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Rice Os9BGlu31 is one of enzyme in glycoside hydrolase family 1 (GH1), an
enzyme family that mostly catalyze hydrolysis reactions. In addition to weak hydrolysis
activity, Os9BGlu31 has transslycosylation activity that can transfer a glycosyl moiety
to other aglycone moiety to form glycosylated compounds through a retaining
mechanism. In the transglycosylation reaction, the glycosylated compounds can be
produced in a one-step reaction and the products often are more stable, soluble,
bioavailable and has enhanced bioactivity. Therefore, the glycosylated compounds are
promising functional compounds for human health purposes, including as anti-cancer
agents. However, the effect of glycosylated compounds, such as phenolic acid glucosyl
esters in cholangiocarcinoma cells has not been reported yet.

In this study, Os9BGlu31 was used to synthesize eigsht phenolic acid glucosyl
esters, and their biological activities were evaluated in cholangiocarcinoma cells. The
possible molecular mechanism of inhibition of cholangiocarcinoma cells by phenolic
acid slucosyl ester was then investigated. Os9BGlu31 and its mutant variants were
expressed in Escherichia coli strain Origami B(DE3), then purified by an IMAC column
for further enzymatic reaction. The transglucosylation products were detected by
analytical chromatography, produced, purified by Sephadex-LH20 resin column
chromatography, and their structures were verified by NMR spectroscopy. Furthermore,
the activity of transglucosylation products were evaluated, screened for anti-
proliferative activity, then followed by a wound healing assay to assess anti-migration
activity of selected-phenolic acid glucosyl ester. The possible molecular mechanism
of inhibition of cholangiocarcinoma cells was investigated by cell cycle analysis, cell
apoptosis analysis, and measured the mRNA expression level of related genes.

Os9BGlu31 wild type produced single transglucosylation product, whereas
Os9BGlu31 mutants tend to produce multiple transglucosylation products, which can

transfer a glucosyl moiety to a hydroxyl group or carboxyl group of certain compounds.
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However, glucosyl moiety is preferentially attached on the carboxyl group of phenolic
acid to produce major transglucoylation products. Os9BGlu31 W243N and W243L
showed high activity and also produced high yields of major transglucosylation
products than wild type enzyme. The major transglucosylation products were verified
as phenolic acid glucosyl esters. Among these products, gallic acid glucosyl ester (B-
glucogallin) had strong antioxidant activity with ICsy value of 3.6 + 0.1 pg/mL. B-
Glucogallin also showed anti-proliferative activity in cholangiocarcinoma cells with ICs
values of 67.3 + 1.3 uM, 19.8 + 1.3 uM, and 178.7 + 4.1 uM after incubation for 24 h in
KKU-213A, KKU-055, and KKU-100, respectively. However, B-glucogallin showed no
obvious anti-proliferative activity toward normal human fibroblast cells. It also
inhibited the migration of cholangiocarcinoma cells in a time- and dose-dependent
manner. Moreover, B-glucogallin induced inhibition of proliferation of
cholangiocarcinoma cells through cell cycle arrest in S and G2/M phase in KKU-213A
and G0/G1 phase in KKU-055. It also inhibited cholangiocarcinoma cells through up-
regulating of gene expression of ER-stress and unfolded protein response (UPR)
signaling markers, including XBP1, sXBP1, ATF4, ATF6, and CHOP, in both KKU-055 and
KKU-213A. This study demonstrated that rice Os9BGlu31 transglucosidase is a promising
enzyme for glycosylation and production of glycosylated compounds. It also provides
evidence that B-glucogallin inhibits proliferation and migration of cholangiocarcinoma
cells thus B-glucogallin is a potential agent in the treatment of cholangiocarcinoma

cells.
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CHAPTER |
INTRODUCTION

1.1 Background and significance

Glycosylation is a reaction to transfer glycosyl moieties to a hydroxyl group or
other functional group of a glycosyl acceptor in order to form glycosylated compounds
(glycosides or glycoconjugates). Glycosylation often able to enhance the stability,
solubility, bioavailability and bioactivity of the compounds (Bujuq et al., 2018; Ferreyra
et al., 2012; Liu et al., 2020; Moradi et al., 2016; Pourakbari et al., 2020; Vivekanandhan
et al,, 2016, Woo et al., 2012). Previous studies reported that glycosylation plays a
critical role during interaction between a drug and its cellular target in drug
pharmacodynamics, as it can change the cellular localization and physicochemical
properties of the compounds, as well as their biological activities (Pandey et al., 2014).
When the hydroxyl groups of non-sugar compounds are linked with glycosyl moieties,
they formed glycosides, in which the glycone (the sugar portion) affects their solubility
and bioactivity and could enhance the pharmacokinetic parameters so that they may
become promising functional compounds, therapeutics and pharmaceuticals for
human health purposes (Khan et al., 2019; Moradi et al., 2016; Velmurugan et al., 2020).

There are two methods to synthesize glycosides, by chemical and enzymatic
glycosylation. Generally, a chemical glycosylation reaction needs cycles of protection
and deprotection, and strict reaction conditions to produce the glycosylated products,
leading to high costs of synthesis and purification (Li et al., 2014; Moradi et al., 2016;
Thapa et al,, 2019). In contrast, enzymatic glycosylation copes with these issues by
using unprotected sugar moieties and providing absolute stereocontrol to generate
feasible routes to synthesize glycosides. Enzymatic glycosylation can be catalyzed by
many enzymes to synthesize glycosides, including glycosyltransferases (GTs), glycoside
phosphorylases (GPs), and transglycosidases (TGs), as well as glycoside hydrolases (GHs)

(Lairson and Withers, 2004; Pergolizzi et al., 2017).



Glycoside hydrolases (GHs) are a group of enzymes, which catalyze hydrolysis
reaction of the glycosidic bond and are currently split into 183 families based on the
protein sequences and specificities of these enzymes. Among those families, 11
families contains B-glucosidases, including GH1, GH2, GH3, GH5, GH16, GH30, GH39,
GH116, GH131, GH175, and GH180 (Cantarel et al., 2009; Ketudat-Cairns et al., 2015,
CAZy, 2023). Most plant B-glucosidases (E.C. 3.2.1.21) fall in GH family 1 (GH1), in which
most of the members catalyze hydrolysis reaction. In addition to hydrolysis activity,
previous studies revealed that many GH1 enzymes also have high transglycosylation
activity and related enzymes have been found to act as transglucosidases, which act
to transfer a glucosyl moiety from glucosyl donors to glucosyl acceptors with little
hydrolysis through a retaining mechanism to form glycosylated compounds (Ketudat-
Cairns et al., 2015; Luang et al,, 2013; Matsuba et al., 2010; Opassiri et al., 2003, 2004).

One transglucosidase is named Os9BGlu31, based on its position on rice
chromosome 9 and its being a member of GH1, which primarily contains pB-
glucosidases. It has high activity in reactions containing phenolic acid glucose esters,
such as feruloyl glucose as glucosyl donor and a suitable acceptor (Luang et al., 2013).
Os9BGlu31l is also able to use apigenin as a glucosyl acceptor and apigenin 7-O-
glucoside as a glucosyl donor. Previous studies revealed that Os9BGlu31 mutant
variants can transfer a glucosyl moiety from a glucosyl donor to several phenolic acids
and flavonoids, including kaempferol to produce multiple kaempferol glycosides as
products (Komvongsa et al., 2015a; Tran et al, 2019). Further study about the
application of those glycosylated products for human health purposes has yet to be
reported.

Glycosylated compounds are known to have many activities, such as antioxidant,
anti-inflammatory, anti-cancer, and anti-diabetic, as well as anti-bacterial (Kang et al,,
2015; Park and Song, 2019; Pourakbari et al,, 2020). For instance, apigenin-7-O-
glucoside, a flavonoid glycoside, has the ability to promote cell apoptosis and inhibits
cell migration of HelLa human cervical cancer cells (Liu et al., 2020). In HCT116 human
colon cancer cells, it can reduce cell viability and induce apoptosis (Smiljkovic et al.,

2017). It also has been reported to stimulate production of reactive oxygen species



(ROS) in human gastric cancer cells (Sun et al.,, 2018). In another example, 4-O-B-
galactopyranosyl derivatives of phenolic acid esters (methyl vanillate and methyl
ferulate) have higher cytotoxic activity in MCF-7 breast cancer cells and in PC-3 prostate
cancer cells than the parental esters (Bujug et al., 2018). However, the effect of
glycosylated compounds, particularly phenolic acid glucosyl esters in human
cholangiocarcinoma cells has not been reported yet.

There are many types of cancers depending, in part, on the location or organ
system in the body where the cancer begins. One of the aggressive cancers is
cholangiocarcinoma, a cancer of the human epithelial cells of the bile duct in the
liver, which has the highest incidence in northeastern Thailand and parts of Laos and
Cambodia (Sithithaworn et al., 2014). Previous studies reported that around 700
million people in the world are at risk of liver flukes infection (Brindley et al., 2021,
Sripa et al., 2007, 2011; Zheng et al.,, 2017). The major risk factor for
cholangiocarcinoma development in this area is infection of liver fluke (Opisthorchis
viverrine, Ov) (Sripa and Pairojkul, 2008). Chronic inflammation caused by Ov in the
liver may also trigger a failure of the immune response, which contributes to the
progression of cholangiocarcinogenesis.

Generally, the therapy for cancers involves surgery, drug chemotherapy,
immunotherapy, and radiotherapy (Ma et al., 2019; Shao-giang et al., 2009). However,
commonly, these methods have various adverse effects (Mansoori et al., 2017; Small
et al,, 2017), and most of the chemotherapeutic drugs, such as cisplatin, are non-
specific so that their administration often affects the normal tissues in the body (Astolfi
et al,, 2013). Therefore, many people are trying to find effective ways to inhibit cancer
cell proliferation in the body without any side effects. The use of phytochemicals or
bioactive compounds as anti-cancer agents is a promising way to inhibit cancer cell
proliferation.

In this present study, enzymatic synthesis was performed with rice Os9BGlu31
transglucosidase and its mutant variants for the production of sufficient quantities of
phenolic acid glucosyl esters, which was not previously reported. The major

transglucosylation products were purified, then their identities and purity were verified



by NMR spectroscopy. This included enzymatic synthesis of gallic acid glucosyl ester,
also named B-glucogallin, which was not previously reported. The activity of major
transglucosylation products were evaluated and one of transglucosylation product (B-
glucogallin) with high anti-proliferative activity was selected in order to study its effect

and possible molecular mechanism in the inhibition of cholangiocarcinoma cells.

1.2 Research objectives

This study has several objectives, including:

1. To investigate the ability of Os9BGlu31 and its mutant variants in glycosylation
of phenolic acids for the production of phenolic acid glucosyl esters,

2. To purify and verify the phenolic acid glucosyl esters from transglucosylation
reactions,

3. To evaluate and screen the activity of phenolic acid glucosyl esters,

4. To investicate the effect of B-glucogallin in the inhibition of cell migration in
cholangiocarcinoma cells,

5. Toinvestigate the effect of B-clucogallin in the inhibition of cell proliferation and

its possible molecular mechanism in cholangiocarcinoma cells.

1.3 Research scope and limitations

This study focused on the production of phenolic acid glucosyl esters from
phenolic acids as glucosyl acceptors, including ferulic acid, hydroxybenzoic acid,
vanillic acid, p-coumaric acid, trans-cinnamic acid, gallic acid, sinapic acid, and syringic
acid by enzymatic synthesis using Os9BGlu31 wild type and its mutant variants as
catalyst to produce sufficient quantities of major transglucosylation products for
bioactivity testing. It also focused on the investigation of the action of a selected-
phenolic acid glucosyl ester (B-glucogallin) in the inhibition of cell migration and cell
proliferation, and its possible molecular mechanism in cholangiocarcinoma cells.
Protein expression and purification of Os9BGlu31 and its mutant variants were
performed to express and purify the enzymes, and the phenolic acid glucosyl esters

were produced by enzymatic synthesis then purified by Sephadex LH-20 column



chromatography. The transglucosylation products were identified by analytical
chromatography, including TLC and UHPLC, and verified by NMR spectroscopy.
Furthermore, the phenolic acid glucosyl esters were evaluated for antioxidant activity
and screened for cytotoxicity activity in cholangiocarcinoma cells to obtain the
candidate of major transglucosylation product that has high cytotoxicity activity in
these cells. A selected-phenolic acid glucosyl ester, B-glucogallin, was used for further
experiments. These included investigation of the effect of B-glucogallin in the inhibition
of cell migration by a wound healing assay and investigation of the role of B-glucogallin
in the inhibition of cell proliferation and its possible molecular mechanism in
cholangiocarcinoma cells by cell cycle analysis, cell apoptosis analysis, and measure

the mRNA expression level of genes related to these processes.



CHAPTER Il
LITERATURE REVIEWS

2.1 Phenolic acids

2.1.1 Common characteristics of phenolic acids

Phenolic compounds are found in plants as the most widely distributed
secondary metabolites, especially in fruits and vegetables (Tian et al.,, 2004). They are
a component in the cell wall, involved in nutrient uptake and support the seed
during germination under abiotic stress. They also have many roles in the plants, such
as protection against pathogens, predators, and ultraviolet radiation, as well as
attraction of pollinating animals and mechanical support (Parr and Bolwell, 2000).
Generally, phenolic compounds are categorized into polyphenols, such as tannins,
oligophenols, such as flavonoids, and monophenols or phenolic acids, such as

benzoic acid and cinnamic acid and their hydroxylated derivatives.

HO 0
HO 0 \
R3 R1 R3 R1
R2 R2
1, R1 = R2 = R3 = H, Benzoic acid 6, R1 = R2 = R3 = H, Cinnamic acid
2, R1 = R2 = R3 = OH, Gallic acid 7, R1 = R2 = OH, R3 = H, Caffeic acid
3, R1 = R2 = OH, R2 = H, Protocatechuic acid 8, R1 = R3 = H, R2 = OH, p-Coumaric acid
4, R1 = R3 = H, R2 = OH, p-Hydroxybenzoic acid 9, R1 = OCHj3, R2 = OH, R3 = H, Ferulic acid
5, R1 = OCH3, R2 = OH, R3 = H, Vanillic acid 10, R1 = R3 = OCH;, R2 = OH, Sinapic acid

Figure 2.1 Chemical structures of phenolic acids are classified into two major groups,

hydroxybenzoic acid and hydroxycinnamic acid (Silva et al., 2020).



In general, the phenolic acids have an aromatic ring, a carboxylic acid group,
and one or more hydroxyl substituents in their chemical structure (Tsao, 2010). Based
on chemical structure, phenolic acids can be grouped into hydroxycinnamic acid and
hydroxybenzoic acid and their derivatives (Figure 2.1) (Kumar and Goel, 2019; Shao
and Bao, 2015; Verma and Srivastav, 2020). Hydroxycinnamic acid derivatives have a
C6-C3 structure, including cinnamic acid, ferulic acid, p-coumaric acid, caffeic acid,
chlorogenic acid, and sinapic acid (Lin and Lai, 2011; Rattanachitthawat et al., 2010;
Shao and Bao, 2015). Ferulic acid and p-coumaric acid usually are found in soluble
conjugates, insoluble bound form or free form. In rice, they are primary phenolic
acids with high abundance (Irakli et al., 2012; Park et al., 2012; Zaupa et al., 2015). On
the other hand, p-hydroxybenzoic acid, vanillic acid, gallic acid, protocatechuic acid
and syringic acid are other phenolic acids that are derived from hydroxybenzoic acid
so that they have a C6-C1 structure (Ciulu et al., 2018; Goufo and Trindade, 2014,
Kumar and Goel, 2019; Shao and Bao, 2015).

2.1.2 Biosynthetic pathways of phenolic acids

In plants, there are two fundamental metabolic pathways for phenolic acid
biosynthesis, including the shikimate pathways and the malonate pathway. The
shikimate pathway (also called the shikimic acid pathway) participates in the most
phenolic acid biosynthesis in higher plants rather than the malonate. The shikimate
pathway produces aromatic amino acids, such as phenylalanine (Phe), tyrosine (Tyr)
and tryptophan (Trp) from chorismate (precursor of aromatic amino acids) via
converting erythrose-d-phosphate (E4P) from the pentose phosphate pathway, and
phosphoenolpyruvate (PEP) from the glycolytic pathway (Zabalza et al., 2017). This
occurs in plastids and the products are exported to the cytosol to sustainably produce
other products derived from the shikimate pathway, such as phenolic compounds,

proteins, and other compounds (Figure 2.2).



COOH ?OOH
? Ghe
anLh e 2 HO_ COOH
& DAHP Synthase Hofc:;H DHQ Synthase
—_— ——
HC-OH
PEP
H¢—0H o OH
O, OH GHa o
P DHQ
HO © CHO H 0_:PI_ OH
(]
HCO  OH DHQ Dehydratase
E4P DAHP
COOH COOH COCH
OH SA Kinase SA Dehydrogenase
0=pP-0 OH HO OH O OH
OH OH OH OH
SA DHS
EPSH Synthase
O.. [COOH
COOH COOH HOOC
CS
o A A =
o=p-0 0~ “COOH ©” "COOH
OH  OH Cu . OH
- Chorismic acid (CHA) Prephenic acid
COOCH
PAT
NH,
\ HyN__COOH
HoOC
Tyrosine
COOH ADT
NH, oH

Arogenic acid

Phenylalanine

Figure 2.2 The shikimate pathway in plants. The shikimate pathway synthesizes

aromatic amino acids, such as phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp)

(Rehan, 2021).

There are many steps in the shikimate pathway and involves many enzymes. In

the first step of the shikimate pathway is condensation of E4AP and PEP into 3-deoxy-

D-arabinoheptulosonate 7-phosphate (DAHP) by DAHP synthase (DAHPS), then DAHP is

cyclized to form 3-dehydroquinate (DHQ) by DHQ synthase (DHQS). In the next step,

DHQ is converted to form 3-dehydroshikimate (DHS) by dehydration, followed by serial

enzymatic reactions to form shikimate,

in which catalyzed by 3-dehydroquinate

dehydratase/shikimate dehydrogenase (DHQD/SDH), shikimate 3-phosphate (S3P)



catalyzed by shikimate kinase (SK), 5-enolpyruvylshikimate 3-phosphate (EPSP) via
condensation of S3P and catalyzed by EPSP synthase (EPSPS), respectively. Then,
chorismate (chorismic acid) is synthesized by chorismate synthase (CS) via
dephosphorylating of EPSP. Moreover, chorismate mutase (CM) catalyzed biosynthesis
of prephenic acid, then prephenate aminotransferase (PAT) converted prephenic acid
into arogenic acid. Finally, arogenate dehydrogenase (ADT) is a last step enzyme of
phenylalanine biosynthesis, which catalyzes of arogenic acid into phenylalanine. In
addition, quinic acid (QA), and phenolic acids, such as protocatechuic acid (PCA), and
gallic acid (GA) can be directly synthesized from the DHS intermediate of the shikimate
pathway in the plastid (Marchiosi et al., 2020).
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Figure 2.3 Biosynthesis of phenolic acids via the phenylpropanoid pathway in plants

that starts with deamination of phenylalanine (Iriti and Faoro, 2010).
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Another metabolic pathway to synthesize phenolic acids is the phenylpropanoid
pathway (Figure 2.3). It is a pathway to synthesize most of phenolic acids in plants that
begins from deamination reaction of phenylalanine catalyzed by phenylalanine
ammonia-lyase (PAL) to form cinnamic acid. In the presence of cinnamate 4-
hydroxylase (CH4), cinnamic acid can be converted to form p-coumaric acid by
hydroxylation of cinnamic acid at the C4 position of the aromatic ring. In grasses,
tyrosine can be converted to form p-coumaric acid by tyrosine ammonia-lyase (TAL).
In the next step, p-coumaric acid or a p-coumaroyl residue is hydroxylated by p-
coumaroyl (shikimate/quinate) 3-hydroxylase (C3H) at C3 position to generate caffeoyl
residue or caffeic acid (Barros et al., 2019). Then, ferulic acid and sinapic acid are
synthesized by oxymethylation using cinnamyl (caffeate) O-methyltransferase (COMT)
from caffeic acid and 5-hydroxy-ferulate, respectively. On the other hand, cinnamic
acid is transformed into benzoic acid by losing two carbon atoms in the structure of
cinnamic acid, then benzoic acid is converted to salicylic acid, p-hydroxybenzoic acid,

and vanillic acid, respectively (Kumar and Goel, 2019; Mandal et al., 2010).

2.1.3 Biological activities of phenolic acids

Phenolic acids are known have many biological activities for human health
purposes, such as inhibiting cancer cell proliferation, preventing oxidative damage of
lipids and low-density lipoproteins, reducing the risk of coronary heart disease, and
acting as anti-microbials (Alves et al., 2013; Carocho and Ferreira, 2013; Morton et al,,
2000). The biological activities of phenolic acids are associated with their
bioavailability because they are mostly present in forms bound with fiber through
ester bonds to arabinoxylan chains or ether bonds to lignin in cereals so that they
have poorly bioavailable and cannot be hydrolyzed by human digestive enzymes in
the intestinal tract. On the other hand, the bioavailability of phenolic acids is higher
in fruits and vegetables because they are present in free forms or as conjugates with
tartaric acid, quinic acid, and malic acid or sugar moieties so that they can be
hydrolyzed by enzymes during digestion in the upper intestinal tract (Hole et al,,

2012). In oral administration, phenolic acids undergo metabolism by enzymatic
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processes in the body and are absorbed by the cells. Free forms of phenolic acids
can be released in the stomach, while conjugated forms require the activity of
intestinal enzymes during hydrolysis reactions for releasing free phenolic acids before
it can be absorbed by the intestine and enter into the blood circulation for
distributing to the cell targets in the body to perform their physiological action
(Andreasen et al., 2001).

Previous studies reported that phenolic acids exerted biological activities in
cardiovascular disease, type 2 diabetes mellitus, metabolic syndromes,
neuroprotective effects, inhibiting oxidation of low-density lipoprotein (LDL), reducing
cholesterol level, and curing and preventing cancer, as well as other chronic diseases
(Chandrasekara and Shahidi, 2011; El-Seedi et al., 2012; Heitman and Ingram, 2017;
Kumar and Goel, 2019; Loader et al., 2017; Santana-Galvez et al., 2017; Upadhyay
and Rao, 2013). Phenolic acids also have antioxidant properties which can be
expressed by their reducing properties as hydrogen- or electron-donating agents that
can act as free radical scavengers, as well as metal chelating agents. Their antioxidant
activity depends on the hydroxyl group positions, in relation to the carboxyl
functional group and also depend on the number of hydroxyl groups in the structure

(Balasundram et al., 2006; Zheng et al., 2020).

2.2 Glycosylation and glycosides

2.2.1 Glycosylation

Glycosylation is a reaction to transfer simple carbohydrate (glycosyl) moieties to
hydroxyl groups or other functional groups of glycosyl acceptors or molecules in order
to form glycosylated compounds (glycoconjugates). The major groups of
glycoconjugates are glycosides and acyl sugar esters, and more complex forms are
glycoproteins, slycopeptides, peptidoglycans, slycolipids, and lipopolysaccharides.
Glycosides are known as molecules with glycosidic bonds that link between a sugar
(gslycone) and another functional group from non-sugar compound (aglycone).

Glycosides can be linked by an S-glycosidic, C-glycosidic, N-glycosidic or O-glycosidic
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bond to the glycone anomeric carbon which as a or B-form with mostly in the B-form
(Wang et al., 2023).

Glycosylation plays critical roles in drug pharmacodynamics, particularly in the
interaction between a drug and its cellular target. It can change the cellular
localization, physicochemical, and biological properties of the compounds (Pandey et
al,, 2014). In the human body, glycans are important compounds in cell-to-cell
interactions, including cell-to-matrix interactions and cell-to-cell recognition. In plants,
glycosylation can control the bioactivity of plant metabolites, thus it is an important
mechanism for the defense and regulation of phytohormones (Wei et al.,, 2013).
Glycosylation also can enhance the bioactivity, stability, solubility, bioavailability,
physicochemical and physiological properties of the glycosides, so that they become
promising functional compounds, therapeutics and pharmaceuticals for human health
purposes (Bujuq et al., 2018; Ferreyra et al., 2012; Liu et al., 2020; Moradi et al., 2016;
Pourakbari et al., 2020; Vivekanandhan et al., 2016; Woo et al., 2012).

There are two types of methods to synthesize glycosides, chemical glycosylation
and enzymatic glycosylation with advantages and disadvantages for each method.
Generally, a chemical glycosylation reaction usually needs many cycles including
protection and deprotection reactions (Rather and Mishra, 2013). It also requires strict
reaction conditions to produce the products, has hish costs and an extensive
purification process. Meanwhile, it is hard to achieve high stereospecificity or
regioselectivity in the reaction, due to the diverse and distributed reactive sites of the
sugar substrates (Li et al,, 2014; Moradi et al., 2016; Thapa et al., 2019). On the other
hand, enzymatic glycosylation has been recognized to cope with these issues as a
feasible tool to synthesize glycosides under friendly environmental conditions while
using unprotected sugar moieties and providing absolute stereocontrol to generate
feasible routes in one step reaction. Enzymatic glycosylation can be catalyzed by many
enzymes. In cases where the availability of carbohydrates is limited by difficult
synthesis or inadequate natural supply, the enzymatic glycosylation approach can help
with synthesizing complex glycans in a selective and specific way. There are several

enzymes that can catalyze g¢lycosylation reaction to form g¢lycosides, such as
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transglycosidases (TGs), glycoside hydrolases (GHs), and glycosyltransferases (GTs), as
well as glycoside phosphorylases (GPs) (Lairson and Withers, 2004; Pergolizzi et al.,
2017). These enzymes are catalogued in the CAZy (Carbohydrate-Active enZymes)
database, where enzymes are categorized by sequence, structure, and mechanistic
similarities (Cantarel et al., 2009; CAZy, 2023).

In particular, GTs, due to their high regio- and stereo-specificity, are often the
only choice to transfer a glucosyl moiety to an acceptor to form specific glycosidic
bonds. Challenges in the use of GTs include their availability, their expensive sugar-
nucleotide donors and feedback inhibition (Lim et al., 2005). However, other enzymes
are promising candidates for glycoside productions, including GHs. GHs are found with
high abundance in nature, exhibit robustness and allow the use of cheaper glycosyl
donor substrates. Previous studies showed the use of GHs, particularly B-glucosidases
that were found to have higher activity for transglycosylation besides hydrolysis (Adari
et al,, 2016; Luang et al,, 2013; Nam et al., 2017).

2.2.2 Glycosides and their activities

Glycosides are known have many biological activities, such as antioxidant, anti-
inflammatory, anti-cancer, and anti-diabetic, as well as anti-bacterial (Kang et al., 2015;
Park and Song, 2019; Pourakbari et al., 2020; Wang et al., 2023). For instance, 4-O-8-
galactopyranosyl derivatives of phenolic acid esters (methyl vanillate and methyl
ferulate) have higher cytotoxic activity in MCF-7 human breast cancer cells and in PC-
3 human prostate cancer cells than their parental esters (Bujuqg et al., 2018). On the
other hand, a glycoside form of apigenin, namely apigenin-7-O-glucoside, has ability to
promote cell apoptosis and inhibits cell migration in HeLa human cervical cancer cells
(Liu et al,, 2020). In HCT116 human colon cancer cells, it can similarly reduce cell
viability and induce apoptosis (Smiljkovic et al.,, 2017). It also has been reported to
stimulate production of reactive oxygen species (ROS) in human gastric cancer cells
(Sun et al.,, 2018). Another flavonoid glycoside, luteolin-7-O-glucoside inhibited cell
migration and invasion in human oral cancer cells by regulating matrix

metalloproteinase-2 (MMP-2) expression (Velmurugan et al., 2020). It can also increase
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apoptosis of cancer cells, sensitize cancer cells in chemotherapies, and reduce cancer
cell proliferation and angiogenesis (Park and Song, 2019). Quercetin-3-O-glucoside was
also reported to inhibit cell migration in CFPAC-1 pancreatic cancer cells (Lee et al,,

2016).

2.3 Glycoside hydrolases family

2.3.1 Glycoside hydrolases

The glycoside hydrolases (GHs) (EC 3.2.1.x) are a group of enzymes that can
catalyze hydrolysis reactions at the anomeric carbon of O-glycosides, leading to a
hemiacetal or hemiketal and free aglycones (Figure 2.4) (Henrissat, 1991). These
enzymes can catalyze the hydrolysis of O-linked glycosides. There are many studies
that reported about the biological functions of GHs in essential processes of living
organisms, including hydrolysis of structural compounds or storage polysaccharides,
protecting against many pathogens, and turnover of cell surface carbohydrate (Bourne
and Henrissat, 2001; Henrissat and Davies, 2000). In addition, they also have great
potential for the future, because they are useful to improve food quality from plants
by releasing nutrient and flavor compounds, make desirable sugars by converting
certain sugars, and converting cellulose biomass as well as other polysaccharide wastes
to get useful products (Sharma et al., 2013).

glycoside

hydrolase
—_—— =
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\ \or * HzO \-""-imoH + HOR

Figure 2.4 Schematic diagram of the hydrolysis reaction catalyzed by glycoside

hydrolases (www.cazypedia.org).

The Enzyme Commission (EC) system classifies GHs based on their substrate
specificities and reactions. Henrissat suggested another classification system of
glycoside hydrolase which is based on the similarity of sequences of amino acids and
structures (Henrissat, 1991). This classification system gives more insight and

explanation about the catalytic mechanisms. According to this system, enzymes can
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be grouped in the same family if the enzymes have similarity of amino acid
sequences and well-conserved sequence motifs that identify the family. Structures in
a family can be used as appropriate search models for molecular replacement and
homology modelling of proteins with related sequences.

There are about 183 sequence-based families of GHs which have been grouped
and all of those families are available on the CAZy website (www.cazy.org), which is
regularly updated and allows us to learn about the active site residues, reliable
mechanism prediction (retaining or inverting), and possible substrates of reactions
(Cantarel et al.,, 2009; Lombard et al., 2014; CAZy, 2023). Glycoside hydrolases (GHs)
also can be classified into clans (clan A to R) of related enzymes based on their 3-
dimensional (3D) structures, similarity of catalytic domain structures, and catalytic
mechanisms, as well as conserved-catalytic amino acids. The GH-A clan is the largest
group of families and consist of GH1, 2, 5, 10, 17, 26, 30, 35, 39, 42, 50, 51, 53, 59, 72,
79, 86, 113, 128, 140, 147, 148, 157, 158, 164, 167, 169, and 173 (CAZy, 2023). Each of

those families contains enzymes that possess different substrate specificities.

2.3.2 Mechanism of glycoside hydrolases

Generally, hydrolysis of glycosidic bonds by GHs occurs through general
acid/base catalysis which requires a proton donor and a nucleophile/base. Catalysis
by GHs is performed with 2 types of mechanisms, resulting in retention or inversion
of the anomeric oxygen configuration, depending on the mechanism utilized. The
GHs are also divided into retaining and inverting enzymes based on the
stereochemical outcome of the hydrolysis reaction (Figure 2.5).

The most common retaining mechanism uses two acidic amino acid residues,
Asp or Glu, located ~5.5 A apart in the active site, which is closer than the catalytic
residues of enzymes using an inverting mechanism, ~10 A. The retaining mechanism
often occurs by double displacement, in which retaining GHs catalyze the reaction
through two reaction steps, called glycosylation and deglycosylation, respectively. In
the glycosylation step, the catalytic acid/base facilitates departure of the leaving

group by donating a proton to the glycosidic bond oxygen atom, while the
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nucleophile residue attacks the anomeric carbon to form an enzyme-glycone
covalent intermediate. In the deglycosylation step, the process is reversed with a
water molecule attacking with basic support from the catalytic acid/base to displace
the catalytic nucleophile from the glycone. In contrast, inverting GHs generally use
single displacement, where the catalytic acid residue donates a proton to the
glycosidic bond oxygen, while the catalytic base residue removes a proton from a
water molecule, increasing its nucleophilicity to facilitate its attack on the anomeric

center on the opposite side to the departing glycosidic bond (Figure 2.5).
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Figure 2.5 General mechanisms of (A) retaining and (B) inverting of B-glucosidases. O-R

is an alkyl or aryl group that acts as the leaving group (Rempel and Withers, 2008).
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Many retaining GH are able to catalyze both hydrolysis and transglycosylation
reactions. Unfortunately, there is not much information about what is the factor that
determines the ratio between the hydrolysis and transglycosylation (Teze et al.,
2014). The transglycosylation reaction can be applied to produce high value products
from simple substrates. Significantly, efforts are still being made to try to increase the
activity of transglycosylation by GHs and to improve the product, due to the high
demands to synthesize glycosides for many purposes since GHs substrates have

lower relative expense than nucleotide sugar substrates of GTs.

2.3.3 B-Glucosidases

B-Glucosidases (E.C. 3.2.1.21) are a member of GHs that catalyze hydrolysis of
glycosidic bonds to non-reducing B-D-glucopyranoside moieties (Figure 2.6). Based on
the protein sequences and specificities, there are 11 families of GHs containing B-
glucosidases, such as GH1, GH2, GH3, GH5, GH16, GH30, GH39, GH116, GH131, GH175,
and GH180 (Cantarel et al,, 2009; Ketudat-Cairns et al., 2015; CAZy, 2023). Many B-
glucosidases are grouped into GH1 together with B-mannosidases, B-galactosidases,
thioglucosidases, phospho-B-galactosidases, and phospho-B-glucosidases (Ketudat-
Cairns and Esen, 2010). Most plant B-glucosidases fall in GH1, which contain highly
conserved amino acid sequences at the catalytic acid/base (T(F/L)NEP) and at the
catalytic nucleophile ((I/V)TENG) (Ketudat-Cairns et al., 2012).

The GH1, GH2, GH5, GH30 and GH39 families are grouped into GH-A clan, which
have the proton-donor and nucleophile at the end of B-strands 4 and 7, respectively,
of the (B/a)g barrel structure of the catalytic domain (Jenkins et al., 1995; Ketudat-
Cairns and Esen, 2010). In contrast, GH116 family members have (a/a)s solenoid
structures, while GH3 family have a (B/a)s barrel structure and a (B/a)s sandwich
domain (Ketudat-Cairns and Esen 2010; Charoenwattanasatien et al., 2016; CAZy, 2023).
In addition to hydrolysis activity, many B-glucosidases also have high transglycosylation
activity (Ketudat-Cairns et al., 2012; Opassiri et al., 2003, 2004). In fact, related enzymes
have been found to act as transglucosidases, which act to transfer glucosyl moiety

from glucoconjugates to other glucosyl acceptors with little hydrolysis through a
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retaining mechanism to form glycosides (Figure 2.6) (Ketudat-Cairns et al., 2012, 2015;
Luang et al,, 2013; Matsuba et al., 2010; Moellering et al., 2010).
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Figure 2.6 B-Glucosidases catalyze both hydrolysis and transglycosylation reactions

(Ketudat-Cairns et al., 2015).

Figure 2.7 Protein structures of B-glucosidases from different families of GHs (Ketudat-

Cairns and Esen, 2010).
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B-Glucosidases and related enzymes can be found in many living organisms and
they have different specificities, depending on their roles in animals, plants, and
microorganisms, including in lignification, defense, catabolism of cell wall-derived
oligosaccharides, activation of phytohormone conjugates and releasing of scent in
plants, breakdown of glycolipids and exogenous glucosides in animals, and biomass
conversion in microorganisms, as well as acting in plant-microbe and plant-insect
interactions (Ketudat-Cairns and Esen, 2010; Seshadri et al., 2009). In mammals, there
are several B-glucosidases, including GH1 cytoplasmic B-glucosidase, GH1 lactase-
phloridzin hydrolase (LPH), GH30 human lysosomal acid B-glucosidase (GBA1), and
GH116 bile acid B-gslucosidase (GBA2) (Ketudat-Cairns and Esen, 2010). Both GBA1 and
GBA2 showed activity to release glucose and ceramide by cleaving glucosylceramide
(GlcCer) (Matern et al., 2001). Previous studies revealed that GBAI gene can undergo
mutations that cause Gaucher disease, a lysosomal storage disorder characterized by
accumulation of GlcCer in macrophages (Hruska et al., 2008), while GBA2 defects cause
hereditary spastic paraplegia (Martin et al., 2013) and autosomal recessive congenital
ataxia with spasticity (Hammer et al., 2013). In contrast, GH1 cytoplasmic B-glucosidase
has low activity toward slucosylceramide, and it appears to mainly function on
exogenous plant glucosides. The intestinal hydrolase LPH functions in food digestion
and has both B-galactosidase activity for digestion of lactose and B-glucosidase activity
toward exogenous glucosides (Ketudat-Cairns and Esen, 2010).

The Drosophila melanogaster genome only has one GH1 gene, but other insects
have adapted glycosides and glycoside hydrolases from the plants on which they feed
for protection and digestive purposes. In insects, B-glucosidases play a key role in
metabolism, including degradation of glycolipids and dietary glycosides, as well as in
cellular signaling (Marana et al,, 2001). Myrosinases, which are a type of thio-B-
glucosidase found in certain insects and plants, hydrolyze non-toxic glucosinolates into
toxic defense compounds. In microorganisms, especially cellulolytic microorganisms,
cellulase induction and cellulose hydrolysis involve B-glucosidases, due to their
hydrolysis activity. In fungi, B-glucosidases are a part of the cellulose degrading

enzymes that divide cellobiose into two glucose molecules to complete the glucan-
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breakdown work of endoglucanases and cellobiohydrolases. The action of B-
glucosidases can protect these enzymes from the product inhibition effect of
cellobiose. Therefore, B-glucosidases are critical to convert high cellulose biomass to
fermentable sugars in the production of biofuel, such as ethanol (Chen et al., 2007,
Sharma et al., 2013).

Plant B-gslucosidases are found mainly in GH1 and GH3 although putative GH5
and GH116 B-glucosidases are also found in plants. Plant GH1 B-glucosidases have
diverse specificities, which are involved in pigment metabolism, defense, fruit ripening,
phytohormone metabolism, and B-glucan synthesis in cell wall development. These
enzymes tend to have high specificity and activity against their aglycones, which
include sugars, phytohormones, flavonoids and several phenolic acids (Luang et al,,
2013; Opassiri et al.,, 2004; Tran et al,, 2019), although they also showed hydrolysis
activity on non-physiological substrates, such as p-nitrophenol-B-D-glucopyranoside
(pNPG) (Ketudat-Cairns and Esen, 2010; Komvongsa et al., 2015a; Tran et al.,, 2019). The
activity of these enzymes is determined by their substrate specificity, localization of
the enzymes with respect to potential substrates, as well as the activities of the
substrates and products. Previous studies revealed that these enzymes have activity
to hydrolyze a variety of p-nitrophenyl-B-D-glycosides and a variety of natural
glycosides at low levels, which demonstrates some flexibility in sugar binding. It also
showed strong hydrolysis and glucosyltransferase activity with B-1,3- and B-1,4-linked

glucooligosaccharides (Opassiri et al., 2004).

2.3.4 Rice B-glucosidase

Glycoside hydrolase family 1 (GH1) contains many enzymes that catalyze
hydrolysis O-glycosidic bond to release simple carbohydrates, such as B-D-glucose, B-
D-galactose and B-D-mannose (CAZy, 2023). For instance, rice BGlul (Os3BGlu7) acts
to hydrolyze B-1,3-linked oligosaccharides and B-1,3-linked oligosaccharides. It also has
transglucosylation activity to synthesis pyridoxine 5’-O-B-D-glucoside from pyridoxine
(vitamin B6) (Opassiri et al., 2004, 2006). Mutation of this enzyme at glutamate residue

414 showed that it is the catalytic nucleophile and 3 mutant variants of this enzyme,
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including E414G, E414S and E414A, have transglucosylation activity with a-glucosyl
fluoride as glucosyl donor and pNP-cellobioside as glucosyl acceptor of which E414G
had higher activity than other mutant variants (Hommalai et al., 2007).

The relationship between rice and Arabidopsis GH1 protein sequences is
described by the phylogenetic tree of predicted protein sequences (Opassiri et al.,
2006). There are forty Arabidopsis (Arabidopsis thaliana) and thirty-four rice (Oryza
sativa) genes encoding apparently functional GH1 proteins separated into eight amino
acid-sequence-based phylogenetic clusters that contain both Arabidopsis and rice
genes. In some cases, enzymes that conduct the same or similar functions are grouped
together in the same phylogenetic cluster. For instance, enzymes which act on
monolignol glycosides, includes rice Osd4BGlu14, OsdBGlul6 and Osd4BGlu18, as well as
Arabidopsis  BGlud5, BGlud6 and BGlud7, are grouped with Pinus contorta
coniferin/syringin - B-glucosidase (PC AAC69619). A previous study reported that
Osa4BGlulé and OsdBGlul8 preferentially hydrolyze monolignol glucosides and
discussed their possible role in lignification (Baiya et al., 2014, 2018).

All putative rice GH1 B-glucosidase protein sequences contain putative catalytic
acid/base and nucleophilic gslutamate residues, except for Os4BGluld and Os9BGlu33,
which have the acid/base sglutamate replaced with glutamine, as seen in
thioglucosidases (Opassiri et al,, 2006). The catalytic acid/base and nucleophile
consensus sequences are: W-X-T/I-F/L/I/N/S/M-N/A/L/\/D/G-E/Q-P/I/Q and V/I/L-X-E-N-
G, respectively (Czjzek et al, 2000; Hofmann et al,, 1999; Hulo et al,, 2006). B-
Glucosidases in which glutamate is replaced with glutamine at the acid/base position
have been shown to be effective transferases in the presence of a glucoside with a
good leaving group aglycone and a nucleophilic acceptor (Mullegger et al., 2005).

Currently, several rice B-glucosidases from different At/Os phylogenetic clusters
have been isolated and characterized. Rice BGlul (Os3BGlu7) and its close relatives
Os3BGlu8 and Os7BGlu26, from the At/Os4 phylogenetic cluster, were found to release
glucose and mannose from oligosaccharides generated in cell wall remodeling at
various stages of plant development (Kuntothom et al., 2009; Opassiri et al., 2003). In

contrast, the At/Os1 cluster representative Os3BGlué has little activity on B-1,4-linked
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oligosaccharides and prefers hydrophobic glycosides (Seshadri et al., 2009) and was
later shown to have relatively high activity toward gibberellin GA; 1-O-acyl glucose
ester compared to other rice enzymes (Hua et al., 2013). Os3BGlu6 also reported to
act as a glucocylceramidase to catalyze the hydrolysis of glucosylceramide to
ceramide, in which Os3BGlu6 had high activity for glucosylceramides containing (4E,82)-

sphingadienine (Koga et al., 2021).
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Figure 2.8 Phylogenetic tree of predicted protein sequences of rice and Arabidopsis

GH1 genes (Rouyi et al., 2014).

While, Os4BGlu12 B-glucosidase in phylogenetic cluster At/Os7 was characterized

and found to have high exoglucanase activity, consistent with a role in cell wall
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metabolism (Opassiri et al., 2010). This enzyme was also implicated in the release of
the phytohormones, such as tuberonic acid and salicylic acid from their glucosides,
suggesting roles in phytohormone and oligosaccharide metabolism (Wakuta et al,,
2011). The Arabidopsis At/Os8 representative, sensitive to freezing 2 (SFR2), was shown
to be the chloroplast galactolipid: galactolipid galactosyltransferase (GGGT), which
disproportionate the galactosyl residues of galactosyl diacyl glycerides to produce
diacyl glycerol and PB-linked oligogalactosyl diacyl glyceride from monogalactosyl
diacyl glycerides (Moellering et al., 2010). Os11BGlu36, the rice At/Os8 representative,
is expected to have the same function, GGGT, although active protein has yet to be

produced by recombinant methods.

2.3.5 Rice Os9BGlu31 transglucosidase

Previous studies reported that many GH1 transglycosidases act to catalyze
transglycosylation with or without hydrolysis, which consist of transgalactosidases and
transglucosidases (Matsuba et al., 2010; Moellering and Benning, 2011). One
transgalactosidase, named galactolipid-galactolipid galactosyl transferase (GGGT),
where found to act to transfer galactose from monogalactosyl diacyl glyceride (MGDG)
as donor to digalactosyl diacyl glyceride (DGDG) or other MGDG as acceptor to form
glycolipids, containing long oligosaccharide chains at the outer membrane of
chloroplast (Moellering and Benning, 2011). On the other hand, acyl glucose-
dependent anthocyanin glucosyl transferases (AAGT), which is a GH1 transglucosidase,
can transfer a glucosyl moiety from 1-O-B-D-vanillyl-glucose to cyanidin 3-O-glucoside
in carnation at the 5 position and delphinium without hydrolysis (Matsuba et al., 2010;
Sasaki et al., 2014). Together with serine carboxypeptidase-like (SCPL) acyl glucose-
dependent acyl transferases, AAGT and Arabidopsis GH1 enzyme AtBGLU10 is
responsible for building large anthocyanins by transferring sugar moieties and acyl
groups to the anthocyanin backbone. AtBGLU10 acts to transfer the glucosyl moiety
from sinapoylglucose (acyl-glucose ester) as glucosyl donor during sinapoylation and
glucosylation to p-coumaroyl moiety on the anthocyanin A11 in Arabidopsis (Miyahara

et al., 2013; Nishizaki et al., 2013; Sasaki et al., 2014).
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Another At/Os6 cluster member that is a transglucosidase, named Os9BGlu31,
based on its position on rice chromosome 9 and its being a member of GH1 which
primarily contains B-glucosidases, acts to transfer glucose from glucosyl donors to the
glucosyl acceptors to form glycosides (Luang et al.,, 2013). It had high activity in reaction
containing phenolic acid esters, such as feruloyl glucose and similar phenolic acid
glucose esters, including 4-coumaroyl-glucose and sinapoyl-glucose as glucosyl
donors. These glucose esters are known to serve as donors in acyl and glucosyl transfer
reactions in the vacuole, where Os9BGlu31 is accumulated (Nishizaki et al., 2013). Even
free phenolic acids of these esters also act as excellent acceptor substrates to form
their glucosyl esters (Ketudat-Cairns et al.,, 2015; Luang et al., 2013). Os9BGlu31 is also
able to use apigenin as an acceptor and apigenin 7-O-glucoside as a glucosyl donor. It
also can produce multiple kaempferol glycosides as products (Komvongsa et al,,
2015a). These enzymes have potential to be applied to in vitro glycodiversification

without the need for a nucleotide sugar intermediate (Gantt et al., 2011).

2.4 Mutagenesis and mutant variants

In protein engineering, mutagenesis is a strategy to modify protein sequence to
study and obtain suitable structure or function of a protein. Proteins contain a
sequence of residues, which primarily comprise 20 amino acids. This is a simple
architecture of protein and can be expanded by post-translational modifications.
Modified polypeptides can be produced by recombinant DNA and other methods of
mutagenesis. One of method for mutagenesis is site-saturated mutagenesis, in which
a single amino acid can be substituted to any other 19 possible amino acid
substituents and the mutagenesis products with many variants are collected in a
library with having a different codon in the targeted position. On the other hand, site-
directed mutagenesis is commonly applied to learn the function of single amino acid
residues in the protein, by which a single amino acid is substituted with a specific
amino acid of interest to generate a desired mutation (Siloto and Weselake, 2012).
Therefore, site-directed mutagenesis can be used to learn the importance of specific

amino acid residues, such as the role of their residues in enzyme catalysis.
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Site-directed mutagenesis was developed by Kunkel, with use of a strain
deficient in dUTPase and uracil deglycosylase and the uracil-containing wild type DNA
can be degraded by recipient E. coli (Kunkel, 1985). Currently, polymerase chain
reaction (PCR)-based method is applied for mutagenesis of the gene encoding a
protein, which requires a thermostable DNA polymerase, a plasmid vector as
template and mutagenic primers containing the desired mutation for both strands of
the targeted position. By using this method, the mutagenic primers can be annealed
to the DNA template, then the plasmid DNA replicated to produce DNA containing
the mutagenic primers to generate a mutagenic product in a mixture between mutant
and parental plasmid DNA. In the next step, Dpnl is often used to remove the
template methylated DNA from the newly synthesized demethylated mutant DNA,
then followed by transformation into E. coli cells.

Previous study reported the use of site-directed mutagenesis to modify the
activities of GH enzymes and even identify the catalytic residues in active sites, which
mutation did not cause complete elimination the activity of enzyme, but altered the
catalytic mechanism of enzyme significantly depending on the specific mutation and
type of amino acid substitution (Peracchi, 2001). Therefore, this method can be applied
to modify the specificity, mechanism or activity of an enzyme for many desired
applications. For instance, mutagenesis of Os9BGlu31 by substitution three amino acid
residues by site-directed mutagenesis at the catalytic acid/base (E169Q and E169A),
putative catalytic nucleophile (E387A), and residue preceding catalytic nucleophile
(H386T) showed decreased of enzyme activity compared wild type. The wild type
enzyme displays an unusual lack of inhibition by mechanism-based inhibitors of GH1
B-slucosidases that utilize a double displacement retaining mechanism (Luang et al,,
2013).

Moreover, Os9BGlu31 was mutated at amino acid residues in the acceptor
binding region of active site by site-directed mutagenesis using specific primers based
on homology model with Os3BGlu6 as template to produce Os9BGlu31l mutant
variants, such as 1172T, L183Q, W243N, W243A, W243D, W243F, W243M, and W243Y
(Komvongsa et al., 2015a). While 1172T and L183Q mutants decreased the enzyme
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activity, the W243 mutants had variable effects on enzyme activity depending on their
acceptor substrate compared with wild type. However, the W243N mutant had higher
activity than wild type on phenolic acids and kaempferol. Interestingly, W243N mutant
could produce multiple products of kaempferol glucosides (Komvongsa et al., 2015a).
Os9BGlu31 also can transfer a glucosyl moiety to unsaturated fatty acids, such as oleic
acid and linoleic acid, to form 1-O-acyl glucose esters (Komvongsa et al., 2015b). The
W243 residue seems critical to the specificity of substrate and product of Os9BGlu31,
so that its mutation allows for production of a range transglucosylation products
(slucosides). The corresponding residue in active site cleft of Os3BGlué6 is within 8.7 A
of the acceptor water binding site. Moreover, a double mutant of Os9BGlu31,
L241D/W243N, was reported to have very high activity on ferulic acid with high level
of hydrolysis (Tran et al., 2019).

Figure 2.9 Superposition of Os9BGlu31 on the Os3BGlu6 B-glucosidase X-ray crystal
structure covalent intermediate with 2-fluoro-a-D-glucoside (PDB ID: 3GNR). Orange
carbon = Os9BGlu31, cyan carbon = Os3BGlub, red sphere = putative nucleophilic
water in the Os3BGlué complex, ribbon form = protein backbones, thick stick = the
catalytic acid base and surrounding residues, and the 2-fluoroglucose-bound

nucleophile of Os3BGlué (Komvongsa et al., 2015a).
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2.5 Bile duct cancer

2.5.1 Cancers and metastasis

Cancers comprise a large group of diseases that are characterized by
development of abnormal cells that grow uncontrollably in almost any tissue and
organ in the body. Cancer can also easily invade adjoining parts, then spread to other
organs in the body. It is the second leading cause of death globally in the human
population. Cancer cells can spread from the primary site to the other organs in the
body, thus causing abnormal proliferation and metastasis, which is characterized by
cell migration, invasion, and adhesion. During metastasis, particularly in the invasion
step, cancer cells will break the basement membrane through the extracellular matrix
and need an epithelial-mesenchymal transition (EMT) for invasion. Cancer cells can
synthesize several proteases, such as serine proteases and matrix metalloproteinases
(MMPs), including MMP-2 and MMP-9, which are involved in this step to break the
basement membrane (Liu et al., 2020; Sun et al., 2020; Velmurugan et al., 2020; Vo et
al., 2020). Therefore, MMPs have become vital protein targets for treatment strategies
against cancer aggressiveness.

Previous studies reported that there are protein kinases, called mitogen-activated
protein kinase (MAPKs), consisting of p38 MAP kinase (p38 MAPK), Jun N-terminal kinase
1/2/3 (JNK12/3), and extracellular signal-regulated kinase 1/2 (ERK1/2), which are
associated with cancer cell proliferation, migration and invasion, as well as apoptosis
(Chowdhury et al., 2019; Nam et al,, 2008; Tang et al., 2019). Overexpression of p38
MAPK can increase metastasis by increasing expression of MMPs in prostate cancer and
in neoplastic squamous epithelial cells (Koul et al., 2013; Xu et al., 2006). In oral cancer
cells, the lack of p38 MAPK expression can reduce MMP-9 expression, and reduce the
rate of metastasis in breast cancer cells and also reduce MMP-2 expression (Buck et
al.,, 2004; Velmurugan et al.,, 2020). In contrast, stimulation of ERK phosphorylation
tends to increase cancer metastasis (Nokin et al., 2019; Shen et al., 2019). Moreover,
in human lung cancer cells, metastasis can be suppressed by downregulation of the
ERK/p38 signaling pathway, which is implicated for inhibition of MMPs, including MMP-

2 and MMP-9 activities (Yue et al., 2019). Because metastasis is dangerous, metastasis
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needs to be inhibited by the treatment methods that trigger programmed cell death,
including apoptosis through the extrinsic or intrinsic death receptor pathway.

Cancers can develop through carcinogenesis by accumulation of genetic
alterations in cells. Generally, the characteristics of cancer can be modeled in several
ways, which are called the “hallmarks” of cancer that require the acquisition of 6
fundamental properties. Currently, this hallmarks have been developed to include 10
fundamental properties, including inducing or accessing vasculature, genome instability
and mutation, resisting cell death, deregulating cellular metabolism and sustaining
proliferative signaling, evading growth suppressors, avoiding immune destruction,
enabling replicative immortality, tumor-promoting inflammation, and activating

invasion and metastasis (Hanahan, 2022).

2.5.2 Cholangiocarcinoma

There are several types of cancer based on the location or organ system in the
body and specific cell type. One of the cancers is cholangiocarcinoma (CCA), an
aggressive cancer of the epithelial cells of the bile duct inside the liver which has
highest incidence in northeastern Thailand. It has very poor prognosis because it is
aggressive and the symptoms are unobservable and undetectable until the bile duct
is blocked by a tumor (Banales et al., 2020). Cholangiocarcinoma can be classified into
2 types, including intrahepatic and extrahepatic cholangiocarcinoma depending on
their anatomic location (Figure 2.10). The intrahepatic cholangiocarcinoma (iCCA) arises
from the bile duct epithelial cells within the liver parenchyma, whereas extrahepatic
cholangiocarcinoma occurs between the bile duct and cystic duct of the liver and is
separated into perihilar cholangiocarcinoma (pCCA) and distal cholangiocarcinoma
(dCCA) (Brindley et al, 2021; Khan et al, 2019; Sripa et al, 2011). Moreover,
extrahepatic cholangiocarcinoma can be classified according to the Bismuth
classification into types | to IV (Blechacz and Gores, 2008; Ghouri et al., 2015). Another
classification of cholangiocarcinoma is according to its macroscopic growth pattern,
consisting of mass forming, periductal-infiltrating and intraductal growth (Figure 2.11)

(Sripa et al., 2007; Sripa and Pairojkul, 2008; Zheng et al., 2017).
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Figure 2.10 Schematic representation of types of CCA in the liver based on localization.
It is classified according to anatomic location as intrahepatic CCA (iCCA), perihilar CCA
(pCCA), and distal CCA (dCCA) (Brindley et al., 2021).
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There are many types of CCA cells that isolated from CCA patients, including
KKU-213, KKU-055, and KKU-100. KKU-213 cells were isolated from intrahepatic bile
duct specimens of a 58-year-old Northeast Thai man who infected by Opisthorchis
viverrine (Ov) with CCA at stage-4B. KKU-213 was classified as adenosquamous
carcinoma and separated into KKU-231A, KKU-213B, and KKU-213C. KKU-213A was
derived from well-differentiated, and has small and spindle-shaped cells, whereas
KKU-213B has irregular polygonal cells, high nucleus to cytoplasmic ratio, and patch-
like structure. While KKU-213C has irregular polygonal cells, and high nucleus to
cytoplasmic ratio. However, both of those cells have similar doubling-time was
around 24 h. KKU-213A showed the highest migration and invasion abilities
approximately 3.5 times higher than KKU-213B and KKU-213C. Therefore, KKU-213A
was more aggressiveness and fast growth with high metastatic (Isidan et al., 2022;
Sripa et al., 2020).

KKU-055 cells were isolated from intrahepatic bile duct specimens of a 56-year-
old Northeast Thai man who infected by Ov with poorly differentiated primary
cholangiocarcinoma adenocarcinoma tissue. KKU-055 was more sensitive toward
chemotherapeutic drugs and slow growth (Panawan et al., 2023; Tepsiri et al., 2005)
While, KKU-100 cells were isolated from extrahepatic bile duct specimens of a 65-
year-old Northeast Thai woman who infected by Ov with cholangiocarcinoma of the
porta hepatis (Sripa et al., 2005). KKU-100 was derived from poorly differentiated
tubular adenocarcinoma, the common histologic type of cholangiocarcinoma
reported in Thailand. It possesses compact and polygonal-shaped epithelial cells with
the individual KKU-100 cells had a large nucleus containing 2-5 nucleoli and a clear
cytoplasm. The cholangiocarcinoma cell line, KKU-100, was established 4 month after
the primary culture-population doubling time was 72 h, and least sensitive cell line
toward chemotherapeutic drugs and slow growth (Sripa et al., 2005; Tepsiri et al,,

2005).

2.5.3 Epidemiology of cholangiocarcinoma

Commonly, infection by liver fluke (Opisthorchis viverrine, Ov) is known as a
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major risk factor for CCA development in Asia, but in other countries, liver flukes are
not endemic, so that it is not a major risk factor for CCA development in those areas.
The incidence of CCA in other countries is caused by non-fluke-related CCA risk
factors, including cirrhosis, primary sclerosing cholangitis, hepatitis B, Caroli disease,
choledochal cyst, non-alcoholic fatty liver disease (NAFLD), and choledocholithiasis
(Brindley et al., 2021). According to the previous studies, the incidence of CCA is rare
worldwide but it is steadily increasing in Thailand, especially in northeastern Thailand

(Figure 2.12) (Brindley et al., 2021; Sithithaworn et al., 2014).
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(Sithithaworn et al., 2014).

The incidence of CCA is 10-15% of all liver cancers and 3% of gastrointestinal

cancers in human. Mostly, CCA is the second most common type of liver cancer after
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hepatocellular carcinoma (Banales et al., 2020). Previous studies reported that around
700 million people are at risk of liver fluke infection in the world (Brindley et al.,
2021; Sripa and Pairojkul, 2008; Zheng et al., 2017). The highest incidence has been
reported in Khon Kaen province in Thailand with age-standardized incidence rate
(ASRs) at 39.4 and 94.8 per 100,000 in the years 1991-1998 in females and males,

respectively (Sripa et al., 2007; Sripa and Pairojkul, 2008).
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Figure 2.13 The life cycle of the liver fluke (Ov) (Sithithaworn et al., 2014).

Infection of bile duct by liver fluke can be started from the food. The liver
flukes, Opisthorchis viverrine (Ov) and Clonorchis sinensis (Cs), can migrate into the
body of humans who eat raw or undercooked freshwater cyprinid fish that carrying
the larvae of liver flukes, called metacercaria (Figure 2.13). This juvenile larvae
migrates through the ampulla of Vater (hepatopancreatic duct) into the bile duct and
intrahepatic bile duct the then they can live many years in there (Brindley et al,,

2021; Sripa et al., 2007, 2011; Yongvanit et al., 2012). Infection of Ov is a major risk
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factor of CCA in Thailand, Cambodia and Laos, whereas Cs is found in China, Korea,

Vietnam, Taiwan and Japan (Yongvanit et al., 2012).

2.5.4 Carcinogenesis of Ov-associated cholangiocarcinoma

The mechanism of inflammation caused by liver fluke infection in related to
cholangiocarcinogenesis was proposed (Figure 2.14). Chronic inflammation was caused
by infection of Ov in the human liver can increase the levels of proinflammatory
cytokines, which are generated by cyclooxygenase-2 (COX-2) and increase transcription
factors, such as nuclear factor kappa B (NF-KB), as well as inducible oxide activities
that disturb the homeostasis of oxidant/antioxidant and DNA repair enzymes. These
oxidative and nitrative stresses can induce an increase of reactive oxygen species (ROS)
and nitrogen species (NOS) production in inflamed target cells, thus increasing the level
of oxidized DNA and DNA bases modified by lipid peroxidation products in human

tissues (Yongvanit et al., 2012).
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The production of endogenous nitric oxide is catalyzed by inducible nitric oxide
synthase (iNOS), an enzyme mainly produced by inflammatory cells, especially
macrophages that are induced by inflammatory cytokines (Jaiswal et al., 2000).
Previous studies reported that Ov-infection in an animal model caused oxidative and
nitrosative DNA damage as judged by the presence of 8-oxo-7,8-dihydro-2’-
deoxyguanosine (8-oxodG) and 8-nitroguanine, which are biomarkers for DNA damage
in the liver (Pinlaor et al.,, 2003; Thanan et al, 2008; Yongvanit et al,, 2012).
Furthermore, a high level of 8-oxodG is found in liver tissues of CCA patients and in
urine and leukocytes of Ov-infected patients (Thanan et al,, 2008). Also, chronic
inflammation caused by Ov may trigger a failure of the immune response which
contributes to the progression of cholangiocarcinogenesis.

A study of metastasis of cholangiocarcinoma reported that mannose glycans with
terminating a-1,2-mannose residues triggered cholangiocarcinoma metastasis by down-
regulation of the Golgi a-mannosidase | (MAN1A1 gene). Inhibition of a-mannosidase |
caused reshaping of the glycome that resulted in increasing capability of migration and
invasion. Molecular modelling revealed that a conformational change of the helical
domain of transferrin receptor protein 1 can extend mannose glycosylation and
improve noncovalent interaction energies to trigger the enhancement of cell migration
in metastatic cholangiocarcinoma (Park et al., 2020). Another study found potential
biomarkers of CCA in serum for monitoring, prognosis and recurrence. Mostly, a
carbohydrate antigen (CA 19-9) can be used as a serum marker for CCA but other
antigens, including CYFRA21-A, MUC5AC, CA-S1212, IL-6, and RCAS1 also represent

potential biomarkers (Silsirivanit et al., 2013).

2.5.5 Treatment of cholangiocarcinoma

Generally, the therapies for malignant tumors include surgery, drug
chemotherapy, immunotherapy, and radiotherapy (Ma et al., 2019; Rizvi et al.,, 2018;
Rizvi and Gores, 2013). Surgical resection remains the main potential therapy for CCA
patients. There are 2 types of surgery for bile duct cancer, including curative surgery

and palliative surgery to relieve symptoms, such as blockage of the bile duct (Rizvi et
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al., 2018). Curative surgery can only be used at the early stage (Patel, 2011; Razumilava
and Gores, 2014). Meanwhile, the early diagnosis process remains painful for patients,
so that the patients are diagnosed in advanced stages of CCA, at which point it is
impossible to undergo surgical restorative treatment (Patel, 2011).

Other therapies are radiation therapy and chemotherapeutics for CCA patients.
Radiation therapy or adjuvant therapy uses high-energy electromagnetic rays to destroy
the cancer cells at identified tumors. Meanwhile, chemotherapy is the treatment to
kill the cancer cells by drugs that are usually given into a vein. The drugs that can be
used to treat the cancer cells include 5-fluorouracil (5-FU), gemcitabine, cisplatin,
capecitabine, and oxaliplatin (Valle et al.,, 2010). To get more effective treatment,
usually 2 or more drugs are combined. For instance, a combination of gemcitabine and
cisplatin may help the CCA patients live longer than treatment with one drug, because
they show a synergistic effect that is associated with longer overall survival and greater
response (Valle et al,, 2010). The evidence suggests that gemcitabine-cisplatin extends
overall survival approximately 5 to 12 months compared with mono-therapeutic drug
treatment (Astolfi et al.,, 2013; Valle et al., 2010). By using this therapy, non-cancer cells
can be affected, which can lead to side effects, including hair loss, loss of appetite,
nausea, vomiting, diarrhea, neuropathy and so on (Binder et al, 2007). Many
researchers try to find new types of treatment which can be tested in clinical trials,
including immunotherapy and targeted therapy, as well as treatment with bioactive
compounds to reduce the side effects of chemotherapeutic drugs and potentially

improve their ability to kill the cancer cells.

2.6 Cell death mechanisms

2.6.1 Programmed cell death

In general, programmed cell death (PCD) is a genetically or biochemical
regulated process of cell suicide, which is an important process for the homeostasis
of tissues, development, elimination of abnormal or unwanted cells, and integrity of
multicellular organisms. Therefore, PCD induction is an interesting therapeutic strategy

of drugs or treatments to kill cancer cells and suppress the cancer cell development
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in the body. There are three major types of cell death mechanisms, including
apoptosis, autophagy, and necrosis (Chaabane et al., 2013). Apoptosis is considered a
programmed cell death because it is a result of a tightly regulated and genetically
regulated process in the cells. In contrast, necrosis occurs accidentally through
disruption of cell structure without plan or organization. Autophagy is a cell death
mechanism that involves cell degradation through degradation of cellular component,
such as organelle, cytoplasm, and protein by lysosomes. However, previous studies
described that PCD is consist of apoptosis, autophagy, and regulated or programmed
necrosis (necroptosis) (Christofferson and Yuan, 2010; Han et al., 2011; Tan et al,,
2014). The cell death mechanisms can be induced within in the same tissue which
apoptosis is faster than autophagy and necrosis that appear only when apoptosis is

inhibited (Los et al., 2002).
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Figure 2.15 The morphological features of cell death mechanisms of apoptosis,

autophagy, and necrosis (Tan et al., 2014).
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Commonly, the differences between apoptosis, autophagy, and necrosis are
based on morphological and biochemical alterations (Figure 2.15). Cells undergoing
apoptosis tend to show cell morphological changes, including cell shrinkage,
membrane blebbing, nuclear fragmentation, chromatin condensation, organelle
relocalization and compaction, and formation of apoptotic bodies. The general
biochemical process of apoptosis involves degradation of cellular constituents,
including DNA degradation by activation of caspases, DNA fragmentation by
endogenous DNases resulted DNA fragments (180-200 bp), energy (ATP)-dependent
apoptotic processes, and translocation of phosphatidylserine to the extracellular side
of the membrane (Tan et al., 2014). However, other studies reported that apoptosis
can also be caused in a caspase-independent manner (Chipuk and Green, 2005; Tait
and Green, 2008). In contrast, necrosis is caused by lethal disruption of cell structure
and activity, which is characterized by cytoplasm and mitochondria or cell swelling,
damaged organelles, and plasma membrane rupture, ending with cell lysis. The
biochemical feature of necrosis, include random digestion of DNA, loss of ion
homeostasis, and no energy requirement. Autophagy is characterized by the
formation and accumulation of autophagosomes and autophagolysosomes from
fusion between autophagosome with lysosome (Tan et al., 2014). This involves action
of autophagy-related proteins (ATG), of which ATG-6 (Beclin-1) and microtubule-
associated protein 1 light chain 3 (LC3) are two major components for autophagic cell

death (Mizushima and Yoshimori, 2007).

2.6.2 Apoptosis mechanisms

Activation of caspases cascade is a common biochemical feature of apoptosis,
called caspase-dependent apoptosis mechanism. However, there is another
mechanism of apoptosis, called caspase-independent apoptosis mechanism (Chipuk
and Green, 2005; Tait and Green, 2008; Tan et al.,, 2014). In caspase-dependent
apoptosis, caspase signaling pathway can be activated through either by intrinsic

(mitochondria-mediated) or extrinsic (death receptor-mediated) pathway (Figure 2.16).
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extrinsic and intrinsic pathways (Ichim and Tait, 2016).

The extrinsic apoptotic

pathway is mediated by external stimulation, which death

ligands (tumor necrosis factor (TNF) ligand or Fas ligand (type II transmembrane

protein)) bind to a death receptor, such as TNF-related apoptosis-inducing ligand

(TRAIL) receptor 1 (TRAILR1),

The death receptors, which

TRAILR2, Fas receptor (CD95), or TNF receptor 1 (TNFR 1).

have an intracellular death domain can activate initiator

caspases (caspase-8 and caspase-10) from pro-caspase forms through dimerization
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mediated by adaptor proteins (Fas-associated death domain (FADD) protein and TNF
receptor-associated death domain (TRADD) protein). The adaptor FADD also result in
the formation of the death-inducing signaling complex (DISC). The activated form of
caspase-8 and caspase-10 initiates apoptosis by cleaving and activating the effector
caspases (caspase-3 and caspase-7) thereby leading to apoptosis. The extrinsic and
intrinsic apoptotic pathways can be connected at the level of caspase-8 by cleavage
of Bcl-2-homology domain 3 (BH3) interacting-domain death agonist (BID) to form its
active form, truncated BID (tBID), which is mediated by caspase-8. This leads to the
intrinsic apoptotic pathway via activation of Bax and Bak, which trigger mitochondrial
outer membrane permeabilization (MOMP) (Adams and Cory, 2007; Ichim and Tait,
2016).

The intrinsic apoptotic pathway is often deregulated in cancer and is triggered
by Internal stimuli in the cells, such as oxidative stress, high concentrations of cytosolic
Ca**, hypoxia, irreparable DNA damage, and endoplasmic reticulum (ER) stress. These
internal stimuli induced dysfunction of mitochondria, including the mitochondrial
membrane potential (MMP), and change the inner mitochondrial membrane and
mitochondrial permeability, as well as formation of pore in the mitochondrial
membrane (Kroemer et al.,, 2007). This pathway is regulated by the Bcl-2 proteins
family. There are three groups of the Bcl-2 proteins, named the pro-apoptotic Bcl-2
homology domain 3 (BH3)-only protein (p53 upregulated modulator of apoptosis
(PUMA), BID, and Bim), the pro-apoptotic effector proteins (Bax, Bak, Bad, Bcl-Xs, Bid,
Bik, and Hrk), and the anti-apoptotic proteins (Bcl-2, Bcl-XL, Bcl-W, Bfl-1, and Mcl-1)
(Czabotar et al,, 2014). The anti-apoptotic proteins regulate apoptotic pathway via
blocking activation of pro-apoptotic effector proteins, tBID and BH3-only protein, which
block the mitochondrial release of cytochrome ¢ (Llambi et al., 2011). In contrast, in
the cell stresses, the internal lethal stimuli activate the pro-apoptotic protein (BH3)-
only protein, which leads to activation of pro-apoptotic proteins such as Bax and Bak.
These trigger mitochondrial outer membrane permeabilization (MOMP) to release
cytochrome ¢ and apoptosis-inducing factors (AIF) into the cytoplasm (Wang et al,,

2005). Following this, mitochondrial intermembrane space proteins, such as second
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mitochondria-derived activator of caspases (SMAC), Omi/HtrA2, and endonuclease G
are also released into the cytoplasm (Kim et al.,, 2006). Cytochrome ¢ interacts and
activates apoptotic protease activating factor 1 (APAF1) and pro-caspase-9 to form the
apoptosome, which induces and activates caspase-9. Then, active caspase-9 form can
activate the effector caspases (caspase-3 and caspase-7), then leading to apoptosis.
On the other hand, SMAC promotes activation of caspase by blocking the caspase
inhibitor X-linked inhibitor of apoptosis protein (XIAP), which leads to disruption of the
interaction of XIAP with the effector caspases (caspase-3 and caspase-7) and caspase-

9 (Figure 2.17) (Adams and Cory, 2007; Ichim and Tait, 2016).
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Figure 2.17 The caspase-independent apoptosis mechanism (Bae et al., 2008)

The caspase-independent apoptosis mechanism involves the mitochondria,
lysosome, and endoplasmic reticulum (ER) (Figure 2.17). As with the caspase-
dependent apoptosis, mitochondria are a key regulator, and pro-apoptotic proteins,

such as Bax and Bak, translocate to the mitochondria from the cytoplasm in a process
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caused by activation of cathepsins. These are proteins that are released by lysosomes
when triggered by ER stress through activating influx of Ca®" into the cytoplasm
(Martinez-Torres et al., 2018). Furthermore, cathepsin activity causes the cleavage of
AIF to form truncated AIF (tAlF), after which tAIF is translocated into the nucleus, and
together with endonuclease G and Omi/HtrA2 triggers condensation of chromatin and
DNA fragmentation to induce apoptosis (Bhadra, 2022; Chipuk and Green, 2005). On
the other hand, disfunction of mitochondria also induces ROS production, which can
mediate activation of poly (ADP-ribose) polymerase-1 (PARP-1). PARP-1 is required for
releasing AIF to cytoplasm from mitochondria, meaning that ROS production is also

involved in caspase-independent apoptosis (Kang et al., 2004).

2.6.3 Apoptosis detection

Apoptosis detection can be performed by morphological observation and
several assays of apoptotic cell death that analyze either biochemical or
morphological changes, including detecting the phosphatidylserine and release of
cytochrome ¢ by flow cytometry, observing nuclear morphology change by Hoechst
staining or DAPI staining, analyzing fragmentation of DNA by its ladder pattern with gel
electrophoresis, and caspase enzyme activation by western blot. Commonly,
detecting the phosphatidylserine was performed by Annexin V/PI staining, since
phosphatidylserine, a phospholipid, was found in the extracellular side of the plasma
membrane of apoptotic cells and can be detected by Annexin V staining. A previous
study reported that a technique using Fourier-transform infrared spectroscopy (FTIR)
can also be applied to detect apoptotic and necrotic cell death in human leukemia

U937 and CCRF-CEM cells (Zelig et al., 2009).

2.7 Endoplasmic reticulum stress and unfolded protein response

The endoplasmic reticulum (ER) has many functions in cells, such as playing a
role in protein synthesis, post-translational modification and protein folding, and
balancing concentrations in homeostasis. The ER also plays an important role in cell

death, since it is a cellular sensor of stress and can induce releasing of pro-apoptotic
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proteins in the apoptotic pathway, particularly in caspase-independent apoptosis
(Mathiasen et al., 2002). Alteration of ER integrity and misfolded protein caused by
extensively damaged ER, lead to ER stress that can initiate PCD through the unfolded
protein response (UPR) signaling pathway or respiratory chain dysfunction or release of

calcium into the cytoplasm (Mehmet, 2000; Wang et al., 2001).
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The unfolded protein response (UPR) is an intracellular signaling cascade initiated
by misfolded protein in the ER lumen (Figure 2.18). There are three major UPR signaling
pathways that can be activated by protein regulators in the ER membrane, including
activating transcription factor-6 (ATF6), inositol-requiring 1a (IRE1), and protein kinase

RNA-like ER kinase (PERK) (Bhattarai et al., 2020; Hetz, 2012; Hetz et al., 2020). During
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ER stress, the unfolded or misfolded protein activate binding of BiP/GRP78 (major ER
chaperone/glucose-regulated protein with size 78 kDa) dissociation from three ER
transmembrane-associated sensors in the ER membrane, including PERK, IRE1, and
ATF6, which allows these protein sensors to initiate downstream signaling (Alshareef et
al., 2021; Bhattarai et al., 2020; Wodrich et al., 2022). The three UPR signaling pathways
can be activated simultaneously, but others can be selectively activated or
suppressed.

PERK is a kinase that activates phosphorylation of the eukaryotic translation
initiation factor-2a (elF2a) to attenuate MRNA translation in the cytoplasm so as to
reduce ER protein overload, but phosphorylated elF2a increases mRNA translation of
activating transcription factor-4 (ATF4) through upstream open reading frames (UORFs)
in its 5" untranslated region (UTR). ATF4 then activates transcription of pro-apoptotic
CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP). In comparison,
IRE1 is the most conserved signal transducer and a bi-functional kinase/
endoribonuclease (RNase), which acts to cleaves X-box binding protein-1 (XBP1) mRNA
through autophosphorylation of IRE1 in the cytoplasm and generates spliced X-box
binding protein 1 (sXBP1) mRNA, a strong active transcription factor. The sXBP1 mRNA
translocates to the nucleus, then induces up-regulated transcription of ER chaperone
genes and ER-associated degradation (ERAD) factors.

IRE1 also undergoes a process, called regulated IRE1-dependent degradation
(RIDD) to degrade other ER-targeted mRNAs (Alshareef et al.,, 2021). IRE1 has been
reported to interact with tumor necrosis factor (TNF) receptor-associated factor-2
(TRAF2) and activate apoptosis signal-regulating kinase 1 (ASK1), which leads it to
activate c-Jun N-terminal kinase (JNK), a protein kinases family that plays an important
role in stress signaling pathway related to gene expression, to promote apoptosis
(Bhattarai et al., 2020). On the other hand, ATF6 translocates to the Golgi membrane
from the ER membrane and is cleaved by site-1 proteases (S1P) and site-2 proteases
(S2P) to generate its N-terminal transcription factor domain (ATF6-N). Then, ATF6-N
translocates to the nucleus and together with or without sXBP1 mRNA acts to

upregulates transcription of ER stress-responsive genes, such as ER chaperone genes
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and ER-associated degradation (ERAD) factors (Alshareef et al., 2021; Bhattarai et al,,
2020).

2.8 Cell cycle

In eukaryotic organisms, cell cycle is a series of fundamental biological process
to initiate cell division, which plays a crucial role in progression and proliferation of
cells. In general, cell cycle can be divided into two periods, interphase and mitosis (M
phase). Interphase is a longest period than mitosis phase, which comprised of three
main phases, including G1 phase (cells grow up and become larger), S phase (DNA
synthesis), and G2 phase (completion of DNA replication and prepare for mitosis) with
various cell cycle checkpoints to ensure the critical processes for each phase are
engaged prior to the next phase, such as G1/S checkpoint (restriction point), G2/M
checkpoint (DNA damage checkpoint), and spindle assembly checkpoint (SAC)
(Barnum and O’Connell, 2014; Gao et al., 2020; Wang, 2021). While, M phase can be
divided into prophase, prometaphase, metaphase, anaphase, and telophase, then
followed by cytokinesis. The proper completion of each phase in cell cycle is very
important for further cell cycle progression. A cell can decide to growth or enter to
GO phase, a phase of quiescence (Leal-Esteban and Fajas, 2020; Wang, 2021). A cell
can also growth through G1 phase from the preceding M phase directly or from GO
phase, which need mitogenic signals, such as epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF) to activate signal transduction pathways (Limas
and Cook, 2019; Wang, 2021).

In cell cycle (Figure 2.19), cyclin-dependent kinases (CDKs) and their regulatory
cyclin subunits (Cyc), CDK inhibitors (CKI), and retinoblastoma protein (pRb), are
crucial components to control and regulate cell cycle progression. In the transition of
each phase, the regulatory cyclin can bind to their specific CDKs and activated it to
form active heterodimeric complexes and leading to cell cycle progression. In
contrast, the CDKs also can be inhibited by CKI thus cell cycle progression depends
on switching status of CDKs, which associated with cyclin or CKls. There are many

CDKs in cell cycle, among them, CDK4/6, CDK2, and CDK1 are serine/threonine kinases
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and play main roles as regulators in cell cycle progression (Lim and Kaldis, 2013).
Cyclins are cell cycle regulators and having a cyclin box (100 amino acids domain
that form five a-helices) at N-terminal, which responsible for the binding to CDKs.
When cyclin bind to the C-helix of the CDKs, generates a conformational change that
allowing more interactions, which exposes the threonine at T-loop, so it can be
phosphorylated and activated. There are many cyclin, including cyclin A, B, D, and E,
which their expression level are fluctuate depend on synthesis and degradation, so
that cyclically activating CDKs (Leal-Esteban and Fajas, 2020). While, retinoblastoma
protein (pRb) is a tumor suppressor protein that negatively regulates the cell cycle

progression (Figure 2.19).
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Figure 2.19 The general schematic of cell cycle in eukaryotic cells consisting several
phases, including G1, S, G2, and M phase which are controlled by cell cycle regulators
(Leal-Esteban and Fajas, 2020).

Typically, in the quiescent phase (GO phase), hypophosphorylated pRb associate
with E2F transcription factors (pRb-E2F) that act to repress transcriptional activity. It
means that when pRb is unphosphorylated, the E2F transcription factors are repressed

by inhibiting their trans-activation domain and by recruiting histone deacetylase (HDAC)
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(Leal-Esteban and Fajas, 2020). In contrast, in cell cycle progression from GO,
extracellular mitogen activated mitogenic signaling that can promote the transcription
and translation of cyclin D gene (CCND), and expression of cyclins D (D1, D2, and D3)
and starting the cell cycle machinery. Cyclin D bind to their specific CDK, CDK4 or CDK®,
to make CycD-CDK4/6 complex and induce the cell cycle progression during G1 phase.
CycD-CDK4/6 complex phosphorylates pRb at its C-terminal region and initiate an
intramolecular interaction with pocket tumor suppressor protein (pRb, p107, and p103),
and inhibit the binding of histone deacetylase (HDAC) resulting its pRb inactivate and
disassociation from E2F transcription factors. Then, the hyperphosphorylated pRb
release E2F transcription factors and initiate transcription of target genes, including
cyclin E gene (CCNE) and cyclin A gene (CCNA) for S phase progression (Julian and Blais,
2015). Cyclin E can bind with CDK2 to make CycE-CDK2 complex and become active
to continue hyperphosphorylated pRb, so that create a positive feedback loop and
also release E2F transcription factors and their dimeric partners (DPs) to fully activate
the gene expression of cyclin that guarantee cell cycle progression (Alimbetov et al,,
2018; Connell-Crowley et al., 1997). After that, the subsequent phases of the cell cycle
are not responsive to extrinsic factors, thus called the restriction point (G1/S
checkpoint).

In the next step, at the onset of S phase, cyclin A bind and activate CDK2 to
regulate S phase, which phosphorylates the proteins involved in DNA replication, and
drive transition from S phase to G2 phase. Finally, at the late of G2 phase, Cyclin B (B1
and B2) bind and activate CDK1 to ensure the proper cell cycle progression in G2 phase
and enter into M phase to drive completion of mitosis by phosphorylating several
proteins that participate in DNA replication, centrosome, and chromosome function
and organization of structures required for cytokinesis. During the whole cell cycle, the
activation and function of the different Cyc-CDKs complexes are negatively regulated
by CKls protein families, including INK4 and CDK-interacting protein/kinase inhibitory
proteins (Cip/Kip). The INK4 family consist of pl15 (CDKN2B), p16 (CDKN2A), pl18
(CDKN2C), and p19 (CDKN2D), while the Cip/Kip protein family includes p21 (CDKN1A),
p27 (CDKN1B), and p57 (CDKN1C) (Hydbring et al., 2016; Leal-Esteban and Fajas, 2020).
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Cyclin D-, E-/A-, and B-dependent kinase complexes can be inhibited by the Cip/Kip
protein family which it obstruct their interaction with their substrates The expression
of Cip/Kip inhibitor can be induced by different stimuli. For instance, the expression of
p27 can be increased by inhibitory signals, such as transforming growth factor B (TGFB),
while the expression of p21 can be increased by DNA damage (Besson et al., 2007,

Sherr and Roberts, 1999).



CHAPTER IlI
MATERIALS AND METHODS

3.1 General materials

3.1.1 Plasmid and bacterial strain

The Os9BGlu31 cDNA was previously cloned into the pET32a(+)/DEST expression
vector to produce N-terminally thioredoxin-, Hiss-, and S-tagged fusion proteins with
enterokinase and tobacco etch virus (TEV) protease cleavage sites between the N-
terminal fusion tag and tag free protein (mature Os9BGlu31) (Tran et al,, 2019). This
construct was transformed into Escherichia coli strain Origami™ B(DE3) competent cells
for recombinant protein expression. Several Os9BGlu31 mutant variants, including
W243H, W243L, and W243N from previous work were used to optimize the production

of phenolic acid glucosyl esters (Komvongsa et al., 2015a; Tran et al.,, 2019).

3.1.2 Human cell lines

Several human cell lines were used to perform experiments, including three
human cholangiocarcinoma (CCA) cell lines, such as KKU-213A, KKU-055, and KKU-100,
which were previously isolated from patients with CCA and liver fluke infection
admitted to Srinagarind Hospital, Khon Kaen University, Khon Kaen province, Thailand,
and IMR-90, a normal human fibroblast cell line. All CCA cell lines have been
characterized at the Liver Fluke and Cholangiocarcinoma Research Center, Khon Kaen
University, Khon Kaen, Thailand, and authenticated, then the certificates were obtained
from the Japanese Collection of Research Bioresources Cell Bank (Sripa et al., 2005,
2020). IMR-90 cell line was purchased from the American Type Culture Collection
(Manassas, VA, USA).

3.1.3 Oligonucleotide primers

Several oligonucleotide primers were used for quantitative RT-PCR, including cell
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cycle regulator gene primers and ER-stress related gene primers as shown in Table 3.1.

Table 3.1 List of primer names and sequences for quantitative RT-PCR.

Primers Forward primer 5'-3'

Reverse primer 5'-3

CCNE1 5-GAAATGGCCAAAATCGACAG-3

5-TCTTTGTCAGGTGTGGGGA-3

CCNB1 5-GACAACT TGAGGAAGAGCAAGC-3

5-ATGGTCTCCTGCAACAACCT-3

CDKNBI  5'-TGGAGAAGCACTGCAGAGAC-3'

5'-GCGTGTCCTCAGAGTTAGCC-3'

CCND1  5-AACTACCTGGACCGCTTCCT-3

5-CCACTTGAGCTTGTTCACCA-3

ATF4 5-TCAAACCTCATGGGTTCTCC-3

5-GTGTCATCCAACGTGGTCAG-3

ATF6 5-GAACCATTGCTTTACATTCCTCCAC-3

5-CTGCTTGACTTGGTCCTTTCTACTTC-3

CHOP 5-TGAACGGCTCAAGCAGGAAATCG-3

5-GGATTGAGGGTCACATCATTGGCACT-3

XBP1 5-TTACGAGAGAAAACTCATGGCC-3

5-GGGTCCAAGTTGTCCAGAATGC-3

sXBP1 5-TGCTGAGTCCGCAGCAGGTG-3

5-TGGGTCCAAGTTGTCCAGAATGCC-3

ACTB 5-GATCAGCAAGCAGGAGTATGACG-3'

5-AAGGGTGTAACGCAACTAAGTCATAG-3

Description of primers:

CCNE1 = cyclin E, CCNB1 = cyclin B, CDKNB1 = Cyclin-dependent kinase inhibitor 1B

(p27"PY), CCND1 = cyclin D, ATF4 = Activating transcription factor 4, ATF6 = Activating

transcription factor 6, CHOP = C/EBP homologous protein, XBPI = X-box binding

protein, sXBP1 = spliced X-box binding protein, ACTB = B-actin.

3.1.4 Chemicals, reagents, and media

Chemicals, reagents and media that were used in the experiments are shown in

Table 3.2.

Table 3.2 List of chemicals, reagents, and media used in this study.

Chemicals, reagents and media

Sources

2-merchaptoethanol

Coomassie brilliant blue R250

Acros Organics

Triton X-100

Imidazole Affymetrix
2,2-diphenyl-1-picrylhydrazyl Alfa Aesar
Ammonium persulfate Amresco




Table 3.2 List of chemicals, reagents, and media used in this study (Continued).

Ampicillin sodium salt Bio Basic
HPLC grade water

Isopropyl-B-D-thiogalactopyranoside

Kanamycin sulfate

Tetracycline-HCl

Tetramethyl ethylenediamine

Lysozyme

6x purple loading dye BioLabs

5-Fluorouracil Boryung Pharmaceutical
Acetic acid Carlo Erba

Acetic acid glacial

Chloroform

Citric acid

Cobalt (Il) chloride

Ethanol
Ethylenediaminetetraacetic acid disodium salt
Formic acid

Glycerol

Hydrochloric acid

Isopropanol

Methanol

n-butanol

Potassium chloride

Potassium dihydrogen phosphate
Sodium chloride

Sodium dodecyl sulfate

Tris (hydroxymethyl)-aminomethane

DNA ladder 1 kb Fermentas

Sodium citrate Fluka




Table 3.2 List of chemicals, reagents, and media used in this study (Continued).
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IMAC Sepharose 6 fast flow resin
Sephadex LH-20 resin

GE Healthcare

0.25% trypsin-EDTA

1% Penicillin-streptomycin

10% Fetal bovine serum
Dulbecco’s Modified Eagle Medium

Eagle’s Minimum Essential Medium

Gibco

Agar bacteriological
Glycine
Peptone

Yeast extract

Himedia

Propidium lodide

TRIzol reagent

Invitrogen

TEV protease

Lab's stock

Acetonitrile

Labscan

Annexin V-FITC/PI Apoptosis Detection Kit

MedChem Express

1-bromo-3-chloropropane (molecular chloroform)
Disodium hydrogen phosphate

Methanol-D4 (CD5OD)

Silica gel 60 F254 TLC plate

Sodium hydroxide

Sulforhodamine B

Trichloroacetic acid

Merck

Acrylamide

bis-acrylamide

Pacific Science

DNAse |

Thermo Fisher

H,O grade PCR
LightCycler 480 SYBR Green | Master

Roche Molecular system
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Table 3.2 List of chemicals, reagents, and media used in this study (Continued).

Dimethyl sulfoxide Pharmacia Biotech
4-hydroxybenzoic acid Sigma-Aldrich
Ferulic acid

Gallic acid

p-Coumaric acid
Phenylmethylsulfonyl fluoride
p-nitrophenyl-B-D-glucopyranoside
p-nitrophenol

Sinapic acid

Syringic acid Sigma-Aldrich
trans-Cinnamic acid

Vanillic acid

Agarose powder Vivantis
Low molecular weight protein marker

Nuclease free water

Viva cDNA synthesis kit

ViSafe red gel staining

3.1.5 Instruments and equipment

Instruments used in the experiments include laminar air flow cabinet, fume
hood, autoclave (HYSC, Korea), centrifuges (ThermoScientific), FreeZone® Console
freeze dryer (LabConco), freezer, oven (JP Selecta), hot air (drying) oven (RedLINE),
EcoTemp TW20 water bath (Julabo), UV light transilluminator (Anatech), Techne®
Prime thermal cycler, Multiskan GO microplate reader (ThermoScientific), Incubator,
compact shaking incubator (JSR, Korea), humidified incubator (containing CO,), inverted
microscope (Olympus I1X51), Attune™ NxT Acoustic Focusing Flow Cytometer
(ThermoScientific), Nanodrop 2000 spectrophotometer (ThermoScientific), T80+ UV-Vis
spectrophotometer (PG instrument), G4220 Ultra high performance liquid

chromatography (UHPLC) (Agilent), Nuclear Magnetic Resonance (NMR) spectrometer
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(Bruker Avance 500), CFX Opus 96 Real-time PCR system (BioRad). Equipment that were
used in the experiments include glassware, petri dish, pipet tips, polypropylene tubes,
centrifuge tubes, microtubes, PCR tubes, autopipettes, ice box, vortex, chromatography
column packing, hot air gun, TLC tank, cell culture plates, cell culture flasks,

hemocytometer, hand tally counter, low profile PCR plates, and plate seal.

3.2 General methods

3.2.1 Preparation of competent cells

Glycerol stock of E. coli strain Origami™ B(DE3) was streaked onto a plate of LB
agar medium containing 12.5 pg/mL tetracycline and 15 pg/mL kanamycin, then
incubated at 37°C for 16-18 h. After incubation, a single colony was picked and
inoculated into 5 mL of LB broth medium containing the same antibiotics as above,
then incubated at 37°C, 200 rpm, for 16-18 h, followed by transferring 100 uL of culture
starter to 50 mL of LB broth medium containing the same antibiotics as above and
incubated at 37°C, 200 rpm until the cell density reached a level that gave an optical
density at 600 nm wavelength of 0.4-0.6. The cell culture was chilled on ice for 5-10
min in sterile polypropylene tubes and the cell pellets were harvested by
centrifugation at 4,000 rpm, 4°C, for 10 min. The cell pellets were resuspended with
10 mL of pre-cooled 0.1 M CaCl, and incubated on ice for 20 min, followed by
centrifugation at 4,000 rpm, 4°C, for 10 min. Finally, the cell pellets were resuspended
with 1 mL of 0.1 M CaCl, containing 15% slycerol and incubated on ice for 1 h, then

aliquoted to be 50 pL per 1.5 mL microcentrifuge tube and stored at -80°C.

3.2.2 Transformation of plasmid into competent cells

An aliquot of competent cells from the previous step was thawed on ice for 10
min and 1 L of recombinant plasmid encoding Os9BGlu31 wild type or its mutants
(50-100 ng) was added into the competent cell suspension for transformation and
gently mixed. The cell suspension containing the recombinant plasmid was incubated
on ice for 30 min and transformed by heat shocking the cells at 42°C for 45 s then

quickly chilled on ice for 2-5 min. The cell suspension was mixed with 200 pL of LB
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broth medium and incubated at 37°C for 1 h with shaking. Then, 100-200 uL of cell
suspension was spread on LB agar medium containing 12.5 pg/mL tetracycline, 15

pe/mL kanamycin, and 50 pg/mL ampicillin and incubated at 37°C for 16-18 h.

3.2.3 Protein expression and purification of Os9BGlu31

The recombinant cells containing the Os9BGlu31 expression vector were picked
and streaked onto a plate of LB agar medium containing the same antibiotics as in
section 3.2.2 (12.5 pg/mL tetracycline, 15 pg/mL kanamycin, and 50 pg/mL ampicillin)
and incubated at 37°C for 16-18 h. After that, a single colony was picked and inoculated
into 50 mL of LB broth medium containing the same antibiotics, then incubated at
37°C, 200 rpm, for 16-18 h as starter. The starter (1% v/v) was inoculated into LB broth
medium containing the same antibiotics for large scale protein production, then
incubated at 37°C, shaking at 200 rpm until the cell density was reached an optical
density of 0.4-0.6 at 600 nm wavelength. Protein expression in the cell culture was
induced by adding 0.4 mM IPTG, then the culture was incubated at 20°C, 200 rpm for
18 h. The cell pellets were harvested by centrifugation at 4,000 rpm, 4°C, for 20 min
and stored at -80°C to help break the cells and store until ready to use.

The cell pellets were thawed at 30°C for 30 min and resuspended by pipetting
in the extraction buffer (20 mM Tris-HCl pH 8, 150 mM sodium chloride, 200 pg/mL
lysozyme, 1% (v/v) Triton X-100, 1 mM PMSF, and 5 pg/mL DNase I) and incubated at
room temperature for 60 min, followed by centrifugation at 12,000 rpm, 4°C, for 20
min to remove insoluble debris. The soluble extracts (crude extract of enzyme) were
transferred into a new tube and kept on ice, then the protein was purified in 2 steps
by immobilized metal-affinity chromatography (IMAC) Sepharose on cobalt-
equilibrated resin. The resin in 20% EtOH was prepared by loading it into sterilized
column packing and washed with 5 column volumes (CV) of sterilized distilled H,0.
Then, 5 CV of 0.1 M CoCl, was added into the column until the resin color changed to
pink. The resin was washed with 5 CV of distilled H,0O, then with 5 CV of 0.3 M NaCl,
then with 5 CV of distilled H,0O, followed by equilibrating with 5 CV of equilibration
buffer (150 mM NaCl, 20 mM Tris-HCl pH 8).
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The soluble extracts were loaded into the IMAC resin column for the first round
of IMAC and washed with 5 CV of equilibration buffer, followed sequentially by 5 CV
each of 5 mM, 10 mM, and 20 mM in equilibration buffer and eluted with 250 mM
imidazole in equilibration buffer. All purified fractions containing protein were
collected and each fraction was assayed for the enzymatic activity to identify the
fraction containing Os9BGlu31 by setting 140 pL reactions consisting of 10 uL of purified
fraction samples, 5 mM pNPG in 50 mM citrate buffer pH 4.5. The reactions were
incubated at 30°C for 30 min and stopped by adding 75 pL of 2 M Na,COs, then the
released p-nitrophenol (pNP) was measured by a microplate reader at 405 nm (Tran
et al,, 2019). Then, all fractions were analyzed by SDS-PAGE to visualize the protein
bands. The fractions containing Os9BGlu31 fusion protein were collected and
imidazole was removed by ultrafiltration 3-4 times in 30 kDa MWCO Centricon
centrifugal filter (Millipore, USA) with dilution in equilibration buffer after each round.
Then, TEV protease was added into the Os9BGlu31 fusion protein to cleave and
remove N-terminal fusion tag from the Os9BGlu31 fusion protein and incubated at 7°C
for 16 h.

A second round of IMAC was performed as described above to remove cleaved
tag and other contaminant proteins. The tag free Os9BGlu31 protein in the flow-
through and wash fractions was pooled and concentrated by ultrafiltration, as
described above and protein absorbance was measured by Nanodrop 2000
spectrophotometer at 280 nm. Then, the protein concentration was calculated with
the extinction coefficient for each enzyme which was obtained from protein parameter
program on the EXPASY (www.expasy.org), followed by analysis of protein purity using
SDS-PAGE analysis. The extinction coefficient used for Os9BGlu31 wild type is 1.72 and
its mutant variants are 1.63. Finally, the pure protein was aliquoted into 1.5 mL

microcentrifuge tube and stored at -80°C.

3.2.4 Protein analysis by SDS-PAGE
The protein profile in the fractions were analyzed by SDS-PAGE on 12%

polyacrylamide separating gels with 5% stacking gels. The protein samples were
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prepared by mixing protein samples with 6x loading dye (50 mM Tris-HCl pH 6.8, 10%
(w/v) SDS, 50% (v/v) glycerol, 0.2 mg/mL bromophenol blue, 20% (v/v) 2-
mercaptoethanol) at a 5:1 ratio in microtube and boiled at 100°C for 5 min to denature
the protein, then loaded into wells in the gel and electrophoresed in 1x running
electrode buffer (25 mM Tris base, 192 mM glycine, 0.1% (w/v) SDS, pH 8.3) with a
constant voltage 140 volts, 400 mA, for 60 min or until the dye front neared the
bottom of the gel. The gels were put into a tank containing a staining solution (0.1%
(w/v) Coomassie brilliant blue R-250, 40% (v/v) MeOH, and 10% (v/v) acetic acid). The
staining step was performed for 1 h and it was replaced with de-staining solution (40%
(v/v) EtOH and 10% (v/v) acetic acid) for 1 h to remove the staining solution, then
washed with water and incubated at room temperature with gentle shaking overnight.
The low molecular weight protein marker was used to compare band positions and to

estimate the molecular weights of protein bands.

3.2.5 Enzymatic assay

Enzymatic reactions and determination of enzyme activity of Os9BGlu31 and its
mutant variants were assayed with or without several phenolic acids including gallic
acid, syringic acid, 4-hydroxybenzoic acid, vanillic acid, ferulic acid, trans-cinnamic acid,
sinapic acid, and p-coumaric acid as glucosyl acceptors by setting 150 pL of enzymatic
reactions consisting of 0.25 mM glucosyl acceptors, 1 pg of Os9BGlu31 wild type or its
mutant variants, 5 mM pNPG as glucosyl donor in 50 mM citrate buffer pH 4.5. The
enzymatic reactions were incubated at 30°C for 30 min and stopped by adding 75 pL
2 M Na,CO; to alkalize the enzymatic reaction and produce yellow color from
nitrophenol, then the released p-nitrophenol (pNP) was measured by a microplate
reader at 405 nm. In these experiments, reactions without enzymes were used as

blanks. All measurements were performed in triplicate.

3.2.6 Detection and identification of transglucosylation products
3.2.6.1 Transglycosylation reactions

The transglycosylation reactions were performed with 0.25 mM phenolic acids
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(gallic acid, syringic acid, 4-hydroxybenzoic acid, vanillic acid, ferulic acid, trans-
cinnamic acid, sinapic acid, and p-coumaric acid) as glucosyl acceptors, 5 mM pNPG as
glucosyl donor, and 1 pg of Os9BGlu31 wild type or its mutant variants in 50 mM citrate
buffer pH 4.5. The enzymatic reactions were incubated at 30°C for 2 h and stopped by
adding 1% (v/v) formic acid, then the transglucosylation products were analyzed by
analytical chromatography, including thin layer chromatography (TLC) and ultra-high
performance liquid chromatography (UHPLC).

3.2.6.2 Thin layer chromatography

The transglucosylation products were detected from transglycosylation reactions
samples by thin layer chromatography (TLC) analysis. The samples of enzymatic
reaction and standard compounds, such as glucose, pNPG, and slucosyl acceptors
were spotted on silica gel 60 F254 TLC plates, and separated by chloroform:MeOH
(8:2) and n-butanol:acetic acid:water (6:2:2) as the mobile phases. The plates were
observed under UV light at 254 nm and stained with 10% H,SO4 in EtOH, then charred
at 120°C.

3.2.6.3 Ultra-high performance liquid chromatography

The transglucosylation products were further characterized by Ultra-High
Performance Liquid Chromatography (UHPLC) on an Agilent Technologies G4220
system with a diode array detector (DAD) and separation through a ZORBAX RRHD SB
C18 column (pore size 1.8 um, length 2.1x150 mm) with column temperature at 40°C.
The flow rate was maintained at 0.2 mL/min with injection volume 5 pL and the
solvent system consisting of 0.1% formic acid in water (solvent A) and acetonitrile
(solvent B). The standard compounds and samples were filtered at 0.22 pym, then
eluted and separated with a gradient program of 95% A/5% B, 0-2 min; 5-50% B, 2-13
min; 50-70% B, 13-14 min; 70-100% B, 14-16 min; 100-5% B, 16-20 min; 5% B, 20-25

min. The signal was monitored by a diode array detector (DAD) at wavelength 254 nm.
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3.2.7 Production and purification of major transglucosylation products

Scaled up production of major transglucosylation products was performed to
obtain suitable amounts for structural analysis and evaluation of their activities. In this
experiment, 100 mL of transglycosylation reactions consisted 2 mM phenolic acids
(gallic acid, syringic acid, 4-hydroxybenzoic acid, vanillic acid, ferulic acid, trans-
cinnamic acid, sinapic acid, and p-coumaric acid) as glucosyl acceptors, 5 mM pNPG as
glucosyl donor, and 1 mg of Os9BGlu31 wild type or its mutant variants in 50 mM
citrate buffer pH 4.5. The reactions were incubated at 30°C and evaporated by freeze
dryer, then fractionated by Sephadex LH-20 resin column chromatography with elution
in distilled H,O as mobile phase to obtain pure transglucosylation products. The major
transglucosylation products were detected by TLC as described above in section
3.2.6.2, and the fractions containing a single spot of major transglucosylation products
were pooled and evaporated by freeze dryer, then stored at 4°C for subsequent

analysis.

3.2.8 Structural analysis of major transglucosylation products

At least 4 mg of major transglucosylation products were dissolved in 600 uL of
deuterated methanol (CDs0D) in NMR tube and analyzed by 'H-NMR and *C-NMR
spectrometer. The 'H-NMR spectra were recorded at 500 MHz and *C-NMR spectra at
125 MHz on a Bruker Avance Il 500 MHz instrument with a Cryoprobe Prodigy and
chemical shifts are given in parts per million and coupling constants in hertz. All spectra
were analyzed by MestReNova software (Mestrelab Research). This analysis was used

to verify the structure and purity of the major transglucosylation products.

3.2.9 Evaluation of antioxidant activity

Since the major transglucosylation products were verified as phenolic acid
glucosyl esters, the activity of phenolic acid glucosyl esters were further evaluated for
antioxidant activity by the 2,2-diphenyl-1-picryl-hydrazil (DPPH) radical scavenging
assay. This assay was used in order to measure the free radical scavenging activity of

the compounds (Brand-Williams et al., 1995; Zhang et al., 2019). Ascorbic acid, which
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served as a positive control, and phenolic acid glucosyl esters were dissolved in EtOH.
The reactions were prepared by mixing 180 pL of 0.1 mM DPPH solution in EtOH with
20 L of samples, including various concentrations of phenolic acid glucosyl esters
(0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256 pg/mL), 20 pL of ascorbic acid at the same
concentrations, and 20 pL of EtOH as negative control in 96-well plates. The reactions
were incubated in a dark room at 30°C, shaking at 200 rpm for 30 min, then the
absorbance was measured at 517 nm by a microplate reader. All measurements were
performed in triplicate. The half-maximal inhibitory concentration (ICso) values of
phenolic acid glucosyl esters were calculated by GrapPad Prism software version 8.0
(GraphPad Software, Inc). The radical scavenging activity was calculated by the formula:
DPPH radical scavenging activity (%) =

[(@bsorbance of control — absorbance of sample)/(absorbance of control)] x 100%

3.2.10 Mammalian cell culture

The CCA cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM),
while the IMR-90 cells were cultured in Eagle’s Minimum Essential Medium (EMEM). All
media were supplemented with 1% penicillin/streptomycin and 10% Fetal Bovine
Serum (FBS). The cells were incubated at 37°C in a humidified incubator containing 5%
CO; until 70-80% confluence and detached by digestion with 0.25% trypsin-EDTA, then
sub-cultured in the same media. Some of cells were kept in freezing medium
containing DMEM:FBS:DMSO (4:5:1) and stored at -80°C as stock of cells for further
experiments. Mycoplasma contamination was detected by PCR detection according to

Uphoff (Uphoff et al., 2012).

3.2.11 Evaluation and screening of anti-proliferative activity

The anti-proliferative activity of phenolic acid glucosyl esters were evaluated and
screened by a sulfornodamine B (SRB) assay in CCA cells (Talabnin et al., 2020). The
SRB assay has ability to determine cell density based on the cellular protein content
(Thongsom et al., 2017; Vichai and Kirtikara, 2006). In this experiment, evaluation and

screening of anti-proliferative activity of phenolic acid glucosyl esters were performed
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in KKU-213A since it is known has high aggressiveness and fast growth. The cells were
seeded at 7x10° cells/well in 96-well plates in complete medium and incubated at
37°C for overnight, then cultured in medium-supplemented with or without various
concentrations of phenolic acid glucosyl esters (0, 1, 10, 100, 1000 uM), followed by
incubation at 37°C for 24 h. The adherent cells were fixed by addition 100 uL of 10%
(v/v) trichloroacetic acid (TCA) and incubation at 4°C for overnight, then washed with
200 L of distilled water 5 times. The cells were stained with 100 ulL of 0.4% (w/v) SRB
solution in 1% (v/v) acetic acid and incubated in a dark room at room temperature for
30 min, then washed with 200 pL of 1% (v/v) acetic acid 5 times and dried at 37°C.
The protein-bound dye was solubilized by adding 100 pL of 10 mM Tris solution pH 10
for 20 min on a shaker, then the absorbance was measured in a microplate reader at
564 nm. The experiments were performed in three independent replications. The cell
viability was calculated by the formula:

Cell viability (%) = (absorbance of treatment/absorbance of control) x 100%

3.2.12 Anti-proliferative activity of B-glucogallin

Based on the screening of anti-proliferative activity results, one of phenolic acid
glucosyl esters which had highest anti-proliferative activity was selected and used for
further experiments to investigate the anti-proliferative effect of the selected-phenolic
acid glucosyl ester (gallic acid glucosyl ester or B-glucogallin) in three human CCA cells,
including KKU-213A, KKU-055, and KKU-100, as well as IMR-90 normal human fibroblast
cell line. The CCA cells and normal human cells were seeded at 7x10° cells/well in
96-well plates and incubated at 37°C for overnight, then cultured in medium-
supplemented with or without various concentrations of B-glucogallin (0-200 uM), and
incubated at 37°C for 24, 48, and 72 h. The anti-proliferative activity of B-glucogallin
was determined by a sulforhodamine B (SRB) assay as described above in section
3.2.11. The experiments were performed in three independent replications and
morphological change of the cells were observed under an inverted microscope
(Olympus IX51). The half-maximal inhibitory concentration (ICs) values of B-glucogallin

were calculated by GrapPad Prism software version 8.0 (GraphPad Software, Inc).
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3.2.13 Evaluation of anti-migration activity of B-glucogallin

Anti-migration activity was evaluated by a wound healing assay. The CCA cells
were seeded at 3x10° cells/well in 24-well plates and incubated at 37°C for overnight
to make a monolayer. The monolayer of cells was scratched with a sterile 200 pL
pipette tip on the middle area of each well to create a linear wound. The cells were
washed with 1X PBS and cultured in serum free medium-supplemented with or
without B-glucogallin, then incubated at 37°C. The wound closure or migration of CCA
cells into the wound area was observed and photographed at 0, 6, 12, 24, 48, and 72
h under a light microscope, then analyzed by ImageJ software to evaluate the degree
of wound healing. The experiments were performed in three independent replications.
The wound healing was calculated by the formula:
Wound healing =

(area of original wound - area of wound during healing)/area of original wound.

3.2.14 Colony formation assay

KKU-213A and KKU-055 were selected for further experiments, including colony
formation assay to visualize the colonies of cells for survival and proliferative activities.
The cells were seeded at 2x10° cells/well in 6-well plates and incubated at 37°C for
overnight, then washed with 1X PBS and cultured in medium-supplemented with or
without B-glucogallin. After that, the medium was discarded and replaced with fresh
medium, then followed by incubation at 37°C for 14 days. The SRB assay as described
above in section 3.2.11 was used in this experiment. After SRB staining, the colonies of
cells were captured by camera and the protein-bound dye was solubilized by adding
100 pL of 10 mM Tris solution pH 10 for 20 min on a shaker, then the absorbance was
measured in a microplate reader at 564 nm to visualize colony formation. The

experiments were performed in three independent replications.

3.2.15 Cell apoptosis analysis
Cell apoptosis analysis was performed to investigate the apoptotic cells after

CCA cells were treated with B-glucogallin. The CCA cells were seeded at 4x10°
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cells/well in 6-well plates and incubated at 37°C for overnight, then washed with 1X
PBS and cultured in serum free medium-supplemented with or without B-glucogallin,
followed by incubation at 37°C for 24 h. The cell culture medium containing floating
cells were collected and adherent cells were detached by digestion with 0.25%
trypsin-EDTA. Both of floating cells and adherent cells were mixed and harvested by
centrifugation at 1,300 rpm, 4°C for 5 min, then cells were washed once with 1X PBS
and centrifuged at 1,300 rpm, 4°C for 5 min. The cells were stained with Annexin V-
FITC/Pl apoptosis detection kit following the manufacturer’s protocol for cell apoptosis
analysis. The cells were mixed with 1 mL of pre-cooled 1X PBS and homogenized by
pipetting to make a single cell suspension, then centrifuged at 1,300 rpm, 4°C for 3
min and supernatant was discarded. The cells were resuspended in 195 ulL of binding
buffer and stained with 5 pL of Annexin V-FITC, then mixed with 10 pL of propidium
iodide (PI), followed by incubation at room temperature for 10-20 min in a dark area.
The apoptotic cells were detected by Attune™ NxT Acoustic Focusing Flow Cytometer
and the data was analyzed by Attune™ NxT Software. The experiments were

performed in three independent replications.

3.2.16 Cell cycle analysis

Cell cycle analysis was performed to investigate inhibition mechanism of CCA
proliferation by B-glucogallin via cell cycle arrest. The CCA cells were seeded at 4x10°
cells/well in 6-well plates and incubated at 37°C for overnight, then washed with 1X
PBS and cultured in serum free medium-supplemented with or without B-glucogallin,
followed by incubation at 37°C for 24 h. The cell culture medium containing floating
cells were collected and adherent cells were detached by digestion with 0.25%
trypsin-EDTA. Both floating cells and adherent cells were mixed and harvested by
centrifugation at 1,300 rpm, 4°C for 5 min, then cells were washed once with 1X PBS
and centrifuged at 1,300 rpm, 4°C for 5 min, then supernatant was discarded. The cells
were resuspended in 500 pL of 1X PBS and homogenized by pipetting to make a single
cell suspension, which was kept on ice. The cell suspension was mixed with 3 mL of

pre-cooled sterile 70% (v/v) EtOH with shaking, followed by incubation on ice for 2 h,
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then centrifuged at 1,300 rpm, 4°C for 3 min. The supernatant was discarded and
washed once with 1X PBS, then centrifuged at 1,300 rpm, 4°C for 5 min. The cells were
stained with 0.5 mL of propidium iodide (PI) staining solution (20 pg/mL PI, 0.1% (v/v)
Triton-X 100, and RNase A (20 pg/mL)), which freshly prepared and incubated on ice
for 60 min in a dark area (Naradun et al., 2022). The DNA content was detected by
Attune™ NxT Acoustic Focusing Flow Cytometer and data were analyzed by Flowing
Software version 2.5.1 (Cell Imaging Core, Turku Centre for Biotechnology). The

experiments were performed in three independent replications.

3.2.17 mRNA expression analysis by qRT-PCR

The mRNA expression levels analysis of molecular marker were performed to
investigate the role of B-glucogallin in the molecular mechanism of inhibition of CCA
proliferation via cell cycle arrest and ER stress-induced cell death signaling. The CCA
cells were seeded at 4x10° cells/well in 6-well plates and incubated at 37°C for
overnight, then washed with 1X PBS and cultured in serum free medium-
supplemented with or without B-glucogallin, followed by incubation at 37°C for 24 h.

The experiments were performed in three independent replications.

3.2.17.1 RNA extraction

After incubation for 24 h, the cell culture medium was discarded and the cells
washed once with 1X PBS. The adherent cells in the wells were mixed with 1 mL of
TRIzol reagent for total RNA extraction and incubated at room temperature for 5 min,
then homogenized by pipetting. The cell lysate was transferred into a sterile microtube
and mixed with 0.2 mL of 1-bromo-3-chloropropane (BCP), then homogenized by
vortex and incubated at room temperature for 3 min before centrifugation at 12,000
rom for 15 min. The aqueous phase (upper layer) was collected in a new sterile
microtube and supplemented with 0.5 mL of isopropanol, then the tube was inverted
by hand several times, followed by incubation at room temperature for 10 min. The
total RNA was collected by centrifugation at 12,500 rpm, 4°C for 20 min and the

supernatant was discarded. Then, 1 mL of sterile 75% (v/v) EtOH was added into the
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microtube, followed by centrifugation at 10,000 rpm, 4°C for 20 min, after which the
supernatant was discarded. The total RNA was collected and dried at room
temperature. Then, the total RNA was resuspended in 20-50 pL of nuclease free water

and the RNA were stored at -80°C.

3.2.17.2 Agarose gel electrophoresis

The absorbance of the total RNA concentration was measured by Nanodrop 2000
spectrophotometer and the quality of total RNA was analyzed by agarose gel
electrophoresis on 0.8% agarose gels containing fluorescent nucleic acid dye (ViSafe
red gel staining, Vivantis). The ladder (1 kb DNA ladder) or RNA samples were prepared
by mixing the samples with 6x purple loading dye at a 1:1 ratio and loaded into the
wells of an agarose gel in a chamber containing 1X TAE buffer. Agarose gel
electrophoresis was performed at a constant voltage of 100 volts for 30 min. The RNA

bands were visualized under UV irradiation on a transilluminator.

3.2.17.3 Reverse transcription of RNA to cDNA

The cDNA was synthesized by a Viva cDNA synthesis kit. The RNA-primer mixtures
were prepared by mixing 2 pg of total RNA and 1 plL of oligo d(T)g primer and 1 plL of
dNTPs, then nuclease free water was added up to 10 pL. The mixtures were centrifuged
briefly and incubated at 65°C for 5 min, then chilled on ice for 2 min. After that, the
solutions were mixed with 10 L of cDNA synthesis mix (2 uL of 10X M-MULV buffer,
0.5 pL of reverse transcriptase, and 7.5 pL of nuclease free water) and homogenized
by pipetting, then incubated at 42°C for 60 min. The reactions were terminated by
incubation at 85°C for 5 min, then chilled on ice for 10 min and the cDNA were stored

at -20°C.

3.2.17.4 Quantitative RT-PCR (gRT-PCR)
Quantitative RT-PCR was performed to investigate the mRNA expression levels
of the genes of interest with LightCycler 480 SYBR Green | Master mix and a CFX Opus

96 Real-time PCR system. The master solution per reaction was prepared by mixing 10
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uL of 2X SYBR green, 1 L of 10 pM primers mix (forward and reverse) and 1 pL of PCR
grade H,0, which was mixed with 5 uL of 10 ng cDNA samples (total concentration 25-
50 ng) in low profile PCR plates. The target genes were amplified with the primers
listed in Table 3.1 by initial denaturation at 95°C for 5 min, followed by 45 cycles of
denaturation at 95°C for 10 s, annealing at 55°C or 60°C for 10 s and extension at 72°C
for 20 s. The annealing temperature was 55°C for CCNB1, CCNE1, CDKNB1, ATF4, ATFé6,
and CHOP, and 60°C for CCND1, XBP1 and sXBP1. The gene expression values were
normalized against the housekeeping gene, B-actin. Relative gene expressions were
calculated by the 288 method (Livak and Schmittgen, 2001). The experiments were

performed in three independent replications.

3.2.18 Statistical analysis

All experiments were performed in three independent replications and GrapPad
Prism 8.0.1 (GrapPad software Inc) was used for statistical analysis. The significance
values (p value) were calculated by one-way ANOVA and two-way ANOVA, followed by
Bonferroni’s test for multiple comparison datasets. The results are presented as means
+ standard deviation (SD) and p value < 0.05 was accepted as a statistically significant
difference which were indicated as * p < 0.05, ** p < 0.01, ** p < 0.001, *** p <
0.0001.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Expression and purification of Os9BGlu31 wild type and its mutant

variants

The Os9BGlu31 mutant variants (W243N, W243H, and W243L) were previously
produced by site-directed mutagenesis (Komvongsa et al,, 2015a; Tran et al.,, 2019).
The cDNA of Os9BGlu31l wild type and its mutant variants were cloned into
pET32a(+)/DEST expression vector and expressed in E. coli strain Origami™ B(DE3)
competent cells. The His-tagged fusion protein of Os9BGlu31 was induced by the
optimum concentration of 0.4 mM IPTG and incubated at 20°C for 18 h. In initial
experiments, after Os9BGlu31 fusion protein was eluted by imidazole and purified by
a 1" IMAC step with Co?* equilibrated resin, the fractions contained target protein
bands (Os9BGlu31 and tags fusion protein) with a size of 70 kDa and non-target protein
bands based on SDS-PAGE analysis (Appendix A, Figure A.1-A.4). It means that the
fractions had impurities because it still contained many contaminant protein bands. In
later experiments, after the1*' IMAC step, the fusion tags were cleaved from Os9BGlu31
by TEV protease and purified by a 2™ IMAC step with Co?" equilibrated resin, which
bound the tag but not cleaved Os9BGlu3l. The result showed that | obtained
Os9BGlu31 tag-free protein with a size of 50 kDa, which was pooled from 0-5 mM
imidazole wash fractions based on SDS-PAGE analysis (Appendix A, Figure A.1-A.4). This
protein was used for further experiments, including for the production of phenolic acid
glucosyl esters. Therefore, | succeeded to generate Os9BGlu31 wild type and its mutant

variants with protein purity apparently greater than 90% (Figure 4.1).
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Figure 4.1 SDS-PAGE analysis of Os9BGlu31 purification fractions. (A) Os9BGlu31 wild
type, (B) Os9BGlu31l W243H, (C) Os9BGlu31 W243N, (D) Os9BGlu31 W243L. Os9BGlu31
wild type and its mutant variants were purified by IMAC Sepharose with Co?*
equilibrated resin. Lane M = molecular weight marker, lane 1 = soluble crude enzyme,
lane 2 = Os9BGlu31 protein after it was purified by 1% IMAC, lane 3 = protein after
cleavage, lane 4 = Os9BGlu31 protein after it was purified by 2" IMAC.

4.2 Activity of Os9BGlu31 wild type and its mutant variants

Then, | measured the activity of Os9BGlu31 wild type and its mutant variants on
several phenolic acids as substrates, including gallic acid, to investigate the effect of
mutations of Os9BGlu31 on its enzyme activity. Previous study proved that active site

cleft residues of Os9BGlu31 surrounding the aglycone and acceptor binding site play
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an important role in the transglucosidase specificity (Komvongsa et al., 2015a; Tran et
al., 2019). The mutations of tryptophan at position 243 (W243) to several amino acids
increasing or decreasing the polarity and decreasing the size of amino acid side chain
at the active site that can increase the transglycosylation activity and allow it to

produce multiple kaempferol glycosides (Komvongsa et al., 2015a).
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Figure 4.2 Enzyme activity of (A) Os9BGlu31 wild type and its mutant variants, including
(B) W243H, (C) W243N, and (D) W243L with various phenolic acids as glucosyl acceptors.

In this study, as shown in Figure 4.2, the enzyme activity of Os9BGlu31 wild type
was lower than all mutant variants in the presence of phenolic acids in enzymatic
reactions. Most of the Os9BGlu31 mutant variants showed high activity and different
acceptor specificity in enzymatic reactions depending on the amino acid substituted

for W243. The W243L mutant had higher activity than other mutants with vanillic acid,
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4-hydroxybenzoic acid, trans-cinnamic acid, syringic acid, and sinapic acid. In contrast,
W243N mutant had highest activity with ferulic acid, p-coumaric acid, and gallic acid,
while W243H showed intermediate activity compared with other mutants. In the
presence of phenolic acids, Os9BGlu31 wild type and its mutant variants showed
different rates of pNP release from pNPG with different glucosyl acceptors specificity
compared with buffer alone, and showed low activity with gallic acid compared with
ferulic acid and other phenolic acids tested. However, Os9BGlu31 mutant variants had
higher activity with ferulic acid compared to other phenolic acids as glucosyl acceptors.
These phenomena indicated that ferulic acid is a specific substrate for these mutant
enzymes, as previously noted (Komvongsa et al., 2015a; Tran et al, 2019). We
hypothesized that the Os9BGlu31 mutant variants should have more hydrolysis activity
than wild type due to amino acid residues were converted to more hydrophilic amino
acids for water binding, but the mutants still have high transslucosylation activity to
transfer glucosyl moiety to phenolic acids as glucosyl acceptors for the production of
transglucosylation products. Interestingly, W243L mutant, is known more hydrophobic,
also showed an increased activity with most phenolic acids, which consistent with

previous result (Tran et al., 2019).

4.3 Transglucosylation activity and identification of products

In addition to slight hydrolysis activity, Os9BGlu31 has transglucosylation activity,
which acts to transfer glucosyl moiety from glucosyl donor to the glucosyl acceptor to
form glucosides (Luang et al., 2013). Here, | studied the transglucosylation activity of
Os9BGlu31 wild type and its mutant variants on phenolic acids, including gallic acid as
glucosyl acceptor, which was not previously reported, to produce sufficient quantities
of major transglucosylation products for testing in cholangiocarcinoma cells.
Os9BGlu31 acts as a transglucosidase to transfer glucosyl moiety from p-nitrophenyl
B-p-glucopyranoside (pNPG) to carboxyl group of phenolic acids to form phenolic acid
slucosyl esters, and release p-nitrophenol (pNP), which can be observed on TLC plates
under UV-light and after sulfuric acid treatment and charring at 120°C as shown in

Figures 4.3, 4.5, 4.7, and 4.9.
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Figure 4.3 Thin layer chromatography of transglucosylation products of enzymatic
reactions catalyzed by Os9BGlu31 wild type and its mutant variants with ferulic acid
(FA) and vanillic acid (VA). (A) The products were observed on a TLC plate under UV-
light at 254 nm, and (B) after sulfuric acid treatment and charring at 120°C. Enzymatic
reaction mixtures were separated by silica gel 60 TLC with mobile phase,
chloroform:methanol (8:2, v/v). Lane 1 = glucose, lane 2 = pNPG, lane 3 = reaction
with FA without Os9BGlu31, lane 4 = enzymatic reaction with FA and Os9BGlu31 wild
type (WT), lane 5 = enzymatic reaction with FA and Os9BGlu31 W243H, lane 6 =
enzymatic reaction with FA and Os9BGlu31 W243N, lane 7 = enzymatic reaction with
FA and Os9BGlu31 W243L, lane 8 = reaction with VA without Os9BGlu31, lane 9 =
enzymatic reaction with VA and Os9BGlu31l wild type (WT), lane 10 = enzymatic
reaction with VA and Os9BGlu31 W243H, lane 11 = enzymatic reaction with VA and
Os9BGlu31 W243N, lane 12 = enzymatic reaction with VA and Os9BGlu31 W243L.

Moreover, Os9BGlu31 mutant variants tend to produce multiple products
compared with wild type, which surmised as glucosides of phenolic acids in addition
to the glucosyl esters in the enzymatic reaction with phenolic acids as glucosyl
acceptors, including ferulic acid and vanillic acid (Figure 4.4). According to the UHPLC
results, the retention time of peaks of pNP was 12.1 min and pNPG was 8.1 min, while

ferulic acid was at 10.2 min and vanillic acid was at 85 min. The major
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transglucosylation products of ferulic acid and vanillic acid were glucosyl esters and it
can be seen at 8.2 min and 6.7 min, respectively. The O9BGlu31 mutant variants also
produced glucosides of ferulic acid at 7.4 min and vanillic acid at 5.9 min, as well as

bis-glucosides of ferulic acid at 6.3 min and vanillic acid at 4.7 min in some cases

(Figure 4.4).
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Figure 4.4 UHPLC chromatogram profiles of transglucosylation products in the
enzymatic reaction with ferulic acid (FA) and vanillic acid (VA). Transglucosylation
reactions of FA are with (A) Os9BGlu31 wild type, (B) W243H mutant, (C) W243N mutant,
and (D) W243L mutant. Transglucosylation reactions of VA are with (E) Os9BGlu31 wild
type, (F) W243H mutant, (G) W243N mutant, and (H) W243L mutant. The major
transglucosylation products were identified as phenolic acid glucosyl ester with DAD

wavelength at 254 nm.
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Figure 4.5 Thin layer chromatography of transglucosylation products of enzymatic
reactions catalyzed by Os9BGlu31l wild type and its mutant variants with 4-
hydroxybenzoic acid (HBA) and p-coumaric acid (PCA). (A) The products were observed
on a TLC plate under UV-light at 254 nm, and (B) after sulfuric acid treatment and
charring at 120°C. Enzymatic reaction mixtures were separated by silica gel 60 TLC with
mobile phase, chloroform:methanol (8:2, v/v). Lane 1 = glucose, lane 2 = pNPG, lane
3 = reaction with HBA without Os9BGlu31, lane 4 = enzymatic reaction with HBA and
Os9BGlu31 wild type (WT), lane 5 = enzymatic reaction with HBA and Os9BGlu31
W243H, lane 6 = enzymatic reaction with HBA and Os9BGlu31 W243N, lane 7 =
enzymatic reaction with HBA and Os9BGlu31 W243L, lane 8 = reaction with PCA
without Os9BGlu31, lane 9 = enzymatic reaction with PCA and Os9BGlu31 wild type
(WT), lane 10 = enzymatic reaction with PCA and Os9BGlu31 W243H, lane 11 =
enzymatic reaction with PCA and Os9BGlu31 W243N, lane 12 = enzymatic reaction with
PCA and Os9BGlu31 W243L.

The Os9BGlu31 mutant variants also produced multiple products compared with
wild type on 4-hydroxybenzoic acid and p-coumaric acid as glucosyl acceptors.
According to the UHPLC results, the retention time of peaks of 4-hydroxybenzoic acid
was at 7.8 min and p-coumaric acid was at 9.7 min. The major transglucosylation

products of 4-hydroxybenzoic acid and p-coumaric acid were glucosyl esters that can
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be seen at 6.2 min and 7.8 min, respectively. The O9BGlu31 mutant variants also
produced apparent glucosides of 4-hydroxybenzoic acid at 4.9 min and p-coumaric
acid at 6.9 min, as well as bis-glucosides of 4-hydroxybenzoic acid at 3.3 min and p-

coumaric acid at 5.9 min (Figure 4.6).
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Figure 4.6 UHPLC chromatogram profiles of transglucosylation products in the
enzymatic reaction with 4-hydroxybenzoic acid (HBA) and p-coumaric acid (PCA).
Transglucosylation reactions of HBA are with (A) Os9BGlu31 wild type, (B) W243H
mutant, (C) W243N mutant, and (D) W243L mutant. Transglucosylation reactions of PCA
are with (E) Os9BGlu31 wild type, (F) W243H mutant, (G) W243N mutant, and (H) W243L
mutant The major transglucosylation products were identified as phenolic acid

glucosyl ester with DAD wavelength at 254 nm.
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Figure 4.7 Thin layer chromatography of transglucosylation products of enzymatic
reactions catalyzed by Os9BGlu31l wild type and its mutant variants with trans-
cinnamic acid (TCA) and syringic acid (SyrA). (A) The products were observed on a TLC
plate under UV-light at 254 nm, and (B) after sulfuric acid treatment and charring at

120°C. Enzymatic reaction mixtures were separated by silica gel 60 TLC with mobile

phase, chloroform:methanol (8:2, v/v). Lane 1 = glucose, lane 2 = pNPG, lane 3 =

reaction with TCA without Os9BGlu31, lane 4

enzymatic reaction with TCA and
Os9BGlu31 wild type (WT), lane 5 = enzymatic reaction with TCA and Os9BGlu31
W243H, lane 6 = enzymatic reaction with TCA and Os9BGlu31 W243N, lane 7 =
enzymatic reaction with TCA and Os9BGlu31 W243L, lane 8 = reaction with SyrA
without Os9BGlu31, lane 9 = enzymatic reaction with SyrA and Os9BGlu31 wild type
(WT), lane 10 = enzymatic reaction with SyrA and Os9BGlu31 W243H, lane 11 =
enzymatic reaction with SyrA and Os9BGlu31 W243N, lane 12 = enzymatic reaction
with SyrA and Os9BGlu31 W243L.

The Os9BGlu31l mutant variants tested also produced multiple products
compared with wild type on syringic acid as glucosyl acceptor, while the Os9BGlu31
mutant variants produced glucosyl ester only on trans-cinnamic acid because it only
has a carboxyl group that can act as an acceptor in its structure, thus additional
products cannot be found. According to the UHPLC results, the retention time of peaks

of trans-cinnamic acid was at 13.4 min and syringic acid was at 8.7 min. The major
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transglucosylation products of trans-cinnamic acid and syringic acid were glucosyl
esters and can be seen at 10.3 min and 7 min, respectively. Additionally, O9BGlu31
mutant variants produced apparent glucosides of syringic acid at 6.5 min and bis-
glucosides at 5.5 min (Figure 4.8). Moreover, the Os9BGlu31 mutant variants tested also
produced multiple products compared with wild type on sinapic acid and gallic acid
as slucosyl acceptors. According to the UHPLC results, the retention time of peaks of
sinapic acid was at 10.3 min and gallic acid was at 3.8 min. The major transglucosylation
products of sinapic acid and gallic acid included their glucosyl esters that eluted at 8.3

min and 2.8 min, respectively (Figure 4.10).
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Figure 4.8 UHPLC chromatogram profiles of transglucosylation products in the
enzymatic reaction with trans-cinnamic acid (TCA) and syringic acid (SyrA).
Transglucosylation reactions of TCA are with (A) Os9BGlu31 wild type, (B) W243H
mutant, (C) W243N mutant, and (D) W243L mutant. Transglucosylation reactions of
SyrA are with (E) Os9BGlu31 wild type, (F) W243H mutant, (G) W243N mutant, and (H)
W243L mutant. The major transglucosylation products were identified as phenolic acid

glucosyl ester with DAD wavelength at 254 nm.
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Figure 4.9 Thin layer chromatography of transglucosylation products of enzymatic
reactions catalyzed by Os9BGlu31 wild type and its mutant variants with sinapic acid
(SinA) and gallic acid (GA). (A) The products were observed on a TLC plate under UV-
light at 254 nm, and (B) after sulfuric acid treatment and charring at 120°C. Enzymatic
reaction mixtures were separated by silica gel 60 TLC with mobile phase, n-
butanol:acetic acid:water (6:2:2, v/v/v). Lane 1 = glucose, lane 2 = pNPG, lane 3 =
reaction with SinA without Os9BGlu31, lane 4 = enzymatic reaction with SinA and
Os9BGlu31 wild type (WT), lane 5 = enzymatic reaction with SinA and Os9BGlu31
W243H, lane 6 = enzymatic reaction with SinA and Os9BGlu31 W243N, lane 7 =
enzymatic reaction with SinA and Os9BGlu31 W243L, lane 8 = reaction WITH GA without
Os9BGlu31, lane 9 = enzymatic reaction with GA and Os9BGlu31 wild type (WT), lane
10 = enzymatic reaction with GA and Os9BGlu31 W243H, lane 11 = enzymatic reaction
with GA and Os9BGlu31 W243N, lane 12 = enzymatic reaction with GA and Os9BGlu31
W243L.

In these experiments, the standards of glucosyl esters and glucosides were not
used to determine the transglucosylation products. However, the peaks of products
were tentatively identified based on their relative elution times and further
identification can be obtained by LC-MS/MS on an electrospray ionization (ESI)-
Quadruple Time of Flight (QToF) MS/MS as reported in previous studies (Komvongsa
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et al,, 2015a; Tran et al.,, 2019). The elution times of products were used to identify
them, since most of glucoside products elute before the glucosyl esters product due
to their higher polarity that was caused by the unconjugated carboxyl group is blocked

by glucose in the esters.
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Figure 4.10 UHPLC chromatogram profiles of transglucosylation products in the
enzymatic reaction with sinapic acid (SinA) and gallic acid (GA). Transglucosylation
reactions of SinA are with (A) Os9BGlu31 wild type, (B) W243H mutant, (C) W243N
mutant, and (D) W243L mutant. Transglucosylation reactions of GA are with (E)
0s9BGlu31 wild type, (F) W243H mutant, (G) W243N mutant, and (H) W243L mutantThe
major transglucosylation products were identified as phenolic acid glucosyl ester with

DAD wavelength at 254 nm.

The Os9BGlu31 mutant variants had higher hydrolysis activity than wild type, but
still showed high transglucosylation activity, which is consistent with previous reports

(Komvongsa et al., 2015a; Luang et al., 2013; Tran et al., 2019). This enzymatic reaction
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showed high activity with phenolic acid glucose esters, particularly feruloyl slucose, as
glucosyl donor. In the enzymatic reaction without glucosyl acceptors, Os9BGlu31
showed slow hydrolysis of pNPG to release pNP and slucose, whereas when low
concentrations of free phenolic acids were present, it mainly acts to transfer glucosyl
moiety to phenolic acids via a retaining mechanism (Luang et al.,, 2013). The reaction
involves complex interactions between active site amino acid residues and the water
network as the glucosyl acceptor binds to the active site of enzyme, so that increasing
the hydrophilicity of the surrounding amino acid residue may not be sufficient to
convert a transglucosidase to glucosidase (Pengthaisong and Cairns, 2014; Teze et al,,
2013; Tran et al, 2019). The hydrolysis activity of Os9BGlu31 is about 10% of its
transglycosylation activity, but is negligible in the presence of efficient acceptors (Luang
et al,, 2013). The enzyme activity is increased by several mutations of W243, thus
mutant variants with all 20 possible amino acids at this position have been tested, and
W243N and W243L had highest activity (Komvongsa et al., 20153; Tran et al.,, 2019).
These properties suggested that Os9BGlu31 mutant variants would be useful for the

production of glucoconjugates for bioactivity testing.
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pNP-4-D-glucose -D-glucosyl-phenolic esters

Figure 4.11 General reaction scheme for the enzymatic synthesis of phenolic acid

glucosyl esters in this study.

In general, Os9BGlu31l wild type tend to produce a single product, while
Os9BGlu31 mutant variants tends to produce multiple products (Table A.1). However,
phenolic acid glucosyl esters are major transglucosylation products in the enzymatic
reactions with higher intensity than additional products. In this study, Os9BGlu31
mutant variants can transfer a glucosyl moiety to the carboxyl group of phenolic acids

to form 1-O-glucosyl esters as the major transglucosylation products and to hydroxyl
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groups to form glucosides as the additional products, while the wild type enzyme
produced phenolic acid glucosyl esters only in detectable amount. In the presence of
carboxyl group and hydroxyl group in structure of phenolic acids, Os9BGlu31 preferable
to transfer glucosyl moiety to carboxyl group rather than to hydroxyl group, because
it is related to regioselectivity that refers to the process of selection, where an atom is
selected over other atoms and it was caused by steric effect and steric hindrance.
Oxygen atom of carboxyl group is far away from the backbone of the aromatic ring,
whereas the oxygen atom of hydroxyl group is attached at the backbone of aromatic
ring and it has more substitution of hydroxyl group so that make it crowded, thus the
enzymes need high energy and is not easy to transfer glucosyl moiety to hydroxyl
group at aromatic ring of phenolic acids.

The major transglucoylation products can be detected on a TLC and UHPLC, but
the additional products can be detected on UHPLC chromatograms only, since the
products are low intensity, thus they are not detectable on TLC plates. The additional
peaks seen in reactions with mutant enzymes were previously identified as glucosides
and bis-glucosides of phenolic acids, including ferulic acid, vanillic acid, 4-
hydroxybenzoic acid, p-coumaric acid, syringic acid, and sinapic acid (Komvongsa et al.,
20153; Tran et al., 2019). This reaction produced glycosylated compounds, which may
be more stable and soluble, and have higher bioavailability than their free aglycones
(Méndez-Liter et al., 2019; Moradi et al., 2016; Vivekanandhan et al., 2016; Woo et al,,
2012). Therefore, it is very interesting and useful for poorly-soluble compounds in
medical applications. Despite the more complex product mixtures with the Os9BGlu31
mutant variants, the yields of phenolic acid slucosyl esters were also higher after
purification from enzymatic reactions catalyzed by Os9BGlu31 mutant variants than by
wild type (Table 4.1). Therefore, Os9BGlu31 mutant variants were preferred for scale

up production of phenolic acid glucosyl ester for bioactivity testing.

4.4 Production of major transglucosylation products
Then, | produced the major transglucosylation products by enzymatic reactions

using Os9BGlu31 wild type and its mutant variants as catalyst in 100 mL enzymatic
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reactions to investigate which mutant and glucosyl acceptor can produced high yield
of major transglucosylation products that were required for structural analysis and
evaluation of biological activities (Table 4.1). The enzymatic reactions were evaporated
by freeze dryer, since the reactions contains 5% DMSO and the major
transglucosylation products were purified by LH-20 column chromatography with
elution in distilled H,O as mobile phase. This mobile phase was selected because it
generated the best purification process during a preliminary purification experiment
and also the transglucosylation products are more polar than their free aglycones, thus

the transglucosylation products are soluble in the water during purification.

Table 4.1 Yield of major transglucosylation products in 100 mL of enzymatic reactions

after purification.

Substrates Yield of phenolic acid glucosyl esters (%)

(Glucosyl acceptors) 0Os9BGlu31 Os9BGlu31l  Os9BGlu31  Os9BGlU31

Wild type W243H W243N w2431
Ferulic acid Sl 13.1 22.03 15.9
Vanillic acid bl 6.8 12.4 14.9
4-Hydroxybenzoic acid 2.8 9.2 15.7 17.1
p-Coumaric acid 2.1 6.4 15.1 12.1
trans-Cinnamic acid a7 6.6 13.5 16.9
Syringic acid 3.6 4.9 9.4 13.2
Sinapic acid 2.7 6.6 11.3 13.2
Gallic acid 2.4 4.8 9.6 6.5

All fractions were spotted on TLC plates for further purification and the fractions
containing a single spot of major transglucosylation products without any visible
contaminants were pooled then dried by freeze dryer and the masses of the products
were weighed to obtain the yields of major transglucosylation products. In order to
ensure the purity of these products, TLC analysis was performed to match the spot of

products that showing only single spots of products without any contaminant spots
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on TLC plates from the fractions that were pooled, and by using physical comparison
which in this case, the pure products have white color without any other colors from
PNP because it conjugated with glucose. The NMR spectrometer also was used to verify
the structure and purity of products. The result showed that Os9BGlu31 mutants
enzyme produced higher yields of major transglucosylation products than wild type
enzyme (Table 4.1). These results are in line with the enzyme activity of Os9BGlu31 in
small scale (analytical) reactions, which the highest yield percentage can be produced

by W243N with ferulic acid in 100 mL of enzymatic reaction.

4.5 Transglucosylation product structural confirmation

The structures and purity of products were verified by H-NMR and *C-NMR.
According to the NMR spectra, the major transglucosylation products were verified and
identified as phenolic acid glucosyl esters, including gallic acid glucosyl ester (B-
glucogallin), syringic acid glucosyl ester, 4-hydroxybenzoic acid glucosyl ester, vanillic
acid glucosyl ester, ferulic acid slucosyl ester, trans-cinnamic acid glucosy ester, sinapic
acid glucosyl ester, and p-coumaric acid glucosyl ester (Figure 4.12). In general, the *H-
NMR spectra of all phenolic acid glucosyl esters showed the common characteristic of
a chemical shift of the anomeric proton peak at around 5.5 ppm as a clear doublet
peak, which indicates the beta configuration of the glycosidic linkage (Figure 4.13). The
aromatic ring protons give peaks that appear with chemical shifts between 6 ppm to
8.5 ppm and the unprotected glucose protons give peaks with chemical shift between

3 ppm to 4 ppm.
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Figure 4.12 Chemical structures of phenolic acid glucosyl esters that were verified by
NMR spectroscopy. (A) gallic acid glucosyl ester (B-glucogallin), (B) syringic acid glucosyl
ester, (C) 4-hydroxybenzoic acid glucosyl ester, (D) vanillic acid glucosyl ester, (E) ferulic

acid glucosyl ester, (F) trans-cinnamic acid glucosyl ester, (G) sinapic acid glucosyl ester,

and (H) p-coumaric acid glucosyl ester.
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Figure 4.13 'H-NMR (500 MHz, CD5OD) spectra of gallic acid glucosyl ester (B-
glucogallin). Solvent: CD;0D, Frequency: 500 MHz.
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Additionally, the *C-NMR spectra of all phenolic acid glucosyl esters showed the
common characteristics of a peak for the anomeric carbon at a chemical shift around
94 ppm, and the ester carbonyl carbon at around a chemical shift of 165 ppm, which
confirms the ester linkage (Figure 4.14). The peaks for the carbon position in glucose
can be identified between the chemical shift range of 60 ppm to 75 ppm, and the
phenolic hydroxyl attached carbon peak can be identified at chemical shift between
140 ppm to 155 ppm for all phenolic acid glucosyl esters. Meanwhile, the peak of
aromatic ring proton attached carbons appear with chemical shift between 110 ppm

to 140 ppm (Figure 4.13, 4.14, and Appendix C Figure C.1-C.14).
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Figure 4.14 >C-NMR (125 MHz, CD5OD) spectra of gallic acid glucosyl ester (B-

glucogallin). Solvent: CD;0D, Frequency: 125 MHz.

The purified B-glucogallin showed NMR spectra with peaks, as follow: 'H NMR
(500 MHz, CD50D) 6 7.02 (s, 2H), 5.55 (dd, J = 5.5, 7.5 Hz, 1H), 3.75 (dd, J = 12.2, 1.9 Hz,
1H), 3.59 (dd, J = 12.1, 4.5 Hz, 1H), 3.44 - 3.26 (m, 4H), and 3.24 (s, 1H),; °C NMR (125
MHz, CD;0D) &6 164.15, 143.60, 137.48, 117.77, 107.60, 107.21, 93.03, 75.89, 75.27, 71.20,
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68.17, and 59.41. The anomeric protons coupling constant value at a chemical shift of
5.5 ppm (doublet peak), which indicates the beta configuration of the glycosidic linkage
(Figure 4.13). The anomeric carbon is showed at a chemical shift of 93.03 ppm (Figure
4.14), and the ester carbonyl carbon characteristic peak at around 164.15 ppm, which
confirms the ester linkage. This spectra was similar to the NMR spectra of B-glucogallin
in the previous study (Puppala et al,, 2012). The H-NMR and C-NMR spectroscopy
data for other major transglucosylation products are provided to establish the
formation of phenolic acid glucosyl ester and to assess the actual ratio of components.
The 'H-NMR and *C-NMR spectra of those phenolic acid glucosyl esters are provided

in Appendix C Figure C.1-C.14, which correspond to the expected structures.

4.6 Activities of phenolic acid glucosyl esters

4.6.1 Antioxidant activity of phenolic acid glucosyl esters

Generally, antioxidant activity is found in hydrogen- or electron-donating agents
that can act as free radical scavengers, as well as metal chelating agents, which can
suppress metal-catalyzed free radical formation. The antioxidant activity of the
compounds depends on the hydroxyl group positions, in relation to the carboxyl
functional group and also depends on the number of hydroxyl groups in the structure
of compounds (Balasundram et al., 2006; Zheng et al., 2020). However, the antioxidant
activity of phenolic acid slucosyl esters have not been reported yet. Therefore, the
measurement of antioxidant activity was incorporated into this study. There are many
methods to evaluate antioxidant activity, including measurement of DPPH, which is
known as common method for evaluating antioxidant properties due to it being
feasible, simple, and sensitive (Deng et al,, 2011; Li et al,, 2015; Zhang et al., 2019).

| evaluated the antioxidant activity of phenolic acid glucosyl esters and their free
aglycones by the DPPH scavenging assay (Figure 4.15, Figure B.1 and Table B.1). The
free radical scavenging activities of the phenolic acid glucosyl esters were compared
to ascorbic acid, as presented in Figure 4.15. Among the phenolic acid glucosyl esters,
gallic acid glucosyl ester (GA-GE) or B-glucogallin exhibited high antioxidant capacity

with a half-maximal inhibitory concentration (ICsy) value of 3.6 + 0.1 ug/mL. It was
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similar to the antioxidant activity of ascorbic acid (ICsy 2.4 + 0.1 pg/mL). Ferulic acid
glucosyl ester (FA-GE), sinapic acid glucosyl ester (SinA-GE), and syringic acid glucosyl
ester (SyrA-GE) also have significant antioxidant activities with 1Cs, values of 45.2 + 1.2
pe/mL, 41.7 + 0.1 pg/mL and 70.1 + 1.9 pg/mL, respectively. In contrast, p-coumaric
acid glucosyl ester (PCA-GE), 4-hydroxybenzoic acid glucosyl ester (HBA-GE), vanillic
acid glucosyl ester (VA-GE) and trans-cinnamic acid glucosyl ester (TCA-GE) had low or

negligible antioxidant activities, even at 256 pg/mL.

100 7 ——Ascorbic acid
gg 4 ——FA-GE
. e
—=—SinA-GE =
e .
1L
70 4 SYrA-GE /
== FCA-GE
60
VA-GE

50 4 —=+HBAGE

TCA-GE

% Inhibition

40 -
30 4
20 -
T
10 A T
8 T, x
0 A 5 — — & T T T
05 d 2 4 8 16 32 64 128 256

Concentration (ug/mL)

Figure 4.15 Antioxidant activity of phenolic acid glucosyl esters. The radical scavenging
activity was determined by DPPH assay. The values are expressed as mean + SD (shown

as error bars) of three independent experiments.

The antioxidant assay showed an excellent antioxidant activity for B-glucogallin,
which had an ICsy value similar to that of ascorbic acid. It suggests that B-glucogallin is
a potential antioxidant agent for human health applications, since ascorbic acid has
been reported as an excellent antioxidant and anti-cancer agent in the treatment and
prevention of cancers (Bhattacharya, 2021; Du et al,, 2012; Kumar et al., 2017; van
Gorkom et al,, 2019). Moreover, a previous study reported a correlation between

antioxidant and cytotoxicity activity in cancer cells (Sammar et al,, 2019). In addition,
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previous studies also revealed that phenolics and flavonoids showed antioxidant
activities and display anti-cancer activity (Chahar et al., 2011; Ghasemzadeh and Jaafar,

2013; Perillo et al., 2020; Yang et al., 2018).

4.6.2 Anti-proliferative activity of phenolic acid glucosyl esters

To evaluate and investigate the effect of phenolic acid glucosyl esters in the
inhibition of CCA cell proliferation, the cell viability was evaluated with an SRB assay
after the CCA cells were treated with phenolic acid glucosyl esters. This experiment
also screening the anti-proliferative activity of phenolic acid glucosyl ester in CCA cells.
| used KKU-213A in this experiment for screening the anti-proliferative activity, since it

is known to have high aggressiveness and fast growth.
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Figure 4.16 Inhibitory effect of phenolic acid glucosyl esters in cell proliferation of
KKU-213A at 24 h. (A) ferulic acid glucosyl ester, (B) vanillic-acid glucosyl ester, (C) 4-
hydroxybenzoic acid glucosyl ester, (D) p-coumaric acid glucosyl ester, (E) trans-
cinnamic acid glucosyl ester, (F) syringic acid glucosyl ester, (G) sinapic acid glucosyl
ester, and (H) gallic acid glucosyl ester (B-glucogallin). The cell viability was determined
by the SRB assay. The values are expressed as mean + SD (shown as error bars) of

three independent experiments.
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Among phenolic acid glucosyl esters, B-glucogallin exerted the highest inhibitory
effect in KKU-213A, which was dose-dependent in the concentration range between 0-
1000 uM and caused more than 60% loss of cell viability at 100 uM, while sinapic acid
glucosyl ester caused around 50% loss of cell viability at 1000 uM (Figure 4.16). On the
other hand, no inhibitory effect was observed with other phenolic acid glucosyl esters
in KKU-213A even at 1000 uM. Since B-glucogallin had the highest inhibitory effect in
KKU-213A, we decided to select this compound for further experiments. | also
evaluated the anti-proliferative activity of phenolic acids in KKU-213A as additional

knowledge for this study (Figure B.2).

4.7 Anti-proliferative activity of B-glucogallin

Then, | determined the anti-proliferative activity of B-glucogallin in three human
CCA cell lines, including KKU-213A, KKU-055, and KKU-100, as well as a normal human
fibroblast cell line to ensure whether B-glucogallin has anti-proliferative activity in
different cells or not. As shown in Figure 4.17, B-glucogallin exerted significant inhibition
of CCA cells in a time- and dose-dependent manner with different ICs, values (Table
B.2). The anti-proliferative activity of B-glucogallin in KKU-213A cells has ICs, values of
673+ 1.3 uM at 24 h, 57.8 £ 1.6 uM at 48 h, and 51.7 + 0.4 uM at 72 h (Figure 4.17A).
B-Glucogallin exerted higher anti-proliferative activity in KKU-055 with ICs, values of
19.8 + 1.3, 18.1 + 0.7.and 17.6 + 1.7 uM at 24, 48, and 72 h, respectively (Figure 4.170),
but showed lower anti-proliferative activity in KKU-100 with ICs, values of 178.7 + 4.1,
170.9 + 4.9, and 140.7 + 1.6 uM at 24, 48, and 72 h, respectively (Figure 4.17E). These
results indicate that KKU-055 is more sensitive toward B-glucogallin than KKU-213A and
KKU-100, whereas KKU-100 is least sensitive. | also evaluated the anti-proliferative

activity of 5-fluorouracil in CCA cells as additional knowledge for this study (Figure B.3).
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Figure 4.17 Inhibitory effect of B-glucogallin in cholangiocarcinoma cells at 24, 48 and
72 h and the morphological change of cells after B-glucogallin treatment for 24 h were
observed at 20X magnification. (A,B) KKU-213A, (C,D) KKU-055, and (E,F) KKU-100. The
cell viability was determined by SRB assay. The values are expressed as mean + SD

(shown as error bars) of three independent experiments.

Previous studies reported that B-glucogallin is known as aldose reductase

inhibitor (Chang et al.,, 2013; Lee et al,, 2011; Puppala et al.,, 2012). Interestingly, our
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result found that B-gslucogallin showed anti-proliferative activity that indicated by
inhibition of cancer cell proliferation in CCA cells at lower concentration compared
with other phenolic acid glucosyl esters (Figure 4.16). Additionally, B-glucogallin
treatment showed higher anti-proliferative activity in KKU-055 than KKU-213A and KKU-
100 in a time- and dose-dependent manner. In contrast, there was no cell morphology
change in the normal human fibroblast cell line (IMR-90) as control after B-glucogallin
treatment within concentrations in the range of 0-200 uM. All of IMR-90 cells were still
alive at that concentration range at 24 h, indicating that B-glucogallin showed low anti-
proliferative activity toward normal cells (Figure 4.18). These phenomena are
consistent with the observed cell morphological changes, since the CCA cell
morphology was changed and the number of floating cells was increased in a time-
and dose-dependent manner compared with control, indicating that cell death was
induced by B-glucogallin in CCA cells. Mostly, after treatment with B-glucogallin, the
adherent cells morphology was changed to be rounded with cell shrinkage, membrane
blebbing and formation of many small apoptotic bodies and bright spherical cells

(Figure 4.178B, D, F).

— 24h == 48h mmm 72h

120
T T

il
100 ~mm [ o

80

% cell viability
o)
o
1

0 40 80 120 160 200

Concentration (uM)

Figure 4.18 Inhibitory effect of B-glucogallin in a normal human fibroblast cell line
(IMR-90) at 24, 48, and 72 h. The cell viability was determined by SRB assay. The values

are expressed as mean + SD (shown as error bars) of three independent experiments.
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4.8 Anti-migration activity of B-glucogallin

In order to explore and evaluate the anti-migration activity of B-glucogallin in
CCA cells, a wound healing assay was performed to observe CCA cells migration. The
wound healing assay was used to observe the wound closure of cell monolayer on
the surface of the culture plate meaning that | observed the cell migration on
horizontal direction without any chemo-attractant. Therefore, the cells that have fast
growth will migrate more faster to close the wound area based on the growth actvity
of cells. In this experiment, | evaluated the anti-migration activity of B-glucogallin in
KKU-213A, KKU-055 and KKU-100. Each of CCA cells have different characteristics, which
KKU-213 is more aggressive and fast growing, while KKU-055 is more sensitive but slow
growting, and KKU-100 is less sensitive and slow growing. | also used low concentrations
of B-glucogallin that were less than the ICsy values in each CCA cells to reduce the
cytotoxic effect. As shown in Figure 4.19, KKU-213A cells quickly migrated into the
wound area within 48 h in the untreated cells, whereas the cell migration of KKU-055

and KKU-100 was slower (Figure 4.20 and 4.21).
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Figure 4.19 Inhibition of cell migration by B-clucogallin at various times and doses in
KKU-213A. (A) Cell migration after treatment with B-glucogallin. (B) Quantification of
wound healing rate in KKU-213A after treatment with B-glucogallin. The values are
expressed as mean + SD (shown as error bars) of three independent experiments. * p

< 0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001.
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Figure 4.20 Inhibition of cell migration by B-glucogallin at various times and doses in
KKU-055. (A) Cell migration after treatment with B-glucogallin. (B) Quantification of
wound healing rate in KKU-055 after treatment with B-glucogallin. The values are
expressed as mean + SD (shown as error bars) of three independent experiments. * p

< 0.05, % p < 0.01, ** p < 0.001, *** p < 0,0001.
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Figure 4.21 Inhibition of cell migration by B-glucogallin at various times and doses in
KKU-100. (A) Cell migration after treatment with B-glucogallin. (B) Quantification of
wound healing rate in KKU-100 after treatment with B-glucogallin. The values are
expressed as mean + SD (shown as error bars) of three independent experiments. * p

< 0.05, * p < 0.01, ** p < 0.001, *** p < 0.0001.
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In general, for these results, compared with the untreated cells, the healing rate
(wound closure or migration area) of the treated group was slower with increasing
concentration of B-glucogallin. Therefore, B-glucogallin inhibits CCA cell migration in a
time- and dose-dependent manner, which indicated that B-glucogallin possesses anti-

migration activity.

4.9 B-Glucogallin inhibit CCA proliferation by inducing apoptosis

In order to corroborate the finding about the anti-proliferative activity of B-
glucogallin in CCA cells and to understand the survival and proliferative activities of
CCA cells after treatment with B-glucogallin, | further investigated the cell survival and
proliferative activities of CCA cells by a cell colony formation assay (clonogenic assay).
This assay is important to understand whether the cells are able to survive and
proliferate after B-glucogallin treatment and is related to the drug resistance because
the propensity of a single cell to form a colony over long time periods is a hallmark
of cancer. In this experiment, | selected KKU-213A and KKU-055 to representing CCA
cells with different characteristics, in that KKU-213A is more aggressive and fast growing,
while KKU-055 is more sensitive and slow growing. | used a concentration of B-
glucogallin near the ICsy value and double this concentration in KKU-213A (0, 70, and
140 uM) and KKU-055 (0, 20, and 40 pM) to ensure that their effects on the survival
and proliferative activities were measurable but that the concentrations were still safe
in the normal human fibroblast cell line, then the cells were incubated in these
concentrations for 14 days. The result showed that KKU-213A and KKU-055 formed
fewer colonies in B-glucogallin compared with untreated cells as control in a dose-
dependnet manner. This indicates that the cells were unable to survive and proliferate

after B-glucogallin treatment and there is no drug resistance in the cells (Figure 4.22).
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Figure 4.22 Colony formation assay in (A) KKU-213A and (B) KKU-055 after treatment
with B-glucogallin. The cells were seeded at 2x10° cell/well and incubated for 14 days
at 37°C after treatment with B-glucogallin. The values are expressed as mean + SD
(shown as error bars) of three independent experiments. * p < 0.05, ** p < 0.01, *** p

< 0.001, *** p < 0.0001.

In order to confirm the role of B-glucogallin in cell death of CCA cells, | further
investigated the apoptotic cells of CCA by Annexin-V/PI staining using flow cytometry.
The morphological change of the cells is associated with a change of membrance
permeability. When cells undergo apoptosis, phosphatidylserine, a phospholipid
embedded in the inner leaflet of the plasma membrane, is exposed on the surface,
so it can be detected by Annexin V (a 36 kDa calcium-binding protein) staining. Annexin
V can bind to phosphatidylserine in the presence of calcium ions, whereas PI stains

the DNA.
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Figure 4.23 Apoptosis analysis in (A) KKU-213A and (B) KKU-055 after treatment with B-
glucogallin for 24 h. The proportion of apoptotic cells were quantified, (C, D) KKU-213A
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evaluated by flow cytometry. The values are expressed as mean + SD (shown as error
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< 0.0001.
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The result showed that the proportion of apoptotic cells (early apoptotic and
late apoptotic cells) was increased compared with control in both KKU-213A and KKU-
055. In KKU-213A, the cell numbers was increasing from 19.3% in control to 24.3% and
35.3% after treatment with 70 pM and 140 uM of B-glucosallin, respectively. In
comparison, the apoptotic cell numbers of KKU-055 increased from 25.3% in control
to 29.2% and 39.3% after treated with 20 uM and 40 uM of B-glucogallin, respectively
(Figure 4.23). This result indicated that B-glucogallin induced apoptosis, although the
percentage of apoptotic cells seems to not be high. The higher apoptotic cells in
control may be caused by the cell culture condition, in which the cells were incubated

in medium without serum, as noted in a previous study (Naradun et al., 2022).

4.10 B-Glucogallin inhibit CCA proliferation via cell cycle arrest

In order to investicate the effect of B-glucogallin in CCA cells proliferation and
to understands whether B-glucogallin led to inhibition of cell growth, | performed cell
cycle analysis by PI staining and flow cytometry in KKU-213A and KKU-055 after
treatment with B-glucogallin. | also evaluated the expression of cell cycle-related
genes, including CCND1, CCNE1, CCNB1, and CDKNB1 by gRT-PCR. As shown in Figure
4.24, cell cycle analysis demonstrated the proportion of cell accumulation of KKU-213
in the S and G2/M phase was significantly increased in a dose-dependent manner
indicating that B-glucogallin caused cell cycle arrestin S.and G2/M phase. In KKU-213A
control, the proportion of cell accumulation was 7% and 19% in S and G2/M phase,
respectively. In treated cells, the cell accumulation was increased to 9% and 17% in
S phase after treatment with 70 uM and 140 uM B-glucosgallin, respectively, while the
cell acumulation in G2/M phase increased to 23% and 27% after treatment with 70
UM and 140 pM B-glucosallin, respectively. In contrast, the proportion of cell
accumulation of GO/G1 phase in KKU-055 was increased from 69% in control to 75%
in 20 uM and 79% in 40 uM B-glucogallin. Meanwhile, in S-phase and G2/M phase
showed decreased cell accumulation in a dose-dependent manner. This result

indicated that B-glucogallin caused cell cycle arrest in GO/G1 phase in KKU-055.
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Figure 4.24 Cell cycle analysis in (A) KKU-213A and (B) KKU-055 after treatment with

B-slucogallin. B-Glucogallin appeared to induce inhibition of CCA cell proliferation via

cell cycle arrest in KKU-213A and KKU-055. The cell number were quantified, (C) KKU-

213A and (D) KKU-055. The DNA content was detected by propidium iodide staining

using flow cytometer. The values are expressed as mean + SD (shown as error bars) of

three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.
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Figure 4.25 Relative mRNA expression levels of cell cycle-related genes in KKU-213A
and KKU-055 after treatment with B-glucogallin. The values are expressed as mean +
SD (shown as error bars) of three independent experiments. * p < 0.05, ** p < 0.01, ***

p < 0.001, *** p < 0.0001.

In order to confirm these results, | investigated the mRNA expression level of cell
cycle regulator genes by quantitative reverse-transcription, gRT-PCR. According to the
results, B-glucogallin down-regulated gene expression of CCNB1 (cyclin B) in KKU-213A,
and CCND1 (cyclin D) and CCNE1 (cyclin E) in KKU-055 in a dose-dependent manner.
These results suggested that the low expression of those genes may have led to the
low expression of cyclin proteins as cell cycle regulators, thus decreased the binding
to CDKs to regulate cell cycle progression, which was caused by the effect of B-
glucogallin in CCA cells (Figure 4.25). Cyclin D is a cell cycle regulator in the GO/G1
phase, thus the highly expression of CCNDI in KKU-213 is associated with cell cycle
progression during G1 phase, which over expression of CCND1 was triggered by mitogen,
then cyclin D bind to their specific CDK (CDK4 or CDK6) to make CycD-CDK4/6 complex

and induce cell cycle progression during G1 phase. In contrast, the expression of CCND1
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and CCNE1 was down-regulated by B-glucogallin in KKU-055, which B-glucogallin
inhibited transcription of CCND1 and CCNE1. While, cyclin B is a cell cycle regulator in
the G2/M phase for cell development and proliferation. In the cell cycle, the cell
transformation from G1 phase to S phase is regulated by cyclin A, cyclin D and cyclin
E, as well as cyclin dependent kinase (CDK) 2/6 and their activities are controlled by
CDK inhibitors (Niyonizigiye et al., 2019; Zhang et al., 2019). Interestingly, the down-
regulating of gene expression was followed by up-regulated of CDKNBI expression
level in both KKU-213A and KKU-055. The CDKNB1 is known as cyclin-dependent kinase
inhibitor 1B (p27"P!) gene which can bind to cyclin-CDK complexes (CycE-CDK2, CycA-
CDK2, and CycB-CDK1),. then inhibit the catalytic activity thus inhibit cell cycle

progression.

4.11 B-Glucogallin inhibit CCA proliferation via ER-stress-induced cell
death

Additionally, in order to investigate the possible cell death mechanism in
inhibition of CCA by B-glucogallin, | investigated the mRNA expression levels of ER-
stress genes related to the unfolded protein response (UPR) signaling pathway. B-
Glucogallin induced up-regulating of gene expression of ER-stress and UPR signaling
markers, including XBP1, sXBP1, ATF4, ATF6 and CHOP, in both KKU-055 and KKU-213A
(Figure 4.26). B-Glucogallin appeared to induce ER-stress by splicing XBPI to form
sXBP1 mRNA, since the expression of sXBP1 is increased approximately 5-fold and 10-
fold after treatment with 70 pM and 140 uM B-glucogallin, respectively. These
phenomena showed that treatment of CCA cells with B-glucogallin induced ER-stress
and UPR signaling pathway, then activated proapoptotic genes in the nucleus to trigger
apoptosis via ER stress-induced cell death. This finding was supported by the previous
results, suggested that another cell death mechanism for further study, because the
inability of protein folding and misfolded protein will lead to ER-stress, unfolded
protein response (UPR) and ER-associated degradation (ERAD), which these interact
with the ubiquitin-proteasome system (UPS) (Mao et al,, 2019). If the protein

accumulation is persistent by inhibiting the proteasome system, it would turn the



99

signaling from pro-survival to pro-apoptotic, meaning that B-glucogallin has potential

as a proteasome inhibitor.
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Figure 4.26 Relative mRNA expression levels of ER-stress genes related to UPR signaling
pathway in KKU-213A and KKU-055 after treatment with B-gclucogallin. The values are
expressed as mean + SD (shown as error bars) of three independent experiments. * p

< 0.05,* p < 0.01, ** p < 0.001, *** p < 0.0001.



CHAPTER V
CONCLUSION

This study showed that rice Os9BGlu31 transglucosidase is a promising enzyme
for glycosylation of compounds of interest and it can be used to synthesize sufficient
quantities of products for bioactivity testing. Os9BGlu31 transferred glucosyl moiety
from pNPG as glucosyl donor to phenolic acids as glucosyl acceptors to produce
phenolic acid glucosyl esters in one-step enzymatic synthesis. Mutation of Os9BGlu31
at suitable positions improved the enzymatic activity and allowed it to transfer glucosyl
moiety to the carboxyl groups of phenolic acids at higher rates thus it can produce
phenolic acid glucosyl esters as major transglucosylation products. The mutant variants
also transfer glucosyl moiety to hydroxyl groups, thus produced other derivative
transglucosylation products although in lower quantities. The W243N and W243L
mutants of Os9BGlu31 are the best mutant variants in this study, since they produced
high vyield of phenolic acid glucosyl esters, while also resulting additional
transglucosylation products, including slucoside and bis-glucoside. Despite these
additional products, their high rates made W243N and W243L mutant variants are the
enzymes of choice for the production of phenolic acid glucosyl esters, since these
could readily be purified away from other products.

This study also provided evidence that among phenolic acid glucosyl esters
tested, B-glucogallin displays excellent antioxidant activity, and inhibition of cell
proliferation and cell migration of cholangiocarcinoma cells without inhibiting cell
proliferation of normal human fibroblast cells. B-Glucogallin induced inhibition of
cholangiocarcinoma cells via ER stress-induced cell death by up-regulating of gene
expression of ER-stress and unfolded protein response signaling markers, leading to
inhibit cell cycle progression via down-regulating of gene expression of cell cycle
regulators, then induced apoptotic pathway to promote apoptosis. This finding
revealed that B-glucogallin is a potential anti-cancer and anti-migration agent in the
treatment of cholangiocarcinoma, which may offer an opportunity to develop it as a

supplemental ingredient in cholangiocarcinoma treatments. Although these results are
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promising, further study is needed to investigate further molecular mechanisms by

which B-glucogallin inhibits cholangiocarcinoma cells.
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Figure 5.1 Synthesis and production of phenolic acid glucosyl esters by rice Os9BGlu31
transglucosidase in  one-step enzymatic synthesis and their effects in
cholangiocarcinoma cells. The phenolic acid glucosyl esters display antioxidant, anti-
proliferative, and anti-migration activity in cholangiocarcinoma cells. The inhibitory
mechanism of B-glucogallin in cholangiocarcinoma cells are proposed. B-Glucogallin
inhibited cholangiocarcinoma cell growth via ER stress-induced cell death by up-
regulating of gene expression of ER-stress and unfolded protein response signaling
markers, leading to inhibit cell cycle progression via down-regulating of gene expression

of cell cycle regulators, then induce apoptotic pathway to promote apoptosis.
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APPENDIX A
PROTEIN PURIFICATION AND GLYCOSYLATED PRODUCTS
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Figure A.1 SDS-PAGE analysis of Os9BGlu31l wild type purification fractions. (A)
0s9BGlu31 wild type was purified by 1% IMAC Sepharose with Co?* equilibrated resin.
Lane M = molecular weight marker, lane 1 = soluble crude enzyme, lane 2 = flow
through, lane 3 = W0 (unbound protein with equilibration buffer), lane 4 = W10 (10
mM imidazole), lane 5 = W20 (20 mM imidazole), lane 6 = E250 (His-tag-Os9BGlu31
eluted with 250 mM imidazole). (B) Os9BGlu31 wild type was purified by 2™ IMAC
Sepharose with Co?* equilibrated resin after TEV cleavage from the tags. Lane M =
molecular weight marker, lane 1 = protein after cleavage, lane 2 = flow through, lane

3 = EQ4, lane 4 = EO,, lane 5 = EOs, lane 6 = EQq4, lane 7 = E5;, lane 8 = E5.,.
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Figure A.2 SDS-PAGE analysis of Os9BGlu31 W243H purification fractions. (A) Os9BGlu31
W243H was purified by 1% IMAC Sepharose with Co*" equilibrated resin. Lane M =
molecular weight marker, lane 1 = soluble crude enzyme, lane 2 = flow through, lane
3 = WO (unbound protein with equilibration buffer), lane 4 = W10 (10 mM imidazole),
lane 5 = W20 (20 mM imidazole), lane 6 = E250 (His-tag-Os9BGlu31 eluted with 250
mM imidazole). (B) Os9BGlu31 W243H was purified by 2"¢ IMAC Sepharose with Co?*
equilibrated resin after TEV cleavage from the tags. Lane M = molecular weight marker,
lane 1 = protein after cleavage, lane 2 = flow through, lane 3 = EO,, lane 4 = EO,, lane

5 = EOs, lane 6 = EQ4, lane 7 = E5;, lane 8 = E5,.
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Figure A.3 SDS-PAGE analysis of Os9BGlu31 W243N purification fractions. (A) Os9BGlu31
W243N was purified by 1% IMAC Sepharose with Co*" equilibrated resin. Lane M =
molecular weight marker, lane 1 = soluble crude enzyme, lane 2 = flow through, lane
3 = WO (unbound protein with equilibration buffer), lane 4 = W10 (10 mM imidazole),
lane 5 = W20 (20 mM imidazole), lane 6 = E250 (His-tag-Os9BGlu31 eluted with 250
mM imidazole). (B) Os9BGlu31 W243N was purified by 2"¢ IMAC Sepharose with Co?*
equilibrated resin after TEV cleavage from the tags. Lane M = molecular weight marker,
lane 1 = protein after cleavage, lane 2 = flow through, lane 3 = EO,, lane 4 = EO,, lane

5 = EOs, lane 6 = EQ4, lane 7 = E5;, lane 8 = E5,.



M 1 2 3 4 5

(kDa)
97

66

45

30

20.1

A

70 kDa

(kDa)

66 —

45 —

30 —

20.1 —

M 1 2

B

135

50 kDa

Figure A.4 SDS-PAGE analysis of Os9BGlu31 W243L purification fractions. (A) Os9BGlu31

W243L was purified by 1% IMAC Sepharose with Co** equilibrated resin. Lane M =

molecular weight marker, lane 1 = soluble crude enzyme, lane 2 = flow through, lane

3 = WO (unbound protein with equilibration buffer), lane 4 = W10 (10 mM imidazole),

lane 5 = W20 (20 mM imidazole), lane 6 = E250 (His-tag-Os9BGlu31 eluted with 250

mM imidazole). (B) Os9BGlu31 W243L was purified by 2" IMAC Sepharose with Co?*

equilibrated resin after TEV cleavage from the tags. Lane M = molecular weight marker,

lane 1 = protein after cleavage, lane 2 = flow through, lane 3 = EO,, lane 4 = EO,, lane

5 = EQ3, lane 6 = EQq, lane 7 = E5;, lane 8 = E5,.

Table A.1 Retention time of transglucosylation products in the enzymatic reactions

with several glucosyl acceptors after separation by UHPLC.

Retention time of products (min)

Substrates MW RT
MF glucosyl- bis-
(Glucosyl acceptors) (g/mol)  (min) glucoside
ester glucoside

Ferulic acid CioH100O4  194.18  10.2 8.2 7.4 6.3
Vanillic acid CgHgO4 168.14 8.5 6.7 59 a7
4-Hydroxybenzoic acid  C;H¢Os 138.12 7.8 6.2 4.9 3.3
p-Coumaric acid CoHgOs 164.16 9.7 7.8 6.9 59
trans-Cinnamic acid CoHgOy 148.15 13.4 10.3 - -
Syringic acid CoHygOs  198.17 8.7 7 6.5 55
Sinapic acid CyiHi05  224.21 10.3 8.3 7.8 -
Gallic acid C7HsO5 170.12 3.8 2.8 5.6 -




APPENDIX B
PHENOLIC ACID GLUCOSYL ESTERS AND THEIR AGLYCONES
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Figure B.1 Antioxidant activity of phenolic acids. The radical scavenging activity was
determined by DPPH assay. The values are expressed as mean + SD (shown as error

bars) of three independent experiments.

Table B.1 ICs values of antioxidant activity of phenolic acids. The values are expressed

as mean + SD (shown as error bars) of three independent experiments.

Glycones IC50 Glycones IC50
Ascorbic acid 2.35 + 0.05 pg/ml
Ferulic acid 14.50 + 0.46 pyg/ml  p-Coumaric acid > 256 pg/ml
Sinapic acid 556 + 0.21 pg/ml Vanillic acid > 256 pg/ml
Gallic acid 1.58 + 0.09 pg/ml  4-Hydroxybenzoic acid > 256 pg/ml

Syringic acid 2.86 + 0.12 pg/ml  trans-Cinnamic acid > 256 pg/ml
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Figure B.2 Inhibitory effect of phenolic acids on cell proliferation of KKU-213A at 24 h.

(A) ferulic acid, (B) vanillic-acid, (C) 4-hydroxybenzoic acid, (D) p-coumaric acid, (E) trans-

cinnamic acid, (F) syringic acid, (G) sinapic acid, and (H) gallic acid. The cell viability was

determined by the SRB assay. The values are expressed as mean + SD (shown as error

bars) of three independent experiments.

Table B.2 IC5, values of inhibitory effect of B-glucogallin in cholangiocarcinoma cells

at 24, 48 and 72 h. The values are expressed as mean + SD of three independent

experiments.

CCA Cells Incubation time ICs0 values (uM)
KKU-213A 24 h 673+1.3
48 h 578+ 1.6
72 h 51.7+ 0.4
KKU-055 24 h 198+ 1.3
48 h 18.1 =+ 0.7
72 h 176 = 1.7
KKU-100 24 h 178.7 + 4.1
48 h 170.9 + 4.9
72 h 140.7 £ 1.6




138

A 1209 == 24h wm 48h wm 72h
100 —
Z go
3 Cells  Incubation 1C5,
E 60— time
=
o 404 kku-213a 240 o
20 48h 41.74+4.79 uM
72h 15.74+4.59 pM
0_-_
0 20 40 60 80 100
Concentration (pM)
B 120q = 24h == 48h =m 72h
100 -
£ s80-
3 Cells Incubation 1C,,
$ 604 time
S
; 40 - KKU-055 24h NP
48h 23.3+5.7uM
20 E
72h 6.1+ 1.8uM
0_

0 10 20 30 40 50 60 70 80 90 100

Concentration (uM)

120q =— 24h == 48h =mm 72h
100

80

Cells Incubation [
60 | time
40 KKU-100 h MD
204 8h 123.8+12.1uM
o 2h 42.3.1+£2.4uM

0 20 40 60 80 100 120 140 160 180 200

]

% cell viability

ey

~J

Concentration (PM)

Figure B.3 Inhibitory effect of 5-fluorouracil in (A) KKU-213A, (B) KKU-055, and (C) KKU-
100 at 24, 48 and 72 h. The cell viability was determined by SRB assay. The values are

expressed as mean + SD (shown as error bars) of three independent experiments.



APPENDIX C
NMR SPECTRA OF PHENOLIC ACID GLUCOSYL ESTERS
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Figure C.1 'H-NMR (500 MHz, CD;0D) spectra of syringic acid glucosyl ester. Solvent:

CD50D, Frequency: 500 MHz.

Experimental section:

(Syringic acid glucosyl ester): 'H NMR (500 MHz, CD;0D) 6 7.49 (s, 2H), 5.83 - 5.72 (m,
1H), 3.98 (s, 6H), 3.95 (dd, J = 12.3, 2.0 Hz, 1H), 3.80 (dd, J = 12.1, 4.7 Hz, 1H), 3.59 (dd,
J=6.9,4.5Hz, 2H), and 3.57 - 3.48 (m, 2H); *C NMR (125 MHz, CD,0D) § 165.33, 147.55,
141.14, 119.27, 107.23, 94.80, 77.48, 716.67, 72.66, 69.70, 60.92, and 55.47.
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Figure C.2 >C-NMR (125 MHz, CD;0D) spectra of syringic acid glucosyl ester. Solvent:

CDsOD, Frequency: 125 MHz.
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Figure C.3 *H-NMR (500 MHz, CD;0D) spectra of 4-hydroxybenzoic acid glucosyl ester.

Solvent: CD;0D, Frequency: 500 MHz.

Experimental section:

(4-Hydroxybenzoic acid glucosyl ester): 'H NMR (500 MHz, CD;0D) 6 8.04 (d, J = 8.8 Hz,

2H), 6.93 (d, J = 8.8 Hz, 2H), 5.76 (d, J = 7.8 Hz, 1H), 4.65 (s, 1H), 3.94 (dd, J = 12.2, 2.0

Hz, 1H), 3.79 (dd, J = 12.1, 4.7 Hz, 1H), 3.63 - 3.55 (m, 2H), 3.55 - 3.47 (m, 2H); 1*C NMR

(125 MHz, CD50D) & 165.38, 162.63, 131.90, 120.15, 114.81, 94.59, 77.45, 76.72, 72.68,

69.71, and 60.94.
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Figure C.4 *C-NMR (125 MHz, CD;0D) spectra of 4-hydroxybenzoic acid glucosyl ester.
Solvent: CD;0OD, Frequency: 125 MHz.
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Figure C.5 'H-NMR (500 MHz, CD50D) spectra of vanillic acid glucosyl ester. Solvent:

CDsOD, Frequency: 500 MHz.

Experimental section:

(Vanillic acid glucosyl ester): '*H NMR (500 MHz, CD50D) 6 7.57 — 7.51 (m, 2H), 6.76 (d, J

= 8.3 Hz, 1H), 5.58 (d, J = 7.8 Hz, 1H), 3.80 (s, 3H), 3.75 (dd, J = 12.2, 2.0 Hz, 1H), 3.60

(dd, J = 12.1, 4.7 Hz, 1H), 3.42 - 3.37 (m, 2H), and 3.34 (m, J = 9.9, 3.3 Hz, 2H); *C NMR

(125 MHz, CD;0D) 6 165.35, 152.02, 147.39, 124.31, 120.44, 114.60, 112.53, 94.69, 77.47,

76.70, 72.67, 69.71, and 60.94.
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Figure C.6 >C-NMR (125 MHz, CDs0OD) spectra of vanillic acid glucosyl ester. Solvent:

CDsOD, Frequency: 125 MHz.
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Figure C.7 'H-NMR (500 MHz, CDs0OD) spectra of ferulic acid glucosyl ester. Solvent:
CDsOD, Frequency: 500 MHz.

Experimental section:

(Ferulic acid glucosyl ester): 'H NMR (500 MHz, CD;0D) § 7.62 (d, J = 15.9 Hz, 1H), 7.10
(d, J = 2.0 Hz, 1H), 7.00 (dd, J = 8.3, 1.9 Hz, 1H), 6.72 (d, J = 8.2 Hz, 1H), 6.30 (d, J = 15.9
Hz, 1H), 5.48 (d, J = 7.7 Hz, 1H), 3.79 (s, 3H), 3.75 (dd, J = 12.2, 2.1 Hz, 1H), 3.59 (dd, J
= 12.1, 4.8 Hz, 1H), and 3.39 ~ 3.24 (m, 4H); *°C NMR (125 MHz, CD,0D) & 166.30, 149.56,
148.02, 146.81, 126.18, 122.96, 115.14, 113.39, 110.49, 94.41, 77.43, 76.66, 72.67, 69.74,
60.97, and 55.07.
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Figure C.8 *C-NMR (125 MHz, CD,0D) spectra of ferulic acid glucosyl ester. Solvent:

CD50D, Frequency: 125 MHz.
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Figure C.9 'H-NMR (500 MHz, CD50OD) spectra of trans-cinnamic acid glucosyl ester.
Solvent: CD50D, Frequency: 500 MHz.

Experimental section:

(trans-cinnamic acid glucosyl ester): 'H NMR (500 MHz, CD50D) & 7.70 (d, J = 16.0 Hz,
1H), 7.52 (dd, J = 6.6, 2.9 Hz, 2H), 7.35 — 7.27 (m, 3H), 6.47 (d, J = 16.0 Hz, 1H), 5.49 (d,
J=71.7Hz 1H), 3.75(dd, J = 12.1, 2.1 Hz, 1H), 3.59 (dd, J = 12.1, 4.9 Hz, 1H), and 3.41
- 3.25 (m, 4H); *C NMR (125 MHz, CD,0OD) & 165.70, 146.23, 134.21, 130.40, 128.68,
127.97, 116.88, 94.54, 77.47, 76.62, 72.63, 69.71, and 60.94.
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Figure C.10 >C-NMR (125 MHz, CD5QOD) spectra of trans-cinnamic acid glucosyl ester.
Solvent: CD50D, Frequency: 125 MHz.
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Figure C.11 'H-NMR (500 MHz, CD;0D) spectra of sinapic acid glucosyl ester. Solvent:

CDsOD, Frequency: 500 MHz.

Experimental section:

(Sinapic acid glucosyl ester): *H NMR (500 MHz, CD;0D) & 7.63 (d, J = 15.8 Hz, 1H), 6.84
(s, 2H), 6.79 (d, J = 5.9 Hz, 1H), 6.34 (d, J = 15.9 Hz, 1H), 5.48 (d, J = 7.7 Hz, 1H), 3.78 (s,
J = 4.2 Hz, 6H), 3.75 (m, 1H), 3.60 (dd, J = 12.1, 4.9 Hz, 1H), and 3.40 - 3.26 (m, 4H),;
13C NMR (125 MHz, CD50D) § 166.22, 148.12, 147.03, 138.58, 125.64, 125.10, 115.11,
113.83, 105.73, 94.43, 77.44, 76.66, 72.68, 69.74, 60.97, and 55.46.
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Figure C.12 *C-NMR (125 MHz, CD,0D) spectra of sinapic acid glucosyl ester. Solvent:

CD50D, Frequency: 125 MHz.
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Figure C.13 'H-NMR (500 MHz, CD50D) spectra of p-coumaric acid glucosyl ester.
Solvent: CD50D, Frequency: 500 MHz.

Experimental section:

(p-Coumaric acid glucosyl ester): '*H NMR (500 MHz, CD50D) & 7.63 (d, J = 15.9 Hz, 1H),
7.38(d, J = 8.6 Hz, 2H), 6.72 (d, J = 8.6 Hz, 2H), 6.27 (d, J = 15.9 Hz, 1H), 5.48 (d, J = 7.8
Hz, 1H), 3.75 (dd, J = 12.1, 2.0 Hz, 1H), 3.59 (dd, J = 12.1, 4.8 Hz, 1H), and 3.39 — 3.25
(m, 4H); *C NMR (125 MHz, CD;0D) & 166.32, 160.19, 146.54, 129.98, 125.63, 115.49,
113.08, 94.39, 77.43, 76.64, 72.65, 69.73, and 60.96.
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Figure C.14 “C-NMR (125 MHz, CD;OD) spectra of p-coumaric acid glucosyl ester.
Solvent: CD50D, Frequency: 125 MHz.
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