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Abstract

Harnessing the Substrate Promiscuity of Enzymes Involved in Natural Product Glycosylation

Towards Better Engineered Bioactive Small Molecules
Fathima Ifthiha Mohideen, Ph.D.
Concordia University, 2021

Many small molecule natural products are decorated with sugar moieties that are essential for their
biological activity. A considerable number of natural product glycosides and their derivatives are
clinically important therapeutics. The biosynthesis of these natural product glycosides involves the
action of sugar biosynthetic enzymes and glycosyltransferases (GTs), where many of these
enzymes show relaxed substrate specificities. This can make them valuable biocatalytic tools for

altering glycosylation as part of a strategy called “glycodiversification.”

The success of glycodiversification greatly depends on the screening method, many of
which have limitations with respect to their throughput and ease of use. To address this, we have
developed a screening tool for assaying GTs in a high-throughput fashion enabled by rapid
isolation and detection of chromophoric or fluorescent glycosylated natural products. Using our
novel high-throughput assay, we screened a collection of natural product GTs against a panel of
precursors to therapeutically important molecules. A number of these enzymes showed novel
acceptor and donor specificities. Interestingly, three GTs catalyzed the synthesis of novel
anthracycline glycosides. Our findings are particularly important towards the glycodiversification
of therapeutics in this class, given the clinical value of anthracycline glycosides, and the

importance of the sugar residue on the biological activity of these therapeutics.

Epirubicin is a high value anticancer anthracycline drug, as it is reported to have a lower
cardiotoxicity than the parental compound, doxorubicin. The sugar moiety, L-acosamine and L-
daunosamine is the only difference between epirubicin and doxorubicin. The corresponding
nucleotide activated sugar donors are TDP-L-acosamine and TDP-L-daunosamine. Despite the
importance of TDP-L-acosamine, a natural biosynthetic pathway for this precursor has not been
described. Chemists have synthesized this donor via organic synthetic methods, however, it is a
tedious process with multiple chemical conversions. Furthermore, the in vivo production of TDP-

L-daunosamine is reported to be low. We have addressed this by engineering an in vitro enzymatic

il



pathway for the synthesis of TDP-L-acosamine and TDP-L-daunosamine based on the substrate
flexibility of sugar biosynthetic enzymes. Starting from a common precursor, we have synthesized
these nucleotide deoxysugars and a few intermediates of the enzymatic pathway and used one of
the produced intermediates in enzymatic characterization. Moreover, these could be used in in
vitro glycodiversification and as the starting material for the in vitro enzymatic synthesis of some

other valuable deoxysugars.
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CHAPTER ONE

Introduction

1.1 Glycosylated natural products

Small molecule natural products and their derivatives originate from a range of organisms,
including bacteria, fungi, lichens, insects, marine invertebrates, and plants. These structurally
diverse small organic molecules are synthesized through secondary metabolic pathways and
production of specific secondary metabolites is limited to specific species categories (Davies and
Ryan, 2012). Although natural products aren’t vital for the growth and development of the
producer organism, many of them support increasing the survival fitness of the producer by acting
on certain molecular targets of competitors. For example, some microbes produce specific
secondary metabolites that bind and cleave the DNA of the competing microbes, thus inhibiting

the growth of rival organisms (Williams ef al., 1989).

Since ancient times, humans have exploited these natural products for various purposes such
as pigments, fragrances, poisons, and drugs (Davies and Ryan, 2012). In the 19" century, the
synthesis of aspirin (acetylsalicylic acid) from salicylic acid obtained from the willow tree was a

significant landmark for the use of natural products as therapeutics (Mahdi et al., 2006).

Many of these small molecule natural products are decorated with one or more sugar moieties
that have a great effect on their biological activity (Salas and Méndez, 2007; Weymouth-Wilson,
1997). Examples include montbretin A, a potential anti-diabetic (Asada ef al., 1988), antibiotics
such as erythromycin (Staunton and Wilkinson, 1997) and vancomycin (Zmijewski and Briggs,
1989), and anticancer agents such as daunorubicin and its derivative doxorubicin (Di Marco ef al.,
1975) (Figure 1). These structurally diverse glycosylated molecules are biosynthesized through
the orchestration of a cascade of enzymes that can be broadly categorized as enzymes responsible
for the biosynthesis of sugar residues (sugar biosynthetic enzymes) and enzymes that transfer these
sugar residues to accepting molecules (glycosyltransferases). Knowing the significance of sugar
moieties on secondary metabolites and a comprehensive awareness of sugar biosynthetic

machineries are necessary to harness them towards the production of better glycosides.
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1.2 Glycosyltransferases (GTs)

Glycosyltransferases (GTs) are enzymes that catalyze the assembly of glycans and
glycoconjugates and play many diverse roles in biology. GTs catalyze the transfer of sugar residues
from activated sugar donor substrates to acceptor molecules, forming glycosidic bonds (Campbell
et al., 1997). The acceptor nucleophiles can be either other sugars or non-sugar aglycones such as
proteins, lipids, nucleic acids, or small molecules (e.g., antibiotics and other secondary
metabolites) (Coutinho et al., 2003; Lairson ef al., 2008). Although the most common glycosylated
products are O-linked, N-, C-, and S-linked are also produced (Lairson et al., 2008). Considering
the biological significance of glycans, an understanding of the enzyme structure and mechanism

allows researchers to use them towards desired applications.

1.2.1 Leloir versus non-Leloir GTs and their donor substrates

Activated sugar donors used by GTs can be in the form of nucleoside diphosphosugars (e.g., UDP-
glucose, UDP-galactose, and GDP-mannose), nucleoside monophosphosugars (e.g., CMP-N-
acetyl-neuraminic acid), lipid phosphosugars (e.g., dolichol phosphomannose, decaprenol
phosphoarabinose), lipid diphosphosugars (e.g., dolichyl-diphosphooligosaccharide), sugar-1-
phosphates (e.g., glucose-1-phosphate), or sugar-1-diphosphates (e.g., phosphoribosyl
pyrophosphate) (Figure 2) (Albuquerque-Wendt et al., 2019; Berg et al., 2007; Lairson et al.,
2008). Enzymes that use nucleotide-activated sugar donors are the most prevalent, consisting of
approximately 65% of known GTs (Ardevol and Rovira, 2015) and are termed Leloir GTs after
Nobel laureate, Luis F. Leloir, who was the first to discover a nucleotide-sugar (Cardicini et al.,
1950). Conversely GTs that use other sugar donors are defined as non-Leloir GTs, and those that
use sugar-l-phosphates and sugar-1-diphosphates also categorized as phosphorylases and
pyrophosphorylases, respectively (Kornberg et al., 1955; Lairson et al., 2008; Lieberman et al.,

1955). An overview on sugar donors of natural product GTs is presented in Section 1.3.
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Figure 2: Sugar donors utilized by Leloir and non-Leloir GTs. Leloir GTs use nucleotide activated donors

and non-Leloir GTs use other donors.

1.2.2 Sequence-based CAZy families and structural categorization of GTs

In 1997, Henrissat and colleagues classified GTs into families based on the similarities of their
amino acid sequences (Campbell et al., 1997). As of 2021, > 800,000 GTs have been classified
into > 110 GT families that are regularly updated in the Carbohydrate-Active enZymes (CAZy)
database (www.cazy.org). Additionally, > 21,000 non-classified sequences are also reported. Of
these families, only families GT2 and GT4 are represented in primitive archaea, suggesting that

these might be the ancestral families from all other GT families evolved (Coutinho et al., 2003).

Despite the great number of GT families, the protein topology is limited to only a few
structurally different folds, which in addition to the GT-A, GT-B, and GT-C folds includes
lysozyme-type, and 5-bladed propeller folds (Breton ef al., 2006; Lovering et al., 2007; Sernee et
al., 2019). Structural analysis of Leloir GTs has revealed that GT-A and GT-B folds possess
Rossmann-like folds. The two B/a/B Rossmann-like domains are compactly associated in GT-A
fold enzymes, and thus often referred as a single Rossmann-like domain (Breton et al., 2006;
Coutinho et al., 2003; Lairson et al., 2008). Generally, the catalytic activity of GT-A enzymes
requires a divalent metal cation, such as Mg?" or Mn?*, which is coordinated along with the

nucleotide-activated donor by a DXD (Asp-Xaa-Asp) amino acid sequence motif (Breton ef al.,



2006; Unligil and Rini, 2000). However, some GT-A enzymes do not rely on a metal ion for
activity, and not all GT-A enzymes contain the DXD motif, nor is this motif diagnostic for GTs

(Coutinho et al., 2003; Lairson et al., 2008).

The two Rossmann-like domains of GT-B fold enzymes face one another and are less
compactly linked. The catalytic activity of these enzymes is metal independent, thus do not require
a DXD motif (Coutinho et al., 2003; Lairson et al., 2008). Nevertheless, both GT-A and GT-B
folds contain separate acceptor and nucleotide binding domains and these two folds have been

observed to have either inverting or retaining mechanisms (Section 1.2.3) (Coutinho et al., 2003).

Based on sequence searches, Liu and Mushegian proposed a third GT-fold, called GT-C,
that has multiple transmembrane o-helices (Liu and Mushegian, 2003). GTs that use lipid
phosphate- and lipid diphosphate-activated sugars possess this fold and so far, all known GT-C
enzymes operate with an inverting mechanism (Section 1.2.3) (Lairson et al., 2008; Moremen and
Haltiwanger, 2019). Considering these structural folds and the stereochemistry of glycosylated

products, GT families can be categorized into clans (Figure 3).
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Figure 3: GT families are divided into clans based on fold and reaction mechanism (data from the CAZy
database). GT-A, GT-B, GT-C, lysozyme-type, and 5-bladed propeller folds are represented by protein
structures of LgtC from Neisseria meningitidis (PDB: 1G9R), VvGT1 from Vitis vinifera (PDB: 2C1X), and
PgIB from Campylobacter lari (PDB: 3RCE), Pbp2 from Staphylococcus aureus (PDB:20LV), and MTP2

from Leishmania mexicana (PDB: 6Q4X), respectively.



1.2.3 Mechanism of GTs

The glycoside products of GT action can have the same (retained) or opposite (inverted) anomeric
configuration, relative to the sugar donor. Based on the product stereochemistry, GTs are classified
as inverting or retaining (Figure 4). The difference in the stereochemical outcome is related to the

reaction mechanism (Lairson et al., 2008).

Sugar donor

o
+
HX S + 0-P-OR
St :
Sugar acceptor Gr

0
X=0, NH, S vﬂ

Figure 4: The two stereochemical products of GT catalyzed
reactions. With respect to the sugar donor, an inverting GT gives
a product with inversion of the anomeric configuration while the

anomeric configuration is retained by a retaining GT.

1.2.3.1 Inverting GT mechanisms

Most inverting GTs use a single displacement Sn2 (substitution nucleophilic bimolecular)
mechanism through an oxocarbenium ion-like transition state that results in inversion of
configuration at the anomeric carbon of the sugar donor (Figure SA). A side chain of an active
site aspartic acid or glutamic acid assists as a general base catalyst, deprotonating the nucleophilic
hydroxyl group of the acceptor molecule. At the same time, the nucleophile attacks the anomeric
carbon of the donor and the nucleotide moiety leaves from the opposite side. Most inverting GT-
A enzymes use a divalent metal ion to stabilize the negative charge of the phosphate leaving group,
and in metal-independent inverting GT-B enzymes a positively-charged amino acid side-chain

performs this function (Lairson et al., 2008; Rini and Esko, 2017).



Not all inverting GTs contain an amino acid general base. In some cases, the B-phosphate
oxygen atom of the donor molecule is proposed to fulfil this function. Examples include POFUT1
and FUT1, which are proposed to use an Sx1 (substitution nucleophilic unimolecular) reaction
mechanism as illustrated by Figure SB. Herein, glycosidic bond cleavage would result in a
transient oxocarbenium ion. The close association of the B-phosphate group of the donor with the
oxocarbenium ion leads to the attack of the incoming acceptor from the opposite direction (Li et

al., 2017; Lira-Navarrete et al., 2011; Urbanowicz et al., 2017)
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Figure 5: Inverting GT reaction mechanisms. (A) Sn2 reaction mechanism, (B) Sn1 mechanism.



1.2.3.2 Retaining GT mechanisms

Through detailed structural and kinetic studies, compelling evidence of retaining glycoside
hydrolases supports a double-displacement substitution reaction involving a covalently linked
glycosyl-enzyme intermediate (Zechel and Withers, 2000). The same mechanism has been
suggested for retaining GTs (Lairson et al., 2008; Rini and Esko, 2017). As shown by Figure 6A,
this proposed two-step double-displacement mechanism (going through two transition states with
oxocarbenium character) requires a properly situated active site nucleophile to attack the anomeric
carbon of the donor molecule (Lairson et al., 2008). Structural studies of several GTs have
suggested that the leaving phosphate group may act as the base catalyst to activate the incoming
acceptor nucleophile (Pedersen et al., 2003; Persson et al., 2001). Similar to inverting GTs, a
divalent cation or a positively charged side chain assists the removal of the leaving group in many

retaining GT-A or GT-B enzymes, respectively (Lairson ef al., 2008).

In 2004, Withers and colleagues observed the first covalent intermediate of a mutant
retaining GT, but were unable to demonstrate a covalent intermediate for the wildtype enzyme
(Lairson ef al., 2004). As of 2021, confirmation of a covalent glycosyl-enzyme intermediate has
not been obtained for any wild-type retaining GT. Moreover, the relative location of a catalytic
enzyme nucleophile seems poorly conserved among many retaining GTs suggesting an alternative
mechanism for at least some of these enzymes (Lairson ef al., 2008; Moremen and Haltiwanger,

2019).

An Sni (substitution nucleophilic internal)-like reaction with an oxocarbenium ion-like
transition state has been proposed as for some retaining GTs. In this mechanism, the leaving group
deprotonates the nucleophilic group of the acceptor and the retention of the stereochemistry is an
outcome of the same side departure of the leaving group and attack by the nucleophile (Figure
6B). It is proposed that the front-face attack by the acceptor nucleophile is supported by hydrogen
bonds between acceptor nucleophile and the leaving group, as first proposed for UDP-Glc
dependent trehalose-6-phosphate synthase from E. coli (Lairson et al., 2008; Lee et al., 2011;
Sinnott and Jencks, 1980). This mechanism has since been assigned to retaining GTs including
human polypeptide N-acetylgalactosaminyltransferase 2 (GalNAc-T2) (Lira-Navarrete et al.,
2014), mammalian xyloside xylosyltransferase 1 (XXYLT1) (Yu et al., 2015), and mycobacterial



glucosyl-3-phosphoglycerate synthase (GpgS) (Albesa-Jové et al., 2015) by crystallographic,

molecular dynamic, and mechanistic studies.
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Figure 6: Retaining GT reaction mechanisms. The proposed (A) double-displacement reaction
mechanism with a covalently linked enzyme-glycosyl intermediate (and two oxocarbenium ion-like
transitions states) and (B) Sni-type mechanism with an oxocarbenium ion-like transition state; whether

this reaction occurs in a concerted or non-concerted manner is an open question.
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1.3 Sugar precursors of natural product glycosides

Natural product GTs use sugar donors that are nucleotide activated and many of them are derived
from glucose-6-phosphate or fructose-6-phosphate through a series of enzymatic reactions
catalyzed by sugar biosynthetic enzymes (Thibodeaux et al., 2007). A restricted number of
nucleotide activated sugar donors are utilized by eukaryotic natural product GTs. For example,
many plant natural product GTs typically use UDP-D-glucose, UDP-D-galactose, and UDP-D-
xylose (Figure 7A) (Ross et al., 2001). In contrast, glycosylated bacterial natural products can
include sugar units drawn from a large pool of highly diverse and unusual sugar moieties

(Thibodeaux et al., 2007; Thibodeaux et al., 2008).

A
OH oy ,OH
0 0 0
HO HO
HO on HO o HO o

OUDP OUDP OuUDP
UDP-D-glucose UDP-D-galactose UDP-D-xylose
B o OH
HO
(H3C)oN oH N
OTDP OH
TDP-D-desosamine TDP-L-mycarose TDP-L-daunosamine

Figure 7: Examples of a few sugar precursors used by (A) plant natural product GTs

and (B) bacterial natural product GTs
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Most of the sugar precursors of prokaryotes are heavily modified and deoxygenated, thus
would present a vast collection of glycosylated natural products. Many of them are thymidine
diphosphate (TDP) activated and are deoxygenated at the C-6 position. Apart from being 6-
deoxyhexoses, a considerable fraction of these are di or tri-deoxyhexoses, where deoxygenation at
C-2, C-3, or C-4 is also observed (Thibodeaux et al., 2008). Some of the naturally occurring
bacterial deoxysugar donors include TDP-D-desosamine and TDP-L-mycarose: the sugar
precursors of several macrolide antibiotics (Summers et al., 1997), and TDP-L-daunosamine: the
sugar donor of anticancer anthracycline daunorubicin and doxorubicin (Lomovskaya et al., 1999)

(Figure 7B).

1.3.1 Unusual sugar donor biosynthesis

A significant characteristic of sugar precursors involved in natural product glycosylation is the
activation of monosaccharides as nucleotide monophosphate (NMP) or diphosphate (NDP)
derivatives. This is essential as the nucleotide appendage functions as an identification unit for
sugar biosynthetic enzymes, and during the GT reaction it serves as a good leaving group
(Thibodeaux et al., 2008). As illustrated in Figure 8, nucleotide activation is catalyzed through a
nucleotidylyltransferase reaction using sugar-1-phosphate and a relevant nucleotide triphosphate
(NTP) (Barton et al., 2001). The required sugar-1-phosphate is generally produced by a
phosphohexose mutase from sugar-6-phosphate (e.g., glucose-6-phosphate or fructose-6-
phosphate). However, the conversion of a hexose into its corresponding sugar-1-phosphate via

anomeric hexose kinase is also observed (Thibodeaux et al., 2007; Thibodeaux et al., 2008).

Subsequently, the activated NDP-sugar is 4,6-dehydrogenated by NDP-hexose-4,6-
dehydratase to produce NDP-4-keto-6-deoxy-D-hexose, the common precursor of most 6-
deoxyhexoses. Starting from this immediate precursor, a multitude of different enzymatic reaction
combinations including ketoreduction, deoxygenation, dehydration, transamination, methylation,
and epimerization results in a diverse collection of unusual sugar donors. Remarkably, sugar
biosynthetic enzymes that catalyze similar enzymatic reactions in different unusual sugar
biosynthetic pathways are shown to have a high amino acid sequence similarity (Thibodeaux et
al., 2007). A biosynthetic pathway of a deoxysugar involved in anticancer anthracycline

glycosylation is discussed in Section 1.4.2.3.
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Figure 8: Biosynthesis of the common sugar intermediate NDP-4-keto-6-deoxy-D-glucose towards the

production of diverse deoxysugars.

1.4 Anticancer anthracyclines

Anthracyclines are a class of glycosylated microbial natural products that possess anticancer
properties. Two clinically important anthracyclines include daunorubicin and doxorubicin. These
were the first discovered anthracyclines from the pigment producing soil-dwelling actinobacterium
Streptomyces peucetius (Di Marco et al., 1975). The chemical structure of anthracyclines includes
two components, a tetracyclic polyketide aglycone and a sugar residue. As shown in Figure 9,
ring C and B of the aglycone contain neighboring quinone-hydroquinone functional groups and

the sugar portion is attached to ring A through an O-glycosidic bond at C-7 (Minotti ef al., 2004).

The sugar moiety of doxorubicin and daunorubicin is identical, whereas the structural
difference is observed in the aglycone moiety. The extra hydroxyl group of doxorubicin at the C-
14 of the side chain attached to ring A shows a significant consequence on its range of anticancer
activity. Doxorubicin is used for treating a number of solid and blood cancers such as breast, lung,
thyroid, gastric and ovarian cancer, soft tissue sarcomas, and non- Hodgkin’s and Hodgkin’s
lymphoma. The use of daunorubicin is mainly limited to acute lymphoblastic leukemia and
myeloblastic leukemia (Minotti et al., 2004; Weiss et al., 1986). The success of anthracyclines as

anticancer agents depends on its ability to kill proliferating cancer cells.
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Figure 9: Chemical Structures of the anticancer anthracycline daunorubicin and

doxorubicin. Doxorubicin contains an extra hydroxyl group at C-14 position.

1.4.1 Molecular mechanism of anticancer anthracyclines

A number of studies highlight the molecular basis of the anticancer activity of anthracyclines as

topoisomerase II poisons.

Topoisomerases change the DNA topology by making temporary cleavages of DNA
strands, alter the twisting of the DNA double helix, and re-ligate the cut sites. Depending on the
structure and mechanism, there are two types of human topoisomerases, topoisomerase I and
topoisomerase II, that cause single-strand and double-strand DNA breaks, respectively (Chen et
al., 2013). Anthracyclines are reported as effective DNA topoisomerase II poisons. Upon
interaction with DNA bases and amino acid residues of topoisomerase II active sites,
anthracyclines stabilize a DNA-topoisomerase II complex, where the DNA strands are cleaved and
covalently associated with the enzyme. This will inhibit the resealing activity of the enzyme and

ultimately results in apoptosis (Capranico et al., 1997; Moro et al., 2004).
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1.4.2 Daunorubicin and doxorubicin biosynthesis

Daunorubicin and its C-14 hydroxylated derivative doxorubicin are produced in nature by Gram-
positive actinomycete S. peucetius. Including the wild-type S. peucetius ATCC 29050, the
biosynthesis of daunorubicin is observed in several Streptomyces species (Grein, 1987). Initial
studies stated that the production of doxorubicin was exclusive in the mutant S. peucetius subsp.
caesius ATCC 27952. However, the wild-type S. peucetius was also reported to produce
doxorubicin when an optimum medium was used (Lomovskaya ef al., 1999). Regardless of the
clinical importance of doxorubicin, in nature it is produced in minimal amounts (Wang et al.,
2018b). Thus, unraveling the biosynthetic pathway of this anthracycline is extremely important to

enhance the yield to reach the industrial necessity.

1.4.2.1 The biosynthetic gene cluster of daunorubicin/doxorubicin

Considering the therapeutic importance of daunorubicin and doxorubicin, thorough studies on the
S. peucetius gene cluster were performed. In 1999, Hutchinson and colleagues published the S.
peucetius ATCC 29050 daunorubicin/ doxorubicin gene cluster (Lomovskaya et al., 1999).
Further genomic sequence analysis of the S. peucetius ATCC 27952 variant disclosed 37 open-
reading frames in the biosynthetic gene cluster of daunorubicin/ doxorubicin that spans around 40
kb of the 8.1 Mb total genome (Niraula et al., 2010). As shown in Figure 10, the gene cluster
contains structural genes encoding for the biosynthesis of the anthracycline precursors (polyketide
e-thodomycinone and the deoxysugar TDP-L-daunosamine), genes encoding for glycosylation and
post-modifications, regulatory genes, and resistance and efflux genes (Lomovskaya et al., 1999;
Niraula et al., 2010). The biosynthesis of daunorubicin and doxorubicin follows three steps:
production of e-rhodomycinone aglycone, production of TDP-L-daunosamine sugar donor, and
glycosylation of e-rhodomycinone and post-glycosylation modifications (Hutchinson and

Colombo, 1999).
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Figure 10: Daunorubicin/ doxorubicin biosynthetic gene cluster. The pointed boxes are a representation of

the relative sizes of the open reading frames and gene transcription direction.

1.4.2.2 Biosynthesis of the aglycone precursor: e-rhodomycinone

The tetracyclic e-rhodomycinone is the aglycone precursor of daunorubicin and doxorubicin. The
biosynthesis of this aglycone precursor begin from one propionyl-CoA starter, and nine malonyl-
CoA extenders towards the production of the 12-deoxyaklanonic acid intermediate (Figure 11A).
dpsABCDGEFY genes of the daunorubicin/ doxorubicin gene cluster (Figure 10) encodes a type
II polyketide synthase (PKS) that is involved in synthesizing this intermediate (Grimm et al., 1994;
Ye et al., 1994). Herein, the successive transfer of acetyl units from malonyl-CoA to propionyl-
CoA towards the production of a 21-carbon decaketide is catalyzed by DpsA 3-oxoacyl ACP
synthase, DpsB and DpsC ketosynthases (Bao et al., 1999; Grimm et al., 1994), DpsD
acyltransferase, and DpsG acyl carrier protein (Lomovskaya et al., 1999). The resulting decaketide
is further modified by DpsE ketoreductase, and DpsF and DpsY cyclases to yield 12-
deoxyaklanonic acid (Grimm ef al., 1994; Lomovskaya ef al., 1998).

The synthesis of e-rhodomycinone from a 12-deoxyaklanonic acid intermediate involves
five sequential enzymatic reactions. As shown in Figure 11A, these include keto group addition,
methylation, intramolecular aldol addition, reduction, and hydroxylation steps catalyzed by DnrG
monooxygenase, DnrC methyltransferase, DnrD cyclase, DnrE aklaviketone reductase, and DnrF
aklavinone-11-hydroxylase, respectively (Filippini et al., 1995; Grimm et al., 1994; Madduri and
Hutchinson, 1995).
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Figure 11: Biosynthetic pathway of daunorubicin and doxorubicin. (A) Synthesis of e-
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daunosamine and (C) glycosylation and post modification reactions towards producing

daunorubicin and doxorubicin.
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1.4.2.3 Biosynthesis of the sugar precursor: TDP-L-daunosamine

The sugar constituent of daunorubicin and doxorubicin is daunosamine. It is a heavily modified
2,3,6-trideoxy-3-aminohexose and the glycosyl precursor of daunosamine is TDP activated. Gene
products of dnmL, dnmM, dnmT, dnmJ, dnmU, and dnmV of the S. peucetius daunorubicin/
doxorubicin gene cluster are involved in the production of TDP-L-daunosamine (Figure 10). The
activation step initiates from the addition of thymidine monophosphate (TMP) moiety to D-
glucose-1-phosphate catalyzed by DnmL glucose-1-phosphate thymidylyl transferase (Figure
11B). Then, by the action of DnmM TDP-D-glucose 4,6-dehydratase, TDP-D-glucose is converted
to the key sugar donor intermediate, TDP-4-keto-6-deoxy-D-glucose (TKDG) (Gallo et al., 1996).
Subsequently, through four enzymatic reactions this key intermediate is further modified to
produce TDP-L-daunosamine. This conversion involves C-2,3 dehydration, C-3 amino group
addition, C-3,5 epimerization, and C-4 reduction catalyzed by DnmT 2,3-dehydratase, DnmJ 3-
aminotransferase, DnmU 3,5-epimerase, and DnmV 4-ketoreductase, respectively (Otten et al.,

1997).
1.4.2.4 Glycosylation and post modifications to produce daunorubicin and doxorubicin

Following the synthesis of the e-rhodomycinone aglycone precursor and TDP-L-daunosamine
sugar donor, DnrS, which functions as a GT, transfers the daunosamine moiety to the C-7 position
of e-rhodomycinone with the assistance of DnrQ auxiliary protein. This results in the production
of rhodomycin D, the first glycosylated intermediate of daunorubicin/doxorubicin biosynthetic
pathway (Otten et al., 1995) (Figure 11C). This glycosylated intermediate undergoes two
sequential modifications to produce 13-deoxydaunorubicin through the activity of DnrP esterase
and DnrK methyltransferase, respectively (Dickens et al., 1997). Subsequently, DoxA
monooxygenase converts 13-deoxydaunorubicin to daunorubicin through C-13 oxidation in two
enzymatic steps. Hydroxylation of daunorubicin at C-14 by DoxA monooxygenase synthesizes the

high value daunorubicin derivative, doxorubicin (Walczak et al., 1999).
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1.4.3 Need for a better anthracycline analog

Prolonged administration of clinically important doxorubicin and daunorubicin anthracyclines
results in dose-dependent cardiotoxicity observed as chronic cardiomyopathy and congestive heart
failure (Lahtinen et al., 1991; Weiss et al., 1986). A few mechanisms have been proposed to
explain the anthracycline cardiotoxicity, where oxidative stress caused by doxorubicin is clearly

described.

1.4.3.1 Cardiomyocyte damage by oxidative stress

Doxorubicin is reported to build-up efficiently in the mitochondria of cardiomyocytes (Sarvazyan,
1996). Previous studies proposed that the oxidative stress caused by reactive oxygen species (ROS)
as a result of redox cycling of the quinone moiety of anthracyclines leads to cardiotoxicity. As
illustrated in Figure 12, in the presence of an NAD(P)H- dependent enzymes such as NADH
dehydrogenase or NADPH-dependent glutathione reductase, the quinone moiety is reduced to
semiquinone. Subsequent conversion of semiquinone to quinone produces superoxide anion (‘02
), that is converted to H2O> by the activity of superoxide dismutase 2. Then, H>O; is broken into

H>O and O> by the activity of catalase and glutathione peroxidase (Jungsuwadee, 2016).

Generally, the level of detoxification of H>Oz caused in cardiomyocytes is considered low
due to the reduced catalase concentration (Jungsuwadee, 2016), and inhibition of catalase and
glutathione peroxidase by doxorubicin (Mukhopadhyay et al., 2009). H2O: is also converted to
hydroxyl radical (OH) by endogenous Fe?" ions leading to membrane lipid oxidization producing
lipid radicals. The interaction of ‘OH with membrane lipids and mitochondrial proteins, and lipid
radical interaction with proteins damages the cardiac tissue (Jungsuwadee, 2016). Considering the
toxicity of these anthracyclines, it is necessary to have better anticancer anthracycline analogs with

reduced cardiotoxicity and a similar or improved antitumor activity to doxorubicin.
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Figure 12: Redox-cycling of doxorubicin leading towards ROS. Herein, the quinone moiety is reduced to
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glutathione disulfide. The figure was adapted from Jungsuwadee, 2016.



1.4.3.2 The doxorubicin analog epirubicin

Although more than 1000 structurally different analogs were developed by altering the
anthracycline chemical structure, only a few of them were clinically approved and this includes
the doxorubicin analog, epirubicin (Weiss et al., 1986). Epirubicin structurally differs from
doxorubicin by the equatorial C-4’ hydroxyl group of the sugar moiety, where it is axial in
doxorubicin (Figure 13). Currently, a number of cancers, including breast, lung, ovary, gastric,
prostate, esophagus, and soft tissue sarcomas are treated using epirubicin (Cortés-Funes and
Coronado, 2007). Interestingly, this analog showed similar antitumor activity as doxorubicin with

a lower level of cardiotoxicity (Lahtinen et al., 1991; Weiss et al., 1986).

The difference in metabolism and pharmacokinetics leads to the reduced cardiotoxic profile
of epirubicin. The epimerization of C4’-OH group on epirubicin favours the glucuronidation of
the sugar moiety, where it increases the bile and urine excretion resulting in the increased total
plasma clearance (Weiss et al., 1986). Thus, the total recommended cumulative dose of epirubicin

is between 900-1000 mg/m? that is twice the dose of doxorubicin (Bonadonna et al., 1993).

L-acosamine is the sugar moiety of epirubicin and the corresponding sugar donor is TDP-
L-acosamine. However, a natural biosynthetic pathway for epirubicin or its sugar precursor is not
reported (Thibodeaux et al., 2007). Therefore, these two compounds are produced by chemical

routes.

. 0 OTDP
HO -2

H,N

Doxorubicin Epirubicin TDP-L-acosamine

Figure 13: Structural difference between doxorubicin and epirubicin and the chemical structure of TDP-L-

acosamine. The stereochemical difference between sugar residues are indicated in red.
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1.4.3.3 Chemical synthesis of epirubicin and its sugar donor, TDP-L-acosamine

Epirubicin is semisynthetically produced using doxorubicin aglycone or daunorubicin through a

number of chemical conversions.

In 1975, Soranzo and coworkers synthesized epirubicin starting from the doxorubicin
aglycone. Herein, the precursor molecule was protected to prevent its interference with subsequent
steps. It was then linked to a protected sugar donor derivative that was synthesized through a series
of chemical reactions. Subsequently, the resulting anomeric mixture was chromatographically
separated and the desired compound, epirubicin was obtained upon deprotection (Arcamone et al.,

1975).

In another method, the chemical production of epirubicin is initiated from daunorubicin.
Briefly, daunorubicin is broken into the aglycone moiety and the sugar residue. Then, the aglycone
is converted into 14-acetoxy daunomycinone. A number of chemical reactions are used to obtain
the protected aminosugar 4’-epimer from the sugar residue. Following chemical glycosylation of
the 14-acetoxy daunomycinone with the protected sugar epimer, deprotection is performed to

produce epirubicin (van der Rijst ef al., 1999).

Since TDP-L-acosamine is not reported to be produced in a wild-type organism
(Thibodeaux et al., 2007), Kahne and colleagues described a chemical synthetic process towards
the synthesis of this sugar donor. Herein, the a-glycosyl chloride is converted to the protected
sugar donor through numerous chemical steps. Subsequent chromatographic techniques and

deprotection reactions lead to the TDP-L-acosamine sugar donor (Oberthiir ef al., 2004).

However, these studies demonstrated that the chemical synthesis of epirubicin and its
nucleotide activated sugar donor as a tedious process as it involves many chemical conversions,
blocking and deblocking the functional groups, and chromatographic purification of the desired
anomeric mixture. Thus, use of sugar biosynthetic enzymes and GTs would be an attractive

alternative for the production of glycosides and its respective sugar donors.
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1.5 Glycodiversification of small molecule natural products

The biological value of sugar appendages on small molecule natural products emphasizes the
importance in altering glycosylation or glycodiversification towards improving or modifying the
activity of parental glycosides. Even though this can be done by enzymatic or chemical approaches,
total chemical synthesis is not an attractive strategy as the structural complexity of several small
molecule glycosides require multiple chemical reactions and protection and deprotection of

functional groups (Thibodeaux et al., 2007; Thibodeaux ef al., 2008).

An extensive knowledge on GTs, sugar biosynthetic enzymes and pathways, and the
substrate flexibility of many of these enzymes have made enzymatic glycodiversification a feasible
approach. The production of a desired stereo and/or regio product rather than a mixture, ease of
scalability through fermentation, and the possibility in combinatorial glycodiversification are some
of the key features that highlights the importance of enzyme-based glycodiversification as oppose
to chemical derivatization (Thibodeaux et al., 2007; Thibodeaux et al., 2008). Several studies have
highlighted the use of enzymes in altering glycosylation or in the synthesis of new glycoforms in

host cells and in vitro.

1.5.1 In vivo natural product glycodiversification

In vivo glycodiversification is achieved by several glycodiversification strategies including
combinatorial biosynthesis and metabolic pathway engineering. Herein, in a wild-type or mutant
host, intermediates of a pathway are re-directed to produce novel glycoproducts by introducing
and expressing genes of different origin (Thibodeaux et al., 2007; Thibodeaux et al., 2008).
Previous studies have used this technique towards the production of the high value anthracycline
epirubicin and its glycosyl donor TDP-L-acosamine (Figure 14). This is accomplished by the
manipulation of genes involved in the doxorubicin biosynthetic pathway and heterologous
expression of substrate promiscuous sugar biosynthetic enzymes and GTs (Han et al., 2011;

Madduri et al., 1998; Wang et al., 2018a).
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Figure 14: In vivo glycodiversification to produce TDP-L-acosamine and epirubicin. In one of the studies,
dnmV gene was disrupted in S. peucetius strain and the sugar donor intermediate was converted to TDP-
L-acosamine using AvrE and EryBIV separately. Herein, glycosylation was performed using DnrS/ DnrQ
(Madduri et al., 1998). In another study, Deslll and DeslV was used to synthesize TKDG, AvrE was the 4-
ketoreductase, and AknS/AknT was used to produce epirubicin in a S. venezuelae mutant (Han et al.,
2011). In a third study, overexpression of Deslll, DeslV, Evak, DnrS/DnrQ produced better titers of

epirubicin in a doxorubicin overproducing S. peucetius dnmV mutant (Wang et al., 2018a).

In an early study, Hutchinson and colleagues reported the in vivo biosynthesis of TDP-L-
acosamine and epirubicin in a S. peucetius dnmV mutant strain. Disruption of the dnmV gene
terminated the production of TDP-L-daunosamine and its glycosylated anthracycline products,
daunorubicin and doxorubicin. The accumulating sugar donor intermediate was re-directed to
produce TDP-L-acosamine by introducing one of two substrate-flexible stereospecific
ketoreductases (Madduri et al., 1998). These include AveBIV (AvrE) from S. avermitilis and
EryBIV from Saccharopolyspora erythraea that are involved in the biosynthesis of avermectin
and erythromycin, respectively (Ikeda ef al., 1999; Summers et al., 1997). Fermentation of the
engineered S. peucetius resulted in a considerable amount of 4’-epi-daunorubicin, one of the
glycosylated intermediates of the proposed epirubicin biosynthetic pathway. However, the yield
of epirubicin was low (Madduri ef al., 1998).

In another study, Yoon and coworkers used a S. venezuelae mutant as the heterologous host
for the production of TDP-L-acosamine and epirubicin. Herein, the complete antibiotic pikromycin
gene cluster of S. venezuelae was deleted and doxorubicin resistant genes were introduced to the

mutant strain. The mutant was transformed with a plasmid containing a gene set for the production
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of TDP-L-acosamine, genes encoding a GT and its auxiliary protein, and postglycosylation
enzymes. Deslll thymidylyl transferase and DesIV TDP-D-glucose 4,6-dehydratase from .
venezuelae were used to produce the key intermediate TKDG. AvrE was selected as the
stereospecific 4-ketoreductase for the production of TDP-L-acosamine. The substrate flexible
AknS from S. galilaeus was selected as the GT capable of transferring the L-acosamine residue to
the exogenously fed e-thodomycinone with the aid of AknT auxiliary protein. Though they were
able to produce 0.5 mg of epirubicin per liter of culture (Han et al., 2011), the yield was extremely

low compared to the yield of doxorubicin by native and engineered producers (Wang et al., 2018b).

A recent work described by Chen and coworkers presented an engineered S. peucetius
strain with improved epirubicin yields. Herein, the dnmV gene in a doxorubicin overproducer was
inactivated and EvaE from Amycolatopsis orientalis was used as the 4-ketoreductase (Wang et al.,
2018a). EvaE in its native organism is involved in the synthesis of TDP-L-epivancosamine sugar
precursor towards the production of chloroeremomycin (Ikeda et al., 1999). Overexpression of
EvaE, DesllIl, DesIV, DnrS/DnrQ resulted in 270 mg/L of epirubicin (Wang et al., 2018a). These
studies highlight the potential of in vivo combinatorial synthesis towards the production of sugar

donor derivatives and the corresponding glycosides.

1.5.2 In vitro natural product glycodiversification

Small molecule natural product glycodiversification is not restricted to in vivo metabolic
engineering and combinatorial synthetic approaches, but also performed in vitro using
glycosylation enzymes. In comparison with in vivo routes, in vitro glycosylation has become an
attractive alternative as the absence of host cells eliminates the concern on the toxicity of novel
glycosides to the host. Furthermore, the diversity of the novel compounds can be expanded easily
as the use of precursor molecules is not limited by the ability to produce or uptake by the host
cells. This method also enables the optimization and control of enzymatic reactions towards
maximizing the desired product yield while eliminating shunt pathways (Thibodeaux et al., 2008).
This approach was used in a number of studies in diversifying the glycosylation of clinically

important secondary metabolites.

Liu and coworkers reported the use of the substrate flexible DesVII GT along with DesVIII

auxiliary protein from the macrolide antibiotic methymycin/pikromycin biosynthetic pathway of
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S. venezuelae towards in vitro glycodiversification. The polyketide macrolactone 10-
deoxymethynolide and narbonolide are the native acceptor substrates of DesVII/DesVIII, whereas
its native donor is TDP-D-desosamine. Screening with a number of TDP-sugar donors and
acceptors revealed the substrate tolerance of DesVII/DesVIII in synthesizing 19 novel macrolides
(Borisova et al., 2006). This emphasizes the feasibility of the use of substrate flexible GTs in in

vitro combinatorial biosynthesis leading to glycoform derivatives with therapeutic significance.

Not all GTs are inherently substrate flexible and the stringent substrate specificity of many
GTs hampers their use in glycodiversification. To address this challenge, Spencer and colleagues
used a structure-guided approach to engineer chimeras from GTs encoded in the vancomycin group
of glycopeptide antibiotics chloroemomycin and teicoplanin biosynthetic gene clusters from A.
orientalis and Actinoplanes teichomyceticus, respectively (Truman et al., 2009). For one of the
chimeras, GtfA enzyme from the chloroemomycin pathway (Lu et al., 2004) and Orfl from the
teicoplanin pathway (Li et al., 2004) were used, and these two GTs share 66% sequence identity.
These enzymes glycosylate their respective macrocyclic peptide acceptor substrates:
desvancosaminyl vancomycin (DVV) for GtfA, and teicoplanin glucosaminyl-pseudoaglycone for
Orfl; with GtfA transferring L-f3-4-epi-vancosamine and Orfl transferring N-acetylglucosamine
from TDP- and UDP-donors, respectively. The GtfAH1 chimera, a hybrid GT consisting of the
GtfA N-terminal domain and Orfl C-terminal domain, can transfer N-acetylglucosamine from
UDP-GIcNACc or glucose from UDP-Glc onto DVV as well as several related macrocyclic peptides
(Truman et al., 2009). Interestingly, this hybrid GT possessed a substrate scope beyond that of its
parents for the acceptors and donors that it can utilize and can synthesize a variety of hybrid
vancomycin derivatives. Obtaining a substrate flexible GtfAH1 chimera by fusing domains of
parent GTs that have strict substrate specificity is an interesting development with respect to the

potential for glycodiversification.
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1.6 Purpose and objectives

Sugar moieties attached to small molecule natural products show a significant effect on their
biological activities. Therefore, changing the glycosylation of natural products through
glycodiversification could affect or improve their biological properties. The overall purpose of this
thesis project is to achieve in vitro glycodiversification of small molecules using substrate flexible
GTs and sugar biosynthetic enzymes to produce novel high-value glycosylated products and
heavily modified sugar precursors. The objectives towards this purpose are as follows.

In vitro glycodiversification necessitates a high-throughput assay towards identifying the
activity of substrate flexible GT enzymes. However, the existing screening methods have some
limitations with respect to the throughput and the ease of use. In Chapter 2, we have addressed
this by developing a simple and easy to perform high-throughput screening tool for GTs based on
the physiochemical changes of the aglycone moiety upon glycosylation.

In Chapter 3, we used this novel assay in in vitro glycodiversification, where a panel of
substrate promiscuous plant GTs was combinatorially screened with a collection of acceptor and
donor molecules. This enabled us to characterize the substrate flexibility of GTs and resulted in
novel glycosides that might have therapeutic significance.

Considering the clinical importance of TDP-L-daunosamine and its epimer TDP-L-
acosamine on small molecule glycosides, in Chapter 4 we have reconstituted an in vitro enzymatic
pathway towards producing these sugar donors and some of the intermediates of the pathway.
Towards this we used heterologously expressed and purified substrate flexible sugar biosynthetic
enzymes. In the reconstituted pathway, we have closely analyzed one of the enzymatic steps, which
constitutes a major bottleneck in the biosynthesis of the desired sugar donors. Using one of the
purified sugar donor intermediates, we have determined the kinetic parameters of the sugar
biosynthetic enzyme that catalyzes this key reaction. This highlights the importance of having
purified sugar donors not only as precursors towards producing novel bioactive molecules through
in vitro glycodiversification, but also as tools to study glycosylated natural product biosynthesis at

the level of enzyme catalysis.
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CHAPTER TWO
Development of a Biphasic Glycosyltransferase High-Throughput (BiG HiT)

assay
2.1 Background

The sugar moieties of many small molecule natural products are essential for their biological
activity (Weymouth-Wilson, 1997). Several natural product GTs are inherently promiscuous to
substrates, and thus can be challenged by non-native donor and acceptor molecules. This makes
them valuable tools towards enhancing or altering the bioactivity of natural products through
changing their glycosylation, otherwise known as glycodiversification (Williams et al., 2007). The
success of glycodiversification greatly depends on effective screening methods to identify
promiscuous enzymes. However, screening for GT activity is difficult, since the formation of
glycosidic bonds does not produce a conveniently measurable signal like a change in absorbance

or fluorescence (Aharoni et al., 2006).

Therefore, the catalytic activity of GTs is traditionally assayed through high performance
liquid chromatography (HPLC) and/or mass spectrometry (MS) analysis. Dixon and coworkers
used a high-throughput HPLC method to screen the enzyme activity of a panel of plant natural
product GTs with a precursor library (Modolo ef al., 2007). Despite their characterization of this
as a high-throughput tool, the throughput of this screening approach is limited by the long

operation time of HPLC instrumentation.

Consequently, researchers have come up with different high-throughput assays that use
modified substrates or fluorescent sensors that facilitate the screening of GT activity. Withers and
colleagues used fluorescently tagged acceptors to screen the activity of a bacterial sialyltransferase
mutant library in vivo using fluorescence-activated cell sorting (FACS). In this strategy, with the
aid of membrane transporters the exogenously provided fluorescently tagged acceptors are readily
transported across the cell. Functional GT mutant enzymes catalyze the synthesis of fluorescent
product that is not a substrate for membrane transport proteins, and which therefore gets entrapped
and links the genotype (the gene encoding the mutant GT) and the resulting fluorescent phenotype
within the cell (Aharoni et al., 2006).
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Lee and Thorson designed an in vitro high-throughput assay employing a xanthene-based
NDP sensor. This complex fluorescent sensor showed selective binding to the releasing NDP
byproduct of Leloir-GT catalyzed reactions over NDP-sugar donor substrates. Even though crude
cell lysates and purified GTs are compatible with this assay, synthesis of the complex NDP sensor
is laborious as it involves multiple chemical reactions (Lee and Thorson, 2011). Instead of the
complex xanthene-based sensor, Lee and colleagues improved the assay with the use of an
anthracene-based fluorescent sensor where the chemical preparation is not difficult. The
fluorescent sensor is bound to a quencher, and the presence of NDP replaces the quencher and
emits fluorescence (Ryu et al., 2014). Although these GT screening tools are attractive in the
context of its throughput and sensitivity, each assay necessitates chemical synthesis of

fluorescently labeled acceptors, or fluorescence sensors.

We have addressed this by developing a high-throughput screening tool based on the
changes in physical properties of the aglycone acceptors upon glycosylation. Various lipophilic
small molecules with chromogenic or fluorescent spectral properties are poorly soluble in polar
solvents and the polarity significantly increases upon glycosylation (Modolo et al., 2007). The
high-throughput assay we developed utilizes a simple liquid-liquid extraction to separate the polar
glycoside product of the GT-catalyzed reaction which can be detected by the inherent absorbance
or fluorescence of the aglycone residue (Figure 15). The assay we have devised is relatively simple
and can be easily used in a high-throughput fashion on microtiter plates in combinatorial screening

or directed evolution.
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Figure 15: Schematic representation of the developed Biphasic Glycosyltransferase High-Throughput (BiG
HiT) assay. A catalytically active GT transfers a sugar moiety from a nucleotide activated donor to a non-
polar naturally chromogenic or fluorescent acceptor and results in a chromogenic or fluorescent polar
product (O-, C- or N-linked). The unreacted aglycone is separated from the product by performing an
organic solvent extraction. Subsequently, the product in the aqueous phase is detected by measuring the

absorbance or fluorescence.
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2.2 Materials and Methods

2.2.1 Chemical reagents and enzymes

Chemicals used in this study were of analytical grade and were commercially purchased from
Sigma-Aldrich, Carbosynth, Bio Basic Canada, and Bio-Rad. DNase I, RNase A, and lysozyme

were purchased from Bio Basic Canada.

2.2.2 Plasmids, bacterial strains, and culture conditions

Plasmids and bacterial strains of this chapter are summarized in Table A2 and A3, respectively.
Growth and maintenance of E. coli strains were done using LB broth or agar media (Table A4)
with 100 pg/mL of ampicillin. The cultures were incubated at 37 °C and liquid cultures were

shaken at 220 rpm, unless otherwise noted.

The chemically competent E. coli cells used in this study were prepared following a
previous procedure described by Hanahan (Hanahan, 1983) with modifications. A 1 % of starter
culture that had grown overnight at 37 °C was inoculated into 500 mL LB broth and was incubated
at 37 °C until the ODsoo is between 0.4- 0.6. Following centrifugation at 4500 x g for 5 min at 4
°C, the harvested cells were resuspended in 200 mL ice-cold TBF1 buffer (Table AS). Next, a 5
min incubation on ice was done and cells were harvested by another centrifugation step (4500 x g
for 5 min at 4 °C). Subsequently, the cells were gently resuspended in 20 mL ice-cold TBF2 buffer
(Table AS), and 100 pL aliquots were stored at -80 °C.

2.2.3 Expression and purification of recombinant VvGT1 glycosyltransferase

The V'vGT1 gene had been previously cloned into the pET14b T7 expression vector by Christopher
Ford (Ford et al., 1998). This construct was transformed into chemically competent E. coli BL21
(DE3) cells and VvGT]1 protein was heterologously expressed and purified following a previously
established protocol (Ford ef al., 1998) with slight modifications. The starter culture was grown
overnight at 37 °C and 1% of it was inoculated into 800 mL of LB broth supplemented with 100
pg/mL of ampicillin. Cells were grown at 16 °C until ODsoo is between 0.4- 0.6 and protein
expression was induced with 0.4 mM IPTG. The cultures were further incubated for an additional

24 hours at 16 °C and the cells were harvested by centrifugation (10,000 x g, 30 min, 4 °C). The
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cell pellet was resuspended in 40 mL of VvGT]1 lysis buffer. DNase I, RNase A, and lysozyme (5
pg/mL of each), and one mini tablet of protease inhibitor cocktail (EDTA-free) were added.
Following cell disruption by sonication with a 5 s pulse on, 15 s pulse off for a total pulse time of
3 min at 25% amplitude (Fisherbrand™ Model 505 Sonic Dismembrator), the insoluble

components were pelleted by centrifugation at 15,000 x g for 30 min at 4 °C.

A 1 mL Ni-NTA resin column (MCLAB) was pre-equilibrated with 10 mL of VvGT1 wash
buffer and the filtered supernatant (0.22 pm filter, UltiDent) was loaded to the column.
Subsequently, the column was washed with 10 column volumes of VvGT1 wash buffer and the
expressed VVGTI protein was isocratic eluted by gravity through 8 column volumes of VvGT1
elution buffer. The fractions containing VvGT1 protein were pooled and buffer exchanged using
10DG desalting column (Bio-Rad) with 4 mL of VvGT1 storage buffer, and aliquots of protein

were stored at -80 °C.

Note: The buffers used in this section were listed in Table AS.

2.2.4 Biphasic glycosyltransferase assay validation using purified VvGT1 enzyme

The biphasic glycosyltransferase high throughput assay (BiG HiT) validation was carried out in
96-well PCR plate (VWR) with 8 replicates. 10 pL of purified VVGT1 protein (0.25 mg/mL in
total reaction volume) was added to a 20 pL substrate mixture containing 10 mM Tris pH 7.8, 1.5
mM quercetin (3 % DMSO), 3 mM UDP-glucose, and the total reaction volume was 30 pL. As
the no enzyme control, 10 pL of assay control buffer (Table AS) was added to the substrate
mixture. The reactions were incubated at 30 °C for 2 hours and terminated by incubating at 90 °C
for 3 min. The insoluble components were pelleted out by centrifugation at 3,000 x g for 5 min.
25 uL of the supernatant was transferred to a new well and one volume of ethyl acetate: chloroform
(3:1 v/v) was added as the organic phase. The content was mixed using an 8-channel pipettor
(Corning Lambda™ Plus), and liquid-liquid extraction was performed on a Whatman 1PS phase
separator filter paper (GE Healthcare). The solvent extraction step was repeated and 15 pL of
aqueous phase was transferred to wells of 96-well half area plate (Corning). The sample was
diluted with 1 volume of distilled water and 2 volumes of 0.2 % 2-aminoethyl diphenylborinate

fluorescent probe in 20 % ethanol. The absorbance at 394 nm was measured using a CLARIOstar
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monochromator microplate reader (BMG Labtech) and the data were received from MARS data

analysis software 3.20 R2.

2.2.5 Biphasic glycosyltransferase assay validation using crude VvGT1 enzyme

To assay the compatibility of crude lysate with the developed high throughput screen, VvGT]1
protein lysate was prepared as follows: pET14b plasmid encoding VvGT1 was transferred into
chemically competent XJb (DE3) autolysis cells. The cells were grown in 1 mL of LB broth
containing 100 pg/mL of ampicillin at 37 °C for 24 hours and as the control XJb (DE3) cells
harbouring an empty pET14b vector was used. 7.5 uL of inoculum was added into V-bottom 96-
well microplates (NUNC) having 150 pL LBE-5052 autoinduction medium (Table A4)
supplemented with 100 pg/mL of ampicillin and 3 mM arabinose (8 replicates). The cells were
grown at 30 °C for an additional 24 h. The cells were pelleted by centrifuging at 3,000 x g for 10
min and the cell pellets were resuspended in 30 uL of 10 mM Tris pH 7.8. The cells were frozen
at -80 °C for 1 hour, then thawed at 30 °C. Following the addition of 10 uL of a mixture containing
20 pg/mL DNase I, 20 pg/mL RNase A, and 20 pg/mL lysozyme in 10 mM Tris buffer, pH 7.8,
the cell suspension was incubated at room temperature for 15 min. Cell debris were removed by
centrifugation (3,000 x g for 10 min at 4 °C) and 10 pL of crude lysate was used for the above
explained high throughput assay validation procedure (Section 2.2.4).

2.3 Results and discussion
2.3.1 Development and validation of a Biphasic Glycosyltransferase High-Throughput
(BiG HiT) assay

The high-throughput assay that we devised for glycosyltransferase screening is based on the
change in physical characteristics of the aglycone acceptor upon glycosylation. In this strategy, the
GT activity is detected by the shift in the polarity of the inherently chromogenic or fluorescent

acceptor.

As a proof of concept, a promiscuous plant GT enzyme, UDP-glucose: flavonoid 3-O-
glycosyltransferase (VVGT1) from Vitis vinifera (red grape) (Ford et al., 1998; Offen et al., 2006)

was used in the assay we developed. Herein, we used the crude lysate from E. coli clones
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expressing VvVGT1 and His-tagged purified protein towards assay validation. Despite the fact that
natural glycosylation reaction that it catalyzes involves the conversion of the unstable cyanidin
acceptor to the stable cyanidin 3-O-glucoside, in vitro studies have demonstrated the potential of
VvGT]1 to use other flavonoid acceptors such as quercetin (Ford et al., 1998). VVGT]1 transfers the
glucose moiety from the nucleotide activated sugar donor, UDP-glucose to the non-polar aglycone
acceptor, quercetin. This enzymatic reaction yields polar coloured compound quercetin 3-O-f-

glucoside (Figure 16A).

To validate our proposed strategy for high-throughput screening, we performed the assay for
VvGT1 purified enzyme (0.25 mg/mL) with 8 replicates. The reactions were carried out in Tris
buffer, pH 7.8 (6.7 mM) using quercetin (1 mM) as the acceptor and UDP-glucose (2 mM) as the
sugar donor. Herein, to determine any non-enzymatic background reactions, an assay control
buffer (Table AS) without VVGT1 enzyme was used. Glycosylation reactions were performed for
2 h at 30 °C and stopped by heating at 90 °C for 3 min to denature the glycosyltransferase enzyme.
Subsequently, unreacted nonpolar quercetin acceptor was removed from the polar quercetin 3-O-
B-glucoside by an organic solvent extraction using ethyl acetate: chloroform (3:1 v/v). Herein, the
solvent extraction was facilitated by the use of silicone impregnated filter paper that is
impermeable to the aqueous phase but permeable to the organic phase. The quercetin aglycone is
partitioned in the organic phase which is absorbed into the silicone impregnated filter paper, while
the aqueous phase containing the glycosylated product remains as a droplet. The separated polar
quercetin 3-O-B-glucoside product was detected by measuring the absorbance of the aqueous phase
at 394 nm. Herein, 2-aminoethyl diphenylborinate was used to enhance the absorbance signal of

flavonoid glycoside (Saslowsky et al., 2005).

The Z-factor is a statistical parameter that is used to measure the quality of high-throughput
assays. This is calculated based on the variations between groups of positive and negative controls,
and the value ranges from <0 — 1 (Zhang et al., 1999). We evaluated the robustness of our
developed high-throughput assay by calculating the Z-factor. As illustrated by Figure 16B, the
calculated Z-factor value for the purified VvGT1 enzyme was 0.83.

The compatibility with crude enzyme extracts is necessary towards utilizing our proposed
high-throughput assay in enzyme engineering strategies such as directed evolution. Thus, the

above-described assay was repeated with VVGT1 crude extract and crude extract without the
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enzyme of interest was used as the no GT control. This resulted in a Z factor value of 0.63 (Figure
16C). Since the obtained Z-factor values for the purified VVGT1 and the crude cell extracts were
greater than 0.5, the developed assay is considered to have an excellent assay quality
demonstrating its utility for high-throughput screening. Therefore, we are confident that our

proposed screen is well-suited in assaying crude enzyme extracts and purified GTs.
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Figure 16: (A) Glycosylation reaction of VVGT1 in the presence of UDP-glucose and quercetin, and
statistical validation of the proposed BiG HiT assay using (B) VvGT1 purified enzyme (0.25 mg/mL) and
(C) crude extract. Following solvent extraction, the glycosylated quercetin 3-O-B-glucoside in aqueous
phase was detected at 394 nm. Z’ was calculated considering the variability between positive and negative

controls. n= 8.
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2.4 Conclusions

The diversity and the abundance of glycans in nature emphasize their importance in biological
applications. Specifically, many therapeutically valuable compounds are decorated with sugars
highlighting the pivotal function of GTs that catalyze their assembly. High-throughput enzyme
screening platforms are valuable tools in identifying useful activities from naturally diverse pools
of enzymes, exploring substrate scope and combinatorial synthetic activity in promiscuous
enzymes, and in evolving existing enzymes by directed evolution (Kwan and Withers, 2011).
Although several high-throughput GT assays have been described, many of them require
chemically manipulated substrates or fluorescent sensors, and some of them are limited in their
throughput. This brought our attention towards the development of a high-throughput screening

tool for GTs without the need of chemically modified precursors or sensors.

We were inspired by the natural chromogenic and fluorescent properties of many
polyphenolic aglycones of glycosylated natural products. Glycosylation of these hydrophobic
aglycone molecules shifts its polarity (Modolo ef al., 2007) and this is the basis of our novel GT
assay. In this study, we have developed a screening method for assaying natural product GTs in a
high-throughput fashion enabled by rapid isolation and detection of chromophoric or fluorescent
glycosylated natural products. Previously, Thorson and colleagues developed a fluorescence-
quenching assay utilizing the changes associated with the fluorescent properties of a coumarin
acceptor upon glycosylation (Williams et al., 2007). To the best of our knowledge, the GT assay
we designed is the first screening tool developed that links the spectral and polarity characteristics
of the aglycone moiety. Herein, we have demonstrated the compatibility of our devised plate-based
high-throughput screen with both crude lysate and purified GTs, using VvGT]1 as a representative

enzyme.

Although, our assay is attractive in the context of its simplicity and ease of use, this tool
can only be used with GTs that use chromogenic or fluorescent lipophilic acceptors. The use of an
appropriate organic phase that removes the unreacted aglycone but not the glycoside is extremely
important as improper separation would result in false positive or false negative results. However,
a complete separation of the aglycone from its glycoside without any cross-contamination in
organic and aqueous phases may not be possible. Therefore, subtle glycosylation activities of GT's

might not be detected by our BiG HiT assay. Despite these limitations, our plate-based method
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could allow for the screening of 1000s of combinations/ conditions/ mutants per day. Therefore,
our novel assay will be an invaluable tool for discovering, analyzing, and engineering GTs through

directed evolution.

In the following chapter, we have used our novel high-throughput assay in screening a
collection of natural product GTs against a panel of precursors to therapeutically important

molecules.
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CHAPTER THREE
Exploring the catalytic scope of a plant UGT collection

towards the production of novel glycosides

3.1 Background

UDP-dependent GTs (UGTs) are a ubiquitous class of enzymes that use UDP activated sugar
donors, including UDP-glucose, UDP-galactose, UDP-glucuronic acid, and UDP-xylose towards
glycosylation (Mackenzie et al., 1997). According to the carbohydrate-active enzyme (CAZy)

database classification, GTs and UGTs that usually use small molecule acceptors belong to GT1

family (http://www.cazy.org/GT1.html), and these are categorized as inverting GTs since their
glycoside products result in an inverted anomeric configuration with respect to the sugar donors.
Structurally, these UGTs of the GT1 family fit to the GT-B fold enzymes that possess two B/o/
Rossmann-like domains and have definite acceptor and donor binding sites (Coutinho et al., 2003;

Lairson et al., 2008).

An enormous collection of UGTs was found in plants, including in Arabidopsis thaliana
and Medicago truncatula (Modolo et al., 2007; Ross et al., 2001). The well conserved Putative
Secondary Plant Glycosyltransferase (PSPG) motif near the C-terminal region is an exclusive
characteristic of plant UGTs. This motif is reported to represent the UDP-sugar binding site
(Hughes and Hughes, 1994; Paquette et al., 2003). Plant UGTs are involved in glycosylating small
molecules such as plant hormones (Jackson et al., 2002), flavonoids (Ford et al., 1998), terpenoids
(Caputi et al., 2008), saponins (Shibuya et al., 2010), and xenobiotics (Loutre et al., 2003).
Glycosylation of these small molecules affects their solubility, stability, bioactivity,
compartmentalization, and storage (Coleman et al., 1997; Hollman et al., 1999; Smith et al., 2000).
In view of the importance of sugar residues on small molecules, glycodiversification—that is
changing the sugar groups attached to these metabolites through glycosylation—would result in
novel compounds with modified chemical properties and bioactivities. The feasibility of this
strategy mainly relies upon the substrate flexibility of GTs (Thibodeaux et al., 2008; Williams et
al., 2007).

Several in vitro studies revealed the substrate promiscuity of many plant UGTs

participating in secondary metabolism (Caputi et al., 2012). Using our novel high-throughput assay
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(Chapter 2), we screened a collection of plant UGTs against a panel of precursors to
therapeutically important molecules. Six substrate-flexible plant UGTs: VvGT]1 from V. vinifera,
UGT71G1 and UGT78G1 from M. truncatula, UGT78K6 from Clitoria ternatea, UGT708A6
from Zea mays, and UGT72B1 from A. thaliana were selected as our enzyme collection. In nature,
these UGTs exhibit different roles ranging from pigment production, plant defense mechanism,
and detoxification of environmental pollutants through glycosylation (Achnine et al., 2005; Ford

et al., 1998; Loutre et al., 2003).

Glycosylation is an important reaction in the synthesis of water-soluble anthocyanin
pigments in plants that defines the colours of flowers and fruits. In red grape, VvGT]1, a flavonoid
3-O-glycosyltransferase is involved in the production of red wine pigment through glycosylating
a cyanidin acceptor towards the formation of cyanidin 3-O-glucoside (Ford et al., 1998; Offen et
al., 2006). UGT78G1 and UGT78K6 are two other flavonoid O-glycosyltransferases that are
involved in anthocyanin pigment biosynthesis (Hiromoto et al., 2013; Peel et al., 2009). In
butterfly pea, UGT78K6 participates in glycosylating a delphinidin acceptor using UDP-glucose
sugar donor (Hiromoto ef al., 2013). This is an early biosynthetic step in producing the anthocyanin

pigment ternatin that makes the petal colour blue (Kazuma et al., 2004).

Triterpene saponins are plant secondary metabolites that are essential players in plant
defense and many of these small molecules are glycosylated. UGT71G1 is an O-UGT that is
reported in glycosylating triterpene aglycones such as medicagenic acid and hederagenin towards

the biosynthesis of saponins in M. truncatula (Achnine et al., 2005).

Apart from molecules with O-linked glycosylation (the most common type of glycosylated
natural product), plant UGTs are capable of synthesizing C- and N-linked glycosides. UGT708A6
encompass a dual-function by forming both O- and C-linked glycosylated flavonoids. This enzyme
is demonstrated to use UDP-glucose as the sugar donor towards glycosylating flavones and
flavanones (Ferreyra et al., 2013). UGT72B1 is another dual-functional enzyme involved in
detoxifying xenobiotics such as 2,4,5-trichlorophenol (TCP) and 3,4-dichloroaniline (3,4-DCA),
by O- and N- glycosylation, respectively (Loutre et al., 2003).

Our novel high-throughput assay was used in in vitro combinatorial screening of these
UGTs with a selected substrate collection. Through this screen, certain enzymes exhibited novel

acceptor and donor substrate specificities. Importantly, a few of the enzymes produced novel

39



glycosides demonstrating its ability in glycodiversification towards therapeutically important

compounds.

3.2 Materials and Methods

3.2.1 Chemical reagents and enzymes

Chemicals used in this study were of analytical grade and were commercially purchased from
Sigma-Aldrich, Carbosynth, Bio Basic Canada, and Bio-Rad. e-thodomycinone was provided by
Dr. Kristiina Ylihonko. Restriction endonucleases, T4 DNA ligase, Antarctic phosphatase, and
Phusion DNA polymerase were from New England Biolabs. DNase I, RNase A, and lysozyme

were purchased from Bio Basic Canada.

3.2.2 Plasmids, bacterial strains, and culture conditions

Plasmids and bacterial strains of this chapter are summarized in Table A2 and A3, respectively.
Growth and maintenance of E. coli strains with appropriate antibiotics and preparation of

chemically competent cells were done as in Section 2.2.2.

3.2.3 Construction of plasmids encoding UGTs and enzymes involved in UDP-xylose in

vitro pathway

Separate constructs of UGT71G1, UGT78G1, UGT78K6, UGT70846, hUGDH, CtXR, and hUXS
with Ndel and Xhol restriction sites were designed in PUC57-Kan vector and the synthesized
constructs were purchased from Bio Basic. Following standard procedures, each gene was excised
at Ndel and Xhol restriction sites, subcloned into pET28a vector, and individual constructs were

sequence verified.

The truncated hUXS (A84hUXS) gene in pET28a was built as follows. A84hUXS gene was
PCR amplified in a 25 pL buffered reaction containing <250 ng of pET28a AUXS (full length)
template, 0.5 uM of hUXS F and 0.5 uM T7 terminator primers (Table A1), 200 uM dNTPs, 0.02
to 0.2 U/ uL of Phusion polymerase, and 3% DMSO. Herein, the PCR buffer was diluted according
to the manufacturer’s instructions and the temperature profile was: 98 °C for 30 s, followed by 30

cycles of 98 °C for 10 s, 55-71 °C for 30 s, and 72 °C for 1 min, followed by 72 °C for 10 min.
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The PCR product was restriction digested at Ndel and Xhol, cloned into pET28a vector, and

sequence verified.

The UGT72B1 gene had been previously cloned into the pET30a vector by Gideon Davies
at University of York (Brazier-Hicks et al., 2007a).

3.2.4 Expression and purification of recombinant proteins

3.2.4.1 Recombinant plant UGTs

Each of the UGT constructs with N terminal His tag in pET vectors were individually transformed
into chemically competent E. coli BL21 (DE3) cells and UGT proteins were expressed as described
below. 1 % of starter cultures that had grown overnight at 37 °C were inoculated into separate 800
mL volumes of LB broths containing 50 pg/mL of kanamycin. The cultures were incubated at 37
°C until ODggo of 0.4 - 0.8 was reached and induced with 0.5 mM IPTG. All the cultures were
overnight grown at 16 °C and bacterial cells were harvested by centrifugation at 10,000 x g for 30

min at 4 °C.

Cell lysis, protein purification, buffer exchange, and storage were performed as explained

in Section 2.2.3 using UGT buffers (Table AS).

3.2.4.2 Recombinant proteins involved in UDP-xylose in vitro pathway

Separate 800 mL cultures of E. coli BL21 (DE3) cells containing h(UGDH, CtXR, and A§4hUXS
pET28a expression constructs were grown as explained in Section 3.2.4.1 until ODsoo was between
0.6 - 0.8. Protein expression was initiated by adding 0.5 mM IPTG for hUGDH and CtXR, and 1
mM IPTG for A84hUXS, and the cells were induced overnight at 16 °C. Following centrifugation
(10,000 x g for 30 min at 4 °C) the cell pellets were resuspended in lysis/ wash buffer I (Table
AS5), and the cells were disrupted as described in Section 2.2.3.

The isocratic purification of A84hUXS protein was performed by gravity as explained in
Section 2.2.3 using elution buffer I (Table AS). hUGDH and CrXR protein purification were
performed using a 1 mL Ni-NTA resin column (MCLAB) equipped on an AKTA purifier 10
system (GE Healthcare Life Sciences). Herein, the proteins were gradient eluted from 10 mM

(wash buffer I: Table AS) to 500 mM imidazole (elution buffer I: Table AS5) at a flow rate of 1
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mLmin! over 25 column volumes. The fractions containing the recombinant \tUGDH, CzXR, and
A84hUXS proteins were separately concentrated to 3 mL using centrifugal protein concentrators
(6 mL, 30 kDa MWCO, GE Healthcare), were dialyzed using 10DG desalting columns (Bio-Rad)
against storage buffer I (Table AS5), and protein aliquots were stored at -80 °C.

3.2.5 Invitro enzymatic synthesis and purification of UDP-xylose

UDP-xylose was enzymatically prepared from UDP-glucose in a one-pot two-step reaction
following a previously described procedure (Eixelsberger and Nidetzky, 2014) with necessary
modifications. Briefly, to a 4 mL reaction containing 50 mM potassium phosphate buffer pH 7.5,
10 mM UDP-glucose, 6 mM NAD*, 0.025 mM 9,10-phenanthrenequinone (PQ), and 0.10 w/v %
BSA, the following two were added in order: 100 U/mL bovine liver catalase and 0.072 mg/mL
CtXR. The reaction was initiated by adding 0.825 mg/mL hUGDH, and 100 mM H>0O», mixed and
incubated at 37 °C for 24 h. Subsequently, 4 mL of 1.43 mg/mL of hUXS was added and incubated
for an additional 26 h. The reaction was terminated at 99 °C for 5 min and denatured proteins were

removed by centrifugation at 3,000 x g for 5 min.

Synthesized UDP-xylose was purified in two batches (4 mL each) by anion exchange
chromatography on an AKTA purifier 10 system (GE Healthcare Life Sciences) with an 8§ mL
Macro-prep high Q column (Bio-Rad). Preceding sample loading, the column was equilibrated
with 5 column volumes of buffer A (buffer II: Table AS). The compounds were eluted at 2 mLmin
! flow rate with a gradient of 0 % to 11.5 % B over 4 column volumes, 11.5 % to 21.2 % B over 5
column volumes, and 21.2 % to 100 % B over 4 column volumes where buffer B is buffer III
(Table AS). The fractions containing UDP-xylose were monitored at UV 254 nm and verified by
mass spectrometry (MS) (Thermo-Finnigan 7 Tesla LTQ-FT) in negative mode with a source
voltage of 2800 V and a scan range from 100 to 1000 m/z. The acquired data from MS were

analyzed using the Xcalibur software package.

The pooled fractions were concentrated to 2 mL using a rotary evaporator at 40 °C (BUCHI
rotavapor R-114) and applied to a pre-equilibrated (with 2 column volumes of deionized water) 75
mL Sephadex G-10 (Sigma Aldrich) column connected to an AKTA purifier 10 system (GE
Healthcare Life Sciences) to remove ammonium formate from UDP-xylose. Herein, deionized

water was used to elute the compounds at 0.2 mLmin™! flow rate over 3 column volumes and UDP-
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xylose was monitored by UV absorption at 254 nm. Fractions were verified by MS as explained
above and lyophilized using a ModulyoD-115 freeze dryer at -50 °C and a pressure less than 0.51

mbar.

3.2.6 High-throughput combinatorial screening of the promiscuous plant UGT collection

The purified UGT enzyme collection (along with VvGT1) and a panel of substrates were
combinatorially screened using the high throughput assay we developed. Herein, quercetin,
kaempferol, myricetin, emodin, and e-thodomycinone were used as acceptors and UDP-glucose,
UDP-galactose, and UDP-xylose were used as sugar donors. For each acceptor substrate, a 96-
well PCR plate (VWR) was used with different combinations of UGTs and sugar donors, and the
screening was performed as explained in Section 2.2.4 with a minimum of 2 replicates. Two
negative controls, either without sugar donors or without UGTs were performed. The organic
solvent mix for flavonoids and anthraquinones were ethyl acetate: chloroform (3:1) and ethyl
acetate: chloroform (1:3), respectively. For flavonol acceptors, 0.2% of 2-aminoethyl

diphenylborinate was used.

3.2.7 Validation of positive hits by HPLC—MS/MS Analysis

The positive reactions of the combinatorial high-throughput screen were analyzed by performing
HPLC-MS/MS analysis using an Acquity BEH C18 column (2.1 x 50 mm, 1.7 um) (Waters, CA)
connected to an Agilent 1260 Infinity Il UHPLC system (Agilent technologies, CA) equipped with
a Thermo-Finnigan 7 Tesla LTQ-FT mass spectrometer. 5 pL of the diluted sample (1:1 using
distilled water) was injected and chromatographic separation was performed at a flow rate of 0.3
mL/min with a gradient of 5% to 80 % buffer B over 5 min, followed by two isocratic steps with
90% buffer B over 0.5 min, and 5% buffer B over 2.5 min where buffer A was buffer IV (Table
AS5) and buffer B was buffer V (Table AS). The analytes were detected using mass spectrometry
in negative mode and MS/MS fragmentation was done for selected m/z ratios at an isolation

window of 2.5 Da, activation time of 30 s, and using 15 and 20 normalized collision energies (cid).
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3.3 Results and discussion
3.3.1 Expression of the plant UGT collection

The broad substrate specificity of many natural product GTs that act on secondary metabolites
allows them to be screened against a variety of donor and acceptor molecules. This paves the path
for glycodiversification that would allow for the synthesis of novel glycosylated small molecules
with modified or enhanced biological activities. Towards in vitro glycodiversification, six well-
characterized and substrate promiscuous plant UGTs were selected. These include five UGTs that
act on flavonoids (VvGT1, UGT71G1, UGT78G1, UGT78K6, and UGT708A6) and one UGT that
detoxifies xenobiotics (UGT72B1). These UGTs were cloned into pET expression vectors by
traditional cloning methods, soluble and active proteins were heterologously expressed in E. coli
BL21 (DE3) cells, and hexa-His N-terminal tagged proteins were Ni affinity purified (Figure A1).
Approximately 6 mg of purified UGTs were obtained from 800 mL of culture.

3.3.2 Invitro enzymatic synthesis of UDP-xylose

Certain UGTs involved in natural product glycoside biosynthesis are capable of utilizing UDP-
xylose as the sugar donor and transferring the xylose moiety to a range of acceptors. Therefore,
along with UDP-glucose and UDP-galactose, UDP-xylose was also used as a sugar donor in our

high-throughput combinatorial screen towards in vitro glycodiversification.

A previously established procedure was used with necessary modifications to produce
UDP-xylose in a one-pot two-step enzymatic reaction (Eixelsberger and Nidetzky, 2014). The
pathway involves three enzymes, human UDP-glucose 6-dehydrogenase (hUGDH), Candida
tenuis xylose reductase (CtXR), and human UDP-xylose synthase 1 (hUXS) (Figure 17).
Individual gene constructs encoding these proteins were built in pET28a expression vector, soluble
and active proteins were overexpressed in E. coli BL21 (DE3) cells, and His tagged proteins were
purified by Ni affinity chromatography (Figure A2). For 800 mL of culture, around 8 mg, 28 mg,
and 4 mg of purified hUGDH, CfXR, and hUXS proteins were obtained, respectively.

As shown in Figure 17, the proposed pathway was similar to that of the natural biosynthetic
pathway of UDP-xylose, where UDP-xylose was enzymatically synthesized from UDP-glucose

through an UDP-glucuronic acid intermediate. The sequential reactions of the suggested enzymatic
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scheme were catalyzed by hUGDH and hUXS, respectively (Eixelsberger and Nidetzky, 2014).
The coupling of a coenzyme nicotinamide adenine dinucleotide (NAD™) recycling cascade was
also used in the first step to elevate the efficiency of UDP-glucuronic acid production (Pival et al.,
2008). According to Figure 17, the reduction of 9,10-phenanthrenequinone (PQ) to the respective
hydroquinone (PQH>2) by CfXR results in the regeneration of NAD*. Subsequently, molecular
oxygen converts PQH> to PQ while the resulting H>O> was decomposed by bovine liver catalase.
Following the complete conversion of UDP-glucose to UDP-glucuronic acid intermediate, the
successive step of the reaction was performed by the introduction of hUXS. As reported by
Eixelsberger and Nidetzky, it was extremely important to synthesize UDP-xylose in two steps to

avoid the inhibition of hUGDH by UDP-xylose (Eixelsberger and Nidetzky, 2014).

1 OH- 2 H* 3
OH (o]
o) © 0 o)
HO hUGDH HO hUXS HO
HO HO HO
OH OH| OH
OuDP OuDP OuDP

2 NAD* 2 NADH + 2 H* CO,

HO OH CXR @] O

2 2
4 5
20, 2 H,0,
catalase

4 H,0 2 H;0,

Figure 17: Previously published in vitro enzymatic route for UDP-Xylose synthesis. UDP-Glucose (1) was

converted to UDP-Glucuronic acid (2) by hUGDH enzyme. The efficiency of the reaction was enhanced by

combining the NAD* regeneration cascade that involves CtXR and bovine liver catalase. Next, UDP-xylose

was synthesized employing hUXS enzyme. Compound 4: PQH2, compound 5: PQ. (Eixelsberger and

Nidetzky, 2014).
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Next, the produced UDP-xylose was purified using a strong anion exchange resin (Macro-
prep high Q) by anion exchange chromatography with a gradient elution profile of NH4HCO: pH
4.2 (20 mM — 500 mM) (Figure A3A). Subsequently, a second purification step using Sephadex
G-10 gel filtration medium was performed to remove NH4sHCO; and other salts (Figure A3B).
Finally, UDP-xylose was lyophilized, verified by MS analysis (Figure 18), and a total yield of
54% (13.2 mg) was obtained (starting with 24.4 mg of UDP-glucose). The purified UDP-xylose

was added to our substrate panel towards screening our UGT collection.
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Figure 18: Mass spectrum of the in vitro enzymatically synthesized and purified UDP-xylose sugar donor.

The sample was analyzed in negative mode and the calculated m/z for UDP-xylose was 535.0366.
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3.3.3 High-throughput combinatorial screening of the UGT collection with flavonol/

anthraquinone acceptors and UDP-sugar donors

The novel high-throughput assay that was developed for GTs acting on lipophilic small molecule
acceptors with natural fluorescent or chromogenic properties (Chapter 2) was used to
combinatorially screen the purified recombinant UGT enzyme collection against a group of
selected substrates. Herein, three flavonoids that belong to the flavonol subcategory (kaempferol,
quercetin, and myricetin) and two anthraquinones (emodin and e-rhodomycinone) were used as

acceptors and UDP-glucose, UDP-galactose, and UDP-xylose were the sugar donors (Figure 19).

In the high-throughput combinatorial screen, for each UGT (0.25 mg/mL) reactions were
carried out in a buffered mix (6.7 mM Tris buffer, pH 7.8) containing different acceptor (1 mM)
and donor (2 mM) combinations with a minimum of two replicates. Two negative controls, either
without UGTs or sugar donors were carried out. The reactions were performed for 2 h at 30 °C and
terminated by denaturing the enzymes at 90 °C for 3 min. If the tested UGTs can glycosylate the
given flavonol or anthraquinone acceptors using UDP sugar donors, this would result in polar
glycosylated products. Next, the unreacted nonpolar acceptor was removed from the polar
glycoside by using ethyl acetate: chloroform (3:1 v/v) or (1:3 v/v) for flavonol or anthraquinone,
respectively. Herein, the organic solvent extraction was facilitated by the use of a silicone
impregnated filter paper that is impermeable to the aqueous phase but permeable to the organic
phase. Subsequently, absorbance measurements of the aqueous phases were performed at selected
wavelength ranges to detect any glycosylated product formation (Figure A4). When flavonol
acceptors were used in the high-throughput screen, the absorbance signal of the glycosylated

flavonols were enhanced by using 2-aminoethyl diphenylborinate (Saslowsky et al., 2005).

Figure 20 summarizes the results of the high-throughput combinatorial screen. According
to the screen, if UGT enzymes were active in glycosylating the given acceptors with donors, an
increase in absorbance signal was observed compared to the no enzyme and no sugar donor
controls. The reactions with positive signals were then analyzed by HPLC-MS/MS for further
confirmation and false positives were excluded. Using our high-throughput assay, we were able to
identify previously unreported donor and acceptor specificities for certain UGTs of our UGT

collection. Interestingly, our screening tool enabled us to detect three UGTs that were flexible in
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synthesizing novel anthraquinone glycosides emphasizing the significance of our developed assay

in in vitro glycodiversification, given the therapeutic value of anthraquinone drugs.

Flavonol acceptors

Kaempferol Quercetin Myricetin

Anthraquinone acceptors

Emodin epsilon-Rhodomycinone

UDP-Sugar donors

OH OH
(0]
HO 0
HO HO
OH oH|
OuUDP OUDP OubP
UDP-Glucose UDP-Galactose UDP-Xylose

Figure 19: Chemical structures of the aglycone acceptors and sugar donors used in combinatorial high-
throughput screen. The three flavonols differ from one another by the number of hydroxyl groups on B-ring,
and the numbering of quercetin and myricetin is similar to that of kaempferol. Similarly, the numbering of

UDP-galactose and UDP-xylose is similar to that of UDP-glucose.
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Figure 20: In vitro glycosylation activity of the recombinant UGT collection towards different donor and

acceptor (A) kaempferol, (B) quercetin, (C) myricetin, (D) emodin, and (E) e-rhodomycinone combinations.

Screening was performed using the novel BiG HiT assay and 50 mM Tris pH 7.5, 150 mM NaCl was used

as the no GT control. Each reaction was performed with a minimum of two replicates and error bars

represent standard deviation.
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3.3.3.1 Novel sugar donor specificities of the UGT collection

Sugar donor specificities of the UGT collection were analyzed using UDP-glucose, UDP-

galactose, and UDP-xylose against different flavonol and anthraquinone acceptors.

The preferred sugar donor substrate of many plant UGTs is UDP-glucose and this is in line
with our observations. When the glycosylation activity of our UGT collection was screened using
the combinatorial high-throughput assay, as illustrated by Figure 20, all six UGTs used UDP-
glucose in glycosylating a few or many tested acceptor molecules. The in vitro glycosylation
activities of VvGT1, UGT71G1, UGT78G1, and UGT78K6 in the presence of UDP-glucose as
the sugar donor and a number of flavonol acceptors were previously reported (Achnine et al., 2005;
Ford et al., 1998; Hiromoto et al., 2015; Modolo et al., 2007). In vitro assays of UGT708A6
revealed its potential in glycosylating flavanones using UDP-glucose (Ferreyra et al., 2013).
Similarly, Edwards and coworkers described the use of UDP-glucose by UGT72B1 in conjugating

aniline and phenolic acceptors (Loutre et al., 2003).

Our screen suggested that the substrate specificity of certain UGTs in the collection was
not limited to the favoured sugar donor, UDP-glucose, as we observed that UDP-galactose was
also used by three out of six enzymes at least in glycosylating two tested flavonol acceptors
(Figure 20A-C). Earlier studies reported that the substitution of UDP-glucose with UDP-galactose
significantly reduced the in vitro glycosylation activity of VVGT1 and UGT71Gl in the presence
of quercetin (He et al., 2006; Offen et al., 2006) and we were able to detect a similar observation
for VVGT1. Nevertheless, our screen did not reveal the reported subtle glycosylation activity of
UGT71Gl1 that was previously observed using UDP-galactose and quercetin as substrates by a
relatively long run of reverse phase HPLC analysis (He et al., 2006). The extremely low level of
glycosylation activity of UGT71G1 and the higher sensitivity of HPLC detection could be a
possible explanation towards this discrepancy. Conversely, for UGT78GI1, substantial
glycosylation activity was detected with UDP-glucose and UDP-galactose against flavonols as
described in prior work (Modolo et al., 2007). Interestingly, UGT78K6 showed novel substrate
specificity towards UDP-galactose with all three flavonol acceptors (Figure 20A-C and Figure
AS5A). However, compared to its favoured sugar donor UDP-glucose, the glycosylation activity
was lower in the presence of UDP-galactose. The orientation of the 4-OH group of the galactose

moiety is different from that in UDP-glucose and Wang and colleagues suggested that this opposite
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positioning could interfere with the enzyme-donor interaction (Shao et al., 2005). While this was

proposed for UGT71G1, we can speculate a similar rationale for UGT78K6.

In the tested UGT collection, only two enzymes were previously reported to use UDP-
xylose in vitro. This includes VVGT1 that was demonstrated to have a reduced catalytic efficiency
in the formation of quercetin-xyloside (Offen et al., 2006) and UGT72BI1 that produced DCA-
xyloside and TCP-xyloside (Brazier-Hicks and Edwards, 2005). However, with the exception of
UGT708A6, we were able to detect the potency of the remaining three UGTs: UGT71Gl,
UGT78G1, and UGT78K6 towards UDP-xylose in vitro (Figure 20 and Figure ASB-C). The
latter two enzymes exhibited a considerable activity with this novel donor substrate at least in the
presence of some flavonol acceptors. The 6-OH of UDP-glucose may be needed for the overall
glycosylation activity of UGT78G1 and UGT78K6, yet it may not be vital as these UGTs tolerate
UDP-xylose.

3.3.3.2 Novel acceptor specificities of the UGT collection

The high-throughput combinatorial screening of the recombinant UGT collection against three
flavonol and two anthraquinone acceptors enabled characterizing the acceptor substrate

flexibilities.

Many UGTs of our enzyme collection were characterized as flavonoid-
glycosyltransferases since these enzymes showed activity with several flavonoids in vitro (Ford et
al., 1998; Hiromoto et al., 2015; Modolo et al., 2007). As summarized in Figure 20A-C, all six
UGTs were shown to accept a minimum of two of the flavonols tested at least when UDP-glucose
was the sugar donor. These observations were consistent with previous studies on VvGTl,
UGT71G1, UGT78G1, and UGT78K6 (Ford et al., 1998; Hiromoto et al., 2015; Modolo et al.,
2007). In spite of having multiple hydroxyl groups on flavonols, VvGT1, UGT78Gl, and
UGT78K6 were reported to synthesize flavonol-3-O-glycosides which was reinforced by
crystallographic studies (Hiromoto et al., 2015; Modolo et al., 2009; Offen et al., 2006). However,
in terms of regioselectivity, UGT71G1 was identified to be versatile where in vitro glycosylation
with UDP-glucose and quercetin synthesized all 5 mono O-glucosylated products with quercetin-

3’-0O-glucoside being the preferred glycoside. Molecular docking studies presented that all 5
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possible O-glycosylation sites of quercetin could be docked in the vicinity of the catalytic base

His-22 due to the spacious acceptor binding pocket of the enzyme (Shao et al., 2005).

The tested flavonols in our combinatorial screen were different from one another by the
number of hydroxyl groups on the ring B (Figure 19). Davies and colleagues provided a detailed
account of VVGTT1 crystal structures with quercetin and kaempferol separately. According to their
observations, the accommodation of structurally similar flavonols is possible as quercetin and
kaempferol were reported to have similar interactions with the enzyme (Offen et al., 2006). As
described by Wang and colleagues, the acceptor binding pattern of UGT78G1 was similar to that
of VvGT1 underlining its ability to have a similar acceptor profile (Modolo et al., 2009). The
observations for UGT78K6 were supported by the previous structural analysis with kaempferol
acceptor that revealed the enzyme’s possibility to occupy flavonols with altered substitutions to

ring B (Hiromoto et al., 2015).

Interestingly, UGT708A6 and UGT72B1 used in our screen showed novel in vitro substrate
tolerance towards at least two tested flavonols, yet the activity was subtle compared to the above
explained UGTs (Figure 20A-C and Figure ASD-E). However, Casati and colleagues were not
able to observe quercetin or kaempferol glycoconjugates when these acceptors were fed
exogenously to UGT708A6-expressing E.coli cells (Ferreyra et al., 2013). In our own analysis we
were also unable to detect glycosyltransferase activity with kaempferol, yet we observed that the
enzyme showed low levels of in vitro flexibility towards quercetin and myricetin. UGT708A6 was
reported to utilize flavanones such as naringenin and flavones such as apigenin towards producing
O- and C-linked glycosides, respectively (Ferreyra et al., 2013). Thus, it would be interesting to
know the glycosylation pattern of the resulted flavonol glycosides. In a previous in vitro study on
UGT72B1, Edwards and coworkers did not observe glycosylated flavonol products using
quercetin, kaempferol, and myricetin as acceptor substrates (Loutre ef al., 2003). Yet, our screen
showed some level of tolerance of this non-flavonoid GT towards the same three flavonols. This
discrepancy could be due to several factors such as the differences in used enzyme and substrate

concentrations, and the incubation time.

To our surprise, five out of six UGTs of our UGT collection showed novel in vitro acceptor
specificities at least with one of the anthraquinones (Figure 20D-E and Figure ASF-G). VvGT]I,
UGT71G1, UGT78G1, UGT78K6, and UGT72B1 were capable in glycosylating the plant derived
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anthraquinone emodin that has some structural similarities to flavonols where both comprise of a
tricyclic skeleton with multiple phenolic hydroxyl groups. These structural resemblances may
enable the accommodation of emodin in the acceptor pocket of the enzyme. Furthermore, our
screening results confidently identified UGT71G1, UGT78K6, and UGT72B1 as capable of
catalyzing the in vitro synthesis of glycosides of the anthraquinone e-rhodomycinone. Earlier
structural analysis of UGT71G1 demonstrated its spacious acceptor binding cavity that can occupy
structurally large native acceptors such as medicagenic acid and hederagenin triterpenes (Shao et
al., 2005). Therefore, the tetracyclic e-thodomycinone may fit into the acceptor binding site

leading towards the production of its corresponding glycoconjugates.

3.3.3.3 In vitro glycodiversification of anthracyclines

The significance of sugar moieties on glycosylated natural products highlights the importance of
glycodiversification towards the production of enhanced or altered chemical characteristics and
biological activities. The high-throughput screening of our substrate flexible UGT collection
against the e-thodomycinone anthraquinone acceptor with the UDP-sugar donor panel resulted in
the production of novel glycosides. As depicted in Figure 20E, e-thodomycinone-glucoside was
produced by UGT71G1, UGT78K6, and UGT72B1 and e-rhodomycinone-xyloside was produced
by UGT71G1. When these glucosides and xyloside were analyzed by LC-MS/MS, distinctive
fragmentation profiles were observed by the loss of glucose (162 m/z) (Figure 21A-C) and xylose
(132 m/z) (Figure 21D) moieties. The e-rhodomycinone has received clinical significance as it is
the aglycone precursor of the anticancer anthracyclines including doxorubicin and epirubicin
(Minotti et al., 2004). The only structural difference between these two chemotherapeutic is on the
sugar residue that accounts for the reduced cardiotoxicity of one over the other. Hence, the
resultant novel e-rhodomycinone glycosides by our high-throughput combinatorial screen may

possess therapeutic importance.
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Figure 21: LC-MS/MS analysis of (A) UGT71G1 and (B) UGT78K6 activity with e-rhodomycinone and UDP-

glucose. Panel | and Il: LC chromatograms of no UGT control and in the presence of UGT, respectively.

Panel 1ll-VI: mass spectra of e-rhodomycinone (of no GT control), e-rhodomycinone-glucoside, and MS/MS

fragmentation profiles of e-rhodomycinone-glucoside at 15 and 20 normalized collision energies (cid),

respectively. Sample were analyzed in negative mode and the calculated m/z for e-rhodomycinone and ¢-

rhodomycinone-glucoside were 427.103 and 589.156, respectively.
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Figure 21: LC-MS/MS analysis of (C) UGT72B1 activity with e-rhodomycinone and UDP-glucose and (D)
UGT71G1 activity with e-rhodomycinone and UDP-xylose. Panel | and II: LC chromatograms of no UGT
control and in the presence of UGT, respectively. Panel IlI-VI: mass spectra of e-rhodomycinone (of no GT
control), e-rhodomycinone-glycoside, and MS/MS fragmentation profiles of e-rhodomycinone-glycoside at
15 and 20 cid, respectively. Sample were analyzed in negative mode and the calculated m/z for e-

rhodomycinone, e-rhodomycinone-glucoside, e-rhodomycinone-xyloside were 427.103, 589.156, and

559.145, respectively.

55



3.4 Conclusions

The inherent substrate flexibility of many natural product GTs could be harnessed towards
glycodiversification that aids in the development and improvement of small molecule natural
product therapeutics. Herein, using our high-throughput assay, screening a promiscuous plant
UGT collection against a panel of flavonol and anthraquinone acceptors and UDP-sugars enabled
us to characterize novel substrate specificities of certain UGTs. These include novel sugar donor
tolerance towards UDP-galactose, UDP-xylose and novel acceptor tolerance towards flavonols
and anthraquinones. Though we have made a considerable improvement in characterizing the
substrate flexibility of our UGT collection, further studies are needed to identify the

regioselectivity of the produced glycosides.

One of the key findings of our study is the identification of three plant UGTs: UGT71Gl1,
UGT78K6, and UGT72B1 as being useful for the production of novel e-rhodomycinone
glycosides. Considering the pharmaceutical value of the clinically used anthraquinone glycosides
that are biosynthesized from e-rhodomycinone precursor, and the significance that the sugar
moiety has on the biological activity of these drugs, our results are of particular importance towards
the glycodiversification of therapeutics in this class. The GTs identified through our strategy and

the novel compounds that they produce show promise as biocatalytic tools and new therapeutics.

The substrate flexibility is not limited to certain GTs but also found in a number of sugar
biosynthetic enzymes involved in the production of nucleotide activated sugar donors. The
subsequent chapter highlights the importance of these promiscuous sugar biosynthetic enzymes
towards the in vitro engineering of an enzymatic pathway leading to the production of sugar

precursors of therapeutic value.
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CHAPTER FOUR

An engineered in vitro enzymatic pathway for the anticancer anthracycline

deoxysugars: TDP-L-daunosamine and TDP-L-acosamine

4.1 Background

A considerable number of small molecule natural products of clinical therapeutic importance are
glycosylated (Weymouth-Wilson, 1997). Interestingly, the sugar moieties that decorate many of
the secondary metabolites derived from bacteria are heavily modified and deoxygenated
(Thibodeaux et al., 2008). For example, anthracyclines such as daunorubicin and doxorubicin are
decorated with a 2,3,6-trideoxy-3-aminohexose, L-daunosamine (Figure 22) (Otten et al., 1997).
Doxorubicin is used for treating a number of solid and blood cancers whereas the use of
daunorubicin is mainly limited to acute lymphoblastic leukemia and myeloblastic leukemia
(Minotti et al., 2004; Weiss et al., 1986). The unusual glycosyl residues of small molecule natural

products including in these anthracyclines have an important effect on their biological properties.

Daunorubicin Doxorubicin Epirubicin

Figure 22: Chemical Structures of daunorubicin, doxorubicin, and epirubicin anticancer anthracyclines. The
tetracyclic aglycone residue of doxorubicin and epirubicin are similar whereas daunorubicin lacks the C-14
hydroxyl group. The sugar moiety of doxorubicin and daunorubicin is the deoxyhexose daunosamine
whereas epirubicin has an epimer of daunosamine. The stereochemical difference between sugar residues

are indicated in red.
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The high-value anticancer drug, epirubicin shows a broad-spectrum anticancer activity
against a number of different cancers (Cortés-Funes and Coronado, 2007). It has become an
attractive chemotherapeutic compared to its structural counterpart doxorubicin due to the reported
lower cardiotoxicity (Lahtinen et al., 1991; Weiss ef al., 1986). As shown in Figure 22, the sole
difference between epirubicin and doxorubicin is in the sugar moiety, L-acosamine and L-
daunosamine, respectively. The corresponding nucleotide-activated sugar precursors of these
anthracyclines are TDP-L-acosamine and TDP-L-daunosamine. The vital functions played by
heavily modified deoxysugars on secondary metabolites have spurred interest in unraveling their

underlying biosynthetic pathways.

The daunorubicin/doxorubicin biosynthetic pathway of S. peucetius was extensively
studied and structural gene products for the synthesis of donor TDP-L-daunosamine and aglycone
acceptor e-rhodomycinone were identified (Lomovskaya et al., 1999). Although fermentation of
the S. peucetius produced a considerable yield of the aglycone precursor, the in vivo production of

TDP-L-daunosamine is reported to be low (Malla et al., 2010).

The therapeutic value of epirubicin has motivated efforts in medicinal chemistry towards
developing synthetic schemes for its production. Conventionally, it is produced semisynthetically
through several organic synthetic steps (Arcamone et al., 1975; van der Rijst et al., 1999),
however, an economical biological route would be of considerable value. Enzymatic synthesis of
epirubicin, either in engineered bacterial strains or in vitro, could be achieved by using e-
rhodomycinone aglycone, TDP-L-acosamine sugar donor, and a potent glycosyltransferase that
can act on these substrates. Nevertheless, a natural biosynthetic pathway for TDP-L-acosamine has
not been described (Thibodeaux et al., 2007). Chemists have synthesized this precursor via organic
synthetic routes (Oberthiir et al., 2004). However, it is a tedious process with multiple chemical
conversions. Even though in vivo enzymatic pathways for TDP-L-acosamine has been engineered
in previous works by altering the in vivo natural biosynthetic pathway of TDP-L-daunosamine, the
authors of these studies did not attempt to isolate the sugar donor (Han et al., 2011; Madduri et al.,
1998; Wang et al., 2018a).

The significance of TDP-L-daunosamine and TDP-L-acosamine highlights their potential
to serve as precursors towards in vitro glycodiversification of small molecules employing GTs via

either in vitro combinatorial screening or enzymatic engineering. Towards this, we have
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reconstituted an in vitro enzymatic pathway for the synthesis of these two sugar donors, taking
advantage of the substrate flexibility of sugar biosynthetic enzymes. Our in vitro pathway was

built on the natural biosynthetic pathway of TDP-L-daunosamine.

As illustrated in Figure 23, the in vitro pathway was divided into two main parts, where
the part shown in Scheme A comprises of four enzymatic reactions leading to the synthesis of the
key intermediate TDP-4-keto-6-deoxy-D-glucose (TKDG or compound 1). Herein, glucose-1-
phosphate and TMP were used as precursors. Subsequently, starting from compound 1, the
pathway was extended to produce TDP-L-daunosamine and TDP-L-acosamine (Scheme B).
Except for the difference in the orientation of the C-4'" hydroxyl group, the amino hexose in TDP-
L-acosamine is structurally similar to that in TDP-L-daunosamine. Therefore, excluding the last
ketoreductase reaction, the remaining three enzymatic steps towards the production of these two
sugar donors were identical. In total, nine overexpressed and purified sugar biosynthetic enzymes
were used for the engineered in vitro pathway. First, compound 1 was enzymatically synthesized
in a one pot reaction and two purification steps were performed. Next, starting from this purified
key intermediate, TDP-L-daunosamine and TDP-L-acosamine were synthesized separately in a
one-pot two-step reaction. Along with TDP-L-daunosamine, we were able to synthesize and purify
few milligrams of the first amino hexose intermediate (compound 3) of the pathway and it was

used in enzymatic characterization.

59



TMP kinase Acetate kinase

2-Deoxythymidine 5 (Tmk) 2-Deoxythymidine 5'- (AckA) 2-Deoxythymidine 5-
monophosphate (TMP) (TDP) tr (TTP)
ATP ADP Acetyl phosphate Acetic acid
AckA
Acetyl phosphate Acetic acid
TDP-glucose TDP-glucose
OHO synthase OH o 4,6-dehydratase O o
HO (RmIA) HO (RmIB)
HO HO HO
OH 7 ~ OH
OPO;? oTDP S OH rpp
D-glucose-1-phosphate TP PPy TDP-D-glucose N TDP-4-keto-6-deoxy-D-glucose
Compound 1
\‘0\59 Z ;u | ? oTDP
{4
v.z% H N
NADP
" o] - ami - enl TDP-L-daunosamine
O o 2,3 d(eEr‘\’;;:r'atase BN ) 3 amlv;:':‘nsferase [¢) o 3,5 1;?:28;359 o-Forpp NADH
Ho LP HaN N
OH 0 ; EN 07 N
2
OTDP H0 OToF | G aKG oToP "\&39_‘ se
Compound 1 Compound 2 Compound 3 Compound 4 o
(3,5-cpimer)  NADPH WOTDD
NADP* HoN
TDP-L-acosamine
Step | Step Il

Figure 23: The reconstituted enzymatic pathway for the in vitro synthesis of TDP-L-daunosamine
and TDP-L-acosamine. Scheme A: The key intermediate TKDG (compound 1) was synthesized
based on a previously published protocol with necessary modifications (Oh et al., 2003). Scheme
B illustrates the synthesis of TDP-L-daunosamine and TDP-L-acosamine separately in a one-pot

two-step reaction. The sugar donors indicated in green were synthesized in this study. PPi:

pyrophosphate, L-Glu: L-glutamate, aKG: a-ketoglutarate, PLP: pyridoxal 5’-phosphate
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4.2 Materials and Methods

4.2.1 Chemical reagents and enzymes

Chemicals used in this study were of analytical grade and were commercially purchased from
Sigma-Aldrich, Carbosynth, Bio Basic Canada, and Bio-Rad. Restriction endonucleases, T4 DNA
ligase, Antarctic phosphatase, and Phusion DNA polymerase were from New England Biolabs.

DNase I, RNase A, and lysozyme were purchased from Bio Basic Canada.

4.2.2 Plasmids, bacterial strains, and culture conditions

Plasmids and bacterial strains of this chapter are summarized in Table A2 and A3, respectively.
Growth and maintenance of E. coli strains with appropriate antibiotics and preparation of

chemically competent cells were done as Section 2.2.2.

4.2.3 Construction of plasmids encoding TDP-L-daunosamine and TDP-L-acosamine

biosynthetic enzymes

Individual plasmid constructs encoding TDP-L-daunosamine and TDP-L-acosamine biosynthetic
enzymes in pET28a expression vector were prepared as follows. Genomic DNA (gDNA) from E.
coli K12, A. orientalis, and S. peucetius were isolated using the standard phenol/ chloroform
extraction protocol. Desired genes were PCR amplified (Section 3.2.3) using gDNA as the
template, and the used forward and reverse primers were listed in Table A1. Herein, the templates
for tmk, ackA, and rmlA genes were E. coli K12 gDNA, for rm/B gene was a synthesized rmlB
gene, for evad and evaE genes were A. orientalis gDNA, and for dnmJ, dnmU, and dnmV genes
were S. peucetius gDNA. The PCR products were restriction digested at Ndel and Xhol sites,

cloned into individual pET28a, and sequence verified.

4.2.4 Expression and purification of recombinant proteins of TDP-L-daunosamine and

TDP-L-acosamine enzymatic pathway

Except for evad and dnmJ constructs, the rest of genes coding N-terminally Hise¢-tagged sugar
biosynthetic enzymes in pET28a vector were individually used to transform chemically competent

E. coli BL21(DE3) cells, whereas chemically competent E. coli BL21(DE3) codon plus
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L1SL2/pETcoco-2 cells (Moncriefte et al., 2012) were transformed with plasmids for evad and
dnmJ expression. For protein expression, 1 % of starter cultures that had grown overnight at 37 °C
were inoculated into individual 800 mL volumes of LB broths supplemented with appropriate
antibiotics (50 pg/mL of kanamycin was used for BL21(DE3) cells harbouring pET28a constructs,
and 100 pg/mL ampicillin, 25 pg/mL chloramphenicol, and 50 pg/mL of kanamycin were used
for the codon plus cells with pET28a constructs). The culture conditions for each protein were as
follows. For Tmk, AckA, RmlA, RmIB, and DnmU cultures were incubated at 37 °C until ODeoo
of 0.4 - 0.8 was reached and induced with 0.5 mM IPTG. When EvaA culture reached an ODgoo of
0.2 and 0.6 upon incubation at 37 °C, 0.01% L-arabinose and 1 mM IPTG were added, respectively.
The culture conditions of DnmJ were same as EvaA except 0.02 mM IPTG was used. For DnmV,
cultures were incubated at 37 °C until ODsoo of 0.6 was reached and induced with 0.05 mM IPTG.
Upon IPTG addition, all the cultures were grown overnight at 16 °C. EvaE culture was incubated

at 15 °C for 72 h without IPTG induction.

Bacterial cell harvest and lysis, protein purification, protein concentration (using
appropriate MWCO), buffer exchange, and storage were performed as explained in Section 2.2.3
and 3.2.4.2. Tmk, AckA, RmlA, RmIB, and EvaE proteins were isocratic purified by gravity and
EvaA, DnmJ, DnmU, and DnmV were gradient purified using AKTA purifier 10 system (GE
Healthcare Life Sciences). Buffer I was used for Tmk, AckA, RmlA, RmIB, DnmU, DnmV, and
EvaE, and buffer VI was used for EvaA and DnmlJ (Table AS).

4.2.5 In vitro enzymatic synthesis and purification of TDP-L-daunosamine and two

intermediates of the engineered pathway
4.2.5.1 TDP-4-keto-6-deoxy-D-glucose (TKDG)

Enzymatic synthesis of TKDG (compound 1) was done in a one-pot reaction according to the
procedure described by Lee and colleagues (Oh et al., 2003), with minor modifications. A 30 mL
buffered reaction (50 mM Tris-HCl pH 7.5), containing 10 mM TMP, 15 mM glucose-1-
phosphate, 20 mM MgCl, 1 mM ATP, 40 mM lithium acetyl phosphate, and 0.1 mg/mL of each
four enzymes (TmK, AckA, RmlA, and RmIB) were incubated at 37 °C for 1.5 h. Subsequently,
the reaction was terminated by denaturing the proteins at 90 °C for 3 min, and insoluble contents

were pelleted out at 3,000 x g for 10 min.
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The synthesized TKDG was purified by anion exchange chromatography using an 8 mL
Macro-prep high Q column (Bio-Rad) connected to an AKTA purifier 10 system (GE Healthcare
Life Sciences). The column was equilibrated with 5 column volumes of deionized water (buffer
A) and the sample was loaded (10 mL loading volume) at a flow rate of 1 mLmin!. Next, the
compounds were eluted at the same flow rate with a gradient of 0 % to 100 % B over 5 column
volumes, and 100 % B over 1 column volume where buffer B was buffer VII (Table AS). The
eluting compounds were monitored by UV absorption at 254 nm and 280 nm. Next, the desired
compound was verified by thin layer chromatography (TLC) using TLC Silica gel 60 plates (EMD
millipore) with ethyl acetate: methanol: dH2O: acetic acid (3:2:1:0.5 v/v) mobile phase and stained
by p-anisaldehyde stain (Table AS). Subsequently, TKDG containing pure fractions were pooled,
concentrated to 1 mL using a rotary evaporator at 40 °C (BUCHI rotavapor R-114) and further
verified by MS as described in Section 3.2.5.

Then, size exclusion chromatography was performed for desalting. Herein, the
concentrated TKDG sample was loaded to a pre-equilibrated (with 2 column volumes of deionized
water) 100 mL Bio-Gel P-2 (Bio-Rad) column attached to an AKTA purifier 10 system (GE
Healthcare Life Sciences). Using deionized water as the eluent, elution was done at a flow rate of
0.2 mLmin! over 2.2 column volumes and fractions were monitored at 254 nm and 280 nm
absorbance. Following TLC verification and MS analysis as mentioned above, TKDG containing

fractions were pooled and lyophilized (Section 3.2.5).

4.2.5.2 Compound 3

A 20 mL reaction containing 50 mM Bis-Tris Propane pH 7.5, 1.5 mM compound 1, 75 mM
glutamate, 0.15 mM pyridoxal-5-phosphate (PLP), 0.038 mg/mL of EvaA, and 0.75 mg/mL of
DnmlJ was incubated for 3.5 h at 24 °C. Next, termination of the reaction and removal of the

insoluble contents were done as Section 4.2.5.1.

Subsequently, an AKTA purifier 10 system (GE Healthcare Life Sciences) equipped with
a 22 mL Sephadex Q (Pharmacia) column was used for anion exchange purification using buffer
VIII and IX (Table A5) as buffer A and B, respectively. Using 2 column volumes of buffer A, the
column was pre-equilibrated, and 1 mL of sample was loaded. Fractions were eluted at 1 mLmin

!'flow rate with the following elution profile: 0% B, 0% to 20% B, 20% to 100 % B, one column
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volume each. The eluting compounds were monitored by UV absorption at 254 nm and 280 nm
and the fractions containing compound 3 was neutralized with 500 mM NH4OH. Following
compound verification by MS (Section 3.2.5), pooled fractions were concentrated to 1-2 mL using

a rotary evaporator (Section 4.2.5.1).

Desalting of the concentrated compound 3 was done using a 75 mL Sephadex G-10 (Sigma
Aldrich) column as described in Section 3.2.5. Herein, elution profile was monitored by UV
absorption at 254 nm and 280 nm. Subsequent verification of Compound 3 by MS and

lyophilization of the pooled fractions were done as Section 3.2.5.

4.2.5.3 TDP-L-daunosamine

As explained in Section 4.2.5.2, a 20 mL reaction was setup for the production of compound 3 and
incubated at 24 °C for 3.5 h. Next, a 20 mL buffered reaction (50 mM Bis-Tris Propane pH 7.5)
containing 30 mM NADPH, DnmU and DnmV (0.6 mg/mL each) was added to the same reaction
and incubated for an additional 16 h at 24 °C. Subsequently, reaction termination, insoluble content
removal, anion exchange chromatography, compound verification, and lyophilization were done

as mentioned in Section 4.2.5.2.

4.2.6 TDP-L-acosamine synthesis and MS verification

A 10 pL reaction was setup for the production of compound 3 (components and concentrations
were same as Section 4.2.5.2) and incubated at 24 °C for 3.5 h. Next, a 10 pL buffered reaction
(50 mM Bis-Tris Propane pH 7.5) containing 30 mM NADPH, DnmU and EvaE (0.6 mg/mL each)
was added to the same reaction and incubated at 24 °C for an additional 1.5 h. Upon reaction
termination and insoluble component removal (Section 4.2.5.1), MS analysis was performed for

product verification (Section 3.2.5).

4.27 DnmJ aminotransferase Kkinetic assay

The kinetic parameters of DnmJ were determined by coupling the aminotransferase reaction to an

NAD'/NADH and resazurin/resorufin reactions in a 96-well half area black plate (Corning) with
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three replicates. In a total of 60 uL buffered reaction (50 mM Bis-Tris Propane pH 7.5) containing
1 mM a-ketoglutarate, 0.1 mM PLP, 0.5 mM NAD", 12.5 uM resazurin, 5 U/mL L-GDH, 0.02
mg/mL diaphorase with purified compound 3 ranging from 0.025 -0.50 mM were incubated at 37
°C for 10 min. The reaction was initiated upon addition of 1 mg/mL DnmlJ and fluorescence
readings (525 nm excitation and 598 nm emission) were obtained at 37 °C over a period of 140
min using a CLARIOstar monochromator microplate reader (BMG Labtech). Two controls, one
without compound 3 and one without DnmJ (for each compound 3 concentration) were performed.
The data were received from MARS data analysis software 3.20 R2 and data were analyzed using

GraFit version 7 software.

4.3 Results and discussion
4.3.1 Cloning and recombinant expression of TDP-L-daunosamine and TDP-L-acosamine

biosynthetic enzymes

An important characteristic of many sugar biosynthetic enzymes is the capacity to accept non-
native substrates. Our proposed pathway towards the production of TDP-L-daunosamine and TDP-
L-acosamine was driven by nine substrate flexible sugar biosynthetic enzymes. Three enzymes
were from daunorubicin/doxorubicin biosynthetic pathway of S. peucetius whereas the rest were
from different strains including E. coli K12, S. enterica, and A. orientalis. We cloned the
corresponding sugar biosynthetic genes into pET expression vectors using traditional cloning
methods. The soluble and active proteins were overexpressed in E. coli strains, and Hise tagged
proteins were nickel affinity purified (Figure 24). For each protein, an 800 mL of culture resulted
in a protein yield of 18 mg of Tmk, 35 mg of AckA, 24 mg of RmlA, 31 mg of RmIB, 3 mg of
EvaA, 12 mg of DnmlJ, 3 mg of DnmU, 1.6 mg of DnmV, and 1.2 mg of EvaE. These purified

enzymes were used in subsequent deoxysugar biosynthesis.
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Figure 24: SDS-PAGE (4-12% Bis-Tris gel) of purified sugar biosynthetic proteins.
The proteins were overexpressed in E. coli strains and Ni-NTA purified. Following
SDS-PAGE (0.25 — 0.50 mg/mL of final protein concentrations were loaded), the
proteins were visualized by staining with Coomassie blue (Table A5). The molecular
weights of the proteins were as follows. TmK: 24 kDa, AckA: 43 kDa, RmlA: 32 kDa,
RmIB: 40 kDa, EvaA: 53 kDa, DnmJ: 41 kDa, DnmU: 23 kDa, DnmV: 33 kDa, and
EvaE: 34 kDa.

4.3.2 In vitro enzymatic synthesis and purification of TDP-4-keto-6-deoxy-D-glucose

(TKDG or compound 1)

TDP-4-keto-6-deoxy-D-glucose (compound 1) functions as an important common intermediate of
many TDP-deoxysugar biosynthetic pathways (Thibodeaux et al., 2007). Lee and co-workers
proposed a cost-effective in vitro enzymatic pathway for the production of compound 1 using
crude enzyme lysates (Oh et al., 2003). As illustrated in Figure 23, the reaction begins from TMP,
where it is converted to thymidine triphosphate (TTP) through TDP by two sequential reactions
catalyzed by two enzymes that originate from E. coli: TMP kinase (Tmk) and acetate kinase
(AckA), respectively. In addition to catalyzing the conversion of TDP to TTP, AckA is also used
to re-generate adenosine triphosphate (ATP). Next, the TDP-glucose synthase enzyme from E. coli
(RmlA) transfers a TMP moiety from TTP onto the glucose-1-phosphate substrate, producing
TDP-glucose. Then, dehydration of TDP-glucose by TDP-glucose 4,6-dehydratase (RmIB from S.

enterica) results in the desired compound 1. In our study, crude enzyme lysates were replaced with
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overexpressed and purified His-fusion proteins and compound 1 was produced in a 30 mL reaction

with minor alterations to the proposed protocol of Lee and co-workers (Oh ef al., 2003).

Following the synthesis of compound 1, it was purified by two chromatographic techniques.
First, the remaining reactants and intermediates were removed from compound 1 by applying the
material to a Macro-prep high Q strong anion exchange column using a gradient elution profile of
0 mM — 1 M NaCl (Figure A6A). Subsequently, desalting was done using Bio-Gel P-2
(polyacrylamide) resin (Figure A7A). At each purification step the product was monitored via thin
layer chromatography (TLC) using the mobile phase of ethyl acetate: methanol: dH>O: acetic acid
(3:2:1:0.5 v/v) (Figure A6B and A7B, respectively) and MS analysis. The lyophilized compound
1 resulted in 130.6 mg equivalent to a total yield of 80% (starting with 110 mg of TMP). Two
peaks each corresponding to compound 1 (m/z 545.058), and the hydrated form of compound 1 at
the C-4 position (m/z 563.068) was observed in the MS spectrum (Figure 25A). This purified

intermediate was used as the starting precursor in the following deoxysugar enzymatic synthesis.
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Figure 25: MS spectra of (A) compound 1 and (B) compound 3 synthesized using the reconstituted in vitro

pathway. The samples were analyzed in negative mode and as detected by m/z, both compounds exist in

its non-hydrated and hydrated form at C4 position of the sugar moiety.
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4.3.3 The DnmJ catalyzed transamination reaction constitutes a bottleneck in the TDP-L-
daunosamine/ TDP-L-acosamine pathway in vitro, which can lead to the shunt

product formation

Starting from compound 1, we have proposed an in vitro enzymatic pathway to synthesize TDP-
L-daunosamine and TDP-L-acosamine based on the natural biosynthetic pathway of TDP-L-
daunosamine in S. peucetius (Figure 23B). Herein, the initial three enzymatic reactions towards
the production of both sugar donors are identical. First, compound 1 is further dehydrated by a 2,3-
dehydratase (EvaA from A. orientalis) towards the production of 2,6-dideoxy-3,4-diketo-TDP-
sugar (compound 2). EvaA is a homologue of DnmT, from the S§. peucetius
daunorubicin/doxorubicin pathway, which was used since the latter could not be expressed
recombinantly from E. coli in soluble form. Next, the first TDP-aminosugar of the pathway
(compound 3) is synthesized from compound 2 by the action of a 3-aminotransferase from .
peucetius (DnmJ) in the presence of the coenzyme PLP and cosubstrate L-glutamate.
Subsequently, compound 3 is epimerized by a 3,5-epimerase (DnmU from S. peucetius). The final
step in our proposed pathway plays the key role in differentiating the stereochemistry of the C-4
hydroxyl group of the sugar donors. TDP-L-daunosamine has an axial C4-OH group whereas it is
equatorial in TDP-L-acosamine. Herein, in a NADPH dependent reaction, DnmV 4-ketoreductase
from S. peucetius or EvaE 4-ketoreductase from A. orientalis results in TDP-L-daunosamine or

TDP-L-acosamine, respectively.

Our initial attempt in synthesizing TDP-L-daunosamine was done in a one-pot one-step
reaction starting from compound 1 and adding all four enzymes (EvaA, DnmlJ, DnmU, and
DnmV). However, along with TDP-L-daunosamine (m/z of 530.095), an undesired product was
observed by MS analysis with a m/z of 547.074 (Figure A8A). Analysis of different combinations
of these four enzymes revealed that the production of this undesired sugar donor was driven by the
action of three enzymes: EvaA, DnmU, and DnmV (Figure A8B and C). This suggests that the
substrate flexibility of DnmU allows it to accept compound 2 in addition to compound 3 and the
flexibility of DnmV in acting on the 5-epimer or 3,5-epimer of either compound 2 or compound 3

(which result from conversion of those intermediates by DnmU), respectively.

The shunt product formation indicates that the aminotransferase reaction is a critical

bottleneck in driving the reaction towards TDP-L-daunosamine synthesis. Moreover, the product
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of EvaA dehydratase, compound 2, was reported to be unstable and prone to spontaneous
decomposition into maltol and TDP (Figure A9) (Chen et al., 1999). Therefore, to favour the
equilibrium of the reversible aminotransferase reaction towards compound 3, the concentration of
DnmJ enzyme was increased 20-fold compared to EvaA enzyme. Furthermore, with the
decomposition of compound 2, the equilibrium of the DnmJ-catalyzed transamination will favour
reversal of the reaction, resulting in consumption of compound 3. Hence, it is important to limit

the incubation time of the transaminase reaction (Chen et al., 2000).

4.3.4 A one-pot two-step in vitro enzymatic pathway for the synthesis of TDP-L-

daunosamine

Considering the shunt product formation, scheme B of the in vitro pathway (Figure 23) was
separated into two sequential steps (step I and II) where step I involves the addition of EvaA and
Dnml] to ensure the conversion of compound 1 to compound 3. Subsequent addition of DnmU and
DnmV to the same reaction mixture results in the production of the desired sugar donor, TDP-L-

daunosamine.

4.3.4.1 In vitro enzymatic synthesis and purification of compound 3

Compound 3 is the first TDP-aminosugar intermediate of the pathway that could lead to the
production of a range of important TDP-aminosugar donors. Apart from TDP-L-daunosamine and
TDP-L-acosamine, this could serve as a precursor for TDP-4-epi-L-vancosamine, TDP-L-

ristosamine, TDP-3-N-methyl-L-ristosamine, and TDP-L-megosamine (Han et al., 2011).

Compound 3 was synthesized in a 20 mL reaction by incubating compound 1, PLP, and
glutamate with EvaA and DnmlJ in a buffered reaction. The reaction time was limited to 3.5 hours
in order to minimize the loss of compound 3 due to back-conversion to compound 2, which is

unstable and can spontaneously decompose.

Similar to compound 1 purification, the synthesized compound 3 was purified by two
chromatographic methods. First, anion exchange chromatography was performed using Sephadex
Q resin with 20 mM NH4HCO: (pH 3.5) — 1 M NH4HCO: (pH 6.7) gradient elution profile (Figure
A10A). Subsequently, desalting was performed using Sephadex G-10 column (Figure A10B). The
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product was verified by MS at each purification step and following lyophilization. Same as
compound 1, compound 3 also exists in its non-hydrated and hydrated form at 4-keto position of
the sugar moiety as detected by the m/z of 528.079 and 546.090, respectively (Figure 25B). Using
our in vitro pathway, we were able to synthesize 1.5 mg of compound 3 with a yield of 10%

(starting with 16.4 mg of compound 1).

Aside from being precursors, purified sugar donors can be used in enzyme characterization.
We used the purified compound 3 for kinetic characterization of the DnmJ aminotransferase
(Section 4.3.6) and co-crystallization with DnmU as a collaboration with Dr. Rong Shi at

University of Laval.

4.3.4.2 In vitro enzymatic synthesis and purification of TDP-L-daunosamine

We were able to synthesize TDP-L-daunosamine in a 40 mL reaction using our one-pot, two-step
enzymatic pathway (Figure 23: Scheme B). Herein, the first step was performed to synthesize
compound 3 and following the 3.5 h incubation, the second step was initiated by the addition of
DnmU and DnmV along with NADPH co-substrate and was incubated for an additional 16 h at 24
°C. Subsequently, the synthesized TDP-L-daunosamine was purified using the same anion
exchange chromatographic technique that was used to purify compound 3 (Figure All).
Lyophilization of the purified TDP-L-daunosamine resulted in 2.2 mg with an overall yield of 14
% (starting with 16.4 mg of compound 1) and analysis of TDP-L-daunosamine by MS resulted in
a m/z of 530.094 in negative mode (Figure 26). Though we were able to synthesize and purify
TDP-L-daunosamine, structural analysis through Nuclear magnetic resonance (NMR) studies is

needed for TDP-L-daunosamine characterization.
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Figure 26: MS spectrum of TDP-L-daunosamine synthesized using the reconstituted in vitro pathway. The

sample was analyzed in negative mode and the calculated m/z for TDP-L-daunosamine was 530.095.

4.3.5 Varying the downstream ketoreductase leads to the production of stereoisomers of

TDP-L-daunosamine

The orientation of the hydroxyl group at C4 of TDP-L-acosamine is equatorial as opposed to the
axial hydroxyl group of TDP-L-daunosamine. This is defined by the stereospecific nature of the
ketoreductases used in our engineered pathway. Towards producing TDP-L-acosamine, three
stereospecific ketoreductase candidates were selected: AveBIV (AvrE) from S. avermitilis, RmID
from S. enterica, and EvaE from A. orientalis. These three enzymes are involved in the
biosynthetic pathways of TDP-L-oleandrose, TDP-L-rhamnose, and TDP-L-epivancosamine,
respectively (Giraud et al., 1999; Ikeda et al., 1999; Williams et al., 1998). Previous studies reports
the potential of AveBIV in the in vivo production of TDP-L-acosamine towards the synthesis of
epirubicin (Han et al., 2011; Madduri et al., 1998). However, out of the three ketoreductases,
soluble Hiss-tagged AveBIV protein could not obtained by recombinant expression in E. coli for
in vitro experiments. Even though soluble N-Hise-RmID was obtained, the enzyme showed
stringent specificity and did not accept compound 4 as a substrate. Therefore, AveBIV and RmID

were not used in further studies.
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The potential of EvaE in producing TDP-L-acosamine in engineered Streptomyces strains
was previously reported (Han et al., 2011; Wang et al., 2018a). Interestingly, we were able to
reproduce this result in vitro by replacing DnmV with EvaE in our one-pot, two-step enzymatic
pathway and MS spectrum of the product resulted in a m/z of 530.094 corresponding to TDP-L-

acosamine (Figure 27A).
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Figure 27: (A) MS spectrum of EvaE product(s) synthesized using the reconstituted in vitro pathway. The
samples were analyzed in negative mode and the calculated m/z for TDP-L-acosamine and ristosamine
was 530.095. (B) EvaE ketoreductase is capable of using compound 4a epimer to produce TDP-L-

ristosamine apart from converting compound 4b to our desired product, TDP-L-acosamine.
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However, as illustrated in Figure 27B, Yoon and coworkers reported the potential of EvaE
to be substrate flexible with both 5- and 3,5-epimer of compound 3 (compound 4a and 4b,
respectively) producing TDP-L-ristosamine and TDP-L-acosamine, respectively, as inferred by the
incorporation of L-ristosamine and L-acosamine into a modified anthracycline produced by
engineered streptomyces strains (Han et al., 2011). Therefore, in addition from producing the
desired sugar donor, TDP-L-acosamine, we anticipate that our in vitro enzymatic reaction may
have resulted in the production of TDP-L-ristosamine contaminant as well. Since these two
stereoisomers cannot be differentiated by MS analysis, further analyses would be necessary to

determine product stereochemistry (e.g. by NMR).

4.3.6 Determination of kinetic parameters of DnmJ aminotransferase

The aminotransferase reaction in our reconstituted pathway is a vital step as DnmJ seems to be a
bottleneck towards the production of our desired donor sugars. This motivated us to carry out
kinetic analysis of the DnmlJ-catalyzed transamination. However, due to the low stability of
compound 2, it cannot be used as a substrate to assay the forward aminotransferase reaction. As
reported by Krebs, the equilibrium constant (K.,) for most aminotransferases is close to unity
(Krebs, 1953). Assuming this to be true of the reaction catalyzed by DnmJ, the kca/Knm values for
the forward and reverse reactions are likely to be very similar. Therefore, kinetic studies were

performed for the reverse aminotransferase reaction using the purified compound 3.

As shown in Figure 28A, kinetic parameter determination was done using a coupling
reaction. The conversion of compound 3 to compound 2 transfers an amine group to o-
ketoglutarate and produces glutamate. Since this reaction does not release a measurable signal, it
was coupled to an NAD'/ NADH redox reaction catalyzed by L-glutamate dehydrogenase (L-
GDH). A subsequent diaphorase catalyzed coupling reaction with resazurin was performed to
favour NAD" recycling and provide a strong fluorescence signal. Herein, the DnmJ enzyme
activity was measured at varying concentrations of compound 3 by monitoring the fluorescence

intensity of the producing resorufin (525 nm excitation and 598 nm emission) (Davis et al., 2016).

Briefly, 60 pL of buffered reactions (50 mM bis-tris propane pH 7.5) contained o-
ketoglutarate (1 mM), PLP (0.1 mM), NAD" (0.5 mM), resazurin (12.5 uM), L-GDH (5 U/mL),
diaphorase (0.02 mg/mL), with varying compound 3 concentrations (0.025 -0.50 mM). The
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reactions were initiated upon addition of DnmJ (1 mg/mL) and were performed at 37 °C. For each
compound 3, control reactions without DnmJ were performed to account for the background
caused by traces of glutamate present in the purified compound 3. Since the background was too
high for compound 3 concentrations above 0.125 mM, these were eliminated from kinetic

parameter determination.

Using the Michaelis-Menten curve, for DnmJ, we determine Ky value of (120 = 72) uM with
compound 3 and a kcat of (2.6 £ 0.9) x 10 5! (Figure 28B). However, the level of confidence on
the determined kinetic parameters was limited since the obtained Michaelis-Menten curve do not
plateau and the highest compound 3 concentration was similar to that of the determined Km value.
Therefore, for DnmJ we determined the kca/ Km of 1.64 x 10° 5! uM™! using a linear fit of the
points, assuming the substrate concentration is negligible in comparison to the Km value (Figure
A12). In comparison with the catalytic efficiencies determined by the Michaelis-Menten curve
(kea/ Km of 2.17 x 10 571 uM™), the linear fit resulted in similar catalytic efficiency. Thus, this
provided us with reasonable confidence about our kinetic measurements. Furthermore, we
observed a similar Kv value to that reported for a homolog aminotransferase WecE from E. coli

MG1655 (Cui et al., 2020).
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Figure 28: (A) The coupling reaction used to measure DnmJ kinetic parameters. aKG: a-ketoglutarate, L-
Glu: L-glutamate, L-GDH: L-glutamate dehydrogenase. The reduction of resazurin to resorufin was
observed at 525 nm excitation and 598 nm emission. (B) The Michaelis-Menten curve for DnmJ enzyme

obtained from the resazurin coupled reaction.
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4.4 Conclusions

The clinical relevance of L-daunosamine and its stereoisomers of anticancer anthracyclines
inspired us in reconstituting an in vitro enzymatic pathway for the synthesis of the corresponding
nucleotide activated sugar donors. An important characteristic of many sugar biosynthetic
enzymes is their capacity to accept non-native substrates, where it assists the enzymatic production

of novel donor molecules.

In this study using nine sugar biosynthetic enzymes overexpressed and purified, we have
reconstituted an in vitro pathway for the production of TDP-L-daunosamine and its stereoisomer
TDP-L-acosamine. Following the synthesis and purification of compound 1, a one-pot two-step
pathway was proposed towards the desired deoxyhexose donor production. Herein, we were able
to synthesize and purify a few milligrams of TDP-L-daunosamine and the aminosugar
intermediate, compound 3. Furthermore, using our proposed pathway, we were able to synthesize
TDP-L-acosamine that may have contaminated with TDP-L-ristosamine. Therefore, production of

pure TDP-L-acosamine needs to be addressed in further studies.

The use of compound 3 towards determining the kinetic parameters of DnmJ highlights the
importance of having purified sugar donors and intermediates in enzymatic characterization.
Moreover, these could also be used in in vitro glycodiversification and as precursors for the in
vitro enzymatic synthesis of some other valuable deoxysugars. The work presented here shed light
towards the synthesis of many other unnatural deoxyhexoses that might have therapeutic

importance.
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CHAPTER S

General conclusions and future directions

The biological significance of sugar moieties on small molecule natural products emphasizes the
importance of glycodiversification or changing glycosylation towards enhancing or altering their
function. The inherent or engineered substrate promiscuity of sugar biosynthetic enzymes and GTs

are the driving tools of glycodiversification and this strategy can be performed in vivo or in vitro.

In vitro glycodiversification necessitates high-throughput screening platforms in order to
screen a large number of GT-substrate libraries. As an alternative to the limitations of the existing
high-throughput GT screening tools, we have developed a novel assay based on the polarity shift
caused by glycosylation of small molecule aglycone acceptors that are inherently chromogenic or
fluorescent. A key feature of this assay is its simplicity and ease of use as it doesn’t require
chemically altered substrates or sensors. Our plate-based high-throughput assay was statistically
validated using a plant UGT and the assay showed compatibility with the purified enzyme and
crude lysate. This enables it to be used in high-throughput GT characterization, in vitro

glycodiversification, as well as in enzyme engineering approaches.

Subsequently, employing our assay, six substrate flexible plant UGTs were screened with
a panel of flavonol and anthraquinone aglycones and three UDP-sugar donors. Through this screen,
we identified previously unreported acceptor and donor substrate flexibilities of many of these
UGTs. This demonstrates the potential of our screening tool in enzyme characterization.
Furthermore, validation of these findings through LC-MS/MS analysis confirmed the reliability of

our assay.

An interesting finding of our combinatorial screen was the identification of three substrate
flexible plant UGTs (UGT71G1, UGT78K6, and UGT72B1) that synthesized novel e-
rhodomycinone-glycosides including glucosides and a xyloside. To the best of our knowledge,
these UGTs were not reported to act on anthraquinone acceptors. While we have confirmed these
glycosides through MS/MS fragmentation profiles, NMR studies would provide further details to
characterize the structures of these novel glycosides. Towards NMR analysis, we may produce and
purify (through reverse-phase prep-HPLC using a C-18 column) a few milligrams of these novel

glycosides. The e-rhodomycinone serves as the aglycone precursor towards the production of
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anticancer drugs including daunorubicin, doxorubicin, and epirubicin. Considering the biological
significance of e-thodomycinone on these anticancer anthracyclines and the presence of altered
sugar moieties, we speculate that novel e-rhodomycinone-glycosides may have therapeutic
significance. Therefore, we may analyze these compounds for preliminary anticancer activity
using an in vitro cytotoxic assay such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay.

So far, we performed the combinatorial screen using a limited number of acceptors and
common sugar donors. Being inspired by our findings, it would be interesting to expand the
combinatorial screen with a panel of other aglycone acceptors such as flavones, flavanones,
anthocyanidins, and other anthraquinones using heavily modified deoxysugar donors knowing
their biological impact on natural product glycosides. Towards this, the purified sugar donors and

intermediates of Chapter 4 could be used.

TDP-L-daunosamine and TDP-L-acosamine are sugar precursors of the clinically important
doxorubicin and its analog epirubicin, respectively. Considering the value of these sugar donors,
we have reconstituted an in vitro enzymatic pathway towards the production of these precursors
employing substrate flexible sugar biosynthetic enzymes. Using our in vitro pathway, we
synthesized and purified TDP-L-daunosamine, and two other sugar intermediates, compound 1 and
3. Despite our success in producing and purifying compound 3 and TDP-L-daunosamine using the
reconstituted in vitro pathway, the obtained yield was between 10- 15 %. This can be addressed
by coupling the proposed pathway to two co-substrate recycling cascades as illustrated in Figure
29. The coupling of NADH/ L-glutamate dehydrogenase with formate/ formate dehydrogenase and
NADH/SthA with formate/ formate dehydrogenase would regenerate L-glutamate and NADPH
co-substrates, respectively. This would not only drive the reaction towards the desired sugar donor
products but also allows the limited use of co-substrates that would otherwise interfere with the

chromatographic purification of sugar donors and intermediates by co-eluting.
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Figure 29: The proposed L-glutamate (L-Glu) and NADPH co-substrate recycling cascades of TDP-L-

daunosamine pathway. aKG: a-ketoglutarate, PLP: pyridoxal 5’-phosphate

Using our proposed pathway, we were able to synthesize TDP-L-acosamine employing the
substrate flexible EvaE 4-ketoreductase. However, considering its ability to act on compound 4a
and compound 4b as reported by Yoon and colleagues (Han et al., 2011), we speculate that the
synthesized product may be a mixture of TDP-L-acosamine and TDP-L-ristosamine (Figure 27).
As shown in Figure 30, a possible alternative to have pure TDP-L-acosamine would be to perform
the reverse reaction of DnmV enzyme starting from purified TDP-L-daunosamine to produce
compound 4b. Following isolation, compound 4b could be converted to TDP-L-acosamine.
Another approach would be to use a different 4-ketoreductase that shows stringent substrate
specificity to compound 4b but not compound 4a. A potential candidate towards this purpose
would be EryBIV from S. erythraea that was previously used in in vivo production of TDP-L-
acosamine towards epirubicin synthesis (Madduri et al., 1998). The native substrate of EvaE is a
TDP-deoxysugar intermediate that has two substituents at the C-3 position, and this may afford it some
flexibility when challenged with compound 4a or 4b, which are epimers each with opposite
configuration at the C-3 position bearing only a single amino group as a substituent. Similarly, the
native substrate of EryBIV has two substituents at the C-3 position. Therefore, following that
rational EryBIV may also have the same lack of specificity.

4-ketoreductase 4-ketoreductase
DnmV) (EvaE)
o} OTDP ( MOTDP HO Z IOI 7 OTDP
HoN © NH, / N H,N
OH NADP* NADPH NADPH NADP*
TDP-L-daunosamine Compoqnd 4b TDP-L-acosamine
(3,5 epimer)

Figure 30: The proposed pathway for the production of pure TDP-L-acosamine sugar donor

starting from purified TDP-L-daunosamine.
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The production and purification of these heavily modified sugar donors and its precursors
can be used in enzyme characterization. Compound 3 was used to determine the kinetic parameters
of DnmJ enzyme that catalyze the aminotransferase reaction of the re-constituted pathway.
Furthermore, compound 3 serves as a precursor for the DnmU 3,5-epimerase. Therefore, a few
milligrams of purified compound 3 was sent to Dr. Rong Shih at University of Laval towards co-
crystalizing with DnmU enzyme. Having purified TDP-L-daunosamine would enable us to obtain
insights about the kinetic parameters of DnmV 4-ketoreductase. This may be achieved by
performing the reverse reaction of the 4-ketoreductase where the reaction can be monitored by

measuring the production of NADPH at 340 nm.

Apart from their use in enzyme characterization, these sugar donors and their intermediates
could serve as precursors towards the in vitro enzymatic production of a number of diverse sugar
donors of therapeutic value. For example, compound 3 acts as a precursor for the production of
TDP-4-epi-L-vancosamine: the sugar precursor of antibiotic chloroeremomycin (Ikeda et al.,
1999), whereas TDP-L-daunosamine can be converted to TDP-L-rhodosamine: one of the sugar

precursors of anticancer aclarubicin (Réty et al., 2000).

Despite the clinical importance of epirubicin, it is conventionally produced
semisynthetically through several organic synthetic steps. To circumvent the laborious chemical
synthesis, efforts have been made for the heterologous production of epirubicin. Nevertheless,
known GT enzymes cannot catalyze this enzymatic reaction efficiently and only poor
glycosylation of e-thodomycinone acceptor with a TDP-L-acosamine donor has been observed in
engineered biosynthetic pathways (Han ef al., 2011; Madduri et al., 1998). Wang and colleagues
reported epirubicin production in a S. peucetius mutant that was constructed by UV irradiation and
metabolic pathway engineering. Although the obtained epirubicin yield through this study was
significant, details on mutations caused by UV irradiation were not reported. Furthermore, the
reported epirubicin yield could be a mixture of epirubicin and its epimer with ristosamine sugar

moiety as they used EvaE towards TDP-L-acosamine production (Wang et al., 2018a).

An attractive solution to increase epirubicin production would be to engineer a GT enzyme
through directed evolution that could efficiently act on the precursors of epirubicin. Two potential
candidates to be used as the target GT genes would be dnrS from S. peucetius and aknS from S.

galilaeus that were reported to be substrate flexible towards producing epirubicin in engineered
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Streptomyces mutants (Han et al., 2011; Madduri et al., 1998; Wang et al., 2018a). In its native
organisms, DnrS is involved in glycosylating e-rhodomycinone using TDP-L-daunosamine
towards daunorubicin/ doxorubicin production (Otten et al., 1995) and AknS glycosylates
aklavinone using TDP-L-rhodosamine towards the production of the anticancer anthracycline
aclarubicin (Réty ef al., 2000). Aklavinone is the immediate intermediate of e-thodomycinone and
it lacks a hydroxyl group at C-11 position (Filippini ef al., 1995) and TDP-L-rhodosamine is the
3-N,N-methyl form of TDP-L-daunosamine (Réity et al., 2000).

Since crystal structures of these GTs are not available, mutant library construction could
be performed by applying a random mutagenesis strategy such as error-prone PCR. However, this
would result in a larger library size which would be tedious in subsequent screening. Therefore, it
would be of interest in future work to build a homology model for the target GT that would give
an understanding about the specific sites involved in substrate binding and catalytic activity. Once
the target residues for mutation are determined, iterative saturation mutagenesis (ISM) may be
performed until a desired phenotype is obtained (Reetz and Carballeira, 2007). Towards screening
the mutant library, our novel high-throughput assay could serve as the screening tool using -
rhodomycinone aglycone and TDP-L-acosamine that we would synthesize and purify. The best
mutants will be subjected to further rounds of directed evolution until an engineered GT that could

efficiently glycosylate epirubicin precursors is attained.
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250 kDa

95 kDa

55 kDa

34 kDa

Figure A1: SDS-PAGE (4-12% Bis-Tris gel) of purified UGT
collection. The proteins were overexpressed in E. coli strains
and Ni-NTA purified. Following SDS-PAGE (0.25 — 0.50 mg/mL
of final protein concentrations were loaded), the proteins were
visualized by staining with Coomassie blue (Table A5). The
molecular weights of the proteins were as follows: VvGT1: 50
kDa, UGT71G1: 52 kDa, UGT78G1: 50 kDa, UGT78K6: 49
kDa, UGT708A6: 51 kDa, and UGT72B1: 53 kDa.
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Figure A2: SDS-PAGE (4-12% Bis-Tris gel) of
purified enzymes involved in UDP-xylose in vitro
pathway. The proteins were overexpressed in E. coli
strains and Ni-NTA purified. Following SDS-PAGE
(0.25 — 0.75 mg/mL of final protein concentrations
were loaded), the proteins were visualized by staining
with Coomassie blue (Table A5). The molecular
weights of the proteins were as follows: hUGDH: 55
kDa, CtXR: 36 kDa, and hUXS: 48 kDa.

96



mAL mS/c
5000
— UV254nm
Buffer B
concentration|
Conductivity |40.0
4000
=)
<
£ E
30.0
€ 3000 S
c wv
< £
wn
~ Z
% 2
> B
o
[v) =}
i= ©
g =
. 20.0 o
S 2000 S
a
Qo
<
1000 10.0
o EEEEEEEEEER 0.0
50 100 150 ml
Volume (mL)
B mAU mS/cm
—— UV254nm
Conductivity
4000 F 80
=)
<
g 3000 ’g
T 60
E o
S 3
<
S £
~ >
o 2
© =
o B
[s) (S}
& 3
8 2000 kao 8
2 o
Qo
<
1000
20
2 KQ(\
o
I

50 100 150 200 ml
Volume (mL)

Figure A3: (A) Anion exchange and (B) size exclusion chromatograms of UDP-xylose
purification. (A) UDP-xylose was purified using a Macro-prep high Q column with a 20-
500 mM NH4HCO: elution gradient. Subsequently, (B) salt was removed from UDP-xylose
using a Sephadex G-10 column and eluted with dH20. The dotted lines denote fractions

containing UDP-xylose.
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Figure A4: Raw absorbance spectrum data for
combinatorially screened UGT enzyme collection with UDP-
sugar donors and (A) kaempferol, (B) quercetin, (C)

myricetin, (D) emodin, and (E) e-rhodomycinone.
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Figure A5: (A) LC-MS/MS analysis of UGT78K6 activity with kaempferol, quercetin, and myricetin acceptors in the presence of UDP-galactose. Top
3 panels: LC chromatograms. Bottom 3 panels: respective MS/MS fragmentation profiles at 20 cid. Sample were analyzed in negative mode and

loss of galactose is indicated by -162.
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Figure A5: (B) LC-MS/MS analysis of UGT78G1 activity with kaempferol, quercetin, and myricetin acceptors in the presence of UDP-xylose. Top 3
panels: LC chromatograms. Bottom 3 panels: respective MS/MS fragmentation profiles at 20 cid. Sample were analyzed in negative mode and loss

of xylose is indicated by -132.
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Figure A5: (C) LC-MS/MS analysis of UGT78K6 activity with kaempferol, quercetin, and myricetin acceptors in the presence of UDP-xylose. Top 3
panels: LC chromatograms. Bottom 3 panels: respective MS/MS fragmentation profiles at 20 cid. Sample were analyzed in negative mode and loss

of xylose is indicated by -132.
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Figure A5: (D) LC-MS/MS analysis of UGT708A6 activity with quercetin and myricetin acceptors in the presence of UDP-glucose. Top 2 panels: LC
chromatograms. Bottom 2 panels: respective MS/MS fragmentation profiles at 15 and 20 cid. Sample were analyzed in negative mode and loss of

glucose is indicated by -162.
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Figure A5: (E) LC-MS/MS analysis of UGT72B1 activity with kaempferol, quercetin, and myricetin acceptors in the presence of UDP-glucose/ UDP-
xylose. Top 4 panels: LC chromatograms. Bottom 4 panels: respective MS/MS fragmentation profiles at 20 cid. Sample were analyzed in negative

mode and loss of glucose and xylose are indicated by -162 and -132, respectively.
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Figure A5: (F) LC-MS/MS analysis of UGT activity with emodin acceptor in the presence of UDP-glucose. Top 4 panels: LC chromatograms of
UGT71G1, UGT78G1, UGT78K6, and UGT72B1 activities (from top to bottom). Bottom 4 panels: respective MS/MS fragmentation profiles at 20

cid. Sample were analyzed in negative mode and loss of glucose is i

ndicated by -162.
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Figure A5: (G) LC-MS/MS analysis of UGT activity with emodin acceptor in the presence of UDP-xylose. Top 3 panels: LC chromatograms of
VvGT1, UGT71G1, and UGT78K6 activities (from top to bottom). Bottom 3 panels: respective MS/MS fragmentation profiles at 20 cid. Sample were
analyzed in negative mode and loss of xylose is indicated by -132.
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Figure A6: (A) Anion exchange chromatogram of compound 1 purified using a Macro-prep high Q

column with a 0 - 1 M NaCl elution gradient. The dotted line represents fractions containing compound

1. (B) Fractions of anion exchange chromatography were verified by TLC using ethyl acetate: methanol:

dH20: acetic acid (3:2:1:0.5 v/v) mobile phase, which was stained using p-anisaldehyde. G-1-P: glucose-

1-phosphate (a precursor), TDP: deoxythymidine diphosphate (an intermediate).
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Figure A7: (A) Size exclusion chromatogram of compound 1 desalted using a Bio-Gel P-2

(polyacrylamide) resin and deionized water. The dotted line represents fractions containing compound

1. (B) Fractions of size exclusion chromatography were verified by TLC using ethyl acetate: methanol:

dH20: acetic acid (3:2:1:0.5 v/v) mobile phase, which was stained using p-anisaldehyde.

107



547.073

NL: 2.25E4
~ 0
A 1004 ba4#1-55 RT:
El oH NH O 0.01-0.49 AV:55
RE ~o R ‘ A TFIMS-pESI
3 —P—0—P-0 N0 Fullms
3] o WO | | o
803 546,138 on  on [100.00-1000.00]
° B | NH |
709 o o o
é B o 0—P—0—P—-0 N/go
3 0. -H]" 547
g e0] o [ [M-HJ" 547.074
S 7
® s0]
o ] oH 534,918 |
E . 544.142 |
£ 40 [M-HJ" 530.095 |
e 510,939 532.920 |
r 403 512935
El 510,155
203 506,098 519.774 @
El 517776 538.914
109 513,789 i 548,354
Bl X 540.910
3 500412 503025 508,166 516.932 520.973 554 137 528'9199 536|914 L 550,980 555312 557 306
o E— i i i n T TP P w i { s - ol b 10 b il b
_ 47.073 NL: 2.56E4
1007 B2#1-53 RT:
El 0.01-0.49 AV: 53
B 904 o T:FTMS - p ESI
B 546.138 Full ms
80 ) M [100.00-1000.00
] : Fore g 5 L LT :
703 0-P-0-P-0— “N”70
8 E| o OH OH
& 607
e | OH
3 | |
£ 503 544141 | [M-H] 547.074
2 E 532.920 |
> |
5 9 506.097 534918
] El 12, |
& 30 510939 01296 |
20 517.776 |
103 536,492
E 220 520.973
1498991 503 473 509.293 513,937 519.774 | 521.771 528.082 531,557 538.912 540.913 548623 552.366 555006  559.803
=i \ 1) . i ) 1 | NN )
o FSPRNEPRRrhSuENANS VRN Sasowif MUVEN ¥ A NGUSIAMRIPS NPSLF T A e FOBASESSSRUSSP SO PSSP VSN ENNADSPSPAAES SR RSPV RIS ¥ PR A i N S i S
500 505 510 515 520 525 530 535 540 545 550 555 560
miz
C O-.._ (o] 2,3-dehydratase o\ (o] 3,5-epimerase 4-ketoreductase
(EvaA) (DnmU) @) OTDP (DnmV) o] OTDP
HO -
O
OH N © 0 0
OTDP H,0 OTDP ) OH
NADPH  NADP'
TDP-4-keto-6-deoxy-D-glucose
Compound 1 Compound 2 (5-epimer) Side product

H,0

OH
OTDP

HO
OH

Figure A8: MS spectra of (A) TDP-L-daunosamine synthesis reaction (in a one-pot one-step) starting from
compound 1 and adding EvaA, DnmJ, DnmU, and DnmV together, and (B) reaction with compound 1 and
EvaA, DnmU, and DnmV enzymes. Samples were analyzed in negative mode and the calculated m/z ratios
of TDP-L-daunosamine and the hydrated form of the side product were 530.095 and 547.074, respectively.
(C) The sequential enzymatic activity of EvaA, DnmU, and DnmV results in the shunt product and its

hydrated form that are shown in blue.
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Table A1 Oligonucleotides used in Chapter 3 and 4

Name Sequence (5'-3")

hUXS_F TATACATATGGAGAAAGACCGTAAACGCATCCTG
ACK_ex_for TCGCATATGTCGAGTAAGTTAGTACTGGTT
ACK_ex_rev TCGGAATTCTCAGGCAGTCAGGCGGCTCGCGTC
TMK_ex_for GCTGAATTCATGCGCAGTAAGTATATCGTCATTGAG
TMK_ex_rev CTGGAAGCTTCATGCGTCCAACTCCTTCACCCA
RmiIB_for TTGGATCCATGAAAATACTTGTTACTGGTGGCGCAGGA
RmIB_rev ATTCTCGAGTTACTGGCGGCCCTCATAGTTCTGTTC

Sen_RmIA_Ndel.fw
Sen_RmIA_EcoRlL.rv
EvaA fw

EvaA-rv
dnmJ-Ndel.fw
dnmJ-Xhol.rv
dnmU-Ndel.fw
dnmU-Xhol.rv
dnmV-Ndel.fw
dnmV-Xhol.rv
EvaE_fw

EvaE_rv

T7 promoter primer

T7 terminator primer

GCCATATGAAAACGCGTAAGG

CTCGAATTCTTATAAACCTTTCACCATC

GGGAATTTCCATATGTCGTCCTTCGTCGTTCCA

AAACCGCTCGAGTCATGCACCTCCCCGAGGCTG

ATACATATGTCCACCTACGTCTGGCAATAC

ATACTCGAGTCACAGGCTTCCGACGACCTC

ATACATATGAAGGCGCGGGAACTGG

ATACTCGAGTCACCCGTCTCCGCGTGACC

ATACATATGCGGGTCGTGGTTCTGG

ATACTCGAGCTAGGCCGGGGCGCCGTG

GGAGCATATGATGAAGCTGATCACCGTGCTCGG

ACACGCGCTCGAGTCATGCGCGAGCCTTTCCATGAAC

TAATACGACTCACTATAGGG

GCTAGTTATTGCTCAGCGG
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Table A2 Vectors and plasmids used in chapter 2 to 4

Plasmid Marker Description Source

pET14b AmpR Bacterial expression plasmid with T7 Novagen
promoter and N terminal His tag

pET28a KanR Bacterial expression plasmid with T7 Novagen
promoter and N and C terminal His tag

pET14b_ VwGT1 AmpR pET14b based expression plasmid Christopher Ford
encoding VvGT1 (Ford et al., 1998)

pUC57-Kan_ UGT71G1 KanR pUC57-Kan based cloning plasmid Bio Basic
encoding UGT71G1

pUC57-Kan_ UGT78G1 KanR pUC57-Kan based cloning plasmid Bio Basic
encoding UGT78G1

pUC57-Kan_ UGT78K6 KanR pUC57-Kan based cloning plasmid Bio Basic
encoding UGT778K6

pUC57-Kan_ UGT708A6  KanR pUC57-Kan based cloning plasmid Bio Basic
encoding UGT708A6

pET28a_UGT71G1 KanR pET28a based expression plasmid This study
encoding UGT71G1

pET28a_ UGT78G1 KanR pET28a based expression plasmid This study
encoding UGT78G1

pET28a_ UGT778K6 KanR pET28a based expression plasmid This study
encoding UGT778K6

pET28a_ UGT708A6 KanR pET28a based expression plasmid This study
encoding UGT708A6

pET30a_ UGT72B1 KanR pET30a based expression plasmid Gideon Davies
encoding UGT72B1 (Brazier-Hicks et al.,

2007b)

pUC57-Kan_ hUGDH KanR pUC57-Kan based cloning plasmid Bio Basic
encoding hUGDH

pUC57-Kan_ hUXS KanR pUC57-Kan based cloning plasmid Bio Basic
encoding hUXS

pUC57-Kan_ CtXR KanR pUC57-Kan based cloning plasmid Bio Basic

encoding CtXR
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pET28a_ hUGDH

pET28a_ hUXS

pET28a_A84hUXS

pET28a_ CtXR

pET28a_ TmK

pET28a_ AckA

pET28a_ RmIA

pET28a_ RmIB

pET28a_ EvaA

pET28a_ DnmJ

pET28a_ DnmU

pET28a_ DnmV

pET28a_ EvaE

KanR

KanR

KanR

KanR

KanR

KanR

KanR

KanR

KanR

KanR

KanR

KanR

KanR

pET28a based expression plasmid
encoding hUGDH

pET28a based expression plasmid
encoding hUXS

pET28a based expression plasmid
encoding A84hUXS

pET28a based expression plasmid
encoding CtXR

pET28a based expression plasmid
encoding TmK

pET28a based expression plasmid
encoding AckA

pET28a based expression plasmid
encoding RmIA

pET28a based expression plasmid
encoding RmIB

pET28a based expression plasmid
encoding EvaA

pET28a based expression plasmid
encoding DnmJ

pET28a based expression plasmid
encoding DnmU

pET28a based expression plasmid
encoding DnmV

pET28a based expression plasmid
encoding EvaE

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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Table A3 Strains used in Chapter 2 to 4

Strain

Relevant characteristic

E. coliDH10B

E. coli
BL21(DE3)

E. coli XJb(DE3)

E. coli BL21-
CodonPlus(DE3)-
RP containing
plasmid
L1SL2/pETcoco-
2 (Moncrieffe et
al., 2012)

F-, mcrA, A(mrr-hsdRMSmcrBC), ¢80d/acZAM15, AlacX74,
deoR, recA1, endA1, araD139, A (ara-leu )7697, galU, galK,
A, rpsL, nupG

Routine cloning

F-, ompT, hsdSs(rs” ms’) gal, dcm, A(DE3)

Protein expression host. Encodes T7 RNA polymerase (under
control of lacUV5 promoter).

F-, ompT, hsdSs(rs” ms’) gal, dcm* araB::R,cat ADE3

Autolysis strain. Encodes for the bacteriophage A endolysin
protein, and T7 polymerase.

F— ompT hsdS(rs" ms") dcm* Tet" gal ADE3) endA Hte [argU
proL Cam']

Protein expression host. Contains extra gene copies of rare
tRNAs. Encodes T7 RNA polymerase (under control of lacUV5

promoter).

L1SL2/pETcoco-2: pETcoco-2 expression vector encoding
GroEL1, GroEL2 and GroES chaperones
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Table A4 Culture media used in Chapter 2 to 4

LB

Tryptone 1049
Yeast extract 59
NaCl 1049
(Agar) (159)

Distilled water

LBE-5052 autoinduction media

To final volume of 1L

Tryptone 109
Yeast extract 59
NH4CI 268g
NazS04 0.71g
Glycerol 59
Glucose 05g
Lactose 29
Distilled water 898 mL
2 M MgSOux (filter sterilized) 1 mL

1000X Trace metals mix (filter sterilized) 1 mL
1 M K2HPOq (filter sterilized) 40 mL
1 M KH2POq (filter sterilized) 10 mL

Added after autoclaving

50 mM FeClsz, 20 mM CaClz, 10 mM MnClz, 10 mM
ZnS04, 2 mM CoClz, 2 mM CuClz, 2 mM NiCl2

1000X Trace metals mix
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Table AS Solutions, buffers, and stains used in chapter 2 to 4

Solution

Components

TFB1 (filter sterilized)

TBF2 (filter sterilized)

VvGT1 lysis buffer

VvGT1 wash buffer

VvGT1 elution buffer

VvGT1 storage buffer

UGT lysis/ wash buffer

UGT elution buffer

UGT storage buffer

Lysis/ wash buffer |

Elution buffer |

Assay control buffer/ Storage buffer |
Buffer Il

Buffer Il

Buffer IV

Buffer V

Lysis buffer VI

Wash buffer VI* (Pre-equilibration and

wash step following DnmJ sample
loading)

30 mM KOAc, 10 mM CaClz, 50 mM MnClz, 100 mM RbCl,
15% Glycerol (pH 5.8: adjust with AcOH)

100 mM MOPS or PIPES, 75 mM CaClz, 10 mM RbCI, 15%
Glycerol (pH 6.5: adjust with KOH)

20 mM Tris pH 8, 100 mM NaCl, 10 mM 2-
mercaptoethanol, 10 % v/v glycerol

20 mM Tris pH 8, 100 mM NaCl, 10 mM 2-
mercaptoethanol, 10 % v/v glycerol, 10 mM imidazole

20 mM Tris pH 8, 100 mM NaCl, 10 mM 2-
mercaptoethanol, 10 % v/v glycerol, and 300 mM imidazole

50 mM Tris pH 7.5, 150 mM NacCl, 10 mM 2-
mercaptoethanol, and 10 % v/v glycerol

50 mM Tris pH 8, 500 mM NacCl, 10 mM 2-
mercaptoethanol, and 10 mM imidazole

50 mM Tris pH 8, 500 mM NacCl, 10 mM 2-
mercaptoethanol, and 250 mM imidazole

50 mM Tris pH 7.5, 150 mM NaCl, and 5 % v/v glycerol
50 mM Tris pH 8, 500 mM NacCl, and 10 mM imidazole
50 mM Tris pH 8, 500 mM NaCl, and 500 mM imidazole
50 mM Tris pH 7.5, 150 mM NaCl

20 mM ammonium formate pH 4.2

500 mM ammonium formate pH 4.2

Water with 0.1 % formic acid

Acetonitrile with 0.1% formic acid

50 mM BTP pH 7.5, 5 mM imidazole

50 mM BTP pH 7.5, 500 mM NaCl, 20 mM imidazole
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*Excluded for EvaA

Wash buffer VI (AKTA purifier 10
system)

Elution buffer VI
Storage buffer VI
Buffer VII

Buffer VI

Buffer IX

p-anisaldehyde stain

Coomassie blue stain

Destaining solution

50 mM BTP pH 7.5, 150 mM NaCl, 20 mM imidazole

50 mM BTP pH 7.5, 150 mM NaCl, 300 mM imidazole
50 mM BTP pH 7.5, 150 mM NaCl

1 M NaCl

20 mM NHsHCO:2 pH 3.5

1 M NHsHCO2pH 6.7

135 mL of absolute ethanol, 5 mL of conc. sulfuric acid, 1.5
mL of glacial acetic acid, 3.7 mL of p-anisaldehyde

1 g of Coomassie brilliant blue in 1 L of 50% dH20, 40 %
methanol, and 10% acetic acid

50% dH20, 40 % methanol, and 10% acetic acid
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