successful translation, a bifunctional enzyme will be produced which is capable of
catalyzing the two reactions [172]. This strategy can be complicated for a cascade of more than two

enzymes due to the complexity of protein structures.

Multiple Duet™ vectors capable of co-expressing two genes per vector with compatible antibiotic
selection markers and origins of replication have been developed to enable co-expression of multiple
genes in one strain [173]. This concept has been used in various metabolic engineering and biocatalysis
studies [173-175]. In a successful application of Duet™ vectors or any other co-expression strategies
of heterologous genes, only one fermentation unit is required for enzyme production. The application
of co-expression of multiple genes in one strain for synthesis of sugar nucleotides is discussed in
section 4.4.4.2.

The importance of biocatalyst formulation (e.qg., purified, crude extract, immobilized) in development of
enzymatic processes has been systematically analysed in reference [176]. Application of purified
enzymes in a process is estimated to be ~5.5x more expensive compared to crude form enzymes (cell
lysate) [176]. Due to the high cost of downstream processing, the use of purified enzymes in large scale
processes is avoided [177]. As a rule of thumb, use of enzymes in their crudest form (i.e., cell lysate) is
recommended in large-scale applications — without sacrificing product quality [177,178]. The usage of

cell lysate for large-scale synthesis of sugar nucleotides is described in section 4.4.1.

Immobilization of enzymes on solid supports is another type of biocatalyst formulation for product
synthesis. In this approach, enzymes are immobilized on a solid support through various mechanisms
such as adsorption and covalent binding. The latter mechanism is the strongest form of binding, which

is usually achieved through enzyme immobilization on epoxy-functionalized supports [179]. The details
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of enzyme immobilization and the involved methods are thoroughly described in various studies [180—
183]. Using immobilized enzymes allows for multiple usage of enzymes in different reaction cycles
which can significantly decrease reaction costs [176]. Enzyme immobilization enables the application
of co-solvents or higher synthesis temperature because of enzyme stability on solid supports [182].
Another advantage of immobilized enzymes is the opportunities in reactor design and operation mode
such as using packed bed reactors for continuous synthesis [184]. Immobilized enzymes in product
synthesis have been extensively used in industry [185]. However, because of changes in protein folding

upon immobilization, enzyme activity can be reduced or even be completely lost.

In the case of multi-enzyme synthesis, co-immobilization (vs. separate immobilization) is considered
during process development [186—188]. Since multi-enzyme cascades can be vastly different based on
their pathway design, consequently, their co-immobilization might require different strategies. The
details of multi-enzyme co-immobilization with respect to the design of the pathway are thoroughly
described in [186].

There are only few reports on sugar nucleotides and Leloir glycosyltransferases-based synthesis by
using immobilized enzymes [132,146,189]. The process for co-immobilization of multiple enzymes for
synthesis of sugar nucleotides was designed and developed in this work (section 4.4.3) and thoroughly
discussed in section 4.4.4.3.

15



3 Materials and Methods

Ultrapure water from a Milli-Q® Advantage A10 water purification system (Merck, Germany) for
preparation of buffers and stock solutions was used for experiments except for preparation of E. coli
cultivation media, where distilled water was used. The list of chemicals and suppliers are described in

the Appendix A: List of Chemicals.

For the cost analysis of some compounds, all the prices were taken from the online catalogue of
Carbosynth, Ltd (United Kingdom), during late 2020 and early 2021, except for PolyPny, for which the list
price was taken from Merck (Germany). The claims regarding availability of certain compounds, e.g.,
milligram, gram or kilogram amounts, were assumed based on the quantities available on the online
catalogue of Merck and Carbosynth during late 2020 and early 2021.

3.1 Multi-enzyme cascade design for synthesis of sugar nucleotides

Ensuring the availability of the precursors was the major focus in designing pathways for synthesis of
sugar nucleotides and HMOs. For synthesis of sugar nucleotides, the corresponding nucleosides i.e.,
Guo, Uri, and Cyt were chosen as precursor of the activated sugars. Monosaccharides were used as
synthesis precursors, however, in the case of low-abundant monosaccharides i.e., Fuc and Neu5Ac,
novel cascades were designed to avoid their direct usage. The details of each cascade are described

in the Results and Discussion section.

3.2 Recombinant enzyme production
The selection of genes for recombinant production of enzymes in the developed cascades was based
on database searches e.g., BRENDA [190,191] and available literature.

3.2.1 Plasmid design

The genes used in this work were purchased in the corresponding expression vectors from BioCat
GmbH (Heidelberg, Germany) and GeneArt (Regensburg, Germany), unless stated otherwise. The
plasmids for production of N-acetylhexosamine 1-kinase (NAHK), glucokinase (GLK),
phosphomannomutase/mannose 1-phosphate guanylyltransferase (MANB/C), inorganic
diphosphatase (PPA), glucose 1-phosphate uridylyltransferase (GALU), and guanosine kinase (GSK)
were kind gifts of Prof. Dr. M. Pietzsch Chair of Downstream Processing at Martin Luther University
Halle-Wittenberg. The list of the genes and plasmids used in this study is presented in Table 3.1.
Glutamate dehydrogenase (GLDH from Bos taurus, Merck, Germany), and alkaline phosphatase (AP,
FastAP Thermosensitive Alkaline Phosphatase, Thermo Fisher Scientific, USA) were purchased. More

information on plasmids is described in the
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Appendix B: List of Plasmids.

Table 3.1. List of genes used in this work for recombinant enzyme production.

Gene Name Umpli%t acc. Source Plasmid Ref.
Genes used for synthesis of sugar nucleotides
udk uridine/ 0(38'[‘)"}2‘)6 kinase  poagr4 E. coli PET-28a(+)  [192]
gsk guanosine kinase (GSK) 024767 E. acetylicum pET-28a(+) [193]
UMK3 UMP/CMP kinase (UMPK) 004905 A. thaliana pET-28a(+) [194]
gmk GMP kinase (GMPK) P60546 E. coli pET-28a(+) [195]
SPO1727 PolyPn kinase (PPK3) Q5LSN8 R. pomeroyi pET-28a(+) [129]
N-acetylhexosamine 1-
nahk kinase (NAHK) ESBMF12 B. longum pET-28a(+) [196]
glk glucokinase (GLK) POAGVS8 E. coli pET-28a(+) [197]
galK galactokinase (GALK) B3DTFO B. longum pET100/D-TOPO  [198]
fucokinase/
fkp L-Fucl-phosphate Q58T34 B. fragilis pET100/D-TOPO  [199]
guanylyltransferase (FKP)
glucose 1-phosphate . i
galu uridylyltransferase (GALU) POAEP3 E. coli pPET-28a(+) [200]
GIcNAc 1-phosphate . i
glmu uridylyltransferase (GLMU) Q9CK29 P. multocida pET-15b [201]
mannose 1-phosphate
manC guanylyltransferase P24174 E. coli pET-28a(+) [202]
(MANC)
Phosphomannomutase .
manB (MANB) P24175 E. coli pET-28a(+) [202]
EH233_206 N-acylglucosamine 2- AOA5QOGK i
15 epimerase (AGE) 66 Anabaena sp. pET-28a(+) [203]
nanA N-acetylneuraminate lyase Q9CKBO P. multocida pPET-22b(+) [204]
(NANA)
N-acylneuraminate L
neuA cytidylyltransferase (CSS) POA0Z8 N. meningitidis pET100/D-TOPO  [205]
GDP-L-fucose synthase .
wcaG (WCAG) P32055 E. coli pET-28a(+) [202]
GDP-mannose 4,6- .
gmd dehydratase (GMD) POACS88 E. coli pET-28a(+) [202]
Genes used for synthesis of HMOs
B-1,3-N-
LgtA acety'g'“Cozasg“”y'”amfer Q8L2U7  N. meningitidis OMAL-c4X  [206]
(B1,3GIcNACT)
B-1,4-
LgtB galactosyltransferase Q8L2Vv2 N. meningitidis pET-15b [207]
(B1,4GalT)
a-2,6-sialyltransferase : .
plst6 (ST2,6) DOVYB7 P. leiognathi pColdil [208]
fucta  O1-3/4fucosylransferase g, ooy H. pylori PET22b(+)  [209]
(3/4-FT)
Genes used for glycoengineering
EF 2217  a-1,2-mannosidase (Man I) Q832K9 E. faecalis pET22b(+) [210]
a-1,3-mannosyl-
MGAT1 glycoprotein 2-beta-N- P26572 H. sapiens PET-28a(+)  [211]
acetylglucosaminyltransfer
ase (MGAT1)
a-1,6-mannosyl- . This
MGAT?2 glycoprotein 2-beta-N- Q10469 H. sapiens pET-28a(+) work
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acetylglucosaminyltransfer
ase (MGAT?2)

B-1,4-
B1,4GalTl galactosyltransferase P15291 H. sapiens pET-28a(+) [212]
(B1,4GALT1)

Moreover, the pACYCDuet™ plasmid containing UMK3 and SPO1727 genes for co-expression of
UMPK, and PPK3 was purchased from BioCat GmbH (Heidelberg, Germany). The produced enzyme
mixture is shown as UMPK/PPK3.

3.2.2  Transformation

E. coli expression strain LOBSTR-BL21(DE3) (Kerafast Inc., USA) were used as a host for recombinant
protein production, except for ST2,6, MGAT1, MGAT2, and 31,4GALT1 where BL21(DE3) (NEB, USA)
strain was used. The heat shock approach was used for transformation of the competent cells [213]. In
brief, ~25 ng of plasmid was mixed with the competent cells and incubated on ice for 30 min. Afterwards,
cells were heated at 42°C for 30-40 s, followed by 5 min incubation on ice. Super Optimal broth with
Catabolite repression (SOC) media (NEB, USA) was added for cell growth for 1 h at 37°C. Afterwards,

cells were cultivated on a selection plate by overnight incubation at 37°C.

3.2.3 Fermentation

The strains harboring the plasmids were incubated overnight at 37°C in Lysogeny broth (LB) medium
consisted of 10 g/L tryptone (Carl Roth, Germany), 10 g/L sodium chloride (NaCl) (Carl Roth, Germany),
5 g/L yeast extract (Carl Roth, Germany), and their corresponding selection markers (antibiotics). The
concentration of antibiotics was as follows: ampicillin (Carl Roth, Germany), 100 pg/mL; kanamycin
(Carl Roth, Germany), 50 pg/mL; chloramphenicol (Carl Roth, Germany), 34 pug/mL; spectinomycin
(Merck, Germany), 50 pg/mL. A seeding ratio of 1:100 was used to inoculate the main culture with
overnight grown preculture. For the main cultivation, Terrific broth (TB) medium consisting of 20 g/L
tryptone (for production of 31,4GALT1 soybean peptone was used instead of tryptone), 24 g/L yeast
extract, 4 mL/L glycerol (Carl Roth, Germany), 17 mM monopotassium phosphate (KH2PO4) (Carl Roth,
Germany), 72 mM dipotassium phosphate (K:HPO4) (Carl Roth, Germany) with addition of 1.5 mM
magnesium sulfate (MgSOa) (Carl Roth, Germany), and a selection marker was used. The cultivation
condition was as follows, unless stated otherwise: growth at 37°C up to an ODeoo of 0.8—1, induction
with 0.4 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) (Carbosynth Ltd, United Kingdom) followed
by 20-24 h incubation at 16°C (for ST2,6 enzyme 15°C was used). Cell harvest was carried out through
centrifugation (Eppendorf, Germany) at 7000xg for 20 min at 4°C. Cell pellets were stored at -20°C until

cell lysis.

3.2.4 Celllysis

The cell pellet was resuspended in lysis buffer up to a final concentration of ~20-30% w/v. The lysis
buffer used in this work was 50 mM 3-(N-morpholino) propanesulfonic acid (MOPS) (Carl Roth,
Germany) buffer, 300 mM NaCl, 10 mM magnesium chloride (MgCl2) (Applichem, Germany), and 5%
glycerol at pH 7.4, unless stated otherwise. Cell lysis was performed with a high-pressure homogenizer

(Maximator, Switzerland) operated at a pressure of 800-1200 psi for three passages. Afterwards, the
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cell extract was centrifuged at 12,000xg for 30 min (or 7,000xg for 45 min) at 4°C to collect the

supernatant (cell lysate) and remove the cell debris.

3.2.5 Purification

Centrifugally clarified cell lysate was filtered with a 0.45 um cellulose acetate filter (Sartorius, Germany).
For purification of histidine tagged (His tag) enzymes, immobilized metal affinity chromatography
(IMAC) was used. Amylose resin was used for purification of proteins tagged with maltose binding
protein (MBP).

3.2.5.1 His-tag purification

Enzyme purification was carried out by employing an AKTA start instrument (Cytiva, Sweden) equipped
with a 5 mL HisTrap FF column (Cytiva, Sweden). The binding buffer consisted of 50 mM MOPS, 300
mM NacCl, 10 mM MgClz, 10 mM imidazole (Carl Roth, Germany), and 5% glycerol at pH 7.4. The elution
buffer consisted of 50 mM MOPS, 300 mM NacCl, 10 mM MgClz, 250 mM imidazole, and 5% glycerol at
pH 7.4. Fractions containing the protein of interest were pooled and the buffer was exchanged using an
Amicon® Ultra-15 centrifugal filter unit with a 3 KDa MW cutoff (Merck, Germany). The exchange buffer
was 50 mM MOPS, 300 mM NacCl, and 10 mM MgCl. at pH 7.4. Afterwards, the retentate solution
(concentrated enzyme) was mixed 1:1 with glycerol (50%). Enzyme stock solutions were stored at -
20°C.

3.2.5.2 MBP-tag purification

Purification of MBP-tagged enzymes was performed based on the affinity of MBP toward amylose resin.
The purification was performed with an AKTA start instrument (Cytiva, Sweden) equipped with a 1 mL
MBPTrap HP column (Cytiva, Sweden). The binding buffer contained 50 mM MOPS, 300 mM NacCl, 10
mM MgClz, and 5% glycerol at pH 7.4. The elution buffer contained of 50 mM MOPS, 300 mM NacCl, 10
mM MgClz, 10 mM maltose (Carl Roth, Germany), and 5% glycerol at pH 7.4. Fractions containing the
protein of interest were pooled and the buffer was exchanged using an Amicon® Ultra-15 centrifugal
filter unit with a 3 KDa MW cutoff (Merck, Germany). The exchange buffer was 50 mM MOPS, 300 mM
NaCl, and 10 mM MgCl: at pH 7.4. Afterwards, the retentate solution was mixed 1:1 with glycerol.

Enzyme stock solutions were stored at -20°C.

3.3 Enzyme activity and cascade reactions

All the cascade experiments were performed in 1.5 mL Eppendorf safe-lock tubes (Eppendorf,
Germany) at 37°C, and 550 rpm with an Eppendorf Thermomixer comfort mixer (Eppendorf, Germany),
unless stated otherwise. For reaction time course measurements, usually 1-2 pL aliquots were taken
and quenched into 1000—2000 pL of water at 90°C for 3 min. For experiments including CMP-Neu5Ac,
2 pL of samples were quenched into 1000 pL of water at 4°C. The following buffers were used for
performing the reactions: 2-(N-morpholino) ethanesulfonic acid (MES) buffer pH 5.5-6.5, MOPS buffer
pH 7—7.5, Tris-HCI buffer pH 7-9, unless stated otherwise. The establishment and optimization of the
cascades were done with purified enzymes. The details of each multi-enzyme experiment are described

in the corresponding section.
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3.3.1 Synthesis of sugar nucleotides
3.3.1.1 Synthesis of UDP-sugars

3.3.1.1.1 Synthesis of UDP-GIcNAc and UDP-GalNAc

The reaction conditions for synthesis of UDP-GIcNAc were as follows: Tris-HCI (pH, 8.5) 150 mM; MgCl:
75 mM; Uri 68 mM; GIcNAc 68 mM; ATP 2.1 mM; PolyPn 21 mM; UDK 0.07 pg/pL; UMPK/PPK3 0.11
po/pl; NAHK 0.18 pg/pL; GLMU 0.2 pg/pL, and PPA 0.05 pg/uL in a total volume of 200 pL. Results of

this cascade are presented in section 4.1.1.1.

The reaction conditions for synthesis of UDP-GalNAc were as follows: Tris-HCI (pH, 8.5) 150 mM; MgCl:
75 mM; Uri 53 mM; GalNAc 53 mM; ATP 2.6 mM; PolyP» 20 mM; UDK 0.07 pg/pL; UMPK/PPK3 0.11
po/pl; NAHK 0.15 pg/pL; GLMU 0.27 pg/pL, and PPA 0.08 pg/uL in a total volume of 200 pL. Results

are presented in section 4.1.1.1.

3.3.1.1.2 Synthesis of UDP-Gal

The reaction conditions were as follows: Tris-HCI (pH, 8.5) 150 mM; MgClz 75 mM; Uri 50 mM; Gal 52
mM; ATP 0.6 mM, and PolyP, 20 mM; UDK 0.07 pg/uL; UMPK/PPK3 0.11 pg/uL; GALK 0.16 pg/uL;
GALU 0.12 pg/pL, and PPA 0.06 pg/uL in a total volume of 250 pL. Results of this cascade are

presented in section 4.1.1.2.

3.3.1.1.3 Synthesis of UDP-GIc and UDP-Man

The reaction conditions for synthesis of UDP-GIc were as follows: 150 mM Tris-HCI (pH 8.5); 75 mM
MgClz; 62.5 mM Glc; 60 mM Uri; 1.7 mM ATP; 19 mM PolyPn; 0.86 pg/uL GLK; 0.06 pg/pL UDK; 0.1
po/ul UMPK/PPK3; 0.14 pg/uL MANB/C; 0.15 pg/uL GALU, and 0.04 pg/uL PPA in a total volume of

200 pL. Results of this cascade are presented in section 4.1.1.3.

The reaction for synthesis of UDP-Man contained 200 mM Tris-HCI (pH 8.5); 26 mM Man; 25 mM Uri;
7.3 mM ATP; 9.7 mM PolyPn; 75 mM MgClz, and the following enzymes: 0.06 pg/uL UDK; 0.08 pg/pL
UMPK/PPKS3; 0.76 pg/uL GLK; 0.14 pg/uL MANB/C; 0.12 pg/uL GALU, and 0.04 pg/uL PPA in a total
volume of 200 pL.

3.3.1.2 Synthesis of GDP-sugars
3.3.1.2.1 Synthesis of GDP-Man
The reaction conditions for synthesis of GDP-Man were as follows: 200 mM Tris-HCI (pH 8.5); 75 mM
MgClz; 10 mM Man; 12.8 mM Guo (in DMSO); 5.8 mM ATP; 13.5 mM PolyPn; 0.11 pg/uL GSK; 0.49
pg/ul GMPK; 0.02 pg/ul PPK3; 0.33 pg/ul GLK; 0.17 pg/ul MANB/C, and PPA 0.03 pg/pL with a final
volume of 200 pL. The final DMSO content of the reaction matrix was 1% v/v. Results of this cascade

are presented in section 4.1.2.1.

3.3.1.2.2 Synthesis of GDP-Fuc from Fuc and Guo

The reaction mixture for GDP-Fuc synthesis contained 200 mM Tris-HCI (pH 7.5); 10 mM Fuc; 10 mM
Guo (in DMSO); 2.5 mM ATP; 7.5 mM PolyPn; 45 mM MgClz, and the following enzymes: GSK 0.22
po/pL; GMPK 0.78 pg/pL; PPK3 0.05 pg/uL; FKP 0.31 pg/pL, and PPA 0.03 pg/pL in a final volume of
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200 pL. The final DMSO content of the reaction matrix was 1% v/v. Results of this cascade are

presented in section 4.1.2.2.1.

3.3.1.2.3 Synthesis of GDP-Fuc from GDP-Man

The reaction mixtures contained 150 mM Tris-HCI (various pH values); 10 mM MgClz; 3—4 mM GDP-
Man; 4 mM nicotinamide adenine dinucleotide phosphate (NADPH); WCAG 0.45 pg/pL, and GMD 1.03
pg/uLl in a final volume of 33 yL. To evaluate the role of the pH value on the conversion of GDP-Man to
GDP-Fuc, the following pH values were tested: 7.0, 7.5, 8.0, 8.5, 9.0.

3.3.1.2.4 Synthesis of GDP-Fuc from Man and Guo

The cascade reactions contained 200 mM Tris-HCI (pH 8.5); 75 mM MgClz; 10.5 mM Man; 10.5 mM
Guo; 50 mM L-glutamic acid (L-Glu); 1 mM NADPH; 5.5 mM ATP; 13.5 mM PolyPn; GSK 0.11 ug/uL;
GMPK 0.49 ug/uL; PPK3 0.02 pg/uL; GLK 0.33 ug/uL; MANB/C 0.17 pg/uL; WCAG 0.07 ug/uL; GMD
0.17 pg/pL; PPA 0.03 pg/uL, and 10 units of GLDH (2.99 pg/pL) in a final volume of 200 pL. The final
DMSO content of the reaction matrix was 1% v/v. Results of this cascade are presented in section
4.1.2.2.2.

3.3.1.3 Synthesis of CMP-Neu5Ac

3.3.1.3.1 Synthesis of CMP-Neu5Ac from Neu5Ac and Cyt

The reaction mixture for synthesis of CMP-Neu5Ac consisted of 150 mM Tris-HCI (pH 8.5); 10 mM Cyt;
10 mM Neu5Ac; 3 mM ATP; 4 mM PolyPn; 50 mM MgClz and the following enzymes: UDK 0.06 pg/uL;
UMPK/PPK3 0.11 pg/pL; CSS 1.27 pg/uL, and PPA 0.04 pg/pL in a final volume of 200 pL. Results of
this cascade is presented in section 4.1.3.1.

3.3.1.3.2 Synthesis of CMP-Neu5Ac from GIcNAc, Pyr, and Cyt

The first experiment to synthesize CMP-Neu5Ac starting from GIcNAc and Pyr contained 140 mM Tris-
HCI (pH 8.5); 35 mM Cyt; 39 mM GIcNAc; 39 mM Pyr; 3.5 mM ATP; 14.1 mM PolyP»; 53 mM MgCl2
and the following enzymes: UDK 0.09 ug/uL; UMPK/PPK3 0.15 pg/uL; CSS 1.22 ug/uL; AGE 0.03
Mg/uL; NANA 0.08 pg/pL, and PPA 0.05 pg/ul in a final volume of 282 pL.

After initial efforts for establishment of the cascade, it was hypothesized that CTP might have an
inhibitory role possibly on AGE. To confirm the hypothesis of AGE inhibition by cytidine triphosphate
(CTP), four rounds of experiments were carried out. Experiments performed with 150 mM Tris-HCI (pH
8.5); 20 MM MgClz; 20 mM CTP; 30 mM Pyr; 0.05 pg/uL AGE; 1.5 pg/puL NANA; 1 pg/uL CSS and 0.04
ug/uL PPA in a total volume of 150 pL. The 1st experiment contained 30 mM GIcNAc (AGE_1); the 2nd
experiment contained 30 mM N-acetylmannosamine (ManNAc) (AGE_2); the 3 experiment contained
30 mM GIcNAc, and 0.3 mM ATP (AGE_3); and the 4t experiment contained 30 mM ManNAc, and 0.3
mM ATP (AGE_4).

For optimization of CMP-Neu5Ac synthesis, at first, the ratio of GICNAc/Cyt, and Pyr/Cyt was increased
from 1 to 7.4 and 7.9, respectively. The reaction consisted of 145 mM Tris-HCI (pH 8.5); 10 mM Cyt; 74
mM GIcNAc; 79 mM Pyr; 3 mM ATP; 4 mM PolyPn; 74 mM MgClzand the following enzymes: UDK 0.06
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po/pL; UMPK/PPK3 0.08 pg/pL; CSS 1.67 pg/uL; AGE 0.04 pg/pl; NANA 1.15 pg/uL, and PPA 0.05
po/pL in a final volume of 203 pL.

In the next step, different concentrations of PolyPn were evaluated. The tested PolyPn concentrations
of experiments were 4, 5, 6, 7, and 8 mM. The rest of the experimental conditions were as follows: 150
mM Tris-HCI (pH 8.5); 10 mM Cyt; 75 mM GIcNAc; 70 mM Pyr; 3 mM ATP; 75 mM MgClz and the
following enzymes: UDK 0.06 ug/uL; UMPK/PPK3 0.08 pg/uL; CSS 1.27 ug/uL; AGE 0.04 pg/uL, and
NANA 1.16 pg/upL in a final volume of 200 pL.

Based on the series of optimization reactions, the following were the best performing conditions: 190
mM Tris-HCI (pH 8.5); 34 mM Cyt; 72 mM GIcNAc; 79 mM Pyr; 2 mM ATP; 23 mM PolyPn; 72 mM
MgCl2 and the following enzymes: UDK 0.05 pg/pL; UMPK/PPK3 0.07 pg/uL; CSS 1.05 ug/uL; AGE
0.03 pg/uL; NANA 0.96 pg/uL, and PPA 0.03 pg/uL with a final volume of 242 uL. Results of these

cascades are presented in section 4.1.3.2.

3.3.2  Synthesis of HMOs

3.3.2.1 The coupling approach

3.3.2.1.1 Synthesis of 3-FL

Synthesis of 3-FL from Man: The reactions consisted of: 160 mM Tris-HCI (pH 8.5); 60 mM MgClz; 24
mM Lac; 24 mM Man; 4 mM Guo; 87 mM L-Glu; 0.8 mM NADPH; 4.4 mM ATP; 10.8 mM PolyPn; GSK
0.09 pg/pL; GMPK 0.39 pg/pL; PPK3 0.01 pg/uL; GLK 0.4 pg/uL; MANB/C 0.15 pg/uL; WCAG 0.05
Mg/uL; GMD 0.14 pg/uL; PPA 0.02 pg/uL; 3/4-FT 0.11 pg/pL, and 10 units of GLDH (2.39 pg/uL) in a

final volume of 251 pL. The final DMSO content of the reaction matrix was 0.4% vi/v.

Synthesis of 3-FL from Fuc: The reaction mixture consisted of 200 mM Tris-HCI (pH 7.5); 29 mM Fuc;
38 mM Lac; 3.8 mM Guo (in DMSO); 2.8 mM ATP; 11.5 mM PolyPn»; 57 mM MgClz and the following
enzymes: GSK 0.09 pg/uL; GMPK 0.51 pg/uL; PPK3 0.02 pg/uL; FKP 0.32 pug/uL; PPA 0.02 pg/uL, and
3/4-FT 0.09 pg/uL in a final volume of 261 pL. The final DMSO content of the reaction matrix was 0.4%

viv.
Results of these cascades are presented in section 4.2.1.1.

3.3.2.1.2 Synthesis of 6'-SL

The experimental conditions were as follows: 150 mM Tris-HCI (pH 8.5); 30 mM Lac; 8 mM Cyt; 60 mM
GIcNAc; 64 mM Pyr; 1.6 mM ATP; 19.2 mM PolyPn; 60 mM MgClz and the following enzymes: UDK
0.05 pg/uL; UMPK/PPK3 0.05 pg/uL; CSS 0.87 pg/uL; AGE 0.02 pg/uL; NANA 0.8 pg/uL; PPA 0.02
po/pL, and 2,6-ST 0.11 pg/pL in a final volume of 251 pL. Results of this cascade are presented in
section 4.2.1.2.

3.3.2.2 The modular approach
In the modular approach, all the sugar nucleotides and HMOs, except Lac, were produced based on
the developed multi-enzyme cascades and used without any purification. UDP-GIcNAc was produced

as described in section 4.1.1.1, UDP-Gal was produced as described in section 4.1.1.2, GDP-Fuc was
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synthesized as described in section 4.1.2.2.2, and CMP-Neu5Ac was produced as described in section
4.1.3.2.

3.3.2.2.1 Synthesis of LacNAc

The reaction mixture for LacNAc synthesis contained 94 mM MES buffer (pH 6.0); 31 mM GIcNAc; 30
mM UDP-Gal; 31,4GalT 0.01 pg/uL, and 10 units of AP in a final volume of 160 pL. Results of this
experiment are presented in section 4.2.2.1.

3.3.2.2.2 Synthesis of LNT II

For the synthesis of LNT I, reaction conditions were as follows: 210 uL of a reaction mixture containing
20 mM UDP-GIcNAc; 31,3GIcNACT 0.08 pg/pL; 10 units of AP; 28.5 mM Lac; 150 mM Tris-HCI (pH
8.5), and 20 mM manganese (ll) chloride (MnClz) (Merck, Germany) in a total volume of 210 pL. Results

of this experiment are presented in section 4.2.2.2.

3.3.2.2.3 Synthesis of LNNT

The reaction mixture for LNNnT synthesis contained 156 mM MES buffer (pH 5.5); 3.7 mM LNT II; 11
mM UDP-Gal; 31,4GalT 0.01 pg/pL, and 20 units of AP in a total volume of 320 pL. After 48 h of
incubation at 37°C, LNnT was produced to a final concentration of ~2.9 mM (~2 g/L). Results of this

experiment are presented in section 4.2.2.3.

3.3.2.2.4 Synthesis of para-LNnH

At first, para-Lacto-N-neopentaose was produced by combination of 75 pL of UDP-GIcNAc cascade
product (~10 mM UDP-GIcNAc); 75 pL of LNNT reaction products; 30 units of AP, and 0.06 pg/uL of
31,3GIcNACT in 150 mM Tris-HCI (pH 8.5) in a total volume of 270 pL. After 24 h of incubation (at
30°C), 50 L reaction containing para-Lacto-N-neopentaose was mixed with 50 pL of UDP-Gal cascade
reaction product in addition to 20 units of AP, and 0.02 pg/uL of 31,4GalT in 240 MES buffer (pH 6.5)

in a total volume of 210 pL. Results of this experiment are presented in section 4.2.2.4.

3.3.2.2.5 Synthesis of 6'-SL
The reaction solution contained: 18 mM CMP-Neu5Ac; 20 mM Lac; 133 mM Tris-HCI (pH 8.5), and 0.13

Mg/l 2,6-ST in a final volume of 150 pL. Results of this experiment are presented in section 4.2.2.5.

3.3.2.2.6 Synthesis of LSTc. and DSLNnT

The reaction mixture for LST. and DS-LNnT synthesis contained: 5 mM CMP-Neu5Ac; 0.7 mM LNnT;
0.14 pg/uL 2,6-ST, and 240 mM Tris-HCI (pH 9) with a total volume of 210 pL. Results of this experiment
are presented in section 4.2.2.6.

3.3.2.2.7 Synthesis of 3-FL

The following condition was used for 3-FL synthesis: 4 mM GDP-Fuc; 10 mM Lac; 0.17 pg/pL 3/4-FT,
and 130 mM Tris-HCI (pH 8.5) in a total volume of 118 L. Results of this experiment are presented in
section 4.2.2.7.

3.3.2.2.8 Synthesis of LNFP Il and DF-LNnT
Similar to 3-FL, synthesis of LNFP Il and DF-LNNT by using H. pylori 3/4-FT has been reported before
[209]. For synthesis of LNFP Ill and DF-LNNT, reaction conditions were as follows: 3 mM GDP-Fuc; 0.9
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mM LNnT; 0.15 pg/pL 3/4-FT; 146 mM Tris-HCI (pH 8.5), and 20 units of AP in a total volume of 205

pL. Results of this experiment are presented in section 4.2.2.8.

3.3.2.2.9 Synthesis of LNFP V

The steps for LNFP V synthesis is illustrated in Figure 3.1 [125]. The reaction mixture for synthesis of
fucosylated tetrasaccharide consisted of LNT II; 210 mM Tris-HCI (pH 8.5); 0.07 pg/pL 3/4-FT, and 2
mM GDP-Fuc in a total volume of 190 uL. After 24 h of incubation at 37°C, 100 pL of the reaction
mixture transferred to a new vial containing: 5 mM UDP-Gal; 0.01 pg/uL R1,4GalT, and 167 mM MES

buffer (pH 6.0). Results of this experiment are presented in section 4.2.2.9.

B4 Step 1 B4 Step 2 B4
k] 3 3

[

Figure 3.1. The steps for LNFP V synthesis. The symbols are glucose, blue circle; N-acetylglucosamine,
blue square; fucose, red triangle, and galactose, yellow circle.

3.3.2.2.10 Synthesis of 6'-SLN
The reaction mixture for synthesis of 6'-SLN consisted of 115 mM Tris-HCI (pH 8.5); 6.1 mM LacNAc;
8.5 mM CMP-Neu5Ac; 0.10 pg/pL 2,6-ST, and 5 units of AP in a total volume of 175 pL. Results of this

experiment are presented in section 4.2.2.10.
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3.3.3 Invitro glycoengineering

The nomenclature and structure of the glycans described in this work is shown in Table 3.2.

Table 3.2. The glycan nomenclature and structure described in this work. The monosaccharide

compositions are N-acetylglucosamine, blue square; mannose, green circle; fucose, red triangle, and
galactose, yellow circle.
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3.3.3.1 Addition of terminal Gal

For addition of terminal Gal to Rituximab (Rituxan) (Evidentic GmbH, Germany), Trastuzumab
(Herceptin) (Evidentic GmbH, Germany), Ramucirumab (Cyramza) (Evidentic GmbH, Germany), and
Obinutuzumab (Gazyva) (Evidentic GmbH, Germany), 100 ug of each protein incubated in 50 mM MES
buffer (pH 6.5); 50 milli units of bovine 31,4GalT (Merck, Germany); 5 mM UDP-Gal (Carbosynth Ltd,
United Kingdom), and 5 mM MnCl: in a total volume of 100 pL.

Reaction for glycoengineering of cell culture derived IgG (produced as described in 3.6) by using E.
coli-derived R4GALT1 was as follows: 130 pg pure IgG (cell culture derived); 190 mM MES buffer pH
6.5; 14 mM MnClz; 1.4 mM UDP-Gal (Carbosynth Ltd, United Kingdom), and 0.3 pg/uL R4GALT1 in a

total volume of 211 uL. The glycosylation profile was analysed after 24 h of incubation at 37°C and 550
rpm. Results are described in section 4.3.1.

3.3.3.2 Synthesis of Man3-GO0 from Man3
Both MGAT1 and MGAT2 were produced in their soluble and active form in E. coli. The purified form of
enzymes used throughout the experiments. Commercial unlabeled Man3 (Agilent, USA) was APTS-

labeled (as described in section 3.7.5) and used as a substrate. The reaction for conversion of Man3 to
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Man3-GO consisted of 50 pL APTS-labeled Man3; 1.8 mM UDP-GIcNAc; 93 mM HEPES buffer (pH
7.4); 9.3 mM MnClz, and 0.3 pg/pL MGAT1 in a total volume of 107 pL. For synthesis of Man3-GO from
Man3, a one-pot experiment containing both MGAT1 and MGAT 2 was carried out. The experiment
was as follows: 100 mM HEPES buffer (pH 7.4); 10 mM MnClz; 2.5 mM UDP-GIcNAc; 50 pL Man3; 0.1
pg/ul MGATL, and 0.3 pg/uL MGAT?Z2 in a volume of 200 uL. Results are described in section 4.3.2.

3.3.3.3 Synthesis of Man5-GO0 on intact IgG

At first, Man9 was trimmed to Man5 by using an E. coli-derived mannosidase. The experimental
condition for conversion of Man9 to Man5 antibodies was as follows: 2.4 mg Man 9-containing 1gG
(purified — kifunensine derived); 2.6 pg/puL Man I; 10 mM MgClz, and 200 mM MES buffer (pH 6.5) in a
total volume of 100 pL.

For synthesis of Man5-GO0 the reaction contained: 1.8 mg Man9-containing IgG; 1.9 pug/uL Man I; 0.4
pg/uL MGAT1; 1.5 mM UDP-GIcNAc; 10 mM MgClz; 10 mM MnClz, and 200 mM MES buffer (pH 6.5)

in a total volume of 133 pL. Results are described in section 4.3.2.

3.4  Process development

3.4.1 Scale-up of UDP-Gal synthesis cascade

For preparation of cell lysate for synthesis of UDP-Gal the following biomass was mixed: UDK 3.46 g;
UMPK/PPK3 5.20 g; GALK 5.54 g; GALU 5.70 g, and PPA 1.7 g in 120 mL of 50 mM HEPES buffer
(pH 8.1); 400 mM NacCl, and 5% glycerol. The mixture passed three times through a high-pressure
homogenizer. Cell-free extract was centrifuged at 11,000xg for 45 min. Afterwards, different sets of
small scale (200 pL) experiments were carried out to find a suitable biocatalyst load, based on the
condition described in section 4.1.1.2. It was found out 10% of Viysate/Vreaction iS sufficient to perform the
synthesis. The findings based on the 200 pL reaction were directly used for 1 L scale synthesis which

correlates to 5,000x scaling factor.

To carry out the 1 L scale experiment, a spinner flask (DASGIP, Germany) was chosen to mimic the
condition of a stirred tank reactor. The synthesis condition was as follows: 150 mM Tris-HCI (pH 8.5);
55 mM Uri; 55 mM Gal; 6.2 mM ATP; 20 mM PolyP», and 75 mM MgClz. The reaction carried out at
37°C room and 60 rpm (magnetic stirrer). To understand the role of scale-up on the performance of the
cascade, a parallel 200 pL experiment was carried out. Results of this experiment is described in section
4.4.1.1.

3.4.2 Scale-up of UDP-GIcNAc synthesis cascade

For preparation of cell lysate for large-scale synthesis of UDP-GIcNAc, the following biomass was
mixed: UDK 6.65 g; UMPK/PPK3 9.26 g; NAHK 11.23 g; GLMU 6.9 g, and PPA 4.94 g in 200 mL of 50
mM HEPES buffer (pH 8.1); 400 mM NaCl, and 5% glycerol. The mixture passed three times through
a high-pressure homogenizer. Cell-free extract was centrifuged at 11,000xg for 45 min to separate cell
lysate (soluble fraction) from the insoluble fraction (cell pellet). Afterwards, multiple sets of small scale
(200 pL) experiments were performed to find a suitable biocatalyst load for the synthesis of UDP-

GIcNAc based on the cascade shown in Figure 4.2, and conditions described in the section 4.1.1.1.
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The findings based on the 200 puL synthesis directly used for 4 L scale synthesis which correlates to a

20,000x scale-up factor.

To carry out a 4 L scale experiment, a seven-liter single wall glass autoclavable bioreactor (Applikon
Biotechnology B.V., Netherlands), equipped with two elephant ear impellers was used. The synthesis
condition was as follows: 200 mM Tris-HCI (pH 8.5); 62 mM Uri; 62 GIcNAc; 1.6 mM ATP; 18 mM
PolyPn; 75 mM MgClz, and a total protein load of 0.5 g/L in the form of cell lysate. The reaction carried
out at 37°C and 120 rpm. To understand the effect of scale-up on the performance of the cascade, a

parallel 200 pL experiment was performed. Results of this section are described in section 4.4.1.2.

3.4.3 Co-expression of enzymes

3.4.3.1 Enzyme co-expression for synthesis of UDP-GIcNAc and UDP-Gal

Three different Duet™ vectors (each containing two multiple cloning sites) with distinct ribosome binding
sites and selection markers were chosen for cloning of the genes. The pRSFDuet™ NAHK_GALK and
pCDFDuet™ PPA_GALU plasmids for co-expression of NAHK/GALK and GALU/PPA, respectively,
were designed and prepared by Dr. Simon Boecker from the Analysis and Redesign of Biological
Networks group at Max Planck Institute for Dynamics of Complex Technical Systems. The
pACYCDuet™ plasmid containing UMK3 and SPO1727 genes was purchased from BioCat GmbH
(Heidelberg, Germany).

Table 3.3. Enzymes and plasmids used in this study for the co-expression of the cascade. The sugar

kinases and the nucleotide kinases, respectively, were grouped together on one vector. Moreover, the
uridylyltransferase and phosphatase were grouped together.

Uniprot acc. Plasmid Restriction

Gene Enzyme Source No. site

Sugar kinase module

galk GALK B. longum B3DTFO pRSFDuet™-1  Ncol Not

nahk NAHK B. longum ESBMF12 pRSFDuet™-1 Ndel, Kpnl
Nucleotide kinase module

UMK3 UMPK A. thaliana 004905 pACYCDuet™ Ncol, Notl

SPO1727 PPK3 R. pomeroyi Q5LSNS PACYCDuet™  Ndel, Kpnl
Uridylyltransferase module

galu GALU E. coli POAEP3 pCDFDuet™ Ncol, Notl

ppa PPA P. multocida P57918 pCDFDuet™ Ndel, Kpnl

The cultivation was performed as described in 3.2.3, except 1 mM IPTG was used for induction of
expression and the following antibiotics concentration: kanamycin 30 pg/mL, chloramphenicol 32
pg/mL, and spectinomycin 50 pg/mL. The His-tag purification was performed, and production of all
enzymes was confirmed by SDS-PAGE (Appendix D: SDS-PAGE of purified enzymes).
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3.4.3.1.1 Synthesis of UDP-GIcNAc

To perform the synthesis of UDP-GIcNAc, 3.9 g of biomass (~130 mL cultivation) was resuspended in
40 mL of 25 mM Tris-HCI (pH 7.1); 400 mM NaCl, and 5% glycerol and lysed by three passages through
a high-pressure homogenizer. After removal of cell debris through centrifugation, screening
experiments were carried out at 200 uL to find an optimal biocatalyst load. The cell lysate was directly
used for synthesis without any further purification. The findings were transferred for synthesis at 150

mL scale.

For synthesis of UDP-GIcNAc at 150 mL, the reaction carried out in a spinner flask at 37°C temperature-
controlled room and 50 rpm. The reaction mixture consisted of 200 mM Tris-HCI (pH 8.5); 75 mM MgClz;
47 mM UMP; 50 mM GIcNAc; 4.7 mM ATP; 15 mM PolyPn, and a total protein concentration of 0.5 g/L.

To evaluate the scale-up effect, a parallel 200 pL scale was carried out.

3.4.3.1.2 Synthesis of UDP-Gal

For 3 L scale synthesis of UDP-Gal, 57 g of biomass (~1.9 L of culture, produced with multiple 200 mL
cultivations) was disrupted by a high-pressure homogenizer in 400 mL of lysis buffer containing 50 mM
HEPES (pH 8.1); 400 mM NacCl, and 5% glycerol. Cell debris was separated by centrifugation at
11,000xg for 45 min. The cell lysate was directly used for synthesis without any further purification. A
suitable load of biocatalyst was found through screening experiments at 200 pL. Afterwards, the findings

were directly transferred to 3 L scale experiment which translates t015,000x scale-up factor.

The same set-up as section 4.4.1.2, used for synthesis of UDP-Gal at 3 L scale. The reaction mixture
consisted of 200 mM Tris-HCI (pH 8.5); 75 mM MgClz; 55 mM UMP; 55 mM Gal; 2.7 mM ATP; 14 mM
PolyPn, and a total protein (biocatalyst) concentration of 1 g/L. The experiment was performed at 37°C
and 100 rpm. A parallel experiment ran at 200 pL scale, to compare the performance of the cascade
the different scales.

Results of these experiments are presented in section 4.4.2.1.

3.4.3.2 Co-expression of 3 enzymes for synthesis CMP-Neu5Ac

The concept of co-expression of enzymes was applied to synthesize CMP-Neu5Ac based on the
cascade shown in Figure 4.19, however, CMP was used instead of Cyt. The recombinant enzyme
preparation was carried out as described above. In brief, plasmids carrying genes for production of CSS
and UMPK/PPK3 enzymes were transformed into a single strain which was used for co-expression of
mentioned enzymes. For CMP-Neu5Ac synthesis at 100 mL scale, biomass from 200 mL culture was
lysed by a high-pressure homogenizer in 40 mL lysis buffer contained 25 mM Tris-HCI (pH 7.1); 400
mM NaCl, and 5% glycerol.

The 100 mL scale reaction carried out in a spinner flask. The reaction matrix contained 150 mM Tris-
HCI (pH 8.5); 75 mM MgClz; 50 mM CMP; 51 mM Neu5Ac; 5 mM ATP, and 16 mM PolyPn. Results of

this experiment is presented in section 4.4.2.2.
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3.5 Immobilization

Enzyme immobilization was carried out in 2 mL Eppendorf tubes. On average, 200 mg of beads were
transferred to a new Eppendorf tube and followed by addition of 0.6 mL cell lysate of UDP-GIcNAc
cascade enzymes. The same cell lysate described in section 3.4.2 was used for co-immobilization.
Different epoxy functionalized Relizyme™ (Resindion S.r.l, ltaly), and ECR (Purolite, USA) beads were
used as immobilization support. Afterwards, cell lysate (containing a cocktail of required enzymes) was
added up to 5% Wiotal_protein/Wheads. Subsequently, the beads and lysate solution were incubated at room
temperature (~20°C) for 24 h with interval rotational mixing. Afterwards, the cell lysate solution was
removed, and the beads were washed three times with a washing buffer containing 200 mM Tris-HCI
and 600 mM NacCl at pH 8.5 to remove weakly bound proteins. To block the unreacted epoxy sites, the
beads were incubated for 24 h in the storage buffer containing 200 mM Tris-HCI and 300 mM NacCl at
pH 8.5.

The feed solution for testing the activity of the immobilized enzymes consisted of 200 mM Tris-HCI (pH
8.5); 75 mM MgClz; 25 mM Uri; 25 mM GIcNAc; 5 mM ATP, and 10 mM PolyPn. 250 uL of feed solution
was added to beads and incubated at 37°C and 600 rpm for 24 h.

For reactions in multiple cycles, reaction solution was removed, and the beads were washed twice with

water (each time with 1 mL) to avoid any carry-over from previous cycles.

3.6  Cell culture methods for antibody production

CHO-DP12 cells capable of production of recombinant human anti-interleukin 8 antibody (a kind gift of
Prof. Dr. Thomas Noll from Bielefeld University) were used for cell culture experiments. The cultures
were seeded with 5.0x105 cells/mL and cultivated in 250 mL shake flasks (Corning®, USA) with 100
mL of working volume in TCX6D media (Xell AG, Germany) supplemented with 8 mM glutamine (Merck,
Germany) at 37°C, 5% CO:2 atmosphere, and 130 rpm in a Multitron Pro incubator (Infors HT,
Switzerland). For production of mannosylated IgGs, 25 pg/mL of kifunensine (Carbosynth Ltd, United
Kingdom) was added to the cell culture upon seeding. The supernatant was harvested after 187 h (~8
days) at cell viability of 76.8%, and 71.3% for untreated and kifunensine treated cultures, respectively,
through centrifugation at 1500 rpm. Both cultures were grown to a total cell density of 2.2x107 cells/mL
with an antibody titer of approximately 480 mg/L. A Vi-CELL XR cell counter (Beckman Coulter, USA)
was used to determine the cell count and viability. For quantification of IgG in cell culture supernatant,
a MAbPac™ Protein A column, connected to an ICS-5000+ ion chromatography system (Thermo Fisher
Scientific, USA) was used. The measurement was performed according to the manufacturer’s protocol
by using IgG from human serum (Merck, Germany) as standard. IgG purification from cell culture was
performed with an AKTA start instrument (Cytiva, Sweden) equipped with a HiScreen MabSelect SuRe

LX (Cytiva, Sweden). The purification was carried out according to the manufacturer’s protocol.
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3.7 Analytics

3.7.1 Protein quantification
Protein quantification was performed with a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific,
USA) using bovine serum albumin as standard. The assay was performed based on the manufacturer's

protocol.

3.7.2 SDS-PAGE

Sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) was performed with precast
NUPAGE™ 10% or 12% Bis-Tris protein gels (Thermo Fisher Scientific, USA). Samples were diluted
3:1 with NUPAGE™ LDS Sample Buffer (4x) (Thermo Fisher Scientific, USA) and heated at 95°C for 5
min. PageRuler™ Prestained Protein Ladder, 10 to 180 kDa (Thermo Fisher Scientific, USA) was used

as the molecular weight marker, unless stated otherwise.

3.7.3 HPAEC-UV/PAD

High-performance anion exchange chromatography equipped with an ultraviolet (UV) and a pulsed
amperometry detector (PAD) was used as the main analytical instrument in this work. All the
measurements were performed by an ICS-5000+ ion chromatography system (Thermo Fisher
Scientific, USA). The conditions used for separation and quantification of several compounds are

described below.

3.7.3.1 Nucleosides, nucleotides, and sugar nucleotides

A gradient with sodium hydroxide (NaOH) (Fluka, Germany) and sodium acetate (NaOAc) (Thermo
Fisher Scientific, USA) as eluents was developed using serially connected PA200 (Thermo Fisher
Scientific, USA) guard (3x50 mm) and analytical columns (3x250 mm). A sample volume of 25 pyL was
injected for each measurement. The separation was performed at a column temperature of 30°C and a
flow rate of 0.5 mL/min. The UV detector (wavelength 260 nm) was used for detection of nucleosides,
nucleotide, and sugar nucleotides. Four different eluents were prepared as described in Ref. [214], as
follows: E1: Milli-Q® ultra-pure water; E2: 1 M NaOAc, 1 mM NaOH; E3: 100 mM NaOH; E4: 200 mM
NaOAc, 100 mM NaOH. The presented chromatography gradients are an optimized version of a
previously developed gradient which was developed during a master thesis project related to this
dissertation. All the chromatography gradients were statistically validated as described by Ritter et al.
[215] and the results are presented in the Appendix C: Validation of HPAEC-UV-PAD measurements.

3.7.3.1.1 Resolving compounds from UDP-GIcNAc cascade

For separation of UV-active compounds from the UDP-GIcNAc cascade the following gradient was
developed: tomin, 50.6% E2, 0.6% E3; tiomin, 75.3% E2, 0.3% E3; t10.1 min, 100% E2; t12 min, 100% E2; t12.1
min, 50.6% E2, 0.6% E3; ti6 min, 50.6% E2, 0.6% E3. The UV chromatogram of the UDP-GIcNAc cascade

component is shown in Figure 3.2.
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Figure 3.2. UV chromatogram of UDP-GIcNAc cascade components. Abbreviations: Uri, uridine; AMP,
adenosine monophosphate; UMP, uridine monophosphate; ADP, adenosine diphosphate; UDP-
GIcNAc, uridine diphosphate N-acetylglucosamine; UDP, uridine diphosphate; ATP, adenosine
triphosphate; UTP, uridine triphosphate; mAU, milli absorbance unit.

3.7.3.1.2 Resolving compounds from UDP-Gal and UDP-Glc cascades

In order to separate the UV-active compounds from the UDP-Gal and UDP-GIc cascades the following
gradient was developed: to min, 40.6% E2, 0.6% E3; ts min, 80% E2, 0.6% E3; ts.1 min, 100% E2; t10 min,
100% EZ2; t10.1 min, 40.6% E2, 0.6% E3; t12 min, 40.6% E2, 0.6% E3. The UV chromatogram of UDP-Gal
cascade components is shown in Figure 3.3.
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Figure 3.3. UV chromatogram of UDP-Gal cascade components. Abbreviations: Uri, uridine; AMP,
adenosine monophosphate; UMP, uridine monophosphate; ADP, adenosine diphosphate; UDP-Gal,
uridine diphosphate galactose; UDP, uridine diphosphate; ATP, adenosine triphosphate; UTP, uridine
triphosphate; mAU, milli absorbance unit.

The chromatogram of UV-active compounds of UDP-Glc cascade is shown in Figure 3.4.
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Figure 3.4. UV chromatogram of UDP-Glc cascade components. Abbreviations: Uri, uridine; AMP,
adenosine monophosphate; UMP, uridine monophosphate; ADP, adenosine diphosphate; UDP-Glc,
uridine diphosphate glucose; UDP, uridine diphosphate; ATP, adenosine triphosphate; UTP, uridine
triphosphate; mAU, milli absorbance unit.

3.7.3.1.3 Resolving compounds from GDP-Man and GDP-Fuc cascade

For separation of UV-active compounds from the GDP-Man and GDP-Fuc cascades the following
gradient was developed: to min, 50.6% E2, 0.6% E3; tio min, 75.3% E2, 0.3% E3; t10.1 min, 100% E2; t12 min,
100% EZ2; t12.1 min, 50.6% E2, 0.6% E3; t14 min, 50.6% E2, 0.6% E3. The UV chromatogram of GDP-Man
and GDP-Fuc cascade components is shown in Figure 3.5.
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Figure 3.5. UV chromatogram GDP-Man and GDP-Fuc cascade components. Abbreviations: AMP,
adenosine monophosphate; Guo, guanosine; ADP, adenosine diphosphate; GMP, guanosine
monophosphate; ATP, adenosine triphosphate; GDP-Man, guanosine diphosphate mannose; GDP-

Fuc, guanosine diphosphate fucose; GDP, guanosine diphosphate; GTP, guanosine triphosphate;
mAU, milli absorbance unit.

3.7.3.1.4 Resolving compounds from CMP-Neu5Ac cascades

For analysis of UV-active compounds from the CMP-Neu5Ac cascade, the following gradient was
developed: to min, 20% E2, 1% ES3; t20 min, 72% E2, 1% E3; t20.1 min, 100% E2; t22 min, 100% E2; t22.1 min,
20% E2, 1% ES3; t2s min, 20% E2, 1% E3. The UV chromatogram of CMP-Neu5Ac cascade component
is shown in Figure 3.6.
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Figure 3.6. UV chromatogram of CMP-Nue5Ac cascade components. Abbreviations: Cyt, cytidine;
CMP, cytidine monophosphate; CMP-Neu5Ac, cytidine monophosphate N-acetylneuraminic acid; AMP,
adenosine monophosphate; CDP, cytidine diphosphate; ADP, adenosine diphosphate; CTP, cytidine
triphosphate; ATP, adenosine triphosphate; mAU, milli absorbance unit.

3.7.3.1.5 Resolving compounds from UDP-GalNAc cascade

For quantification of UDP-GalNAc cascade intermediate compounds, separation was performed on an
ICS-5000 chromatography system using lonPac AS11 (2x250 mm; Thermo Fisher Scientific, USA) as
an analytical column. Potassium hydroxide (KOH) was used as the main eluent (flow rate: 0.35 mL/min)
and was automatically generated from Milli-Q® ultra-pure water using an in-line eluent generator. The
separation was carried out based on the following concentration of KOH: to min, 20 mMM:; t1 min, 20 mM; to
min, 75 MM; t9.1 min, 100 MM; t14 min, 200 MM; t14.1 min, 10 mM; tig min, 10 mM.

3.7.3.2 HMOs analysis with HPAEC-PAD

The gradients used in this study for separation and quantification of HMOs are the same as reported in
Thurl et al. [216]. Moreover, both single and mixture of standard HMOs (commercial) were injected to
identify each peak. For separation of neutral HMOs, the following gradient was used: to min, 30% E3; t20
min, 30% E3; t34 min, 100% E3; tas min, 86% E3, 14% E4; ts5 min, 100% E4; teo min, 100% E4; t60.1 min, 30% ES3;
te5 min, 30% ES3.

For separation of acidic HMOs, the gradient was as follows: to min, 90% E3, 10% E4; t20 min, 90% E3,
10% E4; tzomin, 60% E3, 40% E4,; ts5min, 100% E4; teo min, 100% E4; teo.1 min, 90% E3, 10% E4; tes min, 90%
E3, 10% E4.

3.7.4 MALDI-TOF-MS

Sample desalting: Desalting of samples containing oligosaccharides (prior to mass spectrometry

analysis) was carried out through cotton hydrophilic interaction chromatography (cotton-HILIC) as
described in Ref. [217,218]. In short, 15 pL of reaction products were mixed with 85 pL of 100%
acetonitrile (ACN). Approximately one fifth of a 200 pL pipette tip was filled with cotton. Prior to
equilibration with 85% ACN, the cotton was washed with water to remove any contamination. Samples
were loaded by pipetting up and down (~20 times). After loading, the cotton was washed five times with
85% ACN containing 1% trifluoroacetic acid (TFA) and five times with 85% ACN. Afterwards,

oligosaccharides were eluted in three steps, each one including 50 pL of water.
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Mass spectrometry: The UltraFlextreme matrix-assisted laser desorption/ionization time of flight mass

spectrometry (MALDI-TOF-MS) (Bruker Daltonics, Germany) was used for sample analysis. For sugar
nucleotides analysis, 9-aminoacridine (9-AA) (10 mg/mL in acetone) was used as the matrix. For glycan
and HMOs analysis, 2, 5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid (S-DHB) (10
mg/mL in TA30 solvent including 2 mM NaCl) were used the matrix. TA30 solvent is composed of 70%
ACN and 0.1% TFA. Briefly, 1 uL of matrix was spotted on a MTP AnchorChip 384 BC MALDI target
plate (Bruker Daltonics, Germany) and left to air dry. Afterwards, 1 pL of sample was added to the spots
(containing dried matrix). After drying, 0.2 pL of ethanol was added to the spots to allow rapid and
homogenous recrystallization [217,218]. The oligosaccharides and sugar nucleotides were measured

in positive- and negative-ion reflector mode, respectively.

3.7.5 xCGE-LIF

Multiplexed capillary gel electrophoresis with laser-induced fluorescence detection (XCGE-LIF) was
used for glycan analysis. The measurements were carried out as described in Ref. [219]. The
glycosylation profile analysis was performed with the kind help of Valerian Grote from the Bioprocess
Engineering group at the Max Planck Institute for Dynamics of Complex Technical Systems. The

method is briefly described below.

Glycan release: 1 to 5 pg of protein (~1-5 uL) were incubated with 2 pL of 2% SDS (in phosphate-
buffered saline) for 10 min at 60°C. Samples were brought to room temperature, followed by addition
of 2 uL of 8% octylphenoxy poly(ethyleneoxy)ethanol (IGEPAL® CA-630) in phosphate-buffered saline.
Afterwards, 1 unit of peptide-N-glycosidase F (Merck, Germany) — the enzyme used for deglycosylation
of proteins — was added to the samples, followed by incubation for 30 min at 37°C. Finally, the samples

were vacuumed-dried.

APTS glycan labeling: For 8-aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS) (Merck, Germany)

labeling, 2 pL APTS (40 mM, in 3.6 M citric acid), 2 pL 2-picoline borane complex solution (0.2 M in
DMSO), and 2 uL water were added to dried samples, followed by at least 3 h incubation (in dark) at
37°C. To stop the labeling reaction, 100 uL of 80:20% ACN-water solution was added to the samples.

HILIC-SPE: Hydrophilic interaction chromatography-solid phase extraction (HILIC-SPE) — using
polyacrylamide-based stationary phase Bio-Gel P-10 (Bio-Rad, USA) — was performed to separate
APTS-labeled glycans from other impurities such as excess ATPS. HILIC-SPE was carried out with the
aid of a vacuum manifold and a 96-well AcroPrep™ Filter Plate (PALL, USA). The steps were as follows:
1) washing the beads with water, 2) equilibration of beads with 80:20% ACN-water, 3) sample loading
(5 min incubation), 4) washing with 80:20% ACN-water containing 100 mM triethylamine (1 min
incubation), 5) washing with 80:20% ACN-water (1 min incubation), and 6) elution of APTS-labeled

glycan with water (5 min incubation). Samples were dried and stored at -20°C until measurements.

CGE-LIF analysis: Dried samples were resuspended in 10-20 pL Milli-Q® water. Afterwards, 2 pL of

sample were mixed with 1 puL LIZ base pair standard (GeneScan™ 500 LIZ™, Thermo Fischer
Scientific, USA), 1 pL 2" NormMiX (glyXera GmbH, Germany), and 7 pL of Hi-Di Formamide (Thermo
Fischer Scientific, USA). 10 uL of sample were transferred to a 384 well plate and analyzed by a 3130xl
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Genetic Analyzer (Thermo Fischer Scientific, USA) equipped with a 50 cm capillary array. The POP-
7™ polymer (Thermo Fischer Scientific, USA) was used as the separation matrix. The software package
of glyXtool°E 6.1.0 (glyXera GmbH, Germany) was used for electropherogram analysis such as
normalization of migration time units (MTU ") and calculation of the normalized intensity (based on the

total peak height).

3.7.6 ADCC assay

To evaluate the antibody-dependent cellular cytotoxicity (ADCC) activity of antibodies, an affinity-based
chromatography was used. ADCC assay was performed by Dr.-Ing. Pavel Marichal-Gallardo from the
Bioprocess Engineering Group at the Max Planck Institute for Dynamics of Complex Technical Systems.
An AKTA Pure 25 liquid chromatography system, controlled by UNICORN v6.3 software (Cytiva,
Sweden) was used at room temperature to perform the assay. A TSKgel FcR-11IA-NPR column (Tosoh,

Japan) was used according to the manufacturer’s instruction.

35



4 Results and Discussion

The following chapter consists of four parts. In section 4.1, the establishment of novel cascades to
produce sugar nucleotides is described. In section 4.2, two different strategies are presented for the
synthesis of wide variety of HMOs — by using established sugar nucleotide synthesis cascades.
Section 4.3 focuses on the development of an artificial Golgi for glycoengineering of therapeutic
proteins. In section 4.4, process engineering strategies for large-scale production of sugar nucleotides
are presented.
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4.1 Multi-enzyme cascades for synthesis of sugar nucleotides

This part is subdivided into three different groups of activated sugars: UDP-sugars, GDP-sugars, and a

CMP-sugar. The general aspects of each group are presented at the beginning of their section.

4.1.1 Synthesis of UDP-sugars

The general pathway for UDP-sugar synthesis is illustrated in Figure 4.1. Uri was used as the precursor
for nucleotide-base of UDP-activated sugars. The conversion of Uri to UTP is catalyzed by two ATP-
depended kinases, UDK and UMPK, and one PolyP»-dependent kinase, PPK3. UDK catalyzes the
reaction of Uri to UMP and UMPK catalyzes the reaction of UMP to UDP, both by using ATP as the
phosphate source. PPK3 catalyzes the conversion of UDP to UTP by using PolyPn as the phosphate
source. In each cascade, an additional kinase was used for phosphorylation of monosaccharides.
Therefore, for the synthesis of each UDP-sugar molecule, three molecules of ATP are required. To
avoid stoichiometric usage of costly ATP, a regeneration cycle (from ADP) was established by exploiting
the affinity of PPK3 for diphosphate nucleotides. Consequently, only catalytic amounts of ATP were
required to enable high yield synthesis of UDP-sugars. PPA was added to all the cascades to favor the

thermodynamic equilibrium of uridyltransferase reaction toward the product side.

The optimized reaction condition such as pH, co-factor concentration, PolyPn, and ATP levels were
found through the systematic screening of different conditions. The details of the optimization strategy
are described in Ref. [220].

2Pi

ATP ADP IppA

sugar sugar-1P LR, pPj + UDP-sugar

kinase

UTP
PolyP, ATP
PPK3 K PPK3

ADP
UDP PolyP,

ADP

jUMPK
ATP

UMP

ADP

)UDK
ATP

Uri

Figure 4.1. General cascade scheme for synthesis of UDP-sugars. Abbreviations: Uri, uridine; UMP,
uridine monophosphate; UDP, uridine diphosphate; UTP, uridine triphosphate; PPi, diphosphate; Pi,
phosphate; ADP, adenosine diphosphate; ATP, adenosine triphosphate; UDK, uridine/cytidine kinase;
UMPK, UMP/CMP kinase; PPK3, PolyP, kinase; PPA, inorganic diphosphatase.

4.1.1.1 Synthesis of UDP-GIcNAc and UDP-GalNAc
The cascade for synthesis of UDP-GIcNAc (and UDP-GalNAc) is shown in Figure 4.2. The cascade

presented here is an extended version of a cascade previously developed in our research group and
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published by the author [221]. Because of the bulk availability of GIcNAc [222], it was directly used as
the sugar base for synthesis of UDP-GIcNAc.

2Pi

ATP ADP [m
GlcNAc A, GlcNAc-1P =22, PPi + UDP-GlcNAc

NAHK

UTP

PolyP,.4 ATP
PPK3 [ XKS
ADP
UDP PolyP,
ADP
jUMPK
ATP
UMP

ADP
ATP)UDK
Uri

Figure 4.2. Multi-enzyme cascade of six enzymes and seven reactions for synthesis of uridine
diphosphate N-acetylglucosamine (UDP-GIcNAc) from uridine (Uri), N-acetylglucosamine (GIcNAc),
polyphosphate (PolyPy), and catalytic amounts of adenosine triphosphate (ATP). Thanks to the affinity
of N-acetylhexosamine 1-kinase (NAHK) and GIcNAc 1-phosphate uridylyltransferase (GLMU) for N-
acetylgalactosamine (GalNAc) and N-acetylgalactosamine 1-phosphate (GalNAc-1P), respectively,
UDP-GalNAc can also be synthesized with the same cascade. Abbreviations: UMP, uridine
monophosphate; UDP, uridine diphosphate; UTP, uridine triphosphate; GIcNAc-1P, N-
acetylglucosamine 1-phosphate; PPi, diphosphate; Pi, phosphate; ADP, adenosine diphosphate; UDK,
uridine/cytidine kinase; UMPK, UMP/CMP kinase; PPK3, PolyP, kinase; PPA, inorganic diphosphatase.

GIcNAc is converted to N-acetylglucosamine 1-phosphate (GIcNAc-1P) through the reaction catalyzed
by NAHK and using ATP as a phosphate source. Simultaneously, conversion of Uri to UTP is carried
out through the series of reactions described above. Afterwards, UDP-GIcNAc is produced through the
reaction catalyzed by GLMU from UTP and GIcNAc-1P. It should be noted that GALU can also be used

for synthesis of UDP-GIcNAc [221]. For the establishment of the cascade, purified enzymes were used.

The optimized reaction conditions — i.e., enzyme concentration, pH, co-factor, PolyPn, and substrate
concentrations — were found through screening experiments. The time course of reaction compounds

is shown in Figure 4.3.
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Figure 4.3. Reaction time course of substrates, intermediates, and products in the cascade. The
reaction conditions were as follows: Tris-HCI (pH, 8.5) 150 mM; MgCl, 75 mM; Uri 68 mM; GIcNAc 68
mM; ATP 2.1 mM; PolyP, 21 mM; UDK 0.07 pg/uL; UMPK/PPK3 0.11 pg/uL; NAHK 0.18 pg/uL; GLMU
0.2 pg/pL, and PPA 0.05 pg/pL. (A) Shows the consumption of Uri and sequential production of UDP-
GlcNAc. (B) Represents the stepwise production follows by consumption of UMP, UDP, and UTP. (C)
Shows the time course of ATP and ADP during the batch. The experiments were carried out in
triplicates. Error bars represent the standard deviation.

Complete consumption of Uri followed by production of UDP-GIcNAc demonstrates successful
establishment of the cascade. Considering the starting concentration of Uri and GIcNAc i.e., 68 mM, a
total of 208 mM ATP would be required to achieve the a very high synthesis yield. However, thanks to
the ATP regeneration cycle, ATP was applied only up to 2.1 mM, which is ~100-fold less than the
stoichiometric amount. The cascade was successfully established to a final UDP-GIcNAc concentration
of 66.2 mM (40.2 g/L) and a synthesis yield of 97.4% with respect to Uri and GICNAc in a reaction time
of 22 h. The biocatalyst load and productivity of the cascade were 0.01 genzyme /Qproduct, and 1.8 g/L/h,

respectively. The reaction chromatogram of the cascade products is shown in Figure 4.4.
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Figure 4.4. The chromatogram of the UDP-GIcNAc cascade after 22 h. The high synthesis yield and
catalytic usage of ATP resulted in UDP-GIcNAc as the major product of the cascade.

The cascade shown in Figure 4.2 has the potential for synthesis of UDP-GalNAc, thanks to the affinity
of NAHK and GLMU for GalNAc, and GalNAc-1P, respectively. As can be seen in Figure 4.5, UDP-
GalNAc was produced with a similar yield.

—a—Uri
60 1 » UDP-GalNAc

0 <] 12 18 24 30
Time (h)

Figure 4.5. Time course of Uri consumption and UDP-GalNAc production with the proposed cascade.
The reaction conditions were as follows: Tris-HCI (pH, 8.5) 150 mM; MgCl, 75 mM; Uri 53 mM; GalNAc
53 mM; ATP 2.6 mM; PolyP, 20 mM; UDK 0.07 pg/pL; UMPK/PPK3 0.11 pg/pL; NAHK 0.15 pg/pL;
GLMU 0.27 pg/uL, and PPA 0.08 pg/uL in a total volume of 200 pL.

4.1.1.2 Synthesis of UDP-Gal

The cascade for synthesis of UDP-Gal is shown in Figure 4.6. The results in this chapter were filed as
a patent application under PCT/EP2020/077396 [223], and published in Ref. [220]. Gal was used as
the sugar source, thanks to its bulk availability and low cost. Gal-1P is produced from the reaction of
Gal and ATP catalysed by GALK. Afterwards, through the steps as described above, Uri is converted
to UTP. By exploiting the promiscuity of GalU, UTP, and Gal-1P are converted to UDP-Gal [200]. The
optimization of the UDP-Gal synthesis cascade was carried out in context of the bachelor thesis of Pia

Grimpe, whose work was performed and supervised in association with this dissertation [224].
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Figure 4.6. Multi-enzyme cascade of six enzymes and seven reactions for synthesis of uridine
diphosphate galactose (UDP-Gal) from uridine (Uri), galactose (Gal), polyphosphate (PolyP,), and
catalytic amounts of adenosine triphosphate (ATP). Abbreviations: UMP, uridine monophosphate; UDP,
uridine diphosphate; UTP, uridine triphosphate; Gal-1P, galactose 1-phosphate; PPi, diphosphate; Pi,
phosphate; ADP, adenosine diphosphate; UDK, uridine/cytidine kinase; UMPK, UMP/CMP kinase;
PPK3, PolyP, kinase; GALU, glucose 1-phosphate uridylyltransferase; GALK, galactokinase; PPA,
inorganic diphosphatase.
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The time course of reaction compounds is shown in Figure 4.7. The Figure 4.7A is reproduced from

Ref. [224].
A) B)
—a— Uri =
*— UDP-Gal ° . 3;1,5
o {8 I s uTP
- :
40 4 \%
E 304 N\t ~
g + ¥ ~ >
Q NS ™~ ~
O 20 \+ S T~
o I—
10 % T~ o %
e - ~_ T
I
04 ? L ] ; - .
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h)
C)
7 —e— ADP
—a— ATP
0.75 4
E o5 | o
I \ L
c \
8 \/
'& ] .
o= [\ :
\/ —®
0+ e
CI) z't &Is 1'2 1'6 2'0 2'4
Time (h)

Figure 4.7. Time course of substrates, intermediates, and products for synthesis of UDP-Gal under
optimized condition: Tris-HCI (pH, 8.5) 150 mM; MgCl, 75 mM; Uri 50 mM; Gal 52 mM; ATP 0.6 mM;
PolyP, 20 mM; UDK 0.07 pg/uL; UMPK/PPK3 0.11 pg/puL; GALK 0.16 pg/puL; GALU 0.12 pg/pL, and
PPA 0.06 pg/uL. A) Concentration of Uri and UDP-Gal. B) Concentration of UMP, UDP, and UTP. C)
Concentration of ADP and ATP. Reactions were carried out in triplicate and error bars represent the
standard deviation.

The stoichiometric amount of ATP required in the cascade were 150 mM, however, it was applied to a
catalytic amount of 0.6 mM. This means that ATP was used ~250-fold less than the stoichiometric
amount as it was constantly regenerated by PolyPn. UDP-Gal was successfully produced to a final
concentration of 48 mM (27.2 g/L) and a synthesis yield of 96% with respect to Uri in a reaction time of

24 h. The biocatalyst load of the cascade was 0.02 genzyme /Qproduct.

4.1.1.3 Synthesis of UDP-GIc and UDP-Man

The cascade developed for production of UDP-GIc is shown in Figure 4.8. GLK together with ATP
catalyzes the phosphorylation of Glc on the sixth carbon to yield glucose 6-phosphate (Glc-6P).
Afterwards, by taking advantage of the promiscuity of MANB, Glc6-P is converted to glucose 1-
phosphate (Glc-1P). In the next step, UTP (started from Uri) and Glc-1P are converted to UDP-Glc

through the reaction catalyzed by GALU. Like other above-mentioned cascades, diphosphatase is also
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part of the cascade. The optimized conditions found in the UDP-Gal synthesis cascade were directly

used for synthesis of UDP-GIc. The time course of reaction intermediates is shown in Figure 4.9.

2Pi

ATP  ADP I“’“
Gle %KJ Glc-6P 5 Glc-1P ==» PPi + UDP-GIc

uTe PolyP,.4 ATP
PPK3 K XKE
PolyP, ADP

Figure 4.8. Multi-enzyme cascade of seven enzymes and eight reactions for synthesis of uridine
diphosphate glucose (UDP-GIc) from uridine (Uri), glucose (Glc), polyphosphate (PolyP,), and catalytic
amounts of adenosine triphosphate (ATP). Abbreviations: UMP, uridine monophosphate; UDP, uridine
diphosphate; UTP, uridine triphosphate; Glc-6P, glucose 6-phosphate; Glc-1P, glucose 1-phosphate;
PPi, diphosphate; Pi, phosphate; ADP, adenosine diphosphate; UDK, uridine/cytidine kinase; UMPK,
UMP/CMP kinase; PPKS3, PolyP, kinase; GALU, glucose 1-phosphate uridylyltransferase; GLK,
glucokinase; MANB, phosphomannomutase; PPA, inorganic diphosphatase.
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Figure 4.9. Time course of reaction substrates, intermediates, and products of the UDP-Glc cascade.
The reaction conditions were as follows: 150 mM Tris-HCI (pH 8.5); 75 mM MgCl;; 62.5 mM Glc; 60
mM Uri; 1.7 mM ATP; 19 mM PolyP,; 0.86 pg/uL GLK; 0.06 pg/pL UDK; 0.1 pg/uL UMPK/PPKS3; 0.14
pg/uL MANB/C; 0.15 pg/uL GALU, and 0.04 pg/puL PPA. A) Concentration of Uri and UDP-Glc. B)
Concentration of UMP, UDP, and UTP. C) Concentration of AMP, ADP, and ATP. Reactions were
carried out in triplicate and error bars represent the standard deviation.

Production of UDP-GIlc upon starting the reaction demonstrates successful establishment of the
cascade. The stoichiometric amount of ATP needed (assuming full conversion) in the cascade was 180
mM, however, it was added to a catalytic amount of 1.7 mM. It means that ATP was used approximately
106x less than the stoichiometric amount and it was constantly regenerated from ADP by PolyPn. With
this cascade, UDP-GIc was produced after 55 h to a final concentration of 48.8 mM (27.6 g/L) and a

reaction yield of 81.3% from Uri. The biocatalyst load was 0.04 genzyme/Jproduct.

The cascade for synthesis of UDP-GIc can also be used for synthesis of the recently discovered UDP-
Man [225], thanks to the promiscuity of GLK and GALU, both of which have an affinity for Man, and
mannose 1-phosphate (Man-1P), respectively. The affinity of GALU for Man-1P was investigated in the
context of the master thesis of Claudia Bento, whose work was performed and supervised in association
with this dissertation [226]. The UV chromatogram of the UDP-Man synthesis reaction after 24 h of
incubation at 37°C is shown in Figure 4.10. The formation of UDP-Man was confirmed by mass

spectrometry (see Appendix E: MS of sugar nucleotides).
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Figure 4.10. UV chromatogram of UDP-Man synthesis cascade reaction. The reaction contained 200
mM Tris-HCI (pH 8.5); 26 mM Man; 25 mM Uri; 7.3 mM ATP; 9.7 mM PolyP,; 75 mM MgCl,, and the
following enzymes: 0.06 pg/uL UDK; 0.08 pg/uL UMPK/PPK3; 0.76 pg/uL GLK; 0.14 pg/uL MANBI/C,;
0.12 pg/pL GALU, and 0.04 pg/uL PPA in a final volume of 200 pL.
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4.1.2 Synthesis of GDP-sugars
Results from this section have been filed as a patent application under PCT/EP2020/059182 [227], and
published in Ref. [228].

For synthesis of GDP-sugars, Guo was used as the GDP-base of this family of sugar nucleotides. Due
to the low water solubility of Guo (~1.82 mM), a co-solvent was required to enable Guo utilization for
biocatalysis. It was found that DMSO was able to dissolve Guo up to 0.5 M at 25°C and 1 M at 75°C.
Therefore, pure DMSO was used to generate Guo stock solutions that were used as a substrate in all
GDP-sugar cascades. The conversion pathway of Guo to guanosine triphosphate (GTP) is similar for
all the GDP-sugar cascades. GSK catalyses the conversion of Guo to guanosine monophosphate
(GMP) using ATP as the phosphate source. The conversion of GMP to GDP is catalyzed by GMPK in
an ATP-dependent reaction. Afterwards, PPK3 — a polyphosphate-dependent kinase — catalyses the
conversion of GDP to GTP. In both GDP-sugar cascades (i.e., GDP-Man and GDP-Fuc), a sugar kinase
was used to enable the synthesis of phosphorylated sugars. Therefore, three molecules of ATP were
required for quantitative synthesis yield of one GDP-sugar molecule. Similar to UDP-sugar cascades,

the promiscuity of PPK3 allowed the catalytic application of expensive ATP.

4.1.2.1 Synthesis of GDP-Man

The cascade for production of GDP-Man consisted of seven enzymes and eight reactions (see Figure
4.11). Man was used as the sugar base for production of GDP-Man, because of its bulk availability and
low cost. The affinity of GLK for Man allows the synthesis of mannose 6-phosphate (Man-6P) from Man
and ATP [131]. The enzyme MANB converts Man-6P to Man-1P through an isomerization reaction.
Afterwards, in the presence of GTP and Man-1P, MANC catalyses GDP-Man synthesis. In order to shift
the equilibrium towards GDP-Man, PPA was added to hydrolyse PPi to Pi.

2 Pi
ATP  ADP I FrA

MANB MANC

Man%%Man-GP—» Man-1 PT PPi + GDP-Man

GTP
PolyP,, ATP
PPK3 [ PPK3

ADP
GDP PolyP,,

ADP
]GMPK
ATP
GMP
ADP
)GSK
ATP
G
Figure 4.11. Cascade of seven enzymes and eight reactions for synthesis of guanosine diphosphate
mannose (GDP-Man) from mannose (Man), guanosine (Guo), polyphosphate (PolyP,), and catalytic
amounts of adenosine triphosphate (ATP). Abbreviations: GMP, guanosine monophosphate; GDP,
guanosine diphosphate; GTP, guanosine triphosphate; Man-6P, mannose 6-phosphate; Man-1P,
mannose 1-phosphate; PPi, diphosphate; Pi, phosphate; ADP, adenosine diphosphate; GSK,

guanosine kinase; GMPK, GMP kinase; PPK3, PolyP, kinase; MANC, mannose 1-phosphate
guanylyltransferase; GLK, glucokinase; MANB, phosphomannomutase; PPA, inorganic diphosphatase.
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The time course of GDP-Man cascade components is shown in Figure 4.12. GDP-Man was produced

to a final concentration of 6.7 mM equivalent to a yield of 52%, and 67% after 45 h from Guo and Man,

respectively. The biocatalyst load was 0.35 genzyme/Jproduct
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Figure 4.12. Time course of GDP-Man cascade substrates, intermediates, and products. The reaction
conditions were as follows: 200 mM Tris-HCI (pH 8.5); 75 mM MgClz; 10 mM Man; 12.8 mM Guo; 5.8
mM ATP; 13.5 mM PolyPy; 0.11 pg/pL GSK; 0.49 pg/puL GMPK; 0.02 ug/puL PPKS3; 0.33 pg/pL GLK;
0.17 pg/pL MANB/C, and PPA 0.03 pg/pL with a final volume of 200 pL. The final DMSO content of the
reaction matrix was 1% v/v. (A) Shows the consumption of Guo and production of GDP-Man. (B) Shows
the reaction time courses of GMP, GDP, and GTP. (C) Shows the reaction time courses of ATP, ADP,
and AMP. The production of AMP might be due to chemical conversion of ADP to ATP during the
reaction. Experiments were performed in triplicates and error bars represent the standard deviation.
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4.1.2.2 Synthesis of GDP-Fuc

The development of two cascades for the synthesis of GDP-Fuc from inexpensive precursors is
reported in this section. The first cascade consisted of five enzymes and seven reactions for the
synthesis of GDP-Fuc from Fuc as the sugar source. However, due to the relatively high costs of Fuc
compared to the other substrates, a second pathway was constructed using Man as the sugar source.
A cascade consisting of ten enzymes and eleven reactions was designed and established to synthesize
GDP-Fuc from Man, Guo, PolyPn, L-Glu, and catalytic amounts of NADPH and ATP.

4.1.2.2.1 Synthesis of GDP-Fuc from Guo and Fuc

The cascade for synthesis of GDP-Fuc starting from Fuc consisted of five enzymes and seven reactions
(Figure 4.13). The conversion of Fuc to Fuc-1P and GDP-Fuc takes place by using bifunctional FKP
[199]. This enzyme catalyses the conversion of Fuc to Fuc-1P with ATP as the phosphate source, as

well as conversion of Fuc-1P and GTP to GDP-Fuc.

2Pi
ATP  ADP IPPA

FKP

FucLF;P‘Z Fuc-1P T» PPi + GDP-Fuc

cIP PolyP,4 ATP
PPK3 [ PPK3

ADP
GDP PolyP,

ADP]
ATP
GMP
ADP
jGSK
ATP
Guo
Figure 4.13. Multi-enzyme cascade for synthesis of guanosine diphosphate fucose (GDP-Fuc) starting
from fucose (Fuc), guanosine (Guo), polyphosphate (PolyP,), and catalytic amounts of adenosine
triphosphate (ATP). Abbreviations: GMP, guanosine monophosphate; GDP, guanosine diphosphate;
GTP, guanosine triphosphate; Fuc-1P, fucose 1l-phosphate; PPi, diphosphate; Pi, phosphate; ADP,

adenosine diphosphate; GSK, guanosine kinase; GMPK, GMP kinase; PPK3, PolyP, kinase; FKP,
fucokinase/ fucose 1-phosphate guanylyltransferase; PPA, inorganic diphosphatase.

The time course of reaction intermediates is shown in Figure 4.14. A steep decline of Guo and a
production of GMP, GDP, GTP, and GDP-Fuc was observed. GDP-Fuc was produced to a final
concentration of 7 mM (4.1 g/L) equivalent to a yield of 68% from Guo and Fuc, respectively, after 48
h. The biocatalyst load was 0.34 genzyme/Qproduct. ATP was used ~12x less than the stoichiometric amount

which illustrates the successful ATP regeneration.
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Figure 4.14. Time course of reaction substrates, intermediates, and products for synthesis of GDP-Fuc
from Guo, and Fuc. (A) Shows the consumption of Guo and production of GDP-Fuc. (B) Shows the
reaction time courses of GMP, GDP, and GTP. (C) Shows the reaction time courses of ATP, ADP, and
AMP. The production of AMP might be due to chemical conversion of ADP to ATP during the reaction.
The reaction mixture contained 200 mM Tris-HCI (pH 7.5); 10 mM Fuc; 10 mM Guo (in DMSO); 2.5 mM
ATP; 7.5 mM PolyP,; 45 mM MgCl,, and the following enzymes: GSK 0.22 pg/uL; GMPK 0.78 pg/uL;

PPK3 0.05 pg/pL; FKP 0.31 pg/uL, and PPA 0.03 ug/uL in a final volume of 200 pL. Experiments were
performed in triplicates and error bars represent the standard deviation.

Despite the successful establishment of the GDP-Fuc synthesis cascade from Guo and Fuc, true large-
scale application of such a cascade is severely limited by the lack of availability and high costs of Fuc.

In order to overcome this issue, another cascade was developed in which GDP-Fuc is produced from
GDP-Man, and thus, Man as the sugar source.

4.1.2.2.2 Synthesis of GDP-Fuc from Guo and Man

At first, a two-enzyme cascade containing GMD and WCAG was established to study the conversion of
GDP-Man to GDP-Fuc (Figure 4.15). A low conversion yield of GDP-Fuc synthesis from GDP-Man due

to the inhibitory role of GDP-Fuc on GMD has been reported in various studies [229—231]. The role of
pH was investigated here with the aim of improving the conversion yield.
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H0 NADPH  NADP*
GDP-Man —G% GDP-4-dehydro-6-deoxy-Man%‘é GDP-Fuc

Figure 4.15. A two-enzyme cascade for synthesis of guanosine diphosphate fucose (GDP-Fuc) from
guanosine diphosphate mannose (GDP-Man). Abbreviations: GDP-4-dehydro-6-deoxy-Man,
guanosine diphosphate-4-keto-6-deoxy -mannose; NADPH, reduced nicotinamide adenine
dinucleotide phosphate; NADP*, nicotinamide adenine dinucleotide phosphate; H,O, water; GMD,
guanosine diphosphate mannose 4,6-dehydratase; WCAG, guanosine diphosphate L-fucose synthase.
The influence of pH (pH 7.0, 7.5, 8.0, 8.5, and 9.0) on the synthesis yield of GDP-Fuc from GDP-Man
is shown in Figure 4.16. A very high conversion was obtained at alkaline pHs. On the other hand, at pH
7.0 and 7.5, only ~20% synthesis yield was obtained, and longer incubation time did not result in higher

conversion yields.

GDP Man
7 -GDP Fuc

will

7 75

Conc. (mM)

Figure 4.16. Conversion of GDP-Man to GDP-Fuc after 5 h incubation with a two-enzyme cascade. The
conditions were as follows: 150 mM Tris-HCI; 10 mM MgCl,; 3-4 mM GDP-Man; 4 mM NADPH; WCAG
0.45 pg/puL, and GMD 1.03 pg/pL with a final volume of 33 pL. Experiments were carried out in triplicate
and error bars represent the standard deviation.

To avoid direct usage of expensive GDP-Man, a novel cascade was constructed (see Figure 4.17)
starting from Man, Guo, PolyPn, L-Glu, and catalytic amounts of NADPH and ATP. L-Glu and PolyPn
were used as the substrate for regeneration of expensive NADPH and ATP, respectively, since they

were used in catalytic amounts.
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Figure 4.17. Extended cascade for the synthesis of guanosine diphosphate fucose (GDP-Fuc) from
mannose (Man), guanosine (Guo), polyphosphate (PolyPy), L-glutamate (L-Glu), and catalytic amounts
of adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleotide phosphate (NADPH).
Abbreviations: GMP, guanosine monophosphate; GDP, guanosine diphosphate; GTP, guanosine
triphosphate; ADP, adenosine diphosphate; Man-6P, mannose 6-phosphate; Man-1P, mannose 1-
phosphate; GDP-Man, guanosine diphosphate mannose; GDP-4-dehydro-6-deoxy-Man, guanosine
diphosphate-4-keto-6-deoxy-mannose; NADP*, nicotinamide adenine dinucleotide phosphate; NHs,
ammonia; AKG, a-ketoglutaric acid; H.O, water; PPi, diphosphate; Pi, phosphate; GSK, guanosine
kinase; GMPK, GMP kinase; PPK3, PolyP, kinase; GLK, glucokinase; MANB, phosphomannomutase;
MANC, mannose 1-phosphate guanylyltransferase; PPA, inorganic diphosphatase; GMD, guanosine
diphosphate mannose 4,6-dehydratase; WCAG, guanosine diphosphate L-fucose synthase; GLDH,
glutamate dehydrogenase.
As high conversion yields were only obtained at alkaline pH for synthesis of GDP-Fuc from GDP-Man,
pH 8.5 was selected as the operating pH. The time course of reaction components is shown in Figure
4.18. The reaction starts with immediate conversion of Guo to GMP, and further into GDP and GTP.
The higher concentration of GDP-Fuc with regard to GDP-Man during the reaction demonstrates the
high catalytic activity of GMD and WCAG enzymes. Moreover, the stepwise production of GDP-Fuc up

to 7.6 mM shows the successful function of NADPH and ATP regeneration cycles.

GDP-Fuc was produced to a concentration of 7.6 mM (4.5 g/L) and a reaction yield of 72% after 48 h
with a biocatalyst load of 0.97 genzyme/Qproduct. ATP and NADPH were used 5.7-fold and 10.5-fold less

than the stoichiometric amounts, respectively.
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Figure 4.18. Time course of cascade substrates, intermediates, and products for synthesis of GDP-Fuc
from Man and Guo. (A) Shows the consumption of Guo, the production of GDP-Man, and its
consumption for synthesis of GDP-Fuc; (B) shows the production of GMP followed by its consumption
for production of GDP and GTP. (C) Shows the concentration of ATP, ADP as well as AMP. The
production of AMP might be due to chemical conversion of ADP to ATP. The cascade reactions
contained 200 mM Tris-HCI (pH 8.5); 75 mM MgCl,; 10.5 mM Man; 10.5 mM Guo; 50 mM L-Glu; 1 mM
NADPH; 5.5 mM ATP; 13.5 mM PolyP,; GSK 0.11 pg/uL; GMPK 0.49 ug/uL; PPK3 0.02 ug/uL; GLK
0.33 ug/uL; MANB/C 0.17 ug/uL; WCAG 0.07 ug/uL; GMD 0.17 ug/uL; PPA 0.03 ug/uL, and 10 units of
GLDH 2.99 ug/uL in a final volume of 200 uL. Experiments were carried out in triplicates and error bars

represent the standard deviation.
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4.1.3 Synthesis of CMP-Neu5Ac

Results in this section are filed as a patent application under PCT/EP2021/059101 [232]. For synthesis
of CMP-Neu5Ac, Cyt was used as the CMP-base of this sugar nucleotide. Similar to other nucleosides,
Cyt is widely produced through established fermentation-based processes [233,234]. Cyt availability

and low costs were the main reasons for choosing it as the synthesis precursor.

At first, a multi-enzyme cascade was developed to synthesize CMP-Neu5Ac from Nue5Ac as the sugar
source. However, due to the high costs of Neu5Ac, an extended version of the cascade was developed
that enabled usage of GIcNAc and Pyr instead of Neu5Ac. In both cascades, conversion of Cytto CTP
takes place through a similar enzymatic pathway. UDK catalyses the conversion of Cyt to CMP, and
UMPK catalyses the conversion of CMP to cytidine diphosphate (CDP), both by using ATP as the
phosphate source. Afterwards, CTP is produced from CDP by using PPK3 and PolyPn as enzyme and
phosphate donor, respectively. Similar to UDP- and GDP-sugar cascades, ATP was used in catalytic

amounts for CMP-Neu5Ac synthesis.

4.1.3.1 Synthesis of CMP-Neu5Ac from Cyt and Neu5Ac
In this cascade (Figure 4.19), CMP-Ne5Ac is produced through the reaction catalyzed by CSS. PPA is
added to the cascade to favor the cascade towards the product side.

2Pi

IF‘F‘A
css

Neu5Ac T» PPi + CMP-Neu5Ac

CTP
PolyP,, 5 ATP
PPK3 K PPK3

ADP
CDP PolyP,

ADP
]UMPK
ATP
CMP
ADP
)UDK
ATP
Cyt
Figure 4.19. Multi-enzyme cascade of five enzymes and six reactions for synthesis of cytidine
monophosphate N-acetylneuraminic acid (CMP-Neu5Ac) from cytidine (Cyt), N-acetylneuraminic acid
(Neu5Ac), polyphosphate (PolyP,), and catalytic amounts of adenosine triphosphate (ATP).
Abbreviations: CMP, cytidine monophosphate; CDP, cytidine diphosphate; CTP, cytidine triphosphate;
PPi, diphosphate; Pi, phosphate; ADP, adenosine diphosphate; UDK, uridine/cytidine kinase; UMPK,
UMP/CMP kinase; PPK3, PolyP, kinase; CSS, N-acylneuraminate cytidylyltransferase; PPA, inorganic
diphosphatase.

The reaction chromatogram after 12 h of incubation at 37°C and 550 rpm demonstrates the high-yield
synthesis of CMP-Neu5Ac (Figure 4.20).
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Figure 4.20. The UV chromatogram of CMP-Neu5Ac cascade reaction product after 12 h. The reaction
mixture consisted of 150 mM Tris-HCI (pH 8.5); 10 mM Cyt; 10 mM Neu5Ac; 3 mM ATP; 4 mM PolyPy;

50 mM MgCls, and the following enzymes: UDK 0.06 pg/puL; UMPK/PPK3 0.11 pg/pL; CSS 1.27 pg/uL,
and PPA 0.04 pg/pL in a final volume of 200 pL.

However, the main disadvantage of this cascade (Figure 4.19) is using expensive and low-abundant
Neu5Ac directly as a precursor. Consequently, an extended cascade was established to use
inexpensive and industrially abundant compounds (i.e., GIcNAc and Pyr) to produce CMP-Neu5Ac.
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4.1.3.2 Synthesis of CMP-Neu5Ac from GIcNAc, Pyr, and Cyt
The extended version of CMP-Neu5Ac synthesis cascade is shown in Figure 4.21. AGE catalyses the
conversion of GIcNAc to ManNAc. Afterwards, through the reaction catalyzed by NANA, Neu5Ac is

synthesized from Pyr and ManNAc.

2Pi

I PPA

NANA CSS

GIcNAc —255, ManNAc T. Neu5Ac T» PPi + CMP-Neu5SAc

Pyr
cTh PolyP, 3 ATP
PPK3 [ PPK3

ADP
cDP PolyP,

ADP
jUMPK
ATP
CMP
ADP
jUDK
ATP
C
Figure 4.21. Multi-enzyme cascade of seven enzymes and eight reactions for synthesis of N-
acetylneuraminic acid (CMP-Neu5Ac) from N-acetylglucosamine (GIcNAc), pyruvate (Pyr), cytidine
(Cyt), polyphosphate (PolyP,), and catalytic amounts of adenosine triphosphate (ATP). Abbreviations:
CMP, cytidine monophosphate; CDP, cytidine diphosphate; CTP, cytidine triphosphate; PPi,
diphosphate; Pi, phosphate; ADP, adenosine diphosphate; ManNAc, N-acetylmannosamine; UDK,
uridine/cytidine kinase; UMPK, UMP/CMP kinase; PPK3, PolyP, kinase; AGE, N-acylglucosamine 2-

epimerase; NANA, N-acetylneuraminate lyase; CSS, N-acylneuraminate cytidylyltransferase; PPA,
inorganic diphosphatase.
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The chromatogram of the reaction product is shown in Figure 4.22. After overnight incubation at 37°C,
the synthesis yield was found to be low and a longer incubation of up to 48 h did not result in higher
yields. Interestingly, despite high amounts of CTP, no increase in the synthesis of CMP-Neu5Ac was

observed. This observation suggests an inhibition in the cascade, perhaps caused by CTP.
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Figure 4.22. UV chromatogram of the cascade product for synthesis of CMP-Neu5Ac using GIcNAc as
the sugar source. The following conditions were used: 140 mM Tris-HCI (pH 8.5); 35 mM Cyt; 39 mM
GIcNAc; 39 mM Pyr; 3.5 mM ATP; 14.1 mM PolyP,; 53 mM MgCl,, and the following enzymes: UDK
0.09 pg/pL; UMPK/PPK3 0.15 pg/pL; CSS 1.22 pg/pL; AGE 0.03 pg/pL; NANA 0.08 pg/uL, and PPA
0.05 pg/pL in a final volume of 282 L.

Due to low CMP-Neu5Ac synthesis yield and accumulation of CTP, it was hypothesized that CTP might
inhibit AGE, as reported by Klermund et al. [235]. To confirm the hypothesis of AGE inhibition by CTP,
a shortened version of the cascade consisting of AGE, NANA, and CSS was established to evaluate
CMP-Neu5Ac synthesis from GIcNAc, ManNAc, Pyr, and CTP. As ATP is known to be an allosteric

activator of AGE [203,236], its role was also evaluated. The results are shown in Figure 4.23.
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Figure 4.23. AGE inhibition by CTP. Reactions starting from ManNAc had the highest production of
CMP-Neu5Ac (AGE_2, and AGE_4) while reactions starting from GIcNAc did not result in significant
production of CMP-Neu5Ac (AGE_1, and AGE_3). Experiments performed with 150 mM Tris-HCI (pH
8.5); 20 mM MgCl,; 20 mM CTP; 30 mM Pyr; 0.05 pg/pL AGE; 1.5 pg/puL NANA; 1 pg/pL CSS, and 0.04
pg/uL PPA in a total volume of 150 pL. The 1st experiment contained 30 mM GIcNAc (AGE_1), the 2™
experiment contained 30 mM ManNAc (AGE_2), the 3™ experiment contained 30 mM GIcNAc and 0.3
mM ATP (AGE_3), and the 4™ experiment contained 30 mM ManNAc and 0.3 mM ATP (AGE_4). The
experiments were running for 5 h.

Experiments starting from ManNAc resulted in CMP-Neu5Ac production, however, reactions starting
from GIcNAc resulted in a very low amount of CMP-Neu5Ac. Moreover, addition of ATP — a known
activator of AGE [236] — did not improve the synthesis yield. This observation — no synthesis starting
from GIcNAc — suggests inhibition of AGE by CTP, as described in literature [235].

To overcome the inhibition of AGE by CTP, two strategies were considered. First, increasing the molar
ratio of GICNAc/Cyt, along with Pyr/Cyt, and second, controlling the concentration of CTP by modulation
of PolyPn level. Originally, the molar ratio of GIcNAc/Cyt and Pyr/Cyt was 1.1 simply due to cost. By
increasing the concentration of GIcNAc and Pyr, the chemical potential of these molecules increases
and theoretically, reactions catalyzed by AGE and NANA would shift more toward the product. It means
that more Neu5Ac will be produced and, subsequently, CTP will be consumed faster than before (i.e.,
for the GICNACc/Pyr/Cyt ratio of 1/1/1). At best, inhibition of the cascade would be avoided, or at least be

minimized. Both strategies were carried out independently and simultaneously.

At first, the ratio of GICNAc/Cyt, and Pyr/Cyt was increased from 1 to 7.4 and 7.9, respectively. After 24
h of incubation at 37°C, high conversion of CMP-Neu5Ac and very low accumulation of CTP was
observed (Figure 4.24). However, a large amount of CMP remained in the reaction. Moreover, the
higher peak height of ADP compared to ATP suggests inefficient ATP regeneration. It can be concluded

from this that the amount of PolyP» was insufficient.
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Figure 4.24. Reaction chromatogram after 24 h incubation at 37°C using increased ratio of GICNAc/Cyt
and Pyr/Cyt. The reaction consisted of 145 mM Tris-HCI (pH 8.5); 10 mM Cyt; 74 mM GIcNAc; 79 mM
Pyr; 3 mM ATP; 4 mM PolyP,; 74 mM MgCl,; UDK 0.06 pg/uL; UMPK/PPK3 0.08 pg/uL; CSS 1.67
pg/uL; AGE 0.04 pg/ulL; NANA 1.15 pg/uL, and PPA 0.05 pg/pL in a final volume of 203 pL.

Accordingly, additional experiments were done to scout for sufficient PolyPn as the phosphate source
to supply the cascade while avoiding AGE inhibition by CTP. The tested PolyPn concentrations of
scouting experiments were 4, 5, 6, 7, and 8 mM. The overlay of the scouting experiments is presented
in Figure 4.25. The data shows that 7 mM PolyPn gives the highest concentration of CMP-Neu5Ac.

—— 8 mM PolyP,
—— 7 mM PolyP,
—— 6 mM PolyP,
5 mM PolyP,
4 mM PolyP,

Absorbance (mAU)

Time (min)

Figure 4.25. Overlay of reaction chromatograms from incremental amounts of PolyP, after 24 h of
incubation at 37°C. The experimental conditions were as follows: 150 mM Tris-HCI (pH 8.5); 10 mM
Cyt; 75 mM GIcNAc; 70 mM Pyr; 3 mM ATP; and 75 mM MgCl,; UDK 0.06 pg/pL; UMPK/PPK3 0.08
pg/pL; CSS 1.27 pg/pL; AGE 0.04 pg/pL, and NANA 1.16 pg/pL in a final volume of 200 pL.
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It should be noted that the optimized concentration of PolyPn heavily depends on the starting amounts
of Cyt and ATP. High conversion of Cyt to CMP-Neu5Ac demonstrates the successful implementation
of the proposed strategies.

To further improve the performance of the cascade in terms of product titer, the concentration of Cyt
was increased. The purpose of these experiments was to reduce the cost by decreasing the ratios of
GIcNAc/Cyt and Pyr/Cyt. The time course of reaction substrates, intermediates, and products is shown
in Figure 4.26. In the developed cascade, CMP-Neu5Ac was produced to a final concentration of 24.6
mM (15.1 g/L) in a reaction time of 48.5 h and a synthesis yield of 77%, 34%, and 31% regarding Cyt,
GIcNAc, and Pyr, respectively.
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Figure 4.26. Time course of cascade substrates, products, and intermediates of CMP-Neu5Ac cascade
from GIcNAc, Pyr, Cyt, PolyP,, and catalytic amounts of ATP. (A) Consumption of Cyt and sequential
production of CMP-Neu5Ac. (B) Production and consumption of CMP, CDP, and CTP. (B)
Concentration of ATP, ADP, and AMP during the reaction. The reaction contained 190 mM Tris-HCI
(pH 8.5); 34 mM Cyt; 72 mM GIcNAc; 79 mM Pyr; 2 mM ATP; 23 mM PolyP,; 72 mM MgCl,; UDK 0.05
pg/pL; UMPK/PPK3 0.07 pg/pL; CSS 1.05 pg/uL; AGE 0.03 pg/pL; NANA 0.96 pg/pL, and PPA 0.03
pg/pL with a final volume of 242 pL. The experiments were performed in triplicate and the error bars
represent the standard deviation.
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4.1.4 Discussion on synthesis of sugar nucleotides

In the previous sections, novel multi-enzyme cascades were presented for synthesis of UDP-, GDP-,
and CMP-sugars. The main idea for development of each cascade was its potential for large-scale
applications. Therefore, industrial availability of the precursors was the most important factor for
development of cascades in this work. For each three groups of sugar nucleotides (UDP-, GDP-, and
CMP-sugars), nucleosides — i.e., Uri, Guo, and Cyt — were used. All the nucleosides are mainly
produced based on established fermentation-based processes by world-known chemical manufacturers
such as Ajinomoto Co., Inc. and Takeda Chemical Industries, Ltd. [233,237,238].

Avoiding stoichiometric usage of ATP in the cascades was another strategy to optimize multi-enzymatic
based sugar nucleotide production in terms of reducing the cost of precursors. Despite availability of
ATP in kg scale, its stoichiometric utilization in large scale is costly and should be minimized. There are
different strategies reported for regeneration of ATP from ADP by using different sources of phosphate
such as acetylphosphate [239,240], PEP [189,241], and PolyPn [146,242]. Among these compounds,
PolyPnis by far the cheapest phosphate source and it is available in ton scales because of its application
in different industries, e.g., agriculture and food [243]. Therefore, it was the first choice for regeneration
of ATP in this work. Moreover, thanks to the promiscuity of PPK3, all the diphosphate nucleotides —
i.e., UDP, GDP, and CDP — were converted to their triphosphate form by using PolyPn as the phosphate
source — without addition of any extra enzyme to the cascades.

However, application of PolyPnin multi-enzyme systems, specifically in the presence of enzymes that
are dependent on divalent cations (e.g., Mg?*) for their activity, can be challenging. PolyPnis known to
form complexes with divalent cations with different dissociation constants [244,245]. Furthermore,
interaction of PolyPnr with proteins is also expected in biological solutions because of its highly anionic
nature [246]. Due to the existence of too many factors such as pH, salt concentration, protein amount,
and nucleotides—Mg?* interactions, explicit elucidation of the PolyPn behaviour in the cascades is not
feasible. Therefore, screening experiments were essential for finding the optimal conditions [220,224].
The relatively high concentration (50—-80 mM) of MgClz was needed for optimal performance of all the
cascades, specifically for UDP-sugars. Meanwhile, most of reported cascades for sugar nucleotide
synthesis used relatively lower concentrations (~5-20 mM) of MgClz (see Table 4.1, Table 4.2, and
Table 4.5). The high concentration of MgClz could be explained by interaction of PolyP,and Mg?*. In a
mechanistic study of polyphosphate kinase 2 [247], it was reported that binding of Mg?* and PolyPh is
essential for the enzyme activity. Despite the study being performed on a different family of
polyphosphate kinase, | hypothesized that higher concentrations of Mg?* would increase the activity of
PPK3 by providing more Mg?*—PolyPn» complex. High concentrations of Mg?* (50 mM) were reported in
Ref. [129,248] in which PPK3 was used as a nucleotide diphosphate regenerator. Another reason for
the high concentration of Mg?* could be related to the phosphate ions that are released from
diphosphatase reaction. Similar to a Mg*—PolyPn complex, Mg?* can create a complex with phosphate
ions and might avoid Mg?* participation in enzymatic reactions. Moreover, it might result in precipitation
of Mg?*ions through the sequestration process [249]. The addition of Mg2* during the batch time (for
multi-enzyme synthesis of UDP-GIcNAc) to maintain the high productivity was reported in Ref. [250].

For example, interval supply of divalent cations (i.e., Mg?* and Mn?* in an enzymatic mixture) was the
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subject of an invention in the patent regarding synthesis of oligosaccharides as a problem-solving
approach for overcoming diphosphate or phosphate complexes with Mg?* and Mn2?* [251]. In the
following, the results obtained for synthesis of sugar nucleotides are discussed in detail.

4.1.4.1 Discussion on multi-enzyme synthesis of UDP-sugars

For synthesis of UDP-sugars, Uri was used as the nucleotide pair of UDP-activated sugars. Uri is the
raw material for production of UMP which is highly used in infant formula [252] and in pharmaceutical
products such as Sofosbuvir and Xuriden (uridine triacetate) [253—-257]. Interestingly, Uri has recently
been used as one of the key precursors for synthesis of Molnupiravir — an investigational antiviral drug
for the treatment of coronavirus disease 2019 (COVID-19) [258]. In one of the benchmark papers, Uri
was produced through fermentation (using a mutant of the Bacillus subtilis strain) in a 6000 L bioreactor
with a titer of 65 g/L [259]. Recent advances in E. coli-based fermentation show a very similar
performance (titer of 70.3 g/L) [260]. The robust industrial process shown in Ref. [259], demonstrates
inexpensive and industrial scale production of Uri. In all the UDP-sugars, the set of enzymes were used
for synthesis of UTP from Uri were the same. For conversion of Uri to UTP, two ATP-dependent kinases
—i.e., UDK and UMPK — and one PolyPn-dependent — i.e., PPK3 — were used.

All the monosaccharides used in synthesis of UDP-sugars are available in bulk except GalNAc. For
UDP-GalNAc, there is still no clear bulk scale demand, therefore GalNAc was directly used as the sugar
base. However, there are efforts on development of microbial O-glycosylation platform through
expression of human N-acetylgalactosaminyl transferase in microbial hosts such as E. coli [261,262].
Therefore, another strategy for synthesis of UDP-GalNAc from inexpensive precursors is proposed in

section 5.

In this work, | presented three novel cascades for synthesis of five different UDP-sugars. By exploiting
the promiscuity of enzymes in the cascades, UDP-GIcNAc and UDP-GalNAc are produced from the
same set of enzymes. For the synthesis of UDP-Glc and UDP-Man, the same set of enzymes were also

used to carry out the synthesis. A novel cascade for synthesis of UDP-Gal was also presented.

Except UDP-GalNAc, GALU could be used as a sugar-1 phosphate uridylyltransferase in all the other
UDP-sugar cascades. Taking advantage of the promiscuity of enzymes in multi-enzyme synthesis can
be greatly beneficial, specifically when it comes to cascade optimization for synthesis of different
products. Furthermore, in upstream processing for producing the required enzymes, it will be very
convenient to minimize the number of different enzymes and maximize the number of different products.

In this way, the efforts for process validation or process optimization can be reduced significantly.

In the following, literature focusing on the synthesis of UDP-GIcNAc is discussed. Regarding the
potentially scalable synthesis of UDP-GIcNAc, two papers were separately published in 2000 by two
major chemical producers in Japan. In the work that was carried out by researchers at Kyowa Hakko
Kogyo Co., Ltd. [263], orotic acid and glucosamine were used as the raw materials. Both precursors
are available in bulk and easily affordable, however, the proposed production strategy suffers from an
extremely high biocatalyst load in the form of seven different permeabilized microbial cells (300 g/L)

and low synthesis yield (17.5% regarding orotic acid and 2.8% regarding glucosamine) [263]. Moreover,
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using seven different permeabilized E. coli cells might cause mass transfer problems, specifically at
large scales. In another work by researchers in the biochemical division of the Yamasa corporation
[148], a titer of 47 g/L of UDP-GIcNAc was achieved by using UMP and GIcNAc as precursors in

combination of three enzymes and yeast cells as biocatalysts (see Table 4.1).

Large scale fermentation-based production of UMP was established in the 90s by Kyowa Hakko Kogyo
Co., Ltd., with a titer as high as 28.6 g/L [264] which makes UMP an industrially available precursor.
However, productivity of the cascade at large scales would be highly dominated by yeast cells (50 g/L)
as they supply UTP for the synthesis. Considering the heterogeneities in the metabolism of living cells
at large scales [265], practical implementation of such processes (e.g., the combination of enzymes
and yeast cells for final product synthesis) might need a very complex process design. Moreover, due
to the differing nature of enzymes and whole microorganisms in handling shear stress, providing
appropriate mixing while controlling the shear stress for both enzymes and yeast cells at the same time
will be challenging. In this work, to establish the cascade for synthesis of UDP-GIcNAc from Uri, GIcNAc,
PolyPn, and catalytic amounts of ATP, purified enzymes were used. All of the required six enzymes
were His-tagged and recombinantly produced in E. coli and further purified with established immobilized
metal affinity chromatography methods. UDP-GIcNAc was synthesized up to a titer of 66.2 mM (40.2
g/L) and a synthesis yield of 97.4%. No accumulation of intermediates (Figure 4.3) as well as the high
yield of the cascade suggest the activity and stability of all the enzymes during the batch time. Moreover,
the designed cascade was able to produce UDP-GalNAc with a titer of 53 g/L and a quantitative yield.
Despite the biocatalyst load being in the range of industrially relevant processes [176], implementation
of purified enzymes can significantly increase the process cost (~6x higher enzyme production cost)
[176,178]. Therefore, in section 4.4.1.2, crude form enzymes were used for the scale-up of the cascade
to 4 L since they are the second simplest form of biocatalyst formulation, second to whole-cell catalysis,

with similar cost advantages.
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Table 4.1. Summary of previous works on multi-enzyme synthesis of UDP-GIcNAc.

Precursors Pi Titer Reaction Yield Biocatalyst operation Reaction Scale Ref
Stoichiometric Catalytic source (g/L) time (h) (%) condition (mL) :
. 3 enzymes, 0.19 . 200 mM KH2POa,
;SAOJ]M%G;%'(\;%:M%?C n.a. n.a. 47.4 48 78 g/L; yeast cells, Inter\:)a;lgltidltlon pH 8, 20 mM 5 [148]
’ 5% wiv MgClz, 23 °C
65 mM orotic acid: Comb_if::ation of 7 25 g/L KH2PO4,
400 mM glucosamine; n.a. n.a. 7.4 8 17.5 . different . Batch pH7.2, 59l 30 [263]
50 g/L fructose engineered E. coli, MgS0O4.7H20, 32
300 g/L °C
20 mM GIcNAc; 20 10 mL of 5 .
! . - 50 mM Tris-HClI,
mMUTP; 0.4mM —y yarp 20MM 44 g 20 90 immobilized 7 batch pH 7, 10 mM 100 [189]
glucose 1,6- PEP enzymes on MaCla. 30 °C
bisphosphate agarose beads 9&L,
. 200 mM KH2PO4
50 mM GIcNAc; 50 3 enzymes; yeast Interval addition ’
mM UMP; 200 mM Glc n-a. n-a. 191 2 63 cell)s/,, 5% \yv/v of Glc IE)/IH 8,20 nlM 10 [266]
gClz, 20 °C
39.5 mM GIcNAc; 47.4 NAHK, 0.2 g/L; 100 mM Tris-HCl,
mM ATP; 47.4 mM n.a. n.a. 19.4 36 81 GLMU, 0.31 g/L; Batch pH 8, 10 mM 20 [201]
uTpP PPA, 0.19 g/L MgClz, 37 °C
NAHK-GLMU 50 mM Tris-HCI,
2 /:“T'\g_i,'g'\rm' 2 n.a. na 134 20 88  (fused), 0.96 g/L; Batch pH 8, 10 mM 5 [267]
’ 50 U PPA MgClz, 40 °C
Fed-batch,
interval addition
_ NAHK, 0.2 g/L; of 10 mM 200 mM Tris-HCl,
20 mM GIcNAc; 20 n.a. na. 595  14.75 92 GLMU,0.2g/L:  ClONACI0mMM = e s 5 mm 100 [250]
mM ATP; 20 mM UTP PPA 500 ATP, 10 mM MgClz, 37 °C
' UTP; 47 mg !
MgCL: added
after 5.25 h
NAHK, 0.1 g/L;
1 mM GIcNAc; 0.8 mM GALU, 0.1 g/L; 50 mM Tris-HCI,
UMP; 2.5 mM ATP; 2 n.a. n.a. 0.6 2 100 URAG, 0.1 g/L, Batch pH 7.5, 45 mM 1 [221]
mM PolyPn PPKS3, 0.1 g/L; MgClz, 40 °C
PPA, 0.03 g/L
NAHK, 40 U; .
! ! . 50 mM Tris-HCI
10 mM GIcNAc; 10 0.5 —per GLMU, 40 U; Repetitive batch !
mM ATP; 10 mM UTP n.a. n-a. 6.6 bathr)n 81.33 PPA, 40 U; —p120 batch ,F\)A';gl’zzgﬂ'\é 20 [151]

overall, 1.14 g/L
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UDK, 0.07 g/L;

_ 21 mM UMPK/PPK3, 0.11 150 mM Tris-HCI, .
68 mMmfA"iJ'\:iAc' 68 Z&TT,M mM  40.2 22 97.4  g/L: NAHK, 0.18 Batch pH85 75mM 0.2 VTIE'rsk
PolyPn g/L; GLMU, 0.2 MgClz, 37 °C
g/L; PPA, 0.05 g/L
NAHK, GALK )
! ! 200 mM Tris-HCI .
50 mM GIcNAG; 47 47mM  15mM UMPK, PPK3, ’ This
mM UMP ATP polyp, 229 18 90 GALU, PPA; cell Batch pH 85,75 mM 150 ork
MgCla, 37 °C
lysate 0.5 g/L
UDK:
. UMPK/PPKS; 200 mM Tris-HCl, .
62 mMmfA'CL'J\:iAC' ST ¥ S 856  NAHK; GLMU: Batch pH 85, 75mM 4000 leglrsk
yFn PPA:; cell lysate, MgClz, 37 °C

overall, 0.5 g/L

Abbreviations: URAG, uridine-monophosphate kinase; n.a.: not available.
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Table 4.2. Summary of UDP-Gal synthesis described in literature based on whole cell and multi-enzyme catalysis.

Precursors Titer Reaction Yield Biocatalvst Operation Reaction Scale Ref
Stoichiometric Catalytic Pi source (g/L) time (h) (%) Y P condition (mL) '
50 mM Tris-
2 mM ATP; 7 enzymes Circulation via HCI, pH 7.4;
. 0,
20rr:'\l\/l/l SGII’DZO 2 mM Glc- %Dé)l V\gv 3.9 24 35 immobilized on packed bed 10 mM, KCI; 200 [146]
1P YFn agarose beads column 10, mM MgCly;
37°C
. 50 mM Tris-
. 1 mM ATP; E. coli extract i
L2mMeail0 o mmales  *OmVacell g, 7 95  of 6 different Batch HELPH IS 01 [239]
1P phosp enzymes "gC &
. 15 g/L
110 mM orotic Czo;nnblzwna;gréé)f KH2POa4, pH
acid; 250 mM n.a. n.a. 44 21 65 E cgli cells Batch 7.2;59/L 2500 [147]
Gal; 666 mM Glc '200 n ’ MgS0Qa4.7H20;
9 32°C
Glzé;lzr%Mlei/ng‘:’“' 2.3 —per 3 purified Repetitive batch 22en:a'1\:leTrils—|_
1P; 2.5mM n.a. n.a. 1.2 °—P 75 P P ate, p 100 [268]
. batch enzymes — 16 batch 7.7,2mM
NADP; 500 mM MaSOs. 37 °C
sucrose 9-0%4,
. 3 purified Repetitive batch 50 mM Tris-
10 mM Gal; 10 05—per 944  enzymes  —120batchwith  HC, pH 7.5:
mM ATP; 10 mM n.a. n.a. 7.1 . 20 [151]
batch 8 overall, 1.30 same enzyme 20 mM MgClz;
UTP : .
g/L mixture 37°C
6 purified 150 mM Tris-
50 mM Uri; 52 0.6 mM 20 mM HCI, pH 8.5; .
mM Gal ATP PolyPy 27.1 24 96 enzymes, Batch 75 mM MgCl; 20 This work
overall, 0.5 g/L o
37 °C
6 enzymes 150 mM Tris-
58 mMUri 55 2.5mM 20 mM 23.4 23 71 celllysate, Batch HCLPH 8BS, 1000 This work
mM Gal ATP PolyPn 75 mM MgClz;
overall, 0.5 g/L o
37°C
e AT 200 mM Tris-
55 mM Gal; 55 2.7 mM 14 mM ! o HCI, pH 8.5; .
mM UMP ATP PolyPn 26.9 355 86 GALU, PPA,; n.a. 75 mM MgClz: 3000 This work
cell lysate, 37°C

overall, 1.1 g/L

65



Table 4.3. Summary of developed UDP-GIc synthesis cascade described in literature.

Precursors Titer Reaction Yield Biocatalvst Operation Reaction Scale Ref
Stoichiometric Catalytic Pi source (g/L) time (h) (%) Y P condition (mL) '
50 mM Tris-
100 mM
80 mM Glc-1P; 3 enzymes, HCI, pH 7.5,
20 MM UMP 1 mMATP acetylphosph 4.5 4 40 purified Batch 20 mM MgCl, n.a. [269]
ate o
37°C
50 mM 100 mM
sucrose; 10 2 mM ATP; Permeabilized NH4HCOg3, pH
mM UMP; 100 2 mM NAD* n-a. 3.4 20.5 60 engineered E. coli Batch 7; 20 mM L [270]
mM Glc; MnSOg; 33 °C
1500 mM 1 enzyme, purified,
sucrose; 300 n.a. n.a. 144 6 85 0.1g/L; 10 mg Batch pHS 1O 100 [271]
mM UDP BSA* gl
1500 mM
SUCrose; . pH 5, 10 mM
210.25 mM n.a. n.a. 100 22 86 E. colicell, 1 g/L Batch MgClz, 37 °C 400 [272]
UDP
7 enzymes 150 mM Tris-
60 mM Uri; 60 19 mM . ! HCI, pH 8.5, .
mM Glo 1.7 mM ATP PolyPy 27.6 54.5 81 purified, overall, Batch 75 mM MgCl, 0.2 This work
1.3g/L 37°C

Abbreviations: KCI, potassium chloride; BSA, bovine serum albumin; n.a.: not available.



Several studies on the enzymatic synthesis of UDP-Gal have been previously published (see Table
4.2). Koizumi et al. developed a process using permeabilized engineered microbial cells for large scale
production of UDP-Gal, which a titer of 44 g/L with yields of 65% and 29% from orotic acid and Gal,
respectively, were obtained [147]. While the precursors used in Koizumi et al. are inexpensive and the
titer is the highest reported in the literature, the high cell concentration (200 g/L or biocatalyst load of
4.5 Qpiocatalyst/gproduct) Used makes scale-up difficult. In another multi-enzymatic approach, UDP-Gal was
synthesized in a repetitive batch mode in gram scale from UDP-Glc, Gal-1P, and nicotinamide adenine
dinucleotide (NADP) with a yield of 75% with respect to UDP-Glc [268]. However, UDP-Glc and NADP
are expensive substances and their use in large-scale processes is economically unfeasible. The
approach was improved by Fischéder et al. by using Gal, ATP, and UTP as substrates [151]. In a batch
time of 0.5 h and a reaction volume of 20 mL, a titer of 7.1 g/L was achieved, and the enzyme showed

high recyclability for 120 cycles [151].

Liu et al. established a system of seven enzymes to produce UDP-Gal from UMP, Gal, PolyP,, and
catalytic amounts of ATP, Glc-1P, and UDP-Glc [146]. PolyPn was used as the phosphate source for
the regeneration of ATP from ADP. Under optimized conditions — enzymes immobilized on agarose
beads — a final titer of 3.9 g/L and a yield of 35% with respect to UMP and Gal was obtained. The same
synthesis route was used by Lee et al.,, except using acetylphosphate instead of PolyPn for the
regeneration of ATP [239]. In a batch process (100 uL), an improved yield of 95% and a final titer of 5.4

g/L was obtained by using crude extracts of six enzymes [239].

In this dissertation one of the main objectives was to develop a scalable biocatalytic process for the
synthesis of UDP-Gal in multi-gram amounts that is economically viable. This encompasses the
utilization of inexpensive substrates available in bulk amounts as well as significantly enhanced titers
compared to previous studies (>20 g/L). The performance of UDP-Gal cascade was evaluated in the
pH range of 7.0-9.0 based on the screening experiments described in Ref. [220]. It was found out
pH=8.5 result in higher conversion compared to lower pHs [220]. Therefore, it was selected as the
operating pH for UDP-Gal cascade, and other UDP-sugar cascades. Through optimization, the amounts
of ATP supplementation could be reduced to 0.6 mM, which is around 240 less than what is required
for complete turnover of Uri and Gal without ATP regeneration. In section 4.4.1.1, scale-up of the

cascade to 1 L for synthesis of UDP-Gal by using crude cell extract of enzymes is described.

UDP-GIlc is an another important member of the UDP-sugars family whose application is extensively
reported in Ref. [273,274]. It also serves as a substrate for production of other sugar nucleotides such
as uridine diphosphate glucuronic acid and uridine diphosphate rhamnose. In this work, a novel cascade
was designed (Figure 4.8) and established to synthesize UDP-Glc from Uri, Glc, PolyPn, and catalytic
amounts of ATP. The performance of the developed cascade is listed alongside other reported

cascades in literature in Table 4.3.

Despite the high titers achieved in the work of Gutmann et al. and Schmadlzer et al., utilizing UDP as the
starting material for large-scale synthesis of UDP-Glc would not be a realistic option due to the high
cost of UDP (~16 €/g) [271,272]. On the other hand, Uri (~0.2 €/g) is significantly cheaper and available
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compared to UDP. Using inexpensive precursors is crucial when it comes to synthesis of UDP-Glc since

it has applications in commodity products such as sweeteners [274].

The time course of UMP, UDP, and UTP in the UDP-GIc cascade show a different behavior compared
to other UDP-sugars. In other cascades, the production of intermediates is followed by their
consumption. However, in the UDP-Glc cascade, the intermediates accumulate slowly during the
reaction. This suggests fast production and consumption of intermediates. Interestingly, UDP-Glc
synthesis starting from 76 mM Uri and Glc resulted in 53.3 mM UDP-Glc (data not shown). Therefore,
it might be that UDP-GIc has an inhibitory effect at concentrations of ~50 mM which hampers further

product synthesis. This also supports the accumulation of intermediates at the end of the reaction.

The designed cascade for synthesis of UDP-Glc (Figure 4.8) can produce UDP-Man because of the
affinity of GLK and GALU for Man and Man-1P, respectively. Since UDP-Man was biologically
discovered at the beginning of 2018 [225], a scalable and straightforward production of UDP-Man can

help to unravel its biological potential.

So far, novel sets of scalable multi-enzyme cascades were presented for synthesis of UDP-sugars. For
establishment and optimization, purified enzymes were used, which can significantly hamper the
industrial implementation of the cascades due to the high costs of enzyme purification. In sections
4.4.1.1 and 4.4.1.2, the scale-up of UDP-GIcNAc and UDP-Gal cascades by using crude enzymes is
presented. Furthermore, to minimize the number of independent fermentations for recombinant

production of enzymes, co-expression of said enzymes is demonstrated in section 4.4.2.1.

4.1.4.2 Discussion on multi-enzyme synthesis of GDP-sugars

In this work, one of the major achievements in the development of GDP-sugars was using Guo as the
precursor. Guo is heavily used in food industry as a precursor for synthesis of GMP for its umami taste
[275]. Due to high hydrogen bonding within Guo molecules, its presence in the agueous phase results
in strong hydrogel formation [276]. In this work, DMSO was found to be able to solubilize Guo up to 0.5
M at 25°C and 1 M at 75°C. DMSO and Guo interaction overcomes the hydrogen bonding within Guo
molecules and results in its solubility [277] as well as avoiding any hydrogel formation. The mass
balance of Guo-containing compounds was closed at each of the reaction measurement time points
(Figure 4.14 and Figure 4.18), which ensures Guo availability for the enzymatic reactions in the
cascade.

To synthesize GDP-Fuc, a cascade was initially established by using Fuc, Guo, PolyPy, and catalytic
amounts of ATP as precursors. Due to the high cost and low availability of Fuc, a second cascade was
developed to produce GDP-Fuc from Man. In the later, NADPH was used to reduce GDP-4-dehydro-6-
deoxy-Man to GDP-Fuc. In order to avoid stoichiometric usage of expensive NADPH, L-Glu was used
in combination with GLDH to regenerate NADPH from NADP*. L-Glu is heavily consumed in food

industry as a flavor enhancer and thus readily available at low costs [275].

It has been suggested that GDP-Fuc is a competitive inhibitor of GMD by binding to the active site [229—
231,278]. Both enzymes, GMD and WCAG, belong to the short-chain dehydrogenases/reductases
family and during the conversion of GDP-Man to GDP-Fuc, both the release and consumption of
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hydrogen ions are part of the reaction mechanism [229,279]. To improve the synthesis yield, a pH
screening was carried out to evaluate its effect on the synthesis of GDP-Fuc from GDP-Man, since pH
could have an effect on dissociation constants [279]. Interestingly, it was found that at alkaline
conditions, a high conversion of GDP-Man to GDP-Fuc can be obtained. The pH screening was also
performed on the cascade (GDP-Fuc synthesis from Man) and as expected, high conversion was only
obtained in alkaline conditions (data not shown). This might be because of low binding of GDP-Fuc to

GMD at alkaline pH values.

The results obtained for synthesis of GDP-Fuc based on the developed cascades are compared to
previously reported methods in Table 4.4. Pfeiffer et al. achieved a high concentration of 50 g/L GDP-
Man by using GTP as a precursor [280], which can be very costly at large-scales (~21 €/g). On the
other hand, using Guo (~0.1 €/g) or even GMP (~0.1 €/g) as precursors, as illustrated in this work,
significantly reduces the synthesis cost. Koizumi et al. reported the highest GDP-Fuc concentration
(18.4 g/L) described in literature by using whole-cell catalysis at a 15 L scale and utilizing Man and
GMP as precursors [202]. However, low synthesis yields of 17% and 52% regarding Man and GMP,
respectively and very high biocatalyst amount (215 g/L) in the form of four different permeabilized
microbial cells make large-scale applications challenging. Moreover, since the one-pot experiment
resulted in high accumulation of GDP-Man (15.6 mM vs. 5.9 mM GDP-Fuc), the conversion was carried

out in two separate steps [202].
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Table 4.4. Comparison of reported processes for the in vitro biocatalytic production of GDP-Man and GDP-Fuc.

Precursors
_ . . . Titer Reaction  Yield Biocatalystload Mode of . - Scale
Stoichiometric Catalytic Pi source (/L) time (h) (%) (Genzyme/Gproduc) operation Reaction condition (mL) Ref.
GDP-Man
Tris-HCI, pH 8, 1.8 mM
1.2 mM Man-1P; ; ; p—
24 mM GTP n.a. n.a. 0.4 0.34 60 n.a. Continuous  MgClz, 2 Té/l DTT; 25 3 [281]
15 mM Man; 35 100 mM Tris-HCI, pH
mM GTP n.a. n.a. 14.1 24 94 0.04 Batch 8: 10 mM MgClz, 37 °C 12 [282]
119 mM sucrose;
119 mM Pi; 400 100 mM MES, pH 7; 10
mM Man: 70 mM n.a. n.a. 50 20 100 0.01 Batch mM MgClz; 37 °C 4 [280]
GTP
0.8 mM GDP; 6 50 mM Tris-HCI, pH
mM Man; 0.8 mM n.a. 4 mM PolyPn 0.3 4 71 3.1 Batch 7.5; 10 mM MgClz, 30 1 [131]
ADP °c
200 mM Tris-HCI, pH .
12.8 mM Guo, 10 5.8 mM 13.5 mM ; ’ This
mM Man ATP PolyPy 4 45 52 0.35 Batch 8.5; 75 mll/ICMgCIz, 37 0.2 work
GDP-Fuc
27.5 mM GDP- 2 ste 50 mM Tris-HCI, pH
Man; 33 mM n.a. n.a. 12.9 2 80 0.22 batcr? 7.5; 10 mM MgClz, 37 6 [283]
NADPH °c
333 mM fructose; 2_ste 25 g/L KH2POg4, pH 7.2;
166 mM Man; 56 n.a. n.a. 18.4 22 51 11.6 P 5 g/L MgS04.7H20; 32 30 [202]
batch o
mM GMP C
91 mM Fuc; 54 50 mM Tris-HCI, pH
mM ATP; 53 mM n.a. n.a. n.a. 48 n.a. n.a. Batch 7.5; 50 mM MgClz, 25 10 [150]
GTP °C
10.5 mM Man, 5A$_|;nl\1/l 13.5 mM 200 mM Tris-HCI, pH This
10.5 mM Guo, 50 M P. | 4.5 48 72 0.97 Batch 8.5; 75 mM MgClz, 37 0.2 K
mM L-Glu m olyPn °c wor
NADPH
200 mM Tris-HCI, pH .
10 mM Fuc, 10 2.5 mM - ! This
mM Guo ATP 4.5 mM PolyPn 4.1 48 70 0.34 Batch 7.5; 45 mM MgClz, 37 0.2 work

°C

Abbreviations: DTT, dithiothreitol; n.a., not available.

70



4.1.4.3 Discussion on multi-enzyme synthesis of CMP-Neu5Ac

Cyt was used as the precursor for synthesis of CMP-Neu5Ac. Cyt is used as the main precursor for
synthesis of CMP [192] and therapeutic compounds such as cytidine diphosphate-choline [264].
Therefore, industrial processes have been developed for the large-scale production of Cyt [284,285].
The conversion of Cyt to CTP takes place through the same pathway as UDP-sugars since UDK,
UMPK, and PPK3 are active on Cyt, CMP, and CDP, respectively.

However, the main challenge in the synthesis of CMP-Neu5Ac is the availability of Neu5Ac. Neu5Ac is
isolated from natural sources such as milk, eggs, and edible birds’ nest which contain very low amounts
of it [107]. Despite the significant application of Neu5SAc in infant formula and in the pharmaceutical
industry (e.g., main precursor of anti-flu drugs), Neu5Ac is still expensive and is not available in
industrial amounts [286,287].

The existence of multiple challenges in enzymatic synthesis of NeuS5Ac makes this valuable product an
expensive and industrially unavailable compound. Neu5Ac is biologically produced from ManNAc and
Pyr which is catalyzed by NANA. However, ManNAc is expensive (~4 €/g) and not commercially
available in bulk amounts. ManNAc is produced from GIcNAc either by chemical epimerization at high
pHs or enzymatic epimerization catalyzed by AGE. However, the equilibrium in enzymatic epimerization
is in favor of GIcNAc [288]. Therefore, in a coupled approach (combination of AGE and NANA), Pyr is
used in excess to push the reaction toward the Neu5Ac side which causes significant downstream
challenges due to the difficulties in the separation of Pyr and Neu5Ac [286].

In a pioneering study, Mahmoudian et al. developed a chemo-enzymatic process to synthesize Neu5Ac
from GIcNAc and Pyr. At first, GIcNAc was chemically epimerized to ManNAc. The concentration of
ManNAc was further increased through selective precipitation of GICNAc with isopropanol. Afterwards,
only 1.5-fold excess of Pyr was necessary to achieve high Neu5Ac titer catalyzed by immobilized NANA
[286]. However, the produced Neu5Ac was intended to be used for pharmaceutical purposes, and thus,

cost-efficiency of the process had completely different metrics compared to food industry.

Synthesis of CMP-Neu5Ac from Neu5Ac and CMP has been achieved previously and it can be
considered as a relatively straightforward multi-enzyme approach (Table 4.5). However, one-pot
synthesis of CMP-Neu5Ac starting from GIcNAc has not been described previously. Therefore, multi-

enzyme cascades were developed to use ManNAc as the sugar precursors (Table 4.5).

Strategies such as compartmentalization of enzymes to avoid direct interaction of CTP and AGE have
been developed for synthesis of CMP-Neu5Ac [235]. Klermund et al. reported a 2.2-fold improvement
of CMP-Neu5Ac titer (600 mg/L) upon capturing AGE in polymersomes while NANA and CSS were
being immobilized on the surface [235]. It should be noted that the focus of the study was to demonstrate
the role of compartmentalization in multi-enzyme synthesis rather than efficient synthesis of CMP-
Neu5Ac. Hamamoto et al. synthesized CMP-Neu5Ac at 1 L scale starting from CMP, GIcNAc, and Glc
by using E. coli, baker’s yeast, and CSS to a titer of 30 mM [289]. Despite the demonstration at the 1 L
scale, large-scale synthesis of such systems (i.e., mixture of microbial cells and enzymes) would be

challenging due to their different physical properties. Heterogeneity of microbial cells in large scales
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might also cause unpredictable issues and challenges in the synergistic behavior of E. coli, baker’s

yeast, and the enzyme.

In this work, as expected, the first effort for one-pot synthesis of CMP-Neu5Ac from GIcNAc and Cyt
resulted in high accumulation of CTP and low synthesis yield of CMP-Neu5Ac (Figure 4.22). The
hypothesis of an inhibitory effect of CTP on AGE was confirmed through a series of experiments (Figure
4.23). To overcome the inhibitory role of CTP on AGE in one-pot, the concentration of GIcNAc and Pyr
was increased compared to Cyt, with the goal of a faster synthesis rate of Neu5Ac and subsequently
faster consumption of CTP. Furthermore, the concentration of PolyPn was screened to control the
synthesis of CTP from Cyt, since PolyPn acted as the main phosphate supply of the cascade. Therefore,
by increasing the rate of Neu5Ac synthesis and controlled synthesis of CTP, the aim was for high yield

(regarding Cyt) synthesis of CMP-Neu5Ac.

Based on the proposed strategy, CMP-Neu5Ac could be synthesized to a titer 24.6 mM (15.1 g/L) with
the synthesis yields of 77%, 34%, and 31% regarding Cyt, GIcNAc, and Pyr, respectively. The results
obtained in this work for synthesis of CMP-Neu5Ac is compared to previously reported values in Table
4.5. The precursors used in this study are among the most inexpensive starting materials ever used for

multi-enzyme synthesis of CMP-Neu5Ac.
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Table 4.5. Comparison of reported processes for the in vitro biocatalytic production of CMP-Neu5Ac.

Precursors Titer Reaction Yield i Mode of Reaction Scale
— - - - . o Biocatalyst . diti Ref.
Stoichiometric Catalytic Pi source (9/L) time (h) (%) operation condition (mL)
60 mM ManNAc; 0.2 mM 200 mM HEPES,
120 mM Pyr; 20 ) 80 mM PEP 12 48 98 5 enzymes Batch pH 7.5; room 100 [241]
ATP
mM CMP temperature
. . 15 g/L KH,PO,,
56 mM orotic acid; . )
100 MM NeuSAC; na. na. 17 27 4g 1909/ of 3 different g0 PH7.2:5 g/l 30 [290]
microbial cells MgS0,.7H;0; 32
333 mM fructose oc
100 mM Tris-HCI
. : 1 U/mL PPA; 0.08 ' '
15 mM CMP; 15 n.a 150 mM PalyPa(in ¢ 4 22 67 U/mL PPK; 10 U/mL Batch pH 8; 50 mM n.a. [248]
mM Neu5Ac terms of Pi) CMK: 0.2 U/mL CSS (NH,4)2,SO4; 50
C mM MgCly; 37 °C
20 mM CMP; 40 60 mM 25 g/L of 200 mM Tris-HCl,
mM ManNAc; 60 1 mMATP acetvlphosphate 11 2 90 permeabilized E. coli Batch pH 8; 20 MM 0.1 [291]
mM Pyr tylphosp cells (one strain) MgCl,; 37 °C
40 mM CMP; 30 2.5 mM 50— permeabilized E. coli Repetitive SF?Hm7M8Tg(§-r|:§:/IIV 100
mM ManNAc; 75 ATP 10 g/L PolyP, 12 24-48 100 or entrapped whole batch, iwo- MgCly; 23 °C, 30 05 [242]
mM Pyr cell pot oC
100 mM GlcNAC: permeabilized E. iE?etfvha'I 200 mM KH,POy,,
50 mM CMP: Glé n.a. n.a. 18.4 32 60 coli; yeast cells; addition of pH 8; 30 mM 1000 [289]
’ CSss Gle MgCl,; 28 °C
0.48 g/L CMK; 0.92
150 mM Pyr; 75 . PPK3; 5 g/L 50 mM Tris-HCI,
mM ManNAc; 75 5mM CTP 150tgr1r':1/lspoc;l)ll°li3)n (in 34 12 73 permeabilized E. coli Batch pH 7.8; 50 mM 10 [129]
mM CMP cells; aggregated MgCly; 30 °C
enzymes
: . . . 150 mM Tris-HCl,
50 mM CMP; 51 5 mM ATP 16 mM PolyP, 27.8 6.6 90 UMPK; PPK3; CSS; Batch pH 8.5, 75 mM 100 This work
mM Neu5Ac cell lysate o
MgCl,, 37 °C
0.06 g/L UDK; 0.11 .
’ 150 mM Tris-HCI
10 mM Cyt; 10 _ _ g/L UMPK/PPKS3; ' .
mM NeuSAc 3 mM ATP 4 mM PolyP, 5.8 12 95 1.27 g/L CSS; 0.04 Batch pl\l;: 8(:? %(% TCM 0.2 This work
g/L PPA -
0.05 g/L UDK; 0.07
34 mM Cyt; 72 g/L UMPK/PPKS3; 190 mM Tris-HCl,
mM GIcNAc; 79 2 mM ATP 23 mM PolyP, 151 48.5 e 1.05 g/L CSS; 0.03 Batch pH 8.5, 72 mM 0.2 This work
mM Pyr g/L AGE; 1 g/L MgCl,, 37 °C

NANA, 0.03 g/L PPA

* Repetitive batch, CMP to CTP in one pot in large scale, CMP-Neu5Ac in another pot in small scale. Abbreviations: CMK, cytidylate kinase; (NH4),SO,, ammonium sulfate.



4.2 Synthesis of HMOs

The two main approaches used for synthesis of HMOs are described. In the first approach (coupling
strategy), two simple HMOs (i.e., 3-FL, and 6'-SL) were synthesized by coupling sugar nucleotide
synthesis cascades and the relevant glycosyltransferases. In the second approach (modular strategy),
a modular platform is proposed to potentially synthesize any type of HMOs. Here, products of sugar

nucleotide synthesis cascades and glycosyltransferases are combined for HMOs synthesis.

4.2.1 Coupling strategy for synthesis of HMOs
Through the coupling approach, both synthesis of sugar nucleotide and HMO (or any other
oligosaccharide) takes place in one pot. During synthesis, the released mono- or diphosphate

nucleotide is regenerated, with the added advantage of using the nucleotides in catalytic amounts.

4.2.1.1 Synthesis of 3-FL

Synthesis of 3-FL based on the OPME approach, starting from Fuc, ATP, and GTP by using H. pylori
3/4-FT, has been reported before [209]. Here, the cascade is extended to use Man and Guo as the
main precursors (see Figure 4.27). A cascade of 11 enzymes and 12 reactions was established, through
the coupling of a GDP-Fuc synthesis cascade and 3/4-FT in one-pot. ATP and NADPH are used in
catalytic amounts and are constantly regenerated from PolyPn and L-Glu, respectively. As depicted in
Figure 4.27, Guo can be used in catalytic amounts since released GDP from the 3/4-FT reaction is
converted to GTP by PPK3.
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Figure 4.27. Coupling strategy for synthesis of 3-fucosyllactose (3-FL) through a cascade of 11
enzymes and 12 reactions from mannose (Man), lactose (Lac), polyphosphate (PolyP;), L-glutamate
(L-Glu), catalytic amounts of adenosine triphosphate (ATP), reduced nicotinamide adenine dinucleotide
phosphate (NADPH), and guanosine (Guo). Abbreviations: GMP, guanosine monophosphate; GDP,
guanosine diphosphate; GTP, guanosine triphosphate; ADP, adenosine diphosphate; Man-6P,
mannose 6-phosphate; Man-1P, mannose 1-phosphate; GDP-Man, guanosine diphosphate mannose;
GDP-Fuc, guanosine diphosphate fucose; GDP-4-dehydro-6-deoxy-Man, guanosine diphosphate-4-
keto-6-deoxy-mannose; NADP*, nicotinamide adenine dinucleotide phosphate; NH3, ammonia; AKG,
a-ketoglutaric acid; H,O, water; PPi, diphosphate; Pi, phosphate; GSK, guanosine kinase; GMPK, GMP
kinase; PPK3, PolyP, kinase; GLK, glucokinase; MANB, phosphomannomutase; MANC, mannose 1-
phosphate guanylyltransferase; PPA, inorganic diphosphatase; GMD, guanosine diphosphate

mannose 4,6-dehydratase; WCAG, guanosine diphosphate L-fucose synthase; GLDH, glutamate
dehydrogenase; 3/4-FT, a1-3/4-fucosyltransferase.

The successful production of 3-FL from Lac, Man, Guo, L-Glu, and PolyPn as the main precursors is
shown in Figure 4.28. 3-FL was produced to a final concentration of 7.9 mM (3.8 g/L) after 72 h of
reaction time at 37°C and 550 rpm. Guo, ATP, and NADPH were used 2, 5.2, and 9.8 times,

respectively, lower than the stoichiometric amounts.
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Figure 4.28. The HPAEC-PAD chromatogram of 3-FL synthesis based on the coupling approach. The
second peak on the right (~7 min) is the remaining Lac. The reactions consisted of: 160 mM Tris-HCI
(pH 8.5); 60 mM MgClz; 24 mM Lac; 24 mM Man; 4 mM Guo; 87 mM L-Glu; 0.8 mM NADPH; 4.4 mM
ATP; 10.8 mM PolyP,; GSK 0.09 pg/pL; GMPK 0.39 pg/pL; PPK3 0.01 pg/pL; GLK 0.4 pg/pL; MANB/C
0.15 pg/uL; WCAG 0.05 pg/pL; GMD 0.14 pg/uL; PPA 0.02 pg/uL; 3/4-FT 0.11 pg/uL, and 10 units of
GLDH (2.39 pg/uL) in a final volume of 251 pL. Abbreviations: nC, nano-coulombs (dimension of PAD
signal).
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The concept of 3-FL synthesis based on the coupling approach was also evaluated by directly using
Fuc as a precursor (Figure 4.29). Based on this cascade, 3-FL was successfully produced to a
concentration of 27.3 mM (13.3 g/L) in a reaction time of 72 h and synthesis yield of 94% and 71% in

respect to Fuc and Lac, respectively.

2 Pi
ATP  ADP I"F‘A Lac
FucLF;z Fuc-1P %» PPi + GDP-Fuc ﬂ-\s-ﬂ_
GE PolyP,, ATP GDP
PPK3 PPK3
cpp POYPn ADP J

ADP
]GMPK
ATP

Figure 4.29. Synthesis of 3-fucosyllactose (3-FL) in the coupling approach through a cascade of six
enzymes and eight reactions using fucose (Fuc), lactose (Lac), polyphosphate (PolyP,), and catalytic
amounts of guanosine (Guo), and adenosine triphosphate (ATP). Abbreviations: GMP, guanosine
monophosphate; GDP, guanosine diphosphate; GTP, guanosine triphosphate; ADP, adenosine
diphosphate; Fuc-1P, fucose 1-phosphate; GDP-Fuc, guanosine diphosphate fucose; PPi,
diphosphate; Pi, phosphate; GSK, guanosine kinase; GMPK, GMP kinase; PPK3, PolyP, kinase; FKP,
fucokinase/ fucose 1-phosphate guanylyltransferase; PPA, inorganic diphosphatase; 3/4-FT, a1-3/4-
fucosyltransferase.
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4.2.1.2 Synthesis of 6'-SL

The sialyltransferase used here has been previously characterized and used for addition of a-2,6-linked
sialic acid to free galactosylated glycans [208]. The cascade for synthesis of 6'-SL is illustrated in Figure
4.30. Through this enzymatic cascade, CMP-Neu5Ac is produced from GIcNAc, Pyr, and Cyt,
afterwards, 6'-SL is produced through the reaction catalyzed by 2,6-ST. By coupling CMP-Neu5Ac
synthesis enzymes and 2,6-ST in one-pot, a cascade of eight enzymes and nine reactions was
established. As depicted in Figure 4.30, Cyt can be used in catalytic amounts since released CMP is
regenerated to CTP through UMPK and PPKS3. After 72 h of reaction time, 6'-SL was produced to a
concentration of 9.4 mM (5.9 g/L) and synthesis yields of 31% and 15% in respect to Lac and GIcNAc,

respectively.

IF‘F‘A Lac
GIcNAc =55, ManNAc %‘. Neu5Ac %. PPi + CMP-NeuSAc —2&5T 6'-SL

Pyr CMP

CTP
PolyP,; ATP
PPK3 K PPK3

ADP

copP PolyP,
ADP

jUMF‘K
ATP

CMP
ADP

)UDK
ATP

Cyt

Figure 4.30. Synthesis of 6'-sialyllactose 6'-SL based on the coupling approach with a cascade of eight
enzymes and nine reactions from N-acetylglucosamine (GIcNAc), pyruvate (Pyr), polyphosphate
(PolyPy), and catalytic amounts of adenosine triphosphate (ATP), and cytidine (Cyt),. Abbreviations:
CMP, cytidine monophosphate; CDP, cytidine diphosphate; CTP, cytidine triphosphate; PPi,
diphosphate; Pi, phosphate; ADP, adenosine diphosphate; ManNAc, N-acetylmannosamine; UDK,
uridine/cytidine kinase; UMPK, UMP/CMP kinase; PPK3, PolyP, kinase; AGE, N-acylglucosamine 2-
epimerase; NANA, N-acetylneuraminate lyase; CSS, N-acylneuraminate cytidylyltransferase; PPA,
inorganic diphosphatase.

77



4.2.2 Modular strategy for synthesis of HMOs

The concept of modular synthesis of HMOs is illustrated in Figure 4.31. In this approach, all the sugar
nucleotides and HMOs, except Lac, were produced based on the developed multi-enzyme cascades
and used without any purification. Therefore, the solution containing sugar nucleotide (the whole
reaction mixture) was mixed with an acceptor (e.g., Lac, LNT II, and LNnT), a glycosyltransferase, and
optionally an AP. The reason for addition of AP was to shift the equilibrium toward the product side by

removing the released nucleotides.

Module 1

T\

ATP ~ ADP I Module 2

Ou Gal-1P T- PPi + UDP-()
glycosyltransferase
uTP  byawd =@
PolyP, 4 ATP
[ X uor() uop
PolyP, ADP

uDP lAIkaIine phosphatase

ADP (optional)
] Uri
ATP

ADP
\ ATP] /
Uri
Figure 4.31. Modular approach for synthesis of HMOs. In this approach, sugar nucleotide is first
produced in a separate pot. Afterwards, sugar nucleotide is mixed with an acceptor, a
glycosyltransferase, and an optional AP. Abbreviations: Uri, uridine; ATP, adenosine triphosphate;
ADP, adenosine diphosphate; UMP, uridine monophosphate; UDP, uridine diphosphate; UTP, uridine

triphosphate; Gal-1P, galactose 1-phosphate; PPi, diphosphate; Pi, phosphate; PolyP,; polyphosphate.
Symbols: yellow circle, galactose; blue square; N-acetylglucosamine.
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4.2.2.1 Synthesis of LacNAc

The galactosyltransferase for synthesis of LacNAc (as well as LNnT) has been characterized before
and its affinity for GIcNAc has also been demonstrated [207]. After 20 h of incubation at 37°C, LacNAc
was produced up to 14.4 mM (5.5 g/L). The reaction chromatogram is shown in Figure 4.32. The parallel
reaction with the same condition but without any AP resulted in 10.2 mM (3.9 g/L) LacNAc.
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Figure 4.32. The HPAEC-PAD chromatogram of LacNAc synthesis reaction based on the modular
approach. The reaction mixture for LacNAc synthesis contained 94 mM MES buffer (pH 6.0); 31 mM
GIcNAc; 30 mM UDP-Gal; 31,4GalT 0.01 pg/uL, and 10 units of AP in a final volume of 160 pL.

4.2.2.2 Synthesis of LNT Il

LNT Il was synthesized by incubating UDP-GIcNAc, Lac, and R1,3GIcNACT. After 48 h of incubation at
30°C, LNT Il was produced to a final concentration of ~8.7 mM (~4.7 g/L). The reaction chromatogram
and MS/MS spectra of the peak at 568.0 Da is shown in Figure 4.33.
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Figure 4.33. The HPAEC-PAD chromatogram of modular LNT Il synthesis. (A) Reaction product and
LNT Il standard. The peak at ~7 min is the remaining Lac. (B) MS/MS spectra of the peak at 568.0 Da.
Theoretical mass of LNT Il is [M+Na]*: 568.2 Da. The reaction conditions were as follows: 210 pL of a
reaction mixture containing 150 mM Tris-HCI (pH 8.5); 20 mM MnCl,; 28.5 mM Lac; 20 mM UDP-

GIcNAc; R1,3GIcNACT 0.08 pg/pL, and 10 units of AP in a total volume of 210 pL. Abbreviations: Da,
Dalton; m/z, mass/charge ratio; au, arbitrary units.
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4.2.2.3 Synthesis of LNNT

LNNnT was synthesized by mixing UDP-Gal, LNT II, and 31,4GalT. After 48 h of incubation at 37°C,
LNnT was produced to a final concentration of ~2.9 mM (~2 g/L). The reaction chromatogram and
MS/MS spectra of the peak at 729.9 Da is shown in Figure 4.34.
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Figure 4.34. Synthesis of LNnT based on the modular approach. (A) HPAEC-PAD chromatogram of
reaction product and LNNnT standard. The peak at ~9 min is remaining LNT II. (B) MS/MS of peak at
m/z 729.9. Theoretical mass of LNNT is [M+Na]*: 730.2 Da. The reaction mixture contained 156 mM
MES buffer (pH 5.5); 3.7 mM LNT II; 11 mM UDP-Gal; 31,4GalT 0.01 pg/pL, and 20 units of AP in a
total volume of 320 pL.
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4.2.2.4 Synthesis of para-LNnH

The synthesis of para-LNnH is essentially as the same as the previously described steps. The
successful production is shown in Figure 4.35.
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Figure 4.35. Synthesis of para-LNnH based on the modular approach. MS/MS of peak at m/z 1094.9.
Theoretical mass of para-LNnH is [M+Na] *: 1095.3 Da. At first, para-Lacto-N-neopentaose was
produced through the combination of 75 uL of UDP-GIcNAc cascade product (~10 mM UDP-GIcNAC);
75 uL of LNNT reaction products; 30 units of AP; 0.06 ug/pL of 31,3GIcNACT, and 150 mM Tris-HCI (pH
8.5) in a total volume of 270 pL. After 24 h of incubation (at 30°C), 50 uL reaction containing para-Lacto-
N-neopentaose was mixed with 50 pL of UDP-Gal cascade reaction product in addition to 20 units of
AP; 0.02 pg/pL 31,4GalT, and 240 MES buffer (pH 6.5) in a total volume of 210 pL.
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4.2.2.5 Synthesis of 6'-SL

6'-SL was synthesized by mixing CMP-Neu5Ac, Lac and 2,6-ST. Through this reaction, 6'-SL was
produced to a concentration of 16.8 mM (10.6 g/L) after 48 h with synthesis yields of 93% and 84%

regarding CMP-Neu5Ac and Lac, respectively. The reaction chromatogram and MS/MS spectra of the

product are shown in Figure 4.36.
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Figure 4.36. Modular synthesis of 6'-SL. (A) HPAEC-PAD chromatogram of reaction products for
synthesis of 6'-SL. (B) MS/MS spectra of peak at m/z of 655.9. Theoretical mass of 6'-SL is [M+Na]*:
656.2 Da. For synthesis of 6'-SL. The reaction solution contained: 18 mM CMP-Neu5Ac; 20 mM Lac;
133 mM Tris-HCI (pH 8.5), and 0.13 pg/uL 2,6-ST in a final volume of 150 pL.
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4.2.2.6 Synthesis of LST; and DSLNnT
Synthesis of LST. and DSLNnT by using bacterial a-2,6-sialyltransferase has been demonstrated
before [292,293]. Basically, DSLNNT is a side product of LST.¢ synthesis due to high affinity of bacterial
a-2,6-sialyltransferase to Gal. Here, both LSTc and DSLNNT could be successfully synthesized by using
reaction products of CMP-Neu5Ac cascade and LNNnT synthesis module. The mass spectra of reaction
product after 24 h is shown in Figure 4.37.
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Figure 4.37. MS spectra of LST. and DSLNNT synthesis based on modular concept. Theoretical masses
are as follows: LST¢, [M+Na]*: 1021.3 Da; LST¢, [M+2Na]*: 1044.2 Da; DSLNnT, [M Na]*: 1312.4 Da,;
DSLNNT [M+2Na]*: 1335.3 Da; DSLNnT, [M + 3Na]*: 1358.2 Da. The reaction contained: 5 mM CMP-
Neu5Ac; 0.7 mM LNNT; 0.14 pg/pL 2,6-ST, and 240 mM Tris-HCI (pH 9), in a total volume of 210 pL.

4.2.2.7 Synthesis of 3-FL

Synthesis of 3-FL by using H. pylori 3/4-FT has been reported previously [209]. The synthesized GDP-
Fuc was used without any purification for synthesis of 3-FL. By incubating GDP-Fuc, Lac, and 3/4-FT
for 24 h, 3-FL was produced to a final concentration of 3.6 mM (1.7 g/L).
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4.2.2.8 Synthesis of LNFP Ill and DF-LNnT
Similar to 3-FL, synthesis of LNFP Il and DF-LNNT by using H. pylori 3/4-FT has been reported before
[209]. Based on the modular approach, both LNFP Il and DF-LNnT was produced (Figure 4.38).
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Figure 4.38. MS spectra of reaction product for synthesis of LNFP Ill and DF-LNNnT based on modular
concept. Theoretical mass of LNFP 11l is [M+Na]*: 876.3 Da. Theoretical mass of DF-LNnT is [M+Na]*:
1022.3 Da. The reaction contained 3 mM GDP-Fuc; 0.9 mM LNnT; 0.15 pg/uL 3/4-FT; 146 mM Tris-
HCI (pH 8.5), and 20 units of AP in a total volume of 205 pL.
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4.2.2.9 Synthesis of LNFP V
For synthesizing LNFP V without having any undesired fucosylated by-products, at first, LNT Il needs
to be fucosylated. The steps for LNFP V synthesis are illustrated in Figure 4.39 [125]. Based on the

modular approach, LNFP V was produced as shown in Figure 4.40.
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Figure 4.39. The steps for LNFP V synthesis.
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Figure 4.40. HPAEC-PAD chromatogram of LNFP V synthesis. The impurities (i.e., peaks before and
after LNFP V) were not identified. At first, LNT Il was produced as described in section 4.2.2.2. The
reaction mixture for synthesis of fucosylated LNT Il consisted of 210 mM Tris-HCI (pH 8.5); LNT Il (~2.6
mM); 0.07 pg/uL 3/4-FT, and 2 mM GDP-Fuc in a total volume of 190 uL. After 24 h of incubation at
37°C, 100 pL of the reaction mixture was transferred to a new vial containing: 5 mM UDP-Gal; 0.01
pg/uL 31,4GalT, and 167 mM MES buffer (pH 6.0).
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4.2.2.10 Synthesis of 6'-SLN

At first LacNAc was produced as described in section 4.2.2.1. Based on the modular approach, the
synthesized LacNAc was mixed with CMP-Neu5Ac and 2,6-ST. After 20 h of incubation at 37°C, 6'-SLN
was produced to a final concentration of ~5.2 mM (~3.5 g/L). The chromatogram and MS spectra of
reaction product are shown in Figure 4.41.
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Figure 4.41. Synthesis of 6'-SLN based on the modular concept. (A) Overlay of HPAEC-PAD
chromatogram of reaction product and pure 6'-SLN. (B) MS spectra of reaction product. Theoretical
mass of 6'-SLN is [M+2Na]*: 720.0 Da. The reaction consisted of 115 mM Tris-HCI (pH 8.5); 6.1 mM
LacNAc; 8.5 mM CMP-Neu5Ac; 0.10 pg/uL 2,6-ST, and 5 units of AP in a total volume of 175 pL.
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4.2.3 Discussion on synthesis of HMOs
Two different strategies — coupling and modular — have been proposed and developed for HMOs
synthesis. Different aspects of each strategy, with the goal of large-scale application, are discussed

below.

4.2.3.1 Coupling strategy
Synthesis of oligosaccharides, including HMOs through coupling of sugar nucleotide synthesis and
glycosyltransferases together with nucleotide regeneration (or co-factor regeneration), has been

investigated in various studies [128,130].

Wong et al. synthesized 12.5 g of LacNAc in a cascade of five enzymes and five reactions starting from
Glc-6P, GIcNAc, PEP, and catalytic amounts of UDP [294]. Ichikawa et al. synthesized 6'-SLN in a
cascade of four enzymes and six reactions starting from LacNAc, Neu5Ac, PEP, and catalytic amounts
of CMP and ATP [133]. In a comprehensive study by Tsai et al., multigram scale synthesis of
oligosaccharides was demonstrated through regeneration of sugar nucleotides including UDP-Gal,
UDP-GalNAc, GDP-Fuc, and CMP-Neu5Ac [128]. All nucleotides were used in catalytic amounts and
PEP was used as the phosphate source for regeneration of sugar nucleotides. Despite successful gram
scale synthesis of functional oligosaccharides through the sugar nucleotide regeneration approach, the
use of purified enzymes, diphosphate nucleotides, and expensive phosphate sources such as PEP

(~20 €/g) make such approaches unattractive for large-scale synthesis of HMOs.

To bypass the costly step of enzyme purification, the coupling of engineered bacteria was investigated
for synthesis of functional oligosaccharides [147,149,202,295]. In this strategy, permeabilized microbial
cells act as the enzyme source. Titers reported based on this approach for sugar nucleotide and
oligosaccharides synthesis are among the highest reported values in literature which demonstrate its
potential for industrial applications [296]. However, a high concentration of microbial cells (e.g., >200
g/L) might cause scale-up of such processes to be challenging, both in terms of process economics
(e.g., numbers and volume of required fermentation units) and technical points such as mixing and
mass transfer.

OPME is another strategy which focuses on synthesis of HMOs and other oligosaccharides from simpler
precursors such as monosaccharides and triphosphate nucleotides, however without any nucleotide
regeneration [124]. There are a significant number of reports on gram scale synthesis of HMOs based
on the OPME approach [124-126,297]. Despite being an attractive strategy for lab-scale synthesis of
HMOs (or in general, oligosaccharides), stoichiometric utilization of expensive ATP and nucleotide
triphosphates (i.e., UTP, CTP, and GTP) as well as purified enzymes would significantly hinder OPME
applicability for manufacturing purposes. To overcome the mentioned shortages, the OPME approach
was extended in this study to the coupling approach for increasing the scalability potential. This means
that because of the catalytic usage of nucleosides and ATP, industrial implementation would be more
economically viable. In a proof-of-concept study, two different HMOs were synthesized to demonstrate

the concept of the coupling approach.
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3-FL has been reported to be in the range of 50—-231 mg/L in human milk [298]. Two different cascades
were developed for 3-FL synthesis. In the first step, a cascade of 11 enzymes and 12 reactions, starting
from 24 mM Lac, 24 mM Man, 4 mM Guo, 87 mM L-Glu, 0.8 mM NADPH, 4.4 mM ATP, and 10.8 mM
PolyPn was developed. In a batch time of 72 h, 3-FL was produced to a titer of 7.9 mM (3.8 g/L).
Therefore, Guo, ATP, and NADPH were used 2, 5.2, and 9.8-fold, respectively, lower than the
stoichiometric amounts.

In the second cascade, 3-FL was produced by directly using Fuc as the source of sugar. Starting from
29 mM Fuc, 38 mM Lac, 3.8 mM Guo, 2.8 mM ATP, and 11.5 mM PolyPn, 3-FL was produced to a
concentration of 27.3 mM (13.3 g/L) in a reaction time of 72 h. Therefore, Guo and ATP were used 7.1
and 30-fold less than the stoichiometric amounts, respectively. Despite 3-FL being synthesized to a
concentration of 13.3 g/L and a high yield of 95% (regarding Fuc), direct usage of expensive Fuc as the

sugar source challenges the process applicability of the cascade.

Yu et al. synthesized 3-FL with a yield of 90% (after purification — in the reaction it correlates to 18 mM
3-FL) starting from 26 mM Fuc, 26 mM ATP, and 26 mM GTP [209]. Choi et al. synthesized 3-FL to a
titer of 4.8 mM starting from 15 mM Lac and 5 mM GDP-Fuc [299]. Synthesis of 3-FL based on
fermentation has been reported to be ~11.5 g/L (~23.6 mM) by using only glycerol and Lac as the
carbon source and substrate, respectively [300]. Recently, titers of ~60 g/L for fermentation-based
synthesis of a similar HMO — i.e., 2'-FL by using sucrose as both carbon source and substrate — has
been reported [120].

Despite reported titers for 3-FL in this work being among the highest reported in literature based on
enzymatic synthesis, the final large-scale application will be limited by the cost of Fuc as well as usage
of purified enzymes. As commercial production of 2'-FL is carried out through fermentation methods

[24], it can be assumed that the same strategy would apply for industrial scale production of 3-FL.

The concentration of 6'-SL is reported to be in the range of 126-564 mg/L in human milk [298]. For
synthesis of 6'-SL, a cascade of eight enzymes and nine reactions was developed. Starting from 30
mM Lac, 8 mM Cyt, 60 mM GIcNAc, 64 mM Pyr, 1.6 mM ATP, and 19.2 mM PolyP», 6'-SL was produced
to a concentration of 9.4 mM (5.9 g/L). To the best of author’s knowledge, one-pot synthesis of 6'-SL

starting from Cyt and GIcNAc has been demonstrated for the first time in this study.

In a recent study, Schelch et al. synthesized 17 mM (10.4 g/L) 3'-SL starting from 20 mM ManNAc, 20
mM PEP, 25 mM CTP, and 20 mM Lac through a three-enzyme cascade [301]. However, no CMP
regeneration was implemented in the cascade. Gilbert et al. synthesized 100 g of 3'-SL starting from 75
mM Lac, Neu5Ac, PEP, 4 mM CMP, and 0.4 mM ATP at 2.2 L scale [302]. Nahéalka et al. presented the
concept of CMP regenaration by using PolyPn for synthesis of 3'-SL from ManNAc, however, it was not
experimentally demonstrated [129]. Woo et al. synthesized 3'-SL to a titer of 40 g/L (63 mM) from 80
mM of GIcNAc, Pyr, Lac, 10 mM CMP, 1 mM CTP, and 200 mM acetylphosphate [240]. The study was
performed by an industrial company (GeneChem Inc., South Korea) and the produced 3'-SL and 6'-SL

are claimed to be available at industrial scales under the Siallac3® and Siallac6® brands, respectively.
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The results obtained in this work for synthesis of 6'-SL are 6.6 and 3.7-fold less than reported titers by
Woo et al. [240], based on the coupling and modular approaches, respectively. However, PolyPn is
significantly cheaper than acetylphosphate and is easily available at industrial scales. Therefore, with

further optimization, the industrial applicability of the developed strategies would be very promising.

In all three cascades based on the coupling approach, PolyPn was used as the phosphate source, which
offers significant cost advantages compared to PEP and acetylphosphate. The developed cascades for
synthesis of HMOs with sugar nucleotide regeneration were presented as the proof-of-concept study in
this work. Clearly, usage of purified enzymes and relatively low titers are among the disadvantages of

the presented cascades.

The costs of enzyme production have been estimated to be in the range of ~8-35 € per kg of protein
[158,171]. In the study by Tufvesson et al. [176], enzyme costs were estimated to be ~180 and ~1100
€/kg of crude extract and purified enzymes, respectively. For instance, the minimum and maximum
enzyme cost for synthesis of 1 kg 6'-SL would fall in the range of 3—360 €. Considering the current
performance of the cascade, the cost of raw material is ~680 € for a kg of 6'-SL. However, if the titer
can be improved to ~40 g/L, the cost of 6'-SL would decrease to ~100 €/kg. Therefore, combination of
reaction engineering and usage of crude enzymes would make such cascades as an economically

viable strategy.

4.2.3.2 Modular strategy
At first, sugar nucleotides were produced through the cascades presented in the section 4.1.
Afterwards, synthesis of HMOs was performed by mixing the cascade products with a

glycosyltransferase and an acceptor.

The concept of modular synthesis was practically demonstrated by Prudden et al., who synthesized a
broad spectrum of simple and complex HMOs [26]. However, excess amounts of sugar nucleotides

were used to allow the high-yield synthesis by using mammalian cell-derived glycosyltransferases.

Large-scale synthesis of HMOs based on the modular strategy has been performed in an industrial
setting [28]. In a 100 L scale, 250 g of LNT Il was produced from UDP-GIcNAc and Lac through a
reaction catalysed by 31,3GIcNACT (LgtA). In the subsequent 100 L scale synthesis, more than 300 g
of LNNnT was produced from LNT Il and UDP-Gal by using 31,4GalT (LgtB). In the next step, 50 g of
LSTo was produced from LNnT and 3'-SL at a 5 L scale [28]. The results by Johnson et al. clearly
illustrate the scalability of HMOs synthesis based on the modular approach [28]. However, no

information was provided on the source of the sugar nucleotides.

Modular approach synthesis can be evaluated as a plug-and-play process in which essentially any type
of HMOs (or other oligosaccharides) can be synthesized. One of the disadvantages of the modular
strategy can be accumulation of by-products such as phosphate and mono- or diphosphate nucleotides.
In the work of Prudden et al., AP was used in high amounts to shift the equilibrium toward the synthesis
of HMOs [26]. Rech et al. avoided the inhibitory role of UDP during poly-N-acetyllactosamine synthesis
by using AP [303]. It has also been suggested that the presence of released nucleotides might result in

low vyields of glycosylation as well as an increase in hydrolysis of sugar nucleotides (by
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glycosyltransferases) [26,41,217,303,304]. In this work, the role of AP was investigated in the synthesis
of LacNAc. The addition of AP to the reaction mixture resulted in a 13% higher synthesis yield. On the
other hand, there are multiple reports on high-yield (>90%) synthesis of HMOs based on OPME systems
in which high accumulation of nucleotides takes place [125,126]. It can be concluded that the presence
of AP is beneficial rather than mandatory in glycosylation reactions and that each case needs to be
investigated individually. A significant advantage of synthesizing sugar nucleotides starting from
nucleosides can be highlighted once AP is used in oligosaccharide synthesis. Through the development
of efficient separation methods, released nucleosides can be separated and re-used for synthesis of
sugar nucleotides. This concept can offer significant cost advantages for large-scale production of
HMOs.

In a sequential modular synthesis, dilution of the compounds due to addition of donor or acceptor
solutions can be a disadvantage. For instance, complex HMOs, such as LNFP V and para-LNnH that
are synthesized through modular synthesis in this work had very low titers due to dilution from previous
steps. Therefore, for large-scale applications, intermediary purification steps might be beneficial to

achieve relatively high titers.

A simple cost calculation for modular synthesis of 6'-SL (based on current process metrics) results in
~400 €/kg. Therefore, in comparison to coupling approach, it is ~40% cheaper to synthesize 6'-SL
through modular synthesis. However, this comparison was for demonstration purposes, and a detailed

techno-economic analysis needs to be performed to have a systematic comparison.

One of the advantages of the modular approach compared to the coupling approach is the low number
of enzymes in the system. Since only a glycosyltransferase (and AP) is required, reaction optimization
will be relatively simple compared to multi-enzyme systems. The main purpose of this study was to
demonstrate the synthesis of HMOs by using sugar nucleotides cascade products (without any
purification) and Leloir-glycosyltransferases. As human milk consists of multiple oligosaccharides, a
potential technology for their synthesis would therefore ideally need to allow the synthesis of the
maximum number of HMOs. This idea was the main driving force for developing the modular synthesis
approach as a platform technology for HMOs synthesis. Evidently, for practical scale synthesis of HMOs

based on the modular approach, optimization, specifically in terms of product titer, should be performed.
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4.3 Development of an artificial Golgi for protein glycoengineering

Here, the developed strategies for glycoengineering of therapeutic glycoproteins are described. In the
first step, in vitro addition of terminal Gal to a few therapeutic antibodies were investigated. In the next

step, the efforts for establishment of an E. coli-based artificial Golgi platform are described.

4.3.1 Invitro glycoengineering of therapeutic antibodies

In this section, commercial 31,4GalT and UDP-Gal were used to investigate the galactosylation of mAbs
— a known engineering strategy for enhancement of ADCC activity [41]. The glycosylation profiles were
analyzed by xCGE-LIF and the electropherogram of glycans before and after in vitro addition of Gal are

shown in Figure 4.42.
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Figure 4.42. Glycosylation profile of therapeutic antibodies before and after in vitro glycoengineering.
(A) Glycosylation profile of Rituximab. (B) Glycosylation profile of in vitro glycoengineered Rituximab.
(C) Glycosylation profile of Trastuzumab. (D) Glycosylation profile of in vitro glycoengineered
Trastuzumab. (E) Glycosylation profile of Ramucirumab. (F) Glycosylation profile of in vitro
glycoengineered Ramucirumab. Experiments were performed as follows: 100 pg of each protein was
incubated in 50 mM MES buffer (pH 6.5), 50 milli units of 31,4GalT (from bovine milk, Merck, Germany);
5 mM UDP-Gal, and 5 mM MnCl; in a total volume of 100 pL for ~20 h at 37°C and 550 rpm.
Abbreviation: MTU ", migration time unit. The “"” means that the MTU was normalized for two times.

To evaluate the ADCC activity of mAbs before and after glycoengineering, low affinity immunoglobulin

gamma Fc region receptor IlI-A (FcyRlllat) affinity chromatography was performed as described in the

1 FeyRlllais a receptor expressed on the surface of natural killer cells that facilitates ADCC by binding to Fc
region of antibodies [366].
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section 3.7.6. Samples were injected onto the column and eluted by a linear pH gradient from 6.5 to

4.5. The results are illustrated in Figure 4.43.
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Figure 4.43. UV chromatogram of FcyR-llla affinity chromatography of original and engineered mAbs.
(A) Rituximab and glycoengineered Rituximab. (B) Trastuzumab and glycoengineered Trastuzumab.
(C) Ramucirumab and glycoengineered Ramucirumab. The elution after higher amount of desorption
buffer (more acidic condition) represents stronger binding of glycoengineered antibodies to the FcyR-
Illa receptors and accordingly, higher ADCC activity.

The original mAbs showed three major peaks in the ADCC assay, which correlate to the three main
glycans of GOF, G1F, and G2F structures. Based on the literature describing the ADCC chromatography
of the original material (black curve, from left to right in each graph) the first peak refers to GOF structure,
the second peak refers to G1F structure, and the last peak refers to G2F structure [305,306]. Therefore,
among these three major glycoforms, G2F has the strongest binding to FcyRllla receptors since it elutes
in the more acidic condition. After in vitro glycoengineering through addition of terminal Gal, these three
major structures (i.e., GOF, G1F, and G2F) were mainly converted to G2F structure (see Figure 4.42).
Therefore, it is expected that in the ADCC assay the majority of glycoengineered mAbs will elute as one
dominant peak in the more acidic conditions than GOF and G1F. As it is shown in Figure 4.43,
glycoengineered mAbs are eluting in the more acidic condition compared to their original form.
Therefore, enzymatic addition of terminal Gal to mAbs resulted in the enhancement of their ADCC

activity.
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The first approved glycoengineered antibody — i.e., Obinutuzumab, produced by Roche GlycoMAb®
technology — used a different engineering approach. The glycoengineering was performed by
overexpression of Golgi a-mannosidase 1l (Man 1l) and [B-1,4-mannosyl-glycoprotein 4-B3-N-
acetylglucosaminyltransferase (MGAT3) — the latter of which is responsible for addition of bisecting
GIcNAc [307,308]. The reason behind this strategy is that bisecting GIcNAc inhibits addition of core Fuc
[9,309]. Therefore, the increase of ADCC activity is achieved by lack of core Fuc [310].

| hypothesized that the addition of terminal Gal can even further contribute to ADCC activity of
Obinutuzumab. Upon addition of terminal Gal, FcyRllla affinity chromatography was performed (Figure
4.44). Interestingly, addition of terminal Gal resulted in stronger binding to human FcyRllla receptors,
which essentially emphasizes enhanced ADCC activity compared to the reference materials.

51 —— Obinutuzumab
--------- Glycoengineered Obinutuzumab

Absorbance (mAU)

Volume (mL)

Figure 4.44. Overlay of FcR-1IIA affinity chromatography of Obinutuzumab and in vitro glycoengineered
Obinutuzumab. Clearly, galactosylated version of Obinutuzumab is even further increase its ADCC
activity.

Despite clear evidence from in vitro assays on ADCC enhancement of mAbs upon galactosylation,
industrial implementation of in vitro glycoengineering at large scales can be very costly. This could be
mainly due to the high cost of recombinant production of 31,4GalT in mammalian cells and of UDP-Gal.
In previous sections, a cost-efficient platform for synthesis of UDP-Gal was demonstrated. Therefore, |
hypothesized that recombinant production of human B1,4GALT1 (Gene: 4GalTl) in low-cost

expression hosts (e.g., E. coli) could bring in vitro glycoengineering closer to large scale applications.

The truncated version of B1,4GALT1 (the luminal side of the enzyme) was recombinantly produced as
a soluble protein in E. coli and was purified in its active form. In Figure 4.45, addition of terminal Gal to
IgG (produced by CHO-DP12 cells) by means of E. coli-derived $1,4GALT1 is illustrated.
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Figure 4.45. Results of in vitro addition of terminal Gal to CHO-DP12 derived IgG. A) Electropherogram
of APTS-labeled glycan from IgG. B) Electropherogram of APTS-labeled glycan from glycoengineered
IgG. C) Mass spectra of released glycan from IgG, GOF theoretical mass [M+Na]*:1485.5 Da, G1F
theoretical mass [M+Na]*:1647.6 Da, G2F theoretical mass [M+Na]*:1809.6 Da. The reaction contained
0.13 mg pure IgG (cell culture derived); 190 mM MES buffer pH 6.5; 14 mM MnCly; 1.4 mM UDP-Gal
(pure, commercial), and 0.3 pg/uL 81,4GALT1 in a total volume of 211 pL. The samples were analysed
after 24 h of incubation at 37°C and 550 rpm.

This observation demonstrates the active expression of human B4GalT1 gene in E. coli which increase
the potential of in vitro glycoengineering for large-scale applications.
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4.3.2 Design and development of an artificial Golgi platform

As clearly stated in literature, lack of core Fuc can substantially contribute to an increase in ADCC
activity [9]. Furthermore, terminal Gal can also positively contribute to enhancement of ADCC [9].
Therefore, the construction of a platform for the production of antibodies with no Fuc but containing
terminal Gal, can be a very promising technology for development of glycoengineered antibodies. The
concept can also be used for development of glycoproteins with any desired glycoforms as long as the
glycans are accessible by enzymes. Here, a microbial-based platform is proposed to act as an artificial
Golgi for tailoring the glycosylation profile of antibodies. The concept of an artificial Golgi is illustrated
in Figure 4.46 — which is essentially similar to the in vivo process [31]. This platform is a combination
of the in vivo and in vitro glycoengineering approaches in which high mannose (Man9) antibodies would
be converted to fully galactosylated antibodies — without any core Fuc.

y Y
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o
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.uz./“
3

Figure 4.46. lllustration of the concept of artificial Golgi. Man9 glycoproteins are produced by treatment
of the host cells with a mannosidase | inhibitor e.g., kifunensine. Afterwards, Man9 structure can be
trimmed and tailored into any desired structure. It should be noted that the concept is only practical
once the glycans are available to glycosidase and glycosyltransferases. Abbreviation: Man |, a-1,2-
mannosidase; MGAT1, a-1,3-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase; Man I,
Golgi a-mannosidase Il; MGAT2, a-1,6-mannosyl-glycoprotein 2-beta-N-
acetylglucosaminyltransferase.

APTS-labeled glycan was used for demonstration of the concept of the artificial Golgi. Both MGAT1 and
MGAT2 were used in their purified form. At first, Man3-GO structure was synthesized from Man3 (Figure
4.47A) through the reaction catalysed by MGAT1 (Figure 4.47B). Synthesis of GO structure was
performed in a one-pot approach starting from Man3 in the presence of MGAT1 and MGAT2 (Figure
4.47C). Both MGAT1 and MGAT2 were produced in their soluble and active form in E. coli. To the best
of author’s knowledge, the active expression of MGATZ2 in E. coli is reported for the first time in this
work.

96



A) B)
100

100 5
. ’ —— Man3 ‘:‘I —— Man3 + MGAT1
= A/

80+ ! 3 80 4 3
A H <
o | | = 2
> / @
= / [t /
@ g / % 60 ;‘."
o =
: F
z N
8 40 S 40
© £
E 5
Z 20 20

’ |

| Il

0t 0 Lot JU |
T T T T

150 175 200 225 250 275 300 325 350 375 400 150 175 200 225 25
Migration Time (MTU ")

T T T T T T
0 275 300 325 350 375 400
Migration Time (MTU ")

C)

80 - I I - Man3 + MGAT1 + MGAT2 |
80 E

40

Relative Intensity (%)

20 -

I ‘|
X ‘ |
0 L A A JU L
T T T T T T T T T 1

150 175 200 225 250 275 300 325 350 375 400
Migration Time (MTU ")

Figure 4.47. Results of different steps for synthesis of Man3-GO from Man3. A) Analysis of APTS-
labeled Man3 which was used as the substrate. B) Activity of MGAT1 on APTS-labeled Man3. C) One-
pot conversion of Man3 to GO by using MGAT1 and MGAT2. The reaction for conversion of Man3 to
Man3-GO consisted of 50 uL APTS-labeled Man3; 1.8 mM UDP-GIcNAc; 93 mM HEPES buffer (pH
7.4); 9.3 mM MnCl,, and 0.3 pg/uL MGATL1 in a total volume of 107 pL. The experiment for synthesis
of Man3-GO0 from Man3 was as follows: 100 mM HEPES buffer (pH 7.4); 10 mM MnCly; 2.5 mm UDP-
GIcNAc; 50 pL Man3; 0.1 pg/pL MGATL, and 0.3 pg/pL MGAT2 in a volume of 200 pL. The samples
were analyzed after 6 h incubation at 37°C and 550 rpm.

Addition of terminal Gal can be carried out as described in the section 4.3.1. However, the main
challenge in developing an artificial Golgi platform is the synthesis of GO structure on intact proteins.

Therefore, | decided to use intact proteins to realize the concept of artificial Golgi in practical conditions.

For production of Man9 mAbs, kifunensine — a known inhibitor of Man | — was added to the cell culture
as described in section 3.6. Therefore, by inhibiting the removal of Man from Man9 structure, further

glycan processing will not take place. The glycosylation profile of antibodies from kifunensine treated
cell culture is shown in Figure 4.48.
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Figure 4.48. Production of anti-interleukin 8 antibody with Man9 glycosylation profile. A) CGE-LIF
electropherogram of glycans from kifunensin-derived 1gG. B) Mass spectra of released glycan from
kifunensin-derived 1gG, theoretical Man9 mass [M+Na]*:1905.6 Da, theoretical Man8 mass
[M+Na]*:1743.6 Da. Abbreviation: RFU, relative fluorescence unit.

In the next step, intact Man9 containing antibodies (kifunensine derived IgG), was treated with bacterial
a-1,2-mannosidase to produce antibodies with Man5 structure. Bacterial a-1,2-mannosidase was
produced as described in Ref. [210]. After ~20 h of incubation, full conversion of Man9 to Man5
antibodies was achieved (Figure 4.49).

100
80 E
60 )

40 4

Normalized Intensity (%)

20+

4 -~
0= T T T T T T T 1

T
150 175 200 225 250 275 300 325 350 375 40
Migration Time (MTU ")

Figure 4.49. Synthesis of antibodies with Man5 structure from Man9-containing antibodies. The
conversion was achieved by using bacterial a-1,2-mannosidase. The experimental condition for
conversion of Man9 to Man5 antibodies was as follows: 2.4 mg IgG (purified — kifunensine derived); 2.6
pg/pL Man I; 10 mM MgCl,, and 200 mM MES buffer (pH 6.5) in a total volume of 100 pL.
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After successful synthesis of Man5 containing antibodies, efforts were made for addition of GIcNAc on
a-1,3-antenna through the reaction catalyzed by MGATL1. To avoid extra incubation of antibodies in
different reaction pots, as well as developing a more practical process, the mannosidase reaction and
addition of GIcNAc were carried out in one-pot. The successful one-pot synthesis of Man-GO structure
from Man9 glycans on intact antibody is shown in Figure 4.50.
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Figure 4.50. One-pot conversion of Man9-containing 1gG into Man5 and Man5-GO IgG. The reaction
contained: 1.8 mg Man9 IgG; 1.9 pg/uL Man [; 1.9 pg/uL MGAT1; 1.5 mM UDP-GIcNAc; 10 mM MgCly;

10 mM MnClz, and 200 mM MES buffer (pH 6.5) in a total volume of 133 pL. The experiment was
running for 24 h.

As illustrated in Figure 4.46, two Man on the a-1,6-antenna should be trimmed by a-mannosidase 2
(Man II) in the next step. Unfortunately, E. coli expression of Drosophila melanogaster (fruit fly) Man Il
was found to be inactive. Therefore, in order to continue the concept of an artificial Golgi, an active Man
Il'is required. There are multiple reports on active expression of Man Il in insect or mammalian cell lines
[311-313]. However, the purpose of this study was to develop an E. coli-based glycoengineering
platform. Further work is required for active expression of Man Il (or any other specific mannosidase)
in microbial hosts which specifically cuts two Man (a-1,6 and a-1,3) on the a-1,6-antenna.
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4.3.3 Discussion of in vitro glycoengineering of therapeutic proteins

Two different approaches were used for the modification of glycans on therapeutic antibodies. In the
first approach, terminal Gal was added to mAb glycans for enhancement of ADCC activity. In the second
approach, in combination with an in vivo method, high Man containing antibodies were produced and

further tailored into Man5-GO structure.

Gal content in the glycosylation profile of therapeutic antibodies has been the subject of various studies
[27,45,314,315]. The main interest in galactosylation of antibodies comes from in vitro observations that
galactosylated antibodies show higher affinity toward FcyRllla receptors, and thus, higher ADCC as
well as higher CDC activity [44,45,306]. Therefore, there is growing interest in production of antibodies
with high content of terminal Gal [9].

Rituximab was the first mAb approved (in 1997) for treatment of oncology patients [316]. It is still one
of the first-line treatment options for mainly all B-cell non-Hodgkin lymphomas [317] and some
autoimmune diseases such as rheumatoid arthritis [318]. Therefore, it has a very high clinical value,
making it a major blockbusters [34]. Since ADCC is involved in the efficacy of Rituximab [319], this drug
was selected as a target for glycoengineering. Due to the resistance of some patients to Rituximab, an
improved version of it — Obinutuzumab — was developed to overcome the resistance with improved
activity [320].

Trastuzumab is a mAb that was approved in 1998 for treatment of breast cancer that overexpresses
human epidermal growth factor receptor 2 [321]. Trastuzumab has been a major success in the field of
targeted cancer therapy, making this drug extremely useful and a huge commercial success [34]. As
Trastuzumab induces a significant ADCC response [322], it was selected as a model drug for

glycoengineering.

Ramucirumab is a mAb (approved in 2014) for treatment of advanced gastric cancer [323]. The role of
ADCC has not been clearly investigated in the Ramucirumab mechanism of action, however, the

demonstration of the enhancement of ADCC activity might contribute to future drug development efforts.

In the first step, galactosylation of approved antibodies (model glycoproteins) — i.e., Rituximab,
Trastuzumab, Ramucirumab, and Obinutuzumab — was achieved by using a commercial
galactosyltransferase and UDP-Gal. Afterwards, enhancement of ADCC activity of glycoengineered
antibodies was demonstrated through column chromatography. Glycoengineered (galactosylated)
mADbs eluted at more acidic conditions than the original ones, which shows the stronger binding to the
FcyRllla receptors. Interestingly, galactosylation of Obinutuzumab, which is already glycoengineered
in terms of having no Fuc, further increased its ADCC activity. This means that combination of
afucosylation and galactosylation could be a complementary action for the development of mAbs with
superior performance. It has also been suggested that galactosylation increases CDC activity, which

results in better efficacy of antibodies [324,325].

In the next step, galactosylation of a CHO cell-derived antibody was demonstrated by using an E. coli-
derived human ($1,4GALT1. This result shows the application of low-cost enzyme production process

for engineering of antibodies. Similar to HMOs synthesis, galactosylation of mAbs could be performed

100



either based on the coupling or modular approach. Both approaches have been used for galactosylation

of mAbs (results are reported by the author in Ref. [223]).

There are multiple reports on glycoengineering — e.g., galactosylation and sialylation of different
therapeutic proteins — based on Leloir glycosyltransferases [41,44,71,72]. The scalability of this
strategy was demonstrated by Warnock et al., where full galactosylation of an IgG was achieved at 1
kg scale (40 L) by using UDP-Gal (source was not mentioned) and a murine cell-derived
galactosyltransferase [27]. There are also glycoengineering toolboxes that are commercially available
by Roche CustomBiotech (Roche, Germany) for galactosylation and sialylation of glycoproteins.
Therefore, it can be concluded that glycoengineering by using Leloir glycosyltransferases, specifically
galactosylation, is relatively straightforward. Despite enzymatic glycoengineering having been shown
to be one of the main strategies for obtaining homogenous glycoforms [6,10], there is no information on
its applicability at industrial scales. One of the reasons might be the high cost of glycosyltransferase
production in mammalian cell lines. This challenge was solved in this work through production of human
B1,4GALT1 in a low-cost expression host. Moreover, the unavailability and high cost of UDP-Gal and
CMP-Neu5Ac might be among the reasons that in vitro glycoengineering has not been realized at
industrial scales. This issue was also addressed in this work by developing efficient multi-enzyme
cascades for synthesis of UDP-Gal and CMP-Neu5Ac.

There are many reports on modulation of the glycosylation profile of therapeutic proteins by means of
media supplementation such as feeding glycosylation precursors [61,64]. For example, Ehret et al.
achieved 40.9% increase in galactosylation of IgG upon addition of 120 mM Gal, 24 yM Uri, and 48 uM
Mn2* [62]. However, due to the inherent heterogeneity of cell culture processes and biological limitation
of cells in handling media supplements, achieving a homogenous glycosylation profile has not been
demonstrated yet.

Despite significant advances in the development of stable glycoengineered cell lines, production of
glycoproteins with a homogenous structure has not been achieved [47]. On the contrary, enzymatic
glycoengineering has been shown to be a very promising approach for obtaining homogenous
glycoforms [10,66,67].

Genetic glycoengineering of mammalian cell lines has been demonstrated in multiple studies [7,47] and
commercially developed by different companies such as Glycotope GmbH (Germany), GlycoDisplay
(Denmark), Glycart (Now Roche, Germany), and ProBioGen AG (Germany). In the case of mAbs, the
majority (if not all) of in vivo glycoengineering approaches are focused on the inhibition of core Fuc

linkage from glycosylation profile for improvement of ADCC [7].

Recently, patients with severe COVID-19 infection have been discovered to contain afucosylated
antibodies [326,327]. This modification in Fc glycosylation of IgGs — performed by the human immune
system — could enhance the binding to the FcyRllla receptors [326,327]. These reports are the first
evidence of natural glycosylation modification for enhancement of therapeutic performances of IgGs. A
recently approved glycoengineered (afucosylated) antibody, Margetuximab, has been shown to

outperform its originator, Trastuzumab, through a head-to-head comparison [328]. Such direct
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comparison provides significant insights into developments of glycoengineered drugs with high clinical

values.

Despite a high number of in vitro studies on ADCC activity enhancement of mAbs upon galactosylation,
it is noteworthy to mention that no clinical data is available to prove superior performance (compared

to original drugs) of fully galactosylated mAbs in the human body.

Overall, the recent findings on the importance of Fc galactosylation in activation of complement system
(part of immune system which enhances the functionality of antibodies) highlight the potential of
glycoengineering — in terms of galactosylation — for development of enhanced therapeutic IgGs
[329,330].

In the next stage of development, | hypothesized that a platform — an artificial Golgi — for tailoring
glycosylation profile of theoretically any glycoprotein to desired structures would add significant values

to the glycoengineering field. Evidently, only glycans accessible by enzymes could be modified.

Kifunensine is a known inhibitor of Man | whose usage in cell culture results in production of
mannosylated IgGs [331,332] — without sacrificing product titer [331,333]. Kifunensine has been used
in various studies and different cell lines for production of homogenous high Man N-glycosylated
proteins [331,332,334]. Recently, lower-cost Man | inhibitors (e.qg., tris, which is 35x more cost effective
than kifunensine) have been developed for the production of high Man antibodies [333]. This
demonstrates the interests in such an approach for the production of mAbs with homogenous

glycoforms.

In this work, kifunensine was used to produce high Man IgGs (Figure 4.48). Full conversion of Man9 to

Man5 was achieved by using a recently reported bacterial Man | [210].

It has been reported that the presence of GIcNAc on a-1,3-antenna (i.e., Man5-GO structure) is required
for activity of Man Il [311]. Therefore, before experimenting the activity of Man 1l, addition of GIcNAc to
Man5 was performed. Since activity of MGAT1 and bacterial Man | overlap in terms of pH, co-factor,
and temperature, a one-pot experiment was performed to convert Man9 IgG into Man5-GO structure
(Figure 4.50).

Further expansion of the platform requires an active Man Il. Unfortunately, bacterial expression of fruit
fly Man Il was found to be inactive. Evidently, insect cell or mammalian cell derived Man Il can be used
to extend the platform, however, the high cost of enzyme production in such hosts could challenge the
advantage of a low-cost artificial Golgi platform. Therefore, active expression of Man Il in E. coli or other

low-cost microbial expression host will be the subject of further studies.

The developed artificial Golgi in this work can be very well-suited in combination with other glycoprotein
expression hosts such as insect cell lines where Man3 structures are the main form of glycosylation
[335]. This idea was demonstrated in a study by our group in Ref. [336]. The developed platform — a
combination of MGAT1, MGAT2, and B1,4GALT1 — was used in a sequential one-pot approach for

glycoengineering insect cell-derived severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
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spike glycoprotein [336]. A fraction of fucosylated Man3 structures were successfully converted to G2F
structure [336].

Furthermore, the concept of a low-cost microbial-based artificial Golgi platform can be a valuable
complement to low-cost microbial hosts (e.g., yeast) for glycoprotein production. For instance, De
Pourcq et al. glycoengineered Yarrowia lipolytica to produce glycoproteins with Man3 structure [337].
In such cases, further glycan modification could be achieved through combination of MGAT1, MGAT2,
and B1,4GALTL1. This was an example of how microbial-based processes could contribute to production
of complex therapeutic biologics by combining in vivo and in vitro glycoengineering. Therefore, through
the advancement of concepts such as artificial Golgi, microbial-based processes could gain great

potentials in usage for low-cost production of therapeutic glycoproteins.

Despite sialylation of glycoproteins not being investigated in this study, there are reports on the activity
of microbial sialyltransferases for the addition of sialic acid on terminal Gal of glycoprotein [338,339].
Therefore, the multi-enzyme cascades for synthesis of CMP-Neu5Ac could be very practical for

sialylation of glycoproteins and, together with 2,6ST, further expand the concept of an artificial Golgi.

The theoretical concept of an artificial Golgi has been previously demonstrated in Ref. [340]. In an
experimental study, Hamilton et al. showed the synthesis of different lipid-linked glycoforms by means
of microbial-derived glycosyltransferases [341]. However, no Man Il was used, and utilization of
Canavalia ensiformis (jack bean) a-mannosidase resulted in trimming the core structure into only one
Man. The concept of glycoprotein production with linear glycoforms by using engineered E. coli lysate
has been shown in these Ref. [342,343].

The presented methods for glycoengineering have high potential for large-scale implementation,
especially for development of fully galactosylated mAbs. However, in order to confidently comment on
the practicality of in vitro glycoengineering methods for development of superior drugs, clinical data is
required. Therefore, development of processes for clinical trial of mAbs would significantly contribute to
the development of next generation of therapeutic glycoproteins.
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4.4 Process development and scale-up of multi-enzyme systems

Application of purified enzymes for large-scale synthesis is largely limited due to the high cost of
purification process [176]. Moreover, some common purification methods, e.g., nickel-nitrilotriacetic
acid (Ni-NTA) chromatography, can cause problems such as leaching of metal ions into enzyme
solutions and in product streams up to, for example, nickel concentration of 20 mM [344].

In this section, three different strategies are described for the development of large-scale multi-enzyme
production of sugar nucleotides.

At first, direct usage of cell lysate was evaluated as the final form of biocatalyst to synthesize sugar
nucleotides. In the next step, co-expression of six enzymes was performed to minimize the number of
fermentations for production of biocatalysts. In the last step, co-immobilization of enzymes on solid
supports are demonstrated to allow the multiple usage of biocatalysts.

4.4.1 Scale-up of multi-enzyme cascades

In this part, direct application of centrifugally clarified cell lysate was used instead of purified enzymes

for scale-up of multi-enzyme systems.

44.1.1 Large-scale synthesis of UDP-Gal

The biocatalyst for synthesis of UDP-Gal at 1 L scale was prepared as described in section 3.4.1. To
understand the role of scale-up on the performance of the cascade, a parallel 200 UL experiment was
carried out. The time course of Uri consumption and UDP-Gal production at both scales are shown in
Figure 4.51. In a batch time of 23 h, UDP-Gal was successfully produced to a concentration of 41.3 mM
(23.4 g/L) and synthesis yield of 75% respect to Uri and Gal. The ATP was used 26x less than the
stoichiometric amounts and the biocatalyst load was 0.05 gtotal_protein/Qproduct.
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Figure 4.51. 1 L scale and 200 pL synthesis of UDP-Gal using the supernatant from a cell lysate at
37°C and 60 rpm (magnetic stirrer): A) Uri and UDP-Gal; B) UMP; C) UDP; D) UTP; E) ATP; F) ADP;
G) AMP. The synthesis condition was as follows: 150 mM Tris-HCI (pH 8.5); 55 mM Uri; 55 mM Gal;
6.2 mM ATP; 20 mM PolyP,, and 75 mM MgCl,.

4.4.1.2 Large-scale synthesis of UDP-GIcNAc

The results presented here are also described in a patent application under PCT/EP2020/077383 [345].
The biocatalyst was prepared as described in section 3.4.2. To understand the effect of scale-up on the
performance of the cascade, a parallel 200 pL experiment was performed. The time course of the
cascade components is shown in Figure 4.52. During the batch time of 25.2 h, UDP-GIcNAc was
produced to a final concentration of 53 mM (32.2 g/L) and a synthesis yield of 85.6% (regarding Uri).
The ATP was used ~100x less than the stoichiometric amount and the biocatalyst load was 0.01

gtotalfprotein/ Jproduct.
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Figure 4.52. Time course of reaction substrates, intermediate, and products for large-scale synthesis
of UDP-GIcNAc. (A) UDP-GIcNAc, (B) Uri, (C) UMP, (D) UDP, (E) UTP, (F) ADP and ATP. The
synthesis condition was as follows: 200 mM Tris-HCI (pH 8.5); 62 mM Uri; 62 GIcNAc; 1.6 mM ATP; 18
mM PolyP,; 75 mM MgCI2, and a total protein load of 0.5 g/L in the form of cell lysate. The reaction
carried out at 37°C and 120 rpm.
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4.4.2 Co-expression of enzymes

One of the strategies to bring the concept of multi-enzyme synthesis closer to large-scale
implementation is co-expression of needed enzymes in a single strain. Therefore, in this part of the
thesis, a strategy is proposed for recombinant production of all necessary enzymes for synthesis of a

sugar nucleotide(s) in one strain.

At first, a strategy is proposed for co-expression of six enzymes to enable the synthesis of UDP-GIcNAc

and UDP-Gal. In another example, three enzymes were co-expressed for synthesis of CMP-Neu5Ac.

4.4.2.1 Co-expression of six enzymes for synthesis of UDP-GIcNAc and UDP-Gal

The concept of a six-enzyme cascade for synthesis of UDP-GIcNAc and UDP-Gal is shown in Figure
4.53. The cascade for synthesis of UDP-GICNAc was previously published by the author [221]. The
enzyme promiscuity of GALU facilitates the synthesis of UDP-GIcNAc and UDP-Gal, respectively, from
UTP and the respective sugar-1 phosphate.

ATP ADP
GlcNAc uGlCNAC-‘l P UDP-GIcNAc

NAHK
GALU . PPA .
PPi— 2 Pi

GALK

Gal Gal-1P UDP-Gal
ATP  ADP UTY, PolyP,., ADP
PPK3 [

PPK3
ATP
UDP PolyP,

ADP

jUMPK

ATP

ump
Figure 4.53. Combination of six enzymes for production of uridine diphosphate N-acetylglucosamine
(UDP-GIcNAc) and uridine diphosphate galactose (UDP-Gal) from uridine monophosphate (UMP), N-
acetylglucosamine (GIcNAc), galactose (Gal), polyphosphate (PolyP,), and catalytic amounts of
adenosine triphosphate (ATP). Abbreviations: UDP, uridine diphosphate; UTP, uridine triphosphate;
GIlcNAc-1P, N-acetylglucosamine 1-phosphate; Gal-1P, galactose 1-phosphate; PPi, diphosphate; Pi,
phosphate; ADP, adenosine diphosphate; UMPK, UMP/CMP kinase; PPK3, PolyP, kinase; GALU,

glucose 1-phosphate uridylyltransferase; NAHK, N-acetylhexosamine 1-kinase; GALK, galactokinase;
PPA, inorganic diphosphatase.

To limit the number of enzyme expression runs, all gene were cloned into compatible Duet™ vectors
(see section 3.4.33.4.3.1) [173]. Subsequently, an E. coli strain was generated harboring all three
plasmids and all six enzymes were successfully produced in their soluble form in one fermentation run.
Since each enzyme was His-tagged, one single immobilized metal affinity chromatography run was
performed to purify all enzymes. The activity of the purified cascade was confirmed by the successful
production of UDP-GIcNAc, and UDP-Gal in individual reaction runs (data not shown). However, as
mentioned earlier, using crude form enzymes has significant cost advantages over using purified

enzymes.

The biocatalyst for synthesis of UDP-GICNAc by using co-expressed enzymes was prepared as

describe in section 3.4.3.1.1. In order to find the optimal substrate and biocatalyst load, several
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screening runs were performed in volumes of 200 pL at 37°C. After screening various conditions, it was
found out substrate loads of 50 mM UMP, GIcNAc and a biocatalyst amount of 0.5 g/L resulted in the
highest yield. Therefore, these concentrations were used subsequently in the synthesis scale-up. To
evaluate the scale-up effect, a parallel 200 pL scale was carried out. The time course of reaction
components is shown in Figure 4.54. After a batch time of 18 h, UDP-GIcNAc was produced to a titer
of 42.7 mM (25.9 g/L) and synthesis yield of 90% (regarding UMP). The ATP was used 20x less than
the stoichiometric amount and the biocatalyst load was 0.02 Qtotal_protein/Qproduct. The similar behavior of

cascade intermediates at 200 pL and 150 mL scale emphasizes the linearity of scale-up.
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Figure 4.54. Time course of substrates, intermediates, and products of UDP-GIcNAc synthesis cascade
based on co-expressed enzymes at 150 mL scale. In each graph, time course of each compound is
compared at both scales. (A) UMP; (B) UDP-GIcNAc; (C) UDP; (D) UTP; (E) ATP; (F) ADP; (G) AMP.
The reaction mixture consisted of 200 mM Tris-HCI (pH 8.5); 75 mM MgCly; 47 mM UMP; 50 mM
GIcNAc; 4.7 mM ATP; 15 mM PolyP,, and a total protein concentration of 0.5 g/L.

The same set-up as section 4.4.1.2 was used for synthesis of UDP-Gal at 3 L scale. The biocatalyst
was prepared as described in section 3.4.3.1.2. Before scale-up, series of screening experiments were

performed to find an optimal condition.
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A parallel experiment ran at 200 pL scale to compare the performance of the cascade at the different
scales. The time course of reaction components is shown in

Figure 4.55. During the batch time of 35.5 h, UDP-Gal was produced to a final concentration of 47.6

mM (26.9 g/L) and synthesis yield of 86% (regarding UMP). The ATP was used 35x less than the
stoichiometric amount and the biocatalyst load was 0.04 Qtotal_protein/Qproduct.
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Figure 4.55. Time course of substrates, intermediates, and products of UDP-Gal synthesis cascade
based on co-expressed enzymes at 3 L. (A) UMP; (B) UDP-Gal; (C) UDP; (D) UTP; (E) ATP; (F) ADP;
(G) AMP. The reaction mixture consisted of 200 mM Tris-HCI (pH 8.5); 75 mM MgCl,; 55 mM UMP; 55
mM Gal; 2.7 mM ATP; 14 mM PolyP,, and a total protein (biocatalyst) concentration of 1 g/L.
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4.4.2.2 Co-expression of three enzymes for synthesis of CMP-Neu5Ac
The concept of co-expression of enzymes was applied to synthesize CMP-Neu5Ac based on the
cascade shown in Figure 4.19, however, CMP was used instead of Cyt. The recombinant enzyme

preparation was carried out as described in section 3.4.3.2.

Starting from 50 CMP and 51 mM Neu5Ac, CMP-Neu5Ac was produced to a final concentration of 45.3
mM (27.8 g/L) and synthesis yield of 90% in a batch time of 6.6 h. The chromatogram of reaction mixture

at the end of the reaction is shown in Figure 4.56.
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Figure 4.56. HPAEC-UV chromatogram of large-scale synthesis of CMP-Neu5Ac from CMP, Neu5Ac,

PolyP,, and catalytic amounts of ATP. The reaction matrix contained 150 mM Tris-HCI (pH 8.5); 75 mM
MgClz; 50 mM CMP; 51 mM Neu5Ac; 5 mM ATP, and 16 mM PolyP; in a total volume of 100 mL.

So far, all the strategies for synthesis of sugar nucleotides and HMOs were based on homogenous
catalysis. This means that enzymes were used in their soluble form. In the following, the co-
immobilization of a multi-enzyme system which allows the synthesis of sugar nucleotides based on

heterogenous catalysis is described.
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4.4.3 Co-immobilization of a multi-enzyme cascade

The results obtained in this part were filed as a patent application under PCT/EP2020/077383 [345]. As
explained above, using crude enzymes has significant cost benefits. Therefore, these were used for co-
immobilization.

For co-immobilization of enzymes for synthesis of UDP-GIcNAc (see Figure 4.2), the same cell lysate
solution as described in the section 3.4.2 was used. The tested beads for co-immobilization of enzymes
are listed in Table 4.6. It should be noted that the price of the immobilization resin has significant cost
contribution to process economics, therefore, selected beads should be available in bulk amounts with

reasonable pricing.

Table 4.6. List of resins used in this study as a support for co-immobilization of enzymes.

. Pore size . Oxiran
Bead Matrix Size (um) content
(nm) (umol/gwet)

Relizyme EP 112/S ] epoxy/polymethacrylate 40-60 100-300 115
Relizyme EP 112/M epoxy/polymethacrylate 40-60 200-500 112
Relizyme EP 113/S \ epoxy/polymethacrylate 40-60 100-300 87
Relizyme EP 113/M epoxy/polymethacrylate 40-60 200-500 94
Relizyme HFA 403/S \ epoxy/polymethacrylate 40-60 100-300 43
Relizyme HFA 403/M epoxy/polymethacrylate 40-60 200-500 47
Relizyme EP 403/S ‘ epoxy/polymethacrylate 40-60 100-300 60
Relizyme EP 403/M epoxy/polymethacrylate 40-60 200-500 56
ECR8204F ‘ epoxy/methacrylate 30-60 150-300 n.a.
ECR8204M epoxy/methacrylate 30-60 300-710 n.a.
ECR8215F ‘ epoxy/methacrylate 120-180 150-300 n.a.
ECR8215M epoxy/methacrylate 120-180 300-710 n.a.
ECR8285 \ epoxy/butyl methacrylate 40-60 250-1000 n.a.
ECR8209F epoxy/methacrylate 60-120 150-300 n.a.
ECR8209M ‘ epoxy/methacrylate 60120 300-710 n.a.

Abbreviation: n.a., not available.

As mentioned in section 3.3.1, on average 200 mg of beads (Table 4.6) were transferred into 2 mL
Eppendorf tubes, followed by the addition of 0.6 mL cell lysate solution (see section 3.4.2) containing a
cocktail of enzymes required for synthesis of UDP-GIcNAc (Figure 4.2). The ratio of beads over total
protein was approximately 20 (i.e., 20 mgbeads/Myprotein). After 24 h of incubation at room temperature
with interval rotational mixing, the solution containing enzymes was removed. Afterwards, the beads
were washed three times with a washing buffer containing a high salt concentration (200 mM Tris-HCI
and 600 mM NaCl at pH 8.5) to remove weakly bound proteins. Upon washing, the beads were
incubated for 24 h in a storage buffer containing 200 mM Tris-HCI and 300 mM NaCl at pH 8.5 to block

the uncoupled binding sites. The percentage of bound protein is described in Figure 4.57.
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Figure 4.57. Percentage of bound protein to each bead. On average total protein mass in each
immobilization vial was 10 mg. Considering the mass of resin in each vial e.g., 200 mg, the ratio of

protein to resin was 20. The experiments were performed in triplicate and errors bars represent the
standard deviation.

Afterwards, the storage solution was removed and the activity of each bead for synthesis of UDP-
GIcNAc was evaluated. The chromatogram of the reaction product in the first cycle for each set of beads
is shown in Figure 4.58. By analyzing the reaction chromatogram, one can understand the distribution
of intermediates, which directly provides information on the performance of individual enzymes.
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Figure 4.58. HPAEC-UV chromatogram of reaction products of each bead after 24 h of reaction time
(end point). The beads with UDP-GIcNAc as the major peak were selected for further activity tests. The
feed solution consisted of 200 mM Tris-HCI (pH 8.5); 75 mM MgCl;; 25 mM Uri; 25 mM GIcNAc; 5 mM
ATP, and 10 mM PolyP,. 250 uL of feed solution was added to beads and incubated at 37°C and 600

rpm for 24 h.

The performance of the beads for synthesis of UDP-GIcNAc (area under the UV chromatogram peak)

is compared in Figure 4.59. Through this comparison, certain beads were selected for further

experiments to evaluate the potential of co-immobilized enzymes for reusability.
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Figure 4.59. The area under the curve of UDP-GIcNAc peak was normalized to the area of all uridine-
containing compounds and reported as conversion percentage. The experiments were carried out in
triplicate, except for Relizyme HFA 403/S and Relizyme HFA 403/M, for which the average of three
consecutive cycles are shown. Error bars represent the standard deviation.

Based on the performance of the beads, the following were selected to evaluate their performance in
synthesis of UDP-GIcNAc over multiple cycles: Relizyme EP 113/M, ECR 8204F, ECR 8204M, ECR
8215M, ECR 8209F, and ECR 8209M. In each cycle, 250 uL of feed solution (200 mM Tris-HCI; 75 mM
MgClz; 25 mM Uri; 25 mM GIcNAc; 5 mM ATP, and 10 mM PolyP, at pH 8.5) were added to each vial
(containing beads) and incubated at 600 rpm and 37°C for 24 h. Afterwards, the reaction solution was
removed, and the beads were washed twice with Milli-Q® ultra-pure water (each time with 1 mL) to avoid
any carry-over from previous cycles. The activity of beads was tested for 20 cycles and results are
shown in Figure 4.60.
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Figure 4.60. Activity of each bead in 20 different cycles. In each cycle, the area under the UDP-GIcNAc
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8204F; (C) ECR 8204M; (D) ECR8215M; (E) ECR8209M; (F) ECR 8209F. Error bars represent the
standard deviation.
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4.4.4 Discussion on process engineering strategies

Three different strategies are proposed and developed for potential large-scale synthesis of sugar
nucleotides. At first, direct usage of cell lysate from individually produced enzymes was evaluated for
large-scale synthesis of sugar nucleotides. In the second approach, a co-expression strategy was
proposed to simultaneously produce the required enzymes for synthesis of UDP-GIcNAc and UDP-Gal
as well as CMP-Neu5Ac. In the third strategy, application of immobilized enzymes was investigated by
co-immobilization of six enzymes on commercially available beads. Results obtained in each approach

are discussed in the following.

4.4.4.1 Scale-up of multi-enzyme cascades using cell lysate

Utilization of purified enzymes at large-scales is associated with several challenges. It has been shown
that using purified enzymes results in high process costs [176] and severely challenges the
implementation of multi-enzyme processes [161]. Additionally, the leakage of metal ions from common
resins used in immobilized metal affinity chromatography (e.g., nickel, copper, cobalt) [344,346] is

another challenge due to toxicity of metals [347—-349].

In this work, crude form enzymes were used at 150 mL, 1 L, 3 L, and 4 L scale synthesis to bypass the
costly step of enzyme purification as well as to make the process closer to industrial application.
Enzymes in their crude form are the second simplest form of biocatalyst formulation, second only to

whole-cell catalysis (with similar cost advantages) [176].

For 3 L and 4 L scale synthesis, a 7 L, single-wall, baffled bioreactor equipped with three Elephant ear
impellers (similar to pitched blade) was used in order to mimic industrial scale bioreactors. As shear
stress could have significant effects on the performance of enzymes (e.qg., affecting activity and stability)
and could even result in complete enzyme deactivation [350,351]. The Elephant ear impeller — which
has been shown to cause less shear compared to other common impellers (e.g., Rushton impellers

[352]) — was selected as the impeller of choice.

At 1 L scale synthesis, UDP-Gal was successfully produced to a concentration of 41.3 mM (23.4 g/L)

with a biocatalyst load of 0.05 gtotal_protein/Gproduct in @ batch time of 23 h (Table 4.2).

The 4 L scale synthesis, starting from 62 mM GIcNAc, 62 mM Uri, 18 mM PolyPn, and 1.6 mM ATP,
resulted in 53 mM (32.2 g/L) UDP-GIcNAc in a batch time of 25.2 h and a synthesis yield of 85.6%
(regarding Uri). Based on the stoichiometry of the cascade and considering the large-scale reaction
condition, 159 mM ATP was required. However, despite the direct usage of cell lysates, ATP was used
~100x less than the stoichiometric amount and was sufficient for high yield synthesis of UDP-GIcNAc.
The 4 L scale synthesis of UDP-GIcNAc is among the highest scales reported for synthesis of this

molecule (Table 4.1).

Interestingly, no significant formation of AMP was observed during the large-scale experiments. One of
the common concerns of using cell lysate in enzymatic synthesis is the side reactions which could result
in production of undesired products and thus decrease the synthesis yield (through consumption of
substrates, intermediates, or products). However, the closed mass, balance for Uri- and adenosine-

containing compounds during the time course of the reaction, demonstrates that no significant side
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reactions took place. For instance, for the case of UDP-Gal synthesis at 1 L scale, the mass balance
for Uri-, and adenosine-containing compounds were 102+5%, and 108+10%, respectively, during the
batch time. Moreover, no foaming was observed throughout the scale-up reactions.

Due to inherent differences in the structure of enzymes, they have different biophysical properties, and
thus, different shear tolerance [351,353]. Therefore, it is important to understand the behavior of each
individual enzyme throughout the scale-up process, especially for multi-enzyme synthesis in which a
low-performing or outperforming enzyme would change the performance of the whole cascade.
Consequently, parallel to the scale-up experiments, a 200 pL experiment — the scale at which
preliminary experiments were performed — was carried out in order to have a direct comparison of
performances at different scales. The dynamics of intermediates — which essentially represent the
activity of individual enzymes — were compared at both pL and L scales. The similar dynamics of the
cascade components at both scales suggests the linearity of the scale-up, indicating that sufficient
mixing provided at L scales did not cause deactivating shear stress to the enzymes. Moreover, it shows
that the 200 pL scale reaction is a good representative scale-down model for optimization purposes.

4.4.4.2 Discussion on co-expression of enzymes

Recombinant production of enzymes for a multi-enzyme process, for example in the case of a six-
enzyme cascade requires six different fermentations, which significantly increases the overall cost. On
the other hand, one fermentation unit instead of six fermentation units would significantly lower the
process development costs and time, especially since fermentation is considered the most expensive
and challenging step in scale-up of bioprocesses [166]. To implement the idea of reducing the number
of fermentation units for production of enzymes required for multi-enzyme processes, concepts such as

gene fusion or co-expression can be used.

The gene fusion strategy has been used for gene co-expression in a single host [172]. For example, for
a cascade of two enzymes and two reactions, the corresponding two genes will be fused together and
in the case of successful translation, a bifunctional enzyme will be produced which is able to perform
the two reactions [172]. However, this strategy can be very complicated for cascades requiring more

than two enzymes due to the complexity of protein structures.

Multiple Duet™ vectors capable of co-expression of two genes per vector and with compatible antibiotic
selection markers and origins of replication were developed to enable co-expression of multiple genes
in one strain [173]. These vectors are highly used in metabolic engineering and biocatalysis studies for

co-expression of multiple genes [173-175].

Interestingly, it was demonstrated that co-expression leads to higher conversion values in the following
enzymatic reactions compared to separate expression of genes for enzyme production [172,354,355].
Physical proximity of co-expressed enzymes was suggested to be the reason for improved performance
[172]. Wu et al. developed a modular platform using E. coli cells to co-express four to eight genes for
amino- and oxy-functionalization of alkenes [175]. In another study, Chen et al. co-expressed four genes

for multi-enzyme synthesis of ribulose 5-phosphate from maltodextrin [356]. Zhang et al. designed a
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plasmid for co-expression of five genes in a single strain of E. coli to synthesize globotriose from Gal,

Glc, Lac, and catalytic amounts of ATP, PEP, UDP-Glc, and Glc-1P by using permeabilized cells [357].

As a first step in this work, a cascade of six enzymes and seven reactions was designed to enable the
synthesis of both UDP-GIcNAc and UDP-Gal — with essentially the same enzymes — from industrially
available chemicals: UMP, Gal, GIcNAc, PolyPn, and catalytic amounts of ATP (Figure 4.53). UMP has
many applications in the industry such as infant formula [252] or precursor of pharmaceutical products
[358], and thus, processes have been developed for its large-scale manufacturing [264,275]. Therefore,

similar to Uri, UMP is also inexpensively available in bulk amounts.

To implement the co-expression of the six enzymes shown in Figure 4.53, three different Duet™ vectors
were used. The plasmids were categorized into three modules: First, a sugar kinase module containing
the genes for NAHK and GALK (cloned into the pRSFDuet™-1 vector) that catalyzes the
phosphorylation of GIcNAc and Gal, respectively. Second, a nucleotide kinase module composed of a
pACYCDuet™ vector carrying the genes for UMPK and PPKS3 that catalyzes the generation of
nucleotide triphosphate from their di- and monophosphate counterparts. Therefore, genes for UMPK
and PPK3 were cloned together into the pACYCDuet™ vector. The third module, a pCDFDuet™ vector
harboring the genes for GALU and PPA into the pCDFDuet™ vector, catalyses the product formation
with high yields. The latter is achieved through the presence of PPA that hydrolyzes inhibitory PPi. As
part of a platform technology, the modules can be mixed and matched with other modules or used
individually. For instance, the nucleotide kinase module developed can also be used for the conversion
of CMP to CTP. For instance, the nucleotide kinase module developed in this work has the potential for
conversion of CMP to its triphosphate form based on the promiscuity of UMPK and PPK3 [129,194], as
shown in section 4.4.2.2.

All six genes required for synthesis of UDP-GIcNAc and UDP-Gal were successfully co-expressed in
an E. coli strain and all enzymes were produced in their active form. The centrifugally clarified cell lysate
was used as the final form of biocatalyst to avoid enzyme purification and the challenges associated
with it (discussed in section 4.4.4.1). UDP-GIcNAc (150 mL) and UPD-Gal (3 L) were successfully
produced to titers of 25.9 g/L and 26.9 g/L, respectively.

The time course of compounds in the cascades showed small difference between the small-scale
experiments (200 puL) and the large-scale experiments (150 mL and 3 L) for both UDP-GIcNAc and
UDP-Gal, confirming both the scalability of the processes and the utility of a 200 yL volume reaction as
areliable scale-down model. The performance of the developed cascade is compared to previous works
regarding synthesis of UDP-GIcNAc and UDP-Gal (Table 4.1 and Table 4.2). Okuyama et al.
synthesized UDP-GIcNAc through co-expression of three enzymes in one E. coli strain and further
mixing with yeast cells to a high titer of 47 g/L from industrially available UMP and GIcNAc [148].
However, providing enough mixing for a mixture of enzymes and yeast cells in large scales seems to
be challenging due to the different physical properties of enzymes and yeast cells. Zhai et al. fused
NAHK and GLMU and in combination with separately expressed PPA, they synthesized UDP-GIcNAc
from GIcNAc, UTP, and ATP [267].
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In another example, the concept of co-expression was used to synthesize CMP-Neu5Ac. The nucleotide
kinase module was used in combination with CSS to enable the synthesis from CMP, Neu5Ac, PolyPn,
and catalytic amounts of ATP. The cascade was performed at 100 mL scale by using cell lysate as the
biocatalyst. The biotransformation delivered 27.8 g/L of CMP-Neu5Ac in less than 7 h (Table 4.5).
However, the high-cost and unavailability of Neu5Ac challenge the large-scale implementation of this

cascade.

4.4.4.3 Discussion on co-immobilization of multi-enzyme systems

Immobilized enzymes have been highly used in industrial processes [180,185,359]. Advantages such
as significant improvement in process stability (i.e., usage in multiple cycles) and thermal stability, as
well as freedom in bioreactor design are among the main reasons for immobilization of enzymes for
industrial purposes [180,184,185,359]. Moreover, synthesis based on immobilized enzymes offers
significant advantages for downstream processing by avoiding the costly separation of enzymes

(proteins) from the product stream.

Different mechanisms of enzyme immobilization have been thoroughly described in Ref. [360,361].
Covalent binding of enzymes on solid supports has been reported to be the strongest type of
immobilization, which results in minimum leakage of enzymes [179]. The role of physical properties of
solid supports such as particle size, pore size, porosity, and the nature and length of the spacer has
been thoroughly discussed in Ref. [179,184]. However, due to the extremely complex interactions
involved in enzyme immobilization, the performance of immobilized enzymes cannot be predicted and

needs to be investigated experimentally [362].

Recently, co-immobilization of multi-enzyme systems has been gaining significant attention as a
strategy for process establishment and development [186—188]. Co-immobilization vs. immobilization
(separate immobilization of each enzyme) of multi-enzymes system offers certain advantages (e.g.,
enhanced mass-transfer and more favorable thermodynamic equilibrium) which result in enhanced

process performance [188].

In this work, it was assumed that co-immobilization of enzymes could bring multi-enzyme synthesis of
sugar nucleotides closer to practical large-scale implementation — as an alternative strategy to soluble
enzymes. Because of the advantages offered by covalent immobilization (i.e., strongest linkage), it was
considered as the main mechanism for co-immobilization in this work. Moreoever, in the context of this
dissertation, almost 40 different commercially available resins with various mechanisms for co-

immobilization of UDP-GIcNAc enzyme were evaluated and the results are presented in Ref. [345].

The advantage of using immobilized enzymes for multiple cycles significantly reduces the cost of
enzyme production. However, it comes with the additional costs of resins. Therefore, the cost and
industrial availability of immobilization resins should be considered for process development. The resins
used in this work are listed in Table 4.6. All the tested resins are available in industrial amounts from
world-known resin suppliers. The purpose of co-immobilization in this work was to demonstrate the
feasibility of sugar nucleotide synthesis as a proof-of-concept study. The preliminary steps for

immobilization of enzymes for synthesis of UDP-GIcNAc was carried out in master thesis of Suzana
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Cvijetinovic, whose work was performed and supervised in association with this dissertation [363]. After
successful immobilization, the concept of co-immobilization was realized by providing a cocktail of all
required enzymes for synthesis of UDP-GIcNAc. The multi-enzyme solution prepared in section 3.4.2
was directly used for co-immobilization. Evidently, in order to have functional co-immobilized enzymes,

six enzymes must bind to resins in their active form.

The amounts of total adsorbed protein were significantly different for each bead (Figure 4.57). Because
of changes in protein structure upon immobilization, no direct correlation between bound enzymes and
their activity can be drawn. For instance, in the case of ERC8285, ~80% of total protein was bound,
however, no activity in terms of UDP-GIcNAc production was observed. Interestingly, ERC8285 resin
has a highly hydrophobic nature (because of butyl methacrylate matrix) compared to other enzyme
carriers which might be an explanation for inactive co-immobilization of enzymes in the UDP-GIcNAc
cascade. However, the presence of UMP and ADP (Figure 4.58M) suggests active immobilization of
UDK.

To evaluate re-usability of the co-immobilized enzymes, the following beads were selected based on
high yield synthesis in the first cycle: Relizyme EP113/M, ECR 8204F, ECR 8204M, ECR 8215M, ECR
8209M, and ECR 8209F. On average, the selected beads were able to synthesize UDP-GIcNACc up to
a titer of ~11 g/L with an average conversion of 72%. The activity of beads was tested for 20 cycles
(Figure 4.60). The majority of the beads did not significantly lose any activity up to 10™ cycle; however,

loss of activity was gradually observed in the later reaction cycles.

Previous efforts for synthesis of UDP-GICNAc based on covalent immobilization were not successful —
specifically NAHK was found to be inactive upon epoxy-based immobilization [364]. However, in this
work | was able to successfully demonstrate the synthesis of UDP-GIcNAc through the co-
immobilization of enzymes on industrially relevant beads. To the best of author’'s knowledge, this is the
first time that successful co-immobilization of six enzymes on epoxy functionalized beads has been
described. As it can be concluded from Figure 4.58, the key factor for successful co-immobilization was
the screening of different beads. As mentioned above, due to high level of complexity of interactions in
co-immobilization of multiple enzymes, it is not possible to theoretically predict the results of
immobilization. Therefore, screening resins is a crucial practice in finding an optimal immobilization

support.

Shao et al. synthesized UDP-GIcNAc from GIcNAc, UTP, PEP, and catalytic amounts of ATP through
(separate) immobilization of five enzymes on Ni-NTA agarose beads [189]. The beads retained 50% of
their initial activity after seven cycles [189]. Liu et al. individually immobilized seven enzymes on Ni-
NTA agarose beads for synthesis of UDP-Gal from UMP, Gal, PolyPn, catalytic amounts of ATP, UDP-
Glc, and Glc-1P [146]. However, some enzymes (e.g., polyphosphate kinase) needed to be recharged
after each batch [146]. Despite successful synthesis of UDP-GIcNAc and UDP-Gal using immobilized
enzymes, the high cost of Ni-NTA agarose beads poses a significant challenge for large-scale
applications. Moreover, most Ni-NTA agarose beads have gel-like structure and do not have high

mechanical stability which limits their application in process conditions (e.g., when high mixing is
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required). The performance of Ni-NTA agarose beads for co-immobilization of UDP-GIcNAc cascade
enzymes was evaluated by the author and results are presented in Ref. [345]. It was found out that co-
immobilized enzymes on Ni-NTA beads completely lost activity after the 10" cycle, however, epoxy-

based resins were active up to the 20t cycle [345].

Direct comparison of UDP-GIcNAc synthesis based on co-immobilized enzymes and soluble enzymes
suggests superior performance of soluble enzymes. However, no optimization work was performed on
improvement of co-immobilized enzymes. Moreover, co-immobilized enzymes offer advantages such
as continuous production by using suitable reactors such as packed bed reactors. Accordingly, selection
of a production strategy highly depends on many factors (e.g., downstream units, available

infrastructure) and thus, each case needs to be evaluated individually.
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5 Conclusions and Outlook

The main aim of this dissertation was to exploit the engineering opportunities in the field of glycosylation.
The two major considered opportunities were: first, synthesis of functional oligosaccharides such as
HMOs and second, glycoengineering of therapeutic glycoproteins. Both opportunities were mainly
based on reactions catalysed by Leloir glycosyltransferases using sugar nucleotides as substrates.
However, sugar nucleotides are too expensive to be used for any engineering purposes. For instance,
in 1988, Simon et al. clearly stated that the high cost of CMP-Neu5Ac (~10° $/mol in 1988) was the
main reason for the development of a multi-enzyme cascade for its synthesis for further development
of sialylated molecules [145]. Interestingly, despite the advances in various techniques associated with
enzymatic technologies and after three decades, in 2021 the price of CMP-Neu5Ac is still in the same
order. The same story applies to other sugar nucleotides as they are very expensive and are not
available in bulk amounts. Therefore, large-scale synthesis of sugar nucleotides was the major
milestone in this work. | hypothesized that upon bulk availability of sugar nucleotides, significant
advances in the glycoengineering field could be made and relevant ideas could be applied in large

scales.

At first, | decided to develop multi-enzymatic platforms for large-scale synthesis of sugar nucleotides to
achieve the major milestones. The most important factor was designing a multi-enzyme cascade to

enable the synthesis by using industrially available precursors.

For synthesis of UDP-sugars i.e., UDP-GIcNAc, UDP-GalNAc, UDP-Gal, and UDP-Glc, Uri was used
as the Uri-based on these family of sugar nucleotides. Industrial availability of Uri ensures sustainable
process development for industrial production of UDP-sugars. The monosaccharide form of sugar
nucleotides was directly used as the source of sugar. Since sugar nucleotides are thermodynamically
active molecules, a relatively high amount of energy is required for their enzymatic synthesis. Based on
the designed cascades, three molecules of ATP were required per molecule of a UDP-sugar. To avoid
usage of expensive ATP at stoichiometric amounts, PolyPn was used as the main energy source to
constantly regenerate ATP from ADP. This allows the catalytic utilization of ATP in the cascade. PolyPn
is industrially available at a low cost. In all the developed cascades ATP was used as low as 250x less
than the stoichiometric amount. Therefore, an efficient ATP regeneration module was established. The
cascades for synthesis of UDP-sugars have a synthesis yield of more than 95% (except UDP-Glc, which
was 81%) and product titer in the range of 27—40 g/L. The biocatalyst load was also in the range of
0.01-0.04 genzyme/gproduct. Through systematic comparison to previously reported enzymatic methods for
synthesis of UDP-sugars, the cascades developed in this work are among the most efficient in terms of

used precursors, scale, and titer.

To bring UDP-sugars closer to the form of a final product — i.e., solid powders — industrially applicable
downstream methods should be developed. High yield synthesis of UDP-sugars from Uri and the
corresponding sugars as well as catalytic utilization of ATP could be a significant advantage in

development of chromatography-free downstream methods. Strategies such as the addition of cations
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for precipitation of PolyPn» followed by treatment with cation exchange resins or using nanofiltration

systems are suggested to be evaluated for purification of UDP-sugars.

The established UDP-GIc cascade can be further coupled to other enzymes for production of other
valuable UDP-sugars such as uridine diphosphate glucuronic acid and uridine diphosphate rhamnose.
Therefore, by only using inexpensive precursors (i.e., Uri and Glc), other valuable UDP-sugars can be
synthesized.

The cascade for synthesis of UDP-GIcNAc can also be used for synthesis of UDP-GalNAc by extending
the cascade through addition of an epimerase. By using this strategy, there is no need to use expensive

GalNAc for synthesis of its UDP-activated form.

For synthesis of GDP-sugars, Guo was used as one of the main precursors. The key element for using
Guo was using DMSO as the solvent for preparation of Guo stock solution, and thus, as the co-solvent
in the reactions. Since Guo and GMP have unique self-assembly properties which result in hydrogel
formation, using DMSO was crucial to solubilize Guo at high concentrations and avoid hydrogel
formation in enzymatic reactions. In synthesis of GDP-Fuc, besides synthesis starting from Fuc, a
cascade containing ten enzymes and eleven reactions was developed to allow synthesis of GDP-Fuc
from Man as the sugar source. Since the stoichiometric amount of NADPH was required for the
cascade, a regeneration cycle was established by employing GLDH and L-Glu as the substrate.
Additionally, in these cascades three moles of ATP were required per mole of the products —i.e., GDP-
Man and GDP-Fuc. As described above, an ATP regeneration system was established using PolyPn. It
was also found that an alkaline pH of 8.5 is necessary for high yield synthesis of GDP-Fuc starting from
Man. By using the latter cascade, GDP-Fuc was produced to a concentration of 7.6 mM (4.5 g/L) and
a reaction yield of 72% with a biocatalyst load of 0.97 genzyme/Qproduct. ATP and NADPH were used 5.7-
fold and 10.5-fold less than the stoichiometric amounts, respectively. The precursors used for synthesis
of GDP-sugars are the most inexpensive compounds reported in literature, which represents a

promising future large-scale application.

Despite the obtained data for synthesis of GDP-sugars being among the most efficient systems reported
in literature — especially regarding used precursors and biocatalyst load — the current reaction metrics
are not suitable for large-scale applications. Systematic optimization to further improve the titer as well
as strategies such as co-expression of required enzymes are suggested to be evaluated to improve the
performance of the cascade in terms of process-scale applicability. Evidently, by decreasing the cost
of enzyme production, its load could be further increased to enhance the titer level. Direct usage of cell
lysate is also suggested to be evaluated to decrease the biocatalyst preparation. Moreover, the
presence of native NADPH from cell lysate could offer certain advantages by eliminating the need for
exogenous addition. Due to certain inhibitions existing in the cascade, co-immobilization would offer

certain advantages which might result in improvement of reaction metrics.

In synthesis of CMP-Neu5Ac, Cyt was used as the source of nucleoside. At first, a cascade starting
from Neu5Ac was designed and established. However, Neu5Ac is an expensive compound with limited

availability. Therefore, an extended version of the cascade was established to carry out the synthesis
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from GIcNAc and Pyr. The issue with the extended version of the cascade was the inhibition of AGE by
CTP which led to inefficient Neu5Ac, and thus, CMP-Neu5Ac synthesis. To overcome this phenomenon,
the concentration of GIcNAc and Pyr was increased (while keeping the concentration of Cyt constant)
to push the reaction toward the product side — i.e., ManNAc and Neu5Ac. At the same time, the
concentration of PolyPn was tested to control the synthesis rate of CTP. Through multiple screening
reactions, a condition was found where inhibition could be minimized. CMP-Neu5Ac was synthesized
to a titer of 24.6 mM CMP-NeuAc (15.1 g/L) with the synthesis yields of 77%, 34%, and 31% regarding
Cyt, GIcNAc and Pyr, respectively.

It is suggested that kinetic dynamic modeling be performed to quantitatively understand inhibition of
AGE by CTP as well as the conversion of GIcNAc to Neu5Ac. In the case of successful establishment

of a kinetic model, the cascade performance could be improved by controlling the intermediate levels.

Another strategy which fits all the enzyme production processes described in this work is evaluating
endotoxin-free organisms, e.g., engineered E. coli. This approach can significantly reduce the additional
cost of endotoxin removal in downstream processing and increase the potential of the purified sugar

nucleotides for food and pharmaceutical applications.

The major milestone of the work was accomplished after successful development of multi-enzyme
cascades for potentially scalable synthesis of sugar nucleotides. In the next step, application of
developed sugar nucleotide synthesis cascades was evaluated for synthesis of wide variety of HMOs.
In total, two strategies were proposed for synthesis of HMOs. The first approach was based on the
coupling strategy in which a sugar nucleotide cascade is coupled to a glycosyltransferase where
released mono- or diphosphate nucleotide enters the cascade after releasing from the transferring
reaction. Therefore, nucleosides are used in catalytic amounts. In a proof-of-concept study, two HMOs
—i.e., 3-FL, and 6'-SL — were synthesized to a final titer in the range of 3—-13 g/L. However, due to the
high number of enzymes involved in such cascades, the titer and biocatalyst load should be further

optimized to make such approaches more attractive for large-scale applications.

For practical implementation of the coupling approach, developing in situ product removal strategies to

enhance the productivity and overall performance of the process can be very advantageous.

The second approach for synthesis of HMOs was based on modular synthesis in which produced sugar
nucleotide (module 1) is separately mixed with an acceptor(s) and a glycosyltransferase(s) (module 2),
without any purification steps. AP could be used in module 2 to shift the transferase reaction more
toward the product side. Based on the modular synthesis concept more than ten different HMOs — i.e.,
LacNAc, LNT I, LNNnT, para-LNnH, 6'-SL, LST¢, DSLNnT, 3-FL, LNFP Ill, DF-LNnT, LNFP V, and 6'-
SLN — were sequentially synthesized in a proof-of-concept study — starting from the Lac and sugar

nucleotides produced in this work.

Immobilization of glycosyltransferases is suggested to be performed to bring the idea of modular
synthesis closer to process scale implementations. Like sugar nucleotides, a downstream process
needs to be developed which is (in the best case) suitable for vast majority of HMOs. Nanofiltration in

combination with ion exchange could be a viable strategy to enable purification of a high number of
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different HMOs. Recycling released nucleotides (or nucleosides once AP is used), can offer significant

cost advantages in large scales since they can be used again for synthesis of sugar nucleotides.

In the section of in vitro glycoengineering, it was shown that ADCC activity of mAbs is increased upon
addition of terminal Gal. It was assumed that availability of UDP-Gal and affordable [-1,4-
galactosyltransferease could bring glycoengineering (in terms of addition of terminal Gal), closer to
practical implementation. Since UDP-Gal was produced through a multi-enzyme cascade with high
titers, the focus in this step was to express human 1,4GalT1 gene in E. coli cells (as a low-cost
expression host) to have a cost-efficient platform for large-scale applications. The truncated (soluble
part) version of human 31,4GALT1 was produced in its active form in E. coli cells and was used for
galactosylation of a cell culture derived mAb. Accordingly, an E. coli-based platform was established
for galactosylation of mAbs. Even though there is still no clinical data which proves the benefits of fully
galactosylated antibodies, results based on in vitro assays are very promising for development of

biobetters of approved drugs, biosimilars, or development of new drugs.

Without any support from clinical data, it is challenging to claim the application of in vitro
glycoengineering as a potential method for the production of biologics with high clinical value. However,
this strategy is proven to deliver homogenous and fully galactosylated mAbs and can be further
expanded to other biologics. Evidently, the corresponding downstream step needs to be developed for

removal of the enzymes.

The concept of glycoengineering was further expanded to construct a toolbox to materialize the idea of
an artificial Golgi to generate, theoretically, any type of glycan on intact proteins. In the first step of
implementing this idea, 1gG with Man9 glycan was produced through addition of kifunensine to the cell
culture. Afterwards, in a one-pot reaction, Man9 was trimmed to Man5 while simultaneously GIcNAc
was added by using MGAT1 to synthesize Man5-GO0. To further expand the cascade, active Man Il was

required, which was found out to be inactive upon expression in E. coli.

Therefore, active microbial expression of Man Il was found to be the bottleneck for the development of
an artificial Golgi, as MGAT1, MGAT?2 and 31,4GALT1 were already shown to be active once they are
recombinantly produced in E. coli. Therefore, the active expression of Man Il from various organisms
may be extended in the future to establish a fully bacterial based artificial Golgi. Having functional
artificial Golgi in a cell-free format can be coupled to cell-free glycoprotein synthesis for development

of new biological entities or any other yet to come therapeutic glycoproteins.

In the last step, some strategies were proposed and demonstrated as solutions for industrial
implementation of developed multi-enzyme cascades. Scalability of the cascades for synthesis of CMP-
Neu5Ac, UDP-Gal, and UDP-GIcNAc was carried out at 100 mL, 3 L, and 4 L, respectively. The
maximum scale-up factor in this study was 20,000x (from 200 pL to 4 L). At these scales, cell lysate
was used as the biocatalyst because of the significant cost advantages compared to the utilization of
purified enzymes. The similar kinetic behavior of the cascades at pL and L scale suggests that uL scale

reactions can be used as a representative scale-down model for optimization of the cascade.
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To further optimize the developed processes for synthesis of sugar nucleotides, fed-batch addition of
substrates and co-factors should be evaluated to increase the titer even further. Moreover, designing
membrane bioreactors for recycling enzymes would further optimize the processes by decreasing the

cost of biocatalysts.

Another idea for bringing the sugar nucleotide synthesis closer to manufacturing purposes was co-
expression of required enzymes in a single strain. This means that in one fermentation unit, all
necessary enzymes are produced and there is no need for individual production of enzymes. By using
three different Duet™ vectors, six different enzymes were recombinantly produced in one strain. The
enzymes were chosen in a way to allow the synthesis of both UDP-Gal and UDP-GIcNAc from UMP,
Gal or GIcNAc, PolyPn, and catalytic amounts of ATP. The practicality of this approach was
demonstrated at 150 mL for synthesis of UDP-GIcNAc and 3 L scale for synthesis of UDP-Gal by using

cell lysate as the biocatalyst.

Of course, the co-expression strategy could be expanded to other sugar nucleotides and HMOs
synthesis cascades. Developing and applying synthetic biology methods to eliminate the need for
addition of various selection markers — i.e., antibiotics — could significantly improve such systems.
Moreover, evaluating controlled co-expression would lead to more optimized systems.

Co-immobilization of enzymes was demonstrated to enable the heterogenous catalysis for production
of sugar nucleotides. The cascade for synthesis of UDP-GIcNAc was co-immobilized on industrially
available epoxy-functionalized solid supports. To find a suitable support, 15 different commercially
available resins were screened and six of them — beads which resulted in conversion yields of ~80%
— were chosen to show the activity of beads over multiple cycles. The activity of co-immobilized
enzymes was shown up to 20 sequential cycles, however, the activity started to decrease after 10t
cycle. The key factor in successful co-immobilization of six enzymes on solid supports was the
screening of multiple beads. Production of sugar nucleotides or any other products based on
immobilized enzymes can offer significant advantages such as lower downstream processing costs,
multiple usage of biocatalyst, and continuous synthesis. However, for making a solid decision between
choosing free enzyme solution or immobilized enzymes for a given product, a detailed techno-economic

analysis needs to be performed individually.

Screening of various co-immobilization condition such as pH, salt concentration, co-factor addition,
biomass ratio of each enzyme, etc. should be considered as optimization parameters to improve the
performance of co-immobilized enzymes. Moreover, various reaction conditions should be evaluated to

find the condition in which co-immobilized enzymes operate in their optimal condition.

At the beginning of this work, | hypothesized that the availability of sugar nucleotides in bulk amounts
would be considered a breakthrough innovation in the field of glycoengineering — from free
oligosaccharide synthesis to modification of glycosylation on intact proteins. Therefore, | have tried to
explore bioprocess engineering strategies to make the bulk scale synthesis of sugar nucleotides
feasible. | have demonstrated these achievements through the design, development, optimization, and

scale-up of multi-enzyme systems, not only for sugar nucleotides synthesis, but also for the production
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of HMOs and, to some extent, for in vitro glycoengineering of therapeutic proteins. Overall, | believe
that the processes developed in the framework of this dissertation can significantly contribute to future

works on exploiting engineering opportunities offered in the world of glycosylation to better the quality

of human life.
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Figure 4.11. Cascade of seven enzymes and eight reactions for synthesis of guanosine diphosphate
mannose (GDP-Man) from mannose (Man), guanosine (Guo), polyphosphate (PolyPn), and catalytic
amounts of adenosine triphosphate (ATP). Abbreviations: GMP, guanosine monophosphate; GDP,
guanosine diphosphate; GTP, guanosine triphosphate; Man-6P, mannose 6-phosphate; Man-1P,
mannose 1-phosphate; PPi, diphosphate; Pi, phosphate; ADP, adenosine diphosphate; GSK,
guanosine kinase; GMPK, GMP kinase; PPK3, PolyPn kinase; MANC, mannose 1-phosphate
guanylyltransferase; GLK, glucokinase; MANB, phosphomannomutase; PPA, inorganic
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Figure 4.12. Time course of GDP-Man cascade substrates, intermediates, and products. The reaction
conditions were as follows: 200 mM Tris-HCI (pH 8.5); 75 mM MgClz; 10 mM Man; 12.8 mM Guo; 5.8
mM ATP; 13.5 mM PolyPn; 0.11 pg/puL GSK; 0.49 pug/uL GMPK; 0.02 pg/uL PPK3; 0.33 pg/pL GLK;
0.17 pg/pL MANB/C, and PPA 0.03 pg/pL with a final volume of 200 pL. The final DMSO content of
the reaction matrix was 1% v/v. (A) Shows the consumption of Guo and production of GDP-Man. (B)
Shows the reaction time courses of GMP, GDP, and GTP. (C) Shows the reaction time courses of
ATP, ADP, and AMP. The production of AMP might be due to chemical conversion of ADP to ATP
during the reaction. Experiments were performed in triplicates and error bars represent the standard
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Figure 4.13. Multi-enzyme cascade for synthesis of guanosine diphosphate fucose (GDP-Fuc) starting
from fucose (Fuc), guanosine (Guo), polyphosphate (PolyPn), and catalytic amounts of adenosine
triphosphate (ATP). Abbreviations: GMP, guanosine monophosphate; GDP, guanosine diphosphate;
GTP, guanosine triphosphate; Fuc-1P, fucose 1-phosphate; PPi, diphosphate; Pi, phosphate; ADP,
adenosine diphosphate; GSK, guanosine kinase; GMPK, GMP kinase; PPK3, PolyPn kinase; FKP,
fucokinase/ fucose 1-phosphate guanylyltransferase; PPA, inorganic diphosphatase. ....................... 48
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the reaction time courses of GMP, GDP, and GTP. (C) Shows the reaction time courses of ATP, ADP,
and AMP. The production of AMP might be due to chemical conversion of ADP to ATP during the
reaction. The reaction mixture contained 200 mM Tris-HCI (pH 7.5); 10 mM Fuc; 10 mM Guo (in
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Figure 4.15. A two-enzyme cascade for synthesis of guanosine diphosphate fucose (GDP-Fuc) from
guanosine diphosphate mannose (GDP-Man). Abbreviations: GDP-4-dehydro-6-deoxy-Man,
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dinucleotide phosphate; NADP*, nicotinamide adenine dinucleotide phosphate; H20, water; GMD,
guanosine diphosphate mannose 4,6-dehydratase; WCAG, guanosine diphosphate L-fucose
SYNENASE. .o 50
Figure 4.16. Conversion of GDP-Man to GDP-Fuc after 5 h incubation with a two-enzyme cascade.
The conditions were as follows: 150 mM Tris-HCI; 10 mM MgClz; 3-4 mM GDP-Man; 4 mM NADPH,;
WCAG 0.45 pg/uL, and GMD 1.03 pg/uL with a final volume of 33 pL. Experiments were carried out in
triplicate and error bars represent the standard deviation. ...........cccccee i 50
Figure 4.17. Extended cascade for the synthesis of guanosine diphosphate fucose (GDP-Fuc) from
mannose (Man), guanosine (Guo), polyphosphate (PolyPn), L-glutamate (L-Glu), and catalytic
amounts of adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleotide phosphate
(NADPH). Abbreviations: GMP, guanosine monophosphate; GDP, guanosine diphosphate; GTP,
guanosine triphosphate; ADP, adenosine diphosphate; Man-6P, mannose 6-phosphate; Man-1P,
mannose 1-phosphate; GDP-Man, guanosine diphosphate mannose; GDP-4-dehydro-6-deoxy-Man,
guanosine diphosphate-4-keto-6-deoxy-mannose; NADP*, nicotinamide adenine dinucleotide
phosphate; NHs, ammonia; AKG, a-ketoglutaric acid; H20, water; PPi, diphosphate; Pi, phosphate;
GSK, guanosine kinase; GMPK, GMP kinase; PPK3, PolyPn kinase; GLK, glucokinase; MANB,
phosphomannomutase; MANC, mannose 1-phosphate guanylyltransferase; PPA, inorganic
diphosphatase; GMD, guanosine diphosphate mannose 4,6-dehydratase; WCAG, guanosine
diphosphate L-fucose synthase; GLDH, glutamate dehydrogenase. ..........ccccceeeiiiiiiiiieeieeeininiiiieeennn 51
Figure 4.18. Time course of cascade substrates, intermediates, and products for synthesis of GDP-
Fuc from Man and Guo. (A) Shows the consumption of Guo, the production of GDP-Man, and its
consumption for synthesis of GDP-Fuc; (B) shows the production of GMP followed by its consumption
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for production of GDP and GTP. (C) Shows the concentration of ATP, ADP as well as AMP. The
production of AMP might be due to chemical conversion of ADP to ATP. The cascade reactions
contained 200 mM Tris-HCI (pH 8.5); 75 mM MgClz; 10.5 mM Man; 10.5 mM Guo; 50 mM L-Glu; 1
mM NADPH; 5.5 mM ATP; 13.5 mM PolyP»; GSK 0.11 ug/uL; GMPK 0.49 pg/uL; PPK3 0.02 pg/uL;
GLK 0.33 pg/uL; MANB/C 0.17 pg/uL; WCAG 0.07 pg/uL; GMD 0.17 pg/uL; PPA 0.03 pg/uL, and 10
units of GLDH 2.99 ug/uL in a final volume of 200 uL. Experiments were carried out in triplicates and
error bars represent the standard deviation. ............cc.oooiiiiiiii e 52
Figure 4.19. Multi-enzyme cascade of five enzymes and six reactions for synthesis of cytidine
monophosphate N-acetylneuraminic acid (CMP-Neu5Ac) from cytidine (Cyt), N-acetylneuraminic acid
(Neu5Ac), polyphosphate (PolyPn), and catalytic amounts of adenosine triphosphate (ATP).
Abbreviations: CMP, cytidine monophosphate; CDP, cytidine diphosphate; CTP, cytidine
triphosphate; PPi, diphosphate; Pi, phosphate; ADP, adenosine diphosphate; UDK, uridine/cytidine
kinase; UMPK, UMP/CMP kinase; PPK3, PolyPn kinase; CSS, N-acylneuraminate
cytidylyltransferase; PPA, inorganic diphoSphatase. ............cocuiiiiiiiiieiiiiii e 53
Figure 4.20. The UV chromatogram of CMP-Neu5Ac cascade reaction product after 12 h. The
reaction mixture consisted of 150 mM Tris-HCI (pH 8.5); 10 mM Cyt; 10 mM Neu5Ac; 3 mM ATP; 4
mM PolyPn; 50 mM MgClz, and the following enzymes: UDK 0.06 pg/pL; UMPK/PPK3 0.11 pg/pL;
CSS 1.27 pg/uL, and PPA 0.04 pg/pL in a final volume Of 200 PL. ....coooiiiiieiiiiieeieee e 54
Figure 4.21. Multi-enzyme cascade of seven enzymes and eight reactions for synthesis of N-
acetylneuraminic acid (CMP-Neu5Ac) from N-acetylglucosamine (GIcNAc), pyruvate (Pyr), cytidine
(Cyt), polyphosphate (PolyPn), and catalytic amounts of adenosine triphosphate (ATP). Abbreviations:
CMP, cytidine monophosphate; CDP, cytidine diphosphate; CTP, cytidine triphosphate; PPi,
diphosphate; Pi, phosphate; ADP, adenosine diphosphate; ManNAc, N-acetylmannosamine; UDK,
uridine/cytidine kinase; UMPK, UMP/CMP kinase; PPK3, PolyPn kinase; AGE, N-acylglucosamine 2-
epimerase; NANA, N-acetylneuraminate lyase; CSS, N-acylneuraminate cytidylyltransferase; PPA,
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Figure 4.22. UV chromatogram of the cascade product for synthesis of CMP-Neu5Ac using GIcCNAc
as the sugar source. The following conditions were used: 140 mM Tris-HCI (pH 8.5); 35 mM Cyt; 39
mM GIcNAc; 39 mM Pyr; 3.5 mM ATP; 14.1 mM PolyPn; 53 mM MgClz, and the following enzymes:
UDK 0.09 pg/pL; UMPK/PPK3 0.15 pg/uL; CSS 1.22 pg/uL; AGE 0.03 pg/pL; NANA 0.08 pg/pL, and
PPA 0.05 pg/uL in a final volume Of 282 [UL. .....coouiiiiiiiiiie e 56
Figure 4.23. AGE inhibition by CTP. Reactions starting from ManNAc had the highest production of
CMP-Neu5Ac (AGE_2, and AGE_4) while reactions starting from GIcNAc did not result in significant
production of CMP-Neu5Ac (AGE_1, and AGE_3). Experiments performed with 150 mM Tris-HCI (pH
8.5); 20 mM MgClz; 20 mM CTP; 30 mM Pyr; 0.05 pg/uL AGE; 1.5 pg/uL NANA; 1 pg/uL CSS, and
0.04 pg/uL PPA in a total volume of 150 pL. The 15t experiment contained 30 mM GIcNAc (AGE_1),
the 2nd experiment contained 30 mM ManNAc (AGE_2), the 3@ experiment contained 30 mM GIcNAc
and 0.3 mM ATP (AGE_3), and the 4" experiment contained 30 mM ManNAc and 0.3 mM ATP
(AGE_4). The experiments were running for 5 N. ... 57
Figure 4.24. Reaction chromatogram after 24 h incubation at 37°C using increased ratio of
GIcNAc/Cyt and Pyr/Cyt. The reaction consisted of 145 mM Tris-HCI (pH 8.5); 10 mM Cyt; 74 mM
GIcNAc; 79 mM Pyr; 3 mM ATP; 4 mM PolyPn; 74 mM MgClz; UDK 0.06 pg/uL; UMPK/PPK3 0.08
Mg/uL; CSS 1.67 pg/uL; AGE 0.04 pg/uL; NANA 1.15 pg/uL, and PPA 0.05 pg/uL in a final volume of
2201 T8 SRR 58
Figure 4.25. Overlay of reaction chromatograms from incremental amounts of PolyPn after 24 h of
incubation at 37°C. The experimental conditions were as follows: 150 mM Tris-HCI (pH 8.5); 10 mM
Cyt; 75 mM GIcNAc; 70 mM Pyr; 3 mM ATP; and 75 mM M(gClz; UDK 0.06 pg/pL; UMPK/PPK3 0.08
pg/uL; CSS 1.27 pg/uL; AGE 0.04 pg/uL, and NANA 1.16 ug/pL in a final volume of 200 uL............. 58
Figure 4.26. Time course of cascade substrates, products, and intermediates of CMP-Neu5Ac
cascade from GIcNAc, Pyr, Cyt, PolyPn, and catalytic amounts of ATP. (A) Consumption of Cyt and
sequential production of CMP-Neu5Ac. (B) Production and consumption of CMP, CDP, and CTP. (B)
Concentration of ATP, ADP, and AMP during the reaction. The reaction contained 190 mM Tris-HCI
(pH 8.5); 34 mM Cyt; 72 mM GIcNAc; 79 mM Pyr; 2 mM ATP; 23 mM PolyPn; 72 mM MgClz; UDK
0.05 pg/pL; UMPK/PPK3 0.07 pg/pL; CSS 1.05 pg/uL; AGE 0.03 pg/pL; NANA 0.96 pg/uL, and PPA
0.03 pg/pL with a final volume of 242 pL. The experiments were performed in triplicate and the error
bars represent the standard deVIAatioN. ... s 59
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Figure 4.27. Coupling strategy for synthesis of 3-fucosyllactose (3-FL) through a cascade of 11
enzymes and 12 reactions from mannose (Man), lactose (Lac), polyphosphate (PolyPn), L-glutamate
(L-Glu), catalytic amounts of adenosine triphosphate (ATP), reduced nicotinamide adenine
dinucleotide phosphate (NADPH), and guanosine (Guo). Abbreviations: GMP, guanosine
monophosphate; GDP, guanosine diphosphate; GTP, guanosine triphosphate; ADP, adenosine
diphosphate; Man-6P, mannose 6-phosphate; Man-1P, mannose 1-phosphate; GDP-Man, guanosine
diphosphate mannose; GDP-Fuc, guanosine diphosphate fucose; GDP-4-dehydro-6-deoxy-Man,
guanosine diphosphate-4-keto-6-deoxy-mannose; NADP*, nicotinamide adenine dinucleotide
phosphate; NH3, ammonia; AKG, a-ketoglutaric acid; H20, water; PPi, diphosphate; Pi, phosphate;
GSK, guanosine kinase; GMPK, GMP kinase; PPK3, PolyPn kinase; GLK, glucokinase; MANB,
phosphomannomutase; MANC, mannose 1-phosphate guanylyltransferase; PPA, inorganic
diphosphatase; GMD, guanosine diphosphate mannose 4,6-dehydratase; WCAG, guanosine
diphosphate L-fucose synthase; GLDH, glutamate dehydrogenase; 3/4-FT, a1-3/4-fucosyltransferase.

Figure 4.28. The HPAEC-PAD chromatogram of 3-FL synthesis based on the coupling approach. The
second peak on the right (~7 min) is the remaining Lac. The reactions consisted of: 160 mM Tris-HCI
(pH 8.5); 60 mM MgClz; 24 mM Lac; 24 mM Man; 4 mM Guo; 87 mM L-Glu; 0.8 mM NADPH; 4.4 mM
ATP; 10.8 mM PolyPn; GSK 0.09 pg/pL; GMPK 0.39 pg/pL; PPK3 0.01 pg/uL; GLK 0.4 pg/uL;
MANB/C 0.15 pg/pL; WCAG 0.05 pg/pL; GMD 0.14 pg/uL; PPA 0.02 pg/uL; 3/4-FT 0.11 pg/uL, and
10 units of GLDH (2.39 pg/uL) in a final volume of 251 pL. Abbreviations: nC, nano-coulombs
(IMENSION OFf PAD SIGNEI). .....eeiiiiiiiiieeiiee ettt ettt e e sttt e e s et e e e e s anbb e e e s anereeas 75
Figure 4.29. Synthesis of 3-fucosyllactose (3-FL) in the coupling approach through a cascade of six
enzymes and eight reactions using fucose (Fuc), lactose (Lac), polyphosphate (PolyPn), and catalytic
amounts of guanosine (Guo), and adenosine triphosphate (ATP). Abbreviations: GMP, guanosine
monophosphate; GDP, guanosine diphosphate; GTP, guanosine triphosphate; ADP, adenosine
diphosphate; Fuc-1P, fucose 1-phosphate; GDP-Fuc, guanosine diphosphate fucose; PPi,
diphosphate; Pi, phosphate; GSK, guanosine kinase; GMPK, GMP kinase; PPK3, PolyPn kinase;
FKP, fucokinase/ fucose 1-phosphate guanylyltransferase; PPA, inorganic diphosphatase; 3/4-FT, a1-
B/A-TUCOSYIIANSTEIASE. ...ttt e bttt e et e e e et e e e e nbe e e e e eees 76
Figure 4.30. Synthesis of 6'-sialyllactose 6'-SL based on the coupling approach with a cascade of
eight enzymes and nine reactions from N-acetylglucosamine (GIcNAc), pyruvate (Pyr), polyphosphate
(PolyPr), and catalytic amounts of adenosine triphosphate (ATP), and cytidine (Cyt),. Abbreviations:
CMP, cytidine monophosphate; CDP, cytidine diphosphate; CTP, cytidine triphosphate; PPi,
diphosphate; Pi, phosphate; ADP, adenosine diphosphate; ManNAc, N-acetylmannosamine; UDK,
uridine/cytidine kinase; UMPK, UMP/CMP kinase; PPK3, PolyPn kinase; AGE, N-acylglucosamine 2-
epimerase; NANA, N-acetylneuraminate lyase; CSS, N-acylneuraminate cytidylyltransferase; PPA,
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Figure 4.31. Modular approach for synthesis of HMOs. In this approach, sugar nucleotide is first
produced in a separate pot. Afterwards, sugar nucleotide is mixed with an acceptor, a
glycosyltransferase, and an optional AP. Abbreviations: Uri, uridine; ATP, adenosine triphosphate;
ADP, adenosine diphosphate; UMP, uridine monophosphate; UDP, uridine diphosphate; UTP, uridine
triphosphate; Gal-1P, galactose 1-phosphate; PPi, diphosphate; Pi, phosphate; PolyPx;
polyphosphate. Symbols: yellow circle, galactose; blue square; N-acetylglucosamine. ...................... 78
Figure 4.32. The HPAEC-PAD chromatogram of LacNAc synthesis reaction based on the modular
approach. The reaction mixture for LacNAc synthesis contained 94 mM MES buffer (pH 6.0); 31 mM
GIcNAc; 30 mM UDP-Gal; 31,4GalT 0.01 pg/pL, and 10 units of AP in a final volume of 160 pL. ...... 79
Figure 4.33. The HPAEC-PAD chromatogram of modular LNT Il synthesis. (A) Reaction product and
LNT Il standard. The peak at ~7 min is the remaining Lac. (B) MS/MS spectra of the peak at 568.0
Da. Theoretical mass of LNT Il is [M+Na]*: 568.2 Da. The reaction conditions were as follows: 210 uL
of a reaction mixture containing 150 mM Tris-HCI (pH 8.5); 20 mM MnClz; 28.5 mM Lac; 20 mM UDP-
GIcNAc; 31,3GIcNACT 0.08 pg/uL, and 10 units of AP in a total volume of 210 pL. Abbreviations: Da,
Dalton; m/z, mass/charge ratio; au, arbitrary UNILS. .........ccoocuiiiiiioiiiiiiiie e ereeee e e e 79
Figure 4.34. Synthesis of LNNnT based on the modular approach. (A) HPAEC-PAD chromatogram of
reaction product and LNnT standard. The peak at ~9 min is remaining LNT II. (B) MS/MS of peak at
m/z 729.9. Theoretical mass of LNnT is [M+Na]*: 730.2 Da. The reaction mixture contained 156 mM
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MES buffer (pH 5.5); 3.7 mM LNT II; 11 mM UDP-Gal; 31,4GalT 0.01 pg/uL, and 20 units of AP in a
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Figure 4.35. Synthesis of para-LNnH based on the modular approach. MS/MS of peak at m/z 1094.9.
Theoretical mass of para-LNnH is [M+Na] *: 1095.3 Da. At first, para-Lacto-N-neopentaose was
produced through the combination of 75 pL of UDP-GIcNAc cascade product (~10 mM UDP-GIcNAc);
75 pL of LNNT reaction products; 30 units of AP; 0.06 pg/uL of 31,3GIcNACT, and 150 mM Tris-HCI
(pH 8.5) in a total volume of 270 pL. After 24 h of incubation (at 30°C), 50 pL reaction containing
para-Lacto-N-neopentaose was mixed with 50 puL of UDP-Gal cascade reaction product in addition to
20 units of AP; 0.02 pg/uL 31,4GalT, and 240 MES buffer (pH 6.5) in a total volume of 210 pL......... 81
Figure 4.36. Modular synthesis of 6'-SL. (A) HPAEC-PAD chromatogram of reaction products for
synthesis of 6'-SL. (B) MS/MS spectra of peak at m/z of 655.9. Theoretical mass of 6'-SL is [M+Na]*:
656.2 Da. For synthesis of 6'-SL. The reaction solution contained: 18 mM CMP-Neu5Ac; 20 mM Lac;
133 mM Tris-HCI (pH 8.5), and 0.13 pg/uL 2,6-ST in a final volume of 150 PL. ...oovvveeeviiiiiiiiieeeeeeees 82
Figure 4.37. MS spectra of LSTc and DSLNNT synthesis based on modular concept. Theoretical
masses are as follows: LSTc, [M+Na]*: 1021.3 Da; LSTc, [M+2Na]*: 1044.2 Da; DSLNNT, [M Na]*:
1312.4 Da; DSLNNnT [M+2Na]*: 1335.3 Da; DSLNNT, [M + 3Na]*: 1358.2 Da. The reaction contained:
5 mM CMP-Neu5Ac; 0.7 mM LNnT; 0.14 pg/uL 2,6-ST, and 240 mM Tris-HCI (pH 9), in a total volume
(o) 2 0 N | O O PP P PP PP PTPPPP 83
Figure 4.38. MS spectra of reaction product for synthesis of LNFP Il and DF-LNnT based on modular
concept. Theoretical mass of LNFP Il is [M+Na]*: 876.3 Da. Theoretical mass of DF-LNnT is [M+Na]*:
1022.3 Da. The reaction contained 3 mM GDP-Fuc; 0.9 mM LNnT; 0.15 pg/pL 3/4-FT; 146 mM Tris-
HCI (pH 8.5), and 20 units of AP in a total volume 0f 205 PL. ....cocuiiiiiiiiiieiieicc e 84
Figure 4.39. The steps for LNFP V SYNtNESIS. ........uuuiuiiiiiiiiiiiiiiiiiiiiieieiiinininieierererererernrnnnnnrnnn.. 85
Figure 4.40. HPAEC-PAD chromatogram of LNFP V synthesis. The impurities (i.e., peaks before and
after LNFP V) were not identified. At first, LNT Il was produced as described in section 4.2.2.2. The
reaction mixture for synthesis of fucosylated LNT Il consisted of 210 mM Tris-HCI (pH 8.5); LNT I
(~2.6 mM); 0.07 pg/uL 3/4-FT, and 2 mM GDP-Fuc in a total volume of 190 uL. After 24 h of
incubation at 37°C, 100 uL of the reaction mixture was transferred to a new vial containing: 5 mM
UDP-Gal; 0.01 pg/uL 31,4GalT, and 167 mM MES buffer (pH 6.0). ...cceveveiiiiiieiiieeeiieece e 85
Figure 4.41. Synthesis of 6'-SLN based on the modular concept. (A) Overlay of HPAEC-PAD
chromatogram of reaction product and pure 6'-SLN. (B) MS spectra of reaction product. Theoretical
mass of 6'-SLN is [M+2Na]*: 720.0 Da. The reaction consisted of 115 mM Tris-HCI (pH 8.5); 6.1 mM
LacNAc; 8.5 mM CMP-Neu5Ac; 0.10 pg/uL 2,6-ST, and 5 units of AP in a total volume of 175 pL. ...86
Figure 4.42. Glycosylation profile of therapeutic antibodies before and after in vitro glycoengineering.
(A) Glycosylation profile of Rituximab. (B) Glycosylation profile of in vitro glycoengineered Rituximab.
(C) Glycosylation profile of Trastuzumab. (D) Glycosylation profile of in vitro glycoengineered
Trastuzumab. (E) Glycosylation profile of Ramucirumab. (F) Glycosylation profile of in vitro
glycoengineered Ramucirumab. Experiments were performed as follows: 100 pg of each protein was
incubated in 50 mM MES buffer (pH 6.5), 50 milli units of 31,4GalT (from bovine milk, Merck,
Germany); 5 mM UDP-Gal, and 5 mM MnClzin a total volume of 100 pL for ~20 h at 37°C and 550
rpm. Abbreviation: MTU ", migration time unit. The “" ” means that the MTU was normalized for two

Figure 4.43. UV chromatogram of FcyR-Illa affinity chromatography of original and engineered mAbs.
(A) Rituximab and glycoengineered Rituximab. (B) Trastuzumab and glycoengineered Trastuzumab.
(C) Ramucirumab and glycoengineered Ramucirumab. The elution after higher amount of desorption
buffer (more acidic condition) represents stronger binding of glycoengineered antibodies to the FcyR-
Illa receptors and accordingly, higher ADCC ACHVILY. .......ueeiiiiiiiiiiiiiieie e 93
Figure 4.44. Overlay of FcR-IlIA affinity chromatography of Obinutuzumab and in vitro
glycoengineered Obinutuzumab. Clearly, galactosylated version of Obinutuzumab is even further
INCrease itS AD CC ACTHIVITY. ...uueiiiiie ettt ettt e ettt e e e e e s e bbbt e e e e e e e s s nbbbb e e e e e e e e s anbbbaeeeaaaeeaanns 94
Figure 4.45. Results of in vitro addition of terminal Gal to CHO-DP12 derived 1gG. A)
Electropherogram of APTS-labeled glycan from IgG. B) Electropherogram of APTS-labeled glycan
from glycoengineered IgG. C) Mass spectra of released glycan from IgG, GOF theoretical mass
[M+Na]*:1485.5 Da, G1F theoretical mass [M+Na]*:1647.6 Da, G2F theoretical mass [M+Na]*:1809.6
Da. The reaction contained 0.13 mg pure 1gG (cell culture derived); 190 mM MES buffer pH 6.5; 14
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mM MnClz; 1.4 mM UDP-Gal (pure, commercial), and 0.3 pg/uL f1,4GALT1 in a total volume of 211
pL. The samples were analysed after 24 h of incubation at 37°C and 550 rpM........ccccoevvcvvvieereeenninns 95
Figure 4.46. lllustration of the concept of artificial Golgi. Man9 glycoproteins are produced by
treatment of the host cells with a mannosidase | inhibitor e.g., kifunensine. Afterwards, Man9 structure
can be trimmed and tailored into any desired structure. It should be noted that the concept is only
practical once the glycans are available to glycosidase and glycosyltransferases. Abbreviation: Man I,
a-1,2-mannosidase; MGAT1, a-1,3-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase;
Man II, Golgi a-mannosidase Il; MGAT2, a-1,6-mannosyl-glycoprotein 2-beta-N-
aCetylgluCOSaMINYITANSTEIASE. ...uvviiii e e e e s e r e e e e e s e st raeeeaes 96
Figure 4.47. Results of different steps for synthesis of Man3-GO0 from Man3. A) Analysis of APTS-
labeled Man3 which was used as the substrate. B) Activity of MGAT1 on APTS-labeled Man3. C)
One-pot conversion of Man3 to GO by using MGAT1 and MGAT2. The reaction for conversion of
Man3 to Man3-GO0 consisted of 50 uL APTS-labeled Man3; 1.8 mM UDP-GIcNAc; 93 mM HEPES
buffer (pH 7.4); 9.3 mM MnClz, and 0.3 pg/pL MGAT1 in a total volume of 107 pL. The experiment for
synthesis of Man3-GO0 from Man3 was as follows: 100 mM HEPES buffer (pH 7.4); 10 mM MnClz; 2.5
mm UDP-GIcNAc; 50 uL Man3; 0.1 pug/uL MGAT1, and 0.3 pg/pl MGAT2 in a volume of 200 uL. The
samples were analyzed after 6 h incubation at 37°C and 550 rpm. ..., 97
Figure 4.48. Production of anti-interleukin 8 antibody with Man9 glycosylation profile. A) CGE-LIF
electropherogram of glycans from kifunensin-derived IgG. B) Mass spectra of released glycan from
kifunensin-derived 1gG, theoretical Man9 mass [M+Na]*:1905.6 Da, theoretical Man8 mass
[M+Na]*:1743.6 Da. Abbreviation: RFU, relative fluorescence unit. .............ccccoocviiiiiniiiin i 98
Figure 4.49. Synthesis of antibodies with Man5 structure from Man9-containing antibodies. The
conversion was achieved by using bacterial a-1,2-mannosidase. The experimental condition for
conversion of Man9 to Man5 antibodies was as follows: 2.4 mg IgG (purified — kifunensine derived);
2.6 pg/uL Man I; 10 mM MgClz, and 200 mM MES buffer (pH 6.5) in a total volume of 100 pL. ......... 98
Figure 4.50. One-pot conversion of Man9-containing IgG into Man5 and Man5-GO IgG. The reaction
contained: 1.8 mg Man9 IgG; 1.9 pug/uL Man [; 1.9 pg/uL MGAT1; 1.5 mM UDP-GIcNAc; 10 mM
MgClz; 10 mM MnClz, and 200 mM MES buffer (pH 6.5) in a total volume of 133 pL. The experiment
WAS TUNNING FOF 24 Nttt e et e e e st b e e e st e e e e e aabb e e e e sabbeeeesnbneeaean 99
Figure 4.51. 1 L scale and 200 pL synthesis of UDP-Gal using the supernatant from a cell lysate at
37°C and 60 rpm (magnetic stirrer): A) Uri and UDP-Gal; B) UMP; C) UDP; D) UTP; E) ATP; F) ADP;
G) AMP. The synthesis condition was as follows: 150 mM Tris-HCI (pH 8.5); 55 mM Uri; 55 mM Gal;
6.2 MM ATP; 20 mM PolyPn, and 75 MM MOCl2........ueiiiiiiiiiiii e 105
Figure 4.52. Time course of reaction substrates, intermediate, and products for large-scale synthesis
of UDP-GIcNAc. (A) UDP-GIcNAc, (B) Uri, (C) UMP, (D) UDP, (E) UTP, (F) ADP and ATP. The
synthesis condition was as follows: 200 mM Tris-HCI (pH 8.5); 62 mM Uri; 62 GICNAc; 1.6 mM ATP;
18 mM PolyPn; 75 mM MgCI2, and a total protein load of 0.5 g/L in the form of cell lysate. The
reaction carried out at 37°C @nd 120 FPIM. c.coeeeiiiiiiiii e sebe e e eees 106
Figure 4.53. Combination of six enzymes for production of uridine diphosphate N-acetylglucosamine
(UDP-GIcNACc) and uridine diphosphate galactose (UDP-Gal) from uridine monophosphate (UMP), N-
acetylglucosamine (GIcNAc), galactose (Gal), polyphosphate (PolyPr), and catalytic amounts of
adenosine triphosphate (ATP). Abbreviations: UDP, uridine diphosphate; UTP, uridine triphosphate;
GIcNAc-1P, N-acetylglucosamine 1-phosphate; Gal-1P, galactose 1-phosphate; PPi, diphosphate; Pi,
phosphate; ADP, adenosine diphosphate; UMPK, UMP/CMP kinase; PPK3, PolyPn kinase; GALU,
glucose 1-phosphate uridylyltransferase; NAHK, N-acetylhexosamine 1-kinase; GALK, galactokinase;
PPA, iNorganic diphOSPRAtaSE. .........iiiiiiiiieiiee e s 107
Figure 4.54. Time course of substrates, intermediates, and products of UDP-GIcNAc synthesis
cascade based on co-expressed enzymes at 150 mL scale. In each graph, time course of each
compound is compared at both scales. (A) UMP; (B) UDP-GIcNAc; (C) UDP; (D) UTP; (E) ATP; (F)
ADP; (G) AMP. The reaction mixture consisted of 200 mM Tris-HCI (pH 8.5); 75 mM MgClz; 47 mM
UMP; 50 mM GIcNAc; 4.7 mM ATP; 15 mM PolyPn, and a total protein concentration of 0.5 g/L. ....108
Figure 4.55. Time course of substrates, intermediates, and products of UDP-Gal synthesis cascade
based on co-expressed enzymes at 3 L. (A) UMP; (B) UDP-Gal; (C) UDP; (D) UTP; (E) ATP; (F) ADP;
(G) AMP. The reaction mixture consisted of 200 mM Tris-HCI (pH 8.5); 75 mM MgClz; 55 mM UMP;
55 mM Gal; 2.7 mM ATP; 14 mM PolyPn, and a total protein (biocatalyst) concentration of 1 g/L.....109
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Figure 4.56. HPAEC-UV chromatogram of large-scale synthesis of CMP-Neu5Ac from CMP, Neu5Ac,
PolyPn, and catalytic amounts of ATP. The reaction matrix contained 150 mM Tris-HCI (pH 8.5); 75
mM MgClz; 50 mM CMP; 51 mM Neu5Ac; 5 mM ATP, and 16 mM PolyP in a total volume of 100 mL.

Figure 4.57. Percentage of bound protein to each bead. On average total protein mass in each
immobilization vial was 10 mg. Considering the mass of resin in each vial e.g., 200 mg, the ratio of
protein to resin was 20. The experiments were performed in triplicate and errors bars represent the
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Figure 4.58. HPAEC-UV chromatogram of reaction products of each bead after 24 h of reaction time
(end point). The beads with UDP-GIcNAc as the major peak were selected for further activity tests.
The feed solution consisted of 200 mM Tris-HCI (pH 8.5); 75 mM MgClz; 25 mM Uri; 25 mM GIcNAc;
5 mM ATP, and 10 mM PolyPn. 250 pL of feed solution was added to beads and incubated at 37°C
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Figure 4.59. The area under the curve of UDP-GIcNAc peak was normalized to the area of all uridine-
containing compounds and reported as conversion percentage. The experiments were carried out in
triplicate, except for Relizyme HFA 403/S and Relizyme HFA 403/M, for which the average of three
consecutive cycles are shown. Error bars represent the standard deviation. ...................cooeee e, 116
Figure 4.60. Activity of each bead in 20 different cycles. In each cycle, the area under the UDP-
GIcNAc peak was normalized to the area under the peak in the first batch. (A) Relizyme EP113/M; (B)
ECR 8204F; (C) ECR 8204M; (D) ECR8215M; (E) ECR8209M; (F) ECR 8209F. Error bars represent
LSS e= L Te P o o 1=y T o o PR 117
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Appendix A: List of Chemicals

Table A. 1: List of chemicals used in this study.

Name Manufacturer Article No.
2-(N-Morpholino)-ethane sulphonic acid Carl Roth 4256.2
3-(N-morpholino) propane sulphonic acid Carl Roth 6979.5
3-Fucosyllactose ELICITYL GLY060-95%
6'-Sialyl-N-acetyllactosamine sodium salt Merck 37966
6'-Sialyllactose sodium salt Carbosynth 0S04398
8-Aminopyrene-1,3,6-trisulfonic acid trisodium salt Merck 9341
96-Well AcroPrep™ Filter Plate PALL Pall 5054
9-Aminoacridine Merck 92817
Acetonitrile Thermo Scientific A955
Adenosine 5'-diphosphate sodium salt Merck A2754
Adenosine 5-monophosphate disodium salt Merck 1930
Adenosine 5'-triphosphate disodium salt hydrate Carbosynth NAO00135
Ampicillin sodium salt Carl Roth K029.1
Bio-Gel P-10 Bio-Rad 1504144
b-Nicotinamide adenine dinucleotide phosphate, Carbosynth NN10871
reduced form, tetrasodium salt
Chloramphenicol Carl Roth 3886.1
CMP-Neu5Ac sodium salt Carbosynth MC04391
Cytidine Carbosynth NC04070
Cytidine 5'-diphosphate sodium salt hydrate Merck C9755
Cytidine 5'-monophosphate disodium salt Carbosynth NC05637
Cytidine 5'-triphosphate disodium salt Carbosynth NCO03860
Dimethyl sulfoxide Merck D8418
di-Potassium hydrogen phosphate Carl Roth P749.1
D-Lactose monohydrate Merck 61339
D-mannose Carbosynth MMO06704
Ethanol Merck 1117270500
Galactose Carbosynth MG05201
GeneScan™ 500 LIZ™ dye Size Standard Thermo Fisher 4322682
Glucose Merck G7528
Glycerol Carl Roth 3783.1
Guanosine Carbosynth NG06314
Guanosine 5'-diphospho-a-D-mannose disodium salt Carbosynth MG05610
Guanosine 5'-diphospho-b-L-fucose disodium salt Carbosynth MGO01912
Guanosine 5'-monophosphate disodium salt Carbosynth NG02982
Guanosine 5'-triphosphate disodium salt Carbosynth NG01208
Hi-Di™ Formamide Thermo Fisher 4311320
Hydrochloric acid Carl Roth 4025
IGEPAL® CA-630 Merck 18896
Imidazole Carl Roth 3899.4
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Isopropyl b-D-thiogalactopyranoside Carbosynth E105931
Kanamycin sulfate Merck 10106801001
Lacto-N-fucopentaose V ELICITYL GLY062-80%
Lacto-N-neotetraose ELICITYL GLY021-95%
Lacto-N-triose I ELICITYL GLY011-95%
L-fucose Carbosynth MFO06710
L-glutamine Merck G6392
Magnesium chloride hexahydrate Applichem 131396.121
Magnesium sulfate heptahydrate Carl Roth 261.1
Maltose monohydrate Carl Roth 8951.1
Man3 Agilent GKR-002300
Manganese (II) Chloride Dihydrate Merck 1.05934.0100
N—_Zd—HydroxyethyIpiperazine-N'-2-ethane sulphonic Carl Roth HN78.3
aci

N-acetyl-D-galactosamine Carbosynth MAO04390
N-acetyl-D-glucosamine Carbosynth MA00834
N-acetyl-D-mannosamin Carl Roth 5525.2
N-acetylneuraminic acid Carbosynth MAO00746
Potassium dihydrogen phosphate Carl Roth P018.1
Sodium acetate Thermo Fisher 59326
Sodium chloride Carl Roth 9265.1
Sodium hydroxide Fluka 72064H
Sodium polyphosphate Merck 10652910000
Sodium pyruvate Merck P8574
Spectinomycin dihydrochloride pentahydrate Merck S4014
TCX6D medium Xell AG 1070-0001
Trifluoroacetic acid Merck 302031
Tris hydrochloride Applichem A3452,0500
Tryptone Carl Roth 8952.2
UDP-D-galactose disodium salt Carbosynth MU06699
UDP-D-glucose disodium salt Carbosynth MU08960
UDP-GIcNAc disodium salt Carbosynth MUQ7955
Uridine Carbosynth NUO06309
Uridine 5'-diphosphate disodium salt hydrate Merck 94330
Uridine 5'-monophosphate disodium salt Carbosynth NU02983
Uridine 5'-triphosphate trisodium salt Carbosynth NU03863
Yeast extract Carl Roth 2363.2
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Appendix B: List of Plasmids

Table B. 1. Information regarding the plasmids used in this study.

Gene Plasmid Restriction site Manufacturer

EF 2217 PET-22b(+) Ndel-Xhol BioCat GmbH
EH233_20615 pET-28a(+) Ndel-BamH] BioCat GmbH
fkp pPET-100/D-TOPO GeneArt

fucTa PET-22b(+) Ndel-Xhol BioCat GmbH
galk pPET-100/D-TOPO GeneArt

gimu pET-15b Ndel-Xhol BioCat GmbH
gmd pET-28a(+) BamHI-EcoRI BioCat GmbH
gmk pET-28a(+) Ndel-Xhol BioCat GmbH
LgtA pMAL-c4X Sacl-BamHI BioCat GmbH
LgtB pPET-15b Ndel-Xhol BioCat GmbH
MGAT1 pET-28a(+) Ndel-Xhol BioCat GmbH
MGAT2 pET-28a(+) BamHI-EcoRl BioCat GmbH
nanA PET-22b(+) Ndel-Xhol BioCat GmbH
neuA pET-100/D-TOPO GeneArt

plst6 pCold Il Ndel-Xhol BioCat GmbH
SPO1727 pACYCDuet™-1 Ndel-Kpnl BioCat GmbH
udk pET-28a(+) BamHI-Sacl BioCat GmbH
UMK3 pACYCDuet™-1 Ncol-Notl BioCat GmbH
wcaG pET-28a(+) BamHI-EcoRl BioCat GmbH
B1,4GALT1 pET-28a(+) BamHI-EcoRl BioCat GmbH
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Appendix C: Validation of HPAEC-UV-PAD measurements

Table C. 1. Validation data of HPAEC-UV-PAD gradients. Limit of detection (LOD), and limit of

guantification was 3.3, and 10 times of the standard deviation of the response over the slope of the

calibration curve.

Compound Variance LOD (uM) LOQ (uM) n Range (UM) R2
Low  High
GDP-sugars
ADP nh 0.4 1.2 7 0.5 25 0.9918
AMP h 0.1 0.3 7 0.5 25 0.9999
ATP nh 1.6 5 7 0.5 25 0.9960
GDP h 0.5 1.6 7 09 475 0.9999
GDP-Fuc nh 1.3 3.8 7 0.8 425 0.9963
GDP-Man nh 1.3 4 7 1 48.5 0.9987
GMP nh 0.6 1.9 7 1 50 0.9997
GTP nh 0.3 1 7 0.8 425 0.9999
Guo nh 0.8 2.6 7 1 50 0.9972
CMP-Neu5Ac
ADP nh 0.1 0.2 7 0.3 225 0.9999
AMP nh 0.1 0.2 7 0.3 225 0.9999
ATP nh 0.1 0.3 7 0.3 225 0.9999
CDP nh 0.2 0.6 7 1 60 0.9999
CMP nh 0.2 0.7 7 1 60 0.9999
CMP-Neu5Ac nh 0.2 0.6 7 1 60 0.9999
CTP nh 0.1 0.4 7 1 60 1.0000
Cyt nh 0.6 1.8 7 1 100 0.9990
UDP-GIcNAc
ADP nh 0.1 0.1 8 03 225 0.9998
AMP nh 0.1 0.2 8 0.2 15 0.9993
ATP nh 0.1 0.1 8 03 225 0.9996
UDP nh 0.2 0.7 8 0.5 30 0.9992
UDP-GIcNAc nh 0.1 0.2 8 1 60 0.9997
UMP nh 0.2 0.5 8 1 60 0.9998
Uri nh 0.2 0.5 8 1 60 0.9996
UTP nh 0.1 0.4 8 1 60 0.9998
UDP-Gal
ADP nh 0.1 0.2 8 03 375 1.0000
AMP nh 0.1 0.1 8 03 375 1.0000
ATP nh 0.1 0.2 8 03 375 1.0000
UDP h 0.4 1.2 8 1 100 1.0000
UDP-Gal nh 0.1 0.3 8 1 100 1.0000
UMP nh 0.1 0.3 8 1 60 1.0000
Uri nh 0.1 0.3 8 1 60 1.0000
UTP nh 0.2 0.6 8 1 60 1.0000
Neutral HMOs
LNnT nh 1.1 3.3 12 1 100 0.9958
LacNAc nh 0.7 2.1 9 1 40 0.9983
LNT Il nh 0.2 0.7 7 1 50 0.9991
3-FL nh 0.1 0.2 7 1 50 0.9999
Acidic HMOs
6'-SL nh 0.2 0.8 7 1 50 0.9999
6'-SLN nh 0.2 0.7 7 1 50 0.9991

Abbreviations: h, homogeneous variance; nh, non-homogenous variance.
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Appendix D: SDS-PAGE of purified enzymes
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Figure D. 1. SDS-PAGE of one-step His-tagged purified enzymes used for synthesis of UDP-
GIcNAc/UDP-GalNAc. Theoretical masses are as follows: PPA, 19 kDa; UMPK, 22 kDa; PPK3, 35 kDa;
UDK, 24 kDa; GLMU, 50 kDa; NAHK, 40 kDa. All the enzymes were His-tagged which adds ~2.5 kDa
to the theoretical mass [365].
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Figure D. 2. SDS-PAGE of purified enzymes for synthesis of UDP-Gal. The theoretical mass of the
enzymes are as follows: GALK, 44.3 kDa; GALU, 32.9 kDa; UDK, 24.4 kDa; PPA, 19.3 kDa; UMPK,
22.5 kDa; PPK3, 34.7 kDa. All the enzymes were His-tagged which adds ~2.5 kDa to the theoretical
mass [365].
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Figure D. 3. SDS-PAGE of purified enzymes for synthesis of UDP-Gal. The theoretical mass of the
enzymes are as follows: GALK, 44.3 kDa; GALU, 32.9 kDa; UDK, 24.4 kDa; PPA, 19.3 kDa; UMPK,
22.5 kDa; PPK3, 34.7 kDa. All the enzymes were His-tagged which adds ~2.5 kDa to the theoretical
mass [365].
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Figure D. 4. SDS-PAGE of purified enzymes for synthesis of UDP-Gal. The theoretical mass of the
enzymes are as follows: GALK, 45 kDa; NAHK, 40 kDa; GALU, 33 kDa; UMPK, 23 kDa; PPK3, 35 kDa;
PPA, 19.3 kDa. All the enzymes were His-tagged which adds ~2.5 kDa to the theoretical mass [365].
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Appendix E: MS of sugar nucleotides
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Figure E. 1. MALDI-TOF-MS analysis of a commercial UDP-Gal standard (top) and 5 mM of synthesized

UDP-Gal (bottom). The MS measurement was performed by Valerian Grote from the Bioprocess
Engineering group at the Max Planck Institute for Dynamics of Complex Technical Systems.

T
450

T T 1

500 550 600

Precursor lon

[M-HJ
565
100
75
385
403
50 4
323
25
305
O \_A L L .L A .l_
T B T T T T T 1
300 350 400 450 500 550 600
m/z

Figure E. 2. Mass spectra of reaction product of the UDP-Man produced from Man, Uri, PolyP, and a
catalytic amount of ATP. Theoretical mass, [M-H]- = 565.0. The MS measurement was performed by
Valerian Grote from the Bioprocess Engineering group at the Max Planck Institute for Dynamics of
Complex Technical Systems.
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Figure E. 3. Mass spectra of reaction product of the GDP-Man produced from Man, Guo, PolyP, and a
catalytic amount of ATP. Theoretical mass, [M-H]- = 604.3.
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Figure E. 4. Mass spectra of GDP-Fuc produced from Fuc, Guo, PolyP,, and a catalytic amount of ATP.
Theoretical mass, [M-H]- = 588.2.

166



Intensity

Intensity

6.0x10% -

4.0x10* -

2.0x10* o

ol \i )

A)

N

[ i

-y

L ILl L,

L

0.0

450

1.2¢10°

1.0x10°

8 0x10* -

4.0x10*

2.0x10*

0.0

6.0x10% 1

500

158.5: 2385

550

B)

m/fz

600

486.7

650

I%

1
700

m'z

e T e T e T T T
100 150 200 250 300 350 400 450 500 550 600 650

Figure E. 5. (A) Mass spectra of GDP-Fuc produced from Man, Guo, L-Glu, PolyPn and a catalytic
amount of ATP and NADPH. Theoretical mass, [M-H]- = 588.3, (B) MS/MS spectra of the peak at 588.2.
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Figure E. 6. (A) MS spectra of reaction product of the UDP-GIcNAc produced from co-expressed
enzymes, Theoretical mass, [M-H]" = 606.4. (B) MS/B spectra of the peak 606.3 Da. The MS
measurement was performed by Valerian Grote from the Bioprocess Engineering group at the Max
Planck Institute for Dynamics of Complex Technical Systems.
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Figure Appendix D. 1.(A) MS spectra of reaction product of the UDP-Gal produced from co-expressed
enzymes, Theoretical mass, [M-H]- = 565.3. (B) MS/B spectra of the peak 565.3 Da. The MS
measurement was performed by Valerian Grote from the Bioprocess Engineering group at the Max
Planck Institute for Dynamics of Complex Technical Systems.
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Appendix F: CHO-DP12 cultivation data
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Figure F. 1. Data of CHO-DP12 cells cultivation. A) Cell count and viability of cells under normal
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condition (no kifunensine treated). (B) Cell count and viability of cells under 25 pug/mL kifunensine. (C)
IgG titer of normal and kifunensine treated cells. The normal cultivation was performed in triplicate
and the error bars represent the standard deviation.

170



