
 

TRANSGLUCOSYLATION BY RICE β-GLUCOSIDASES 

AND β-TRANSGLUCOSIDASE VARIANTS 

 

 

 

 

 

Sunaree Choknud 

 

 

 

 

 

A Thesis Submitted in Partial Fulfillment of the Requirements for the  

Degree of Doctor of Philosophy in Biochemistry and Biochemical Technology 

Suranaree University of Technology 

Academic Year 2020 

 



 

ปฏิกริิยาการย้ายกลูโคสโดยเอนไซม์เบต้ากลูโคซิเดสและ 

เบต้าทรานส์กลูโคซิเดสกลายพนัธ์ุจากข้าว 

 

 

 

 

 

 

ว่าที่ร้อยตรีหญงิสุนารี   โชคนัด 

 

 

 

 

 

 

 

วทิยานิพนธ์นีเ้ป็นส่วนหน่ึงของการศึกษาตามหลกัสูตรปริญญาวทิยาศาสตรดุษฎบีัณฑิต 
สาขาวชิาชีวเคมีและเทคโนโลยชีีวเคมี 

มหาวทิยาลัยเทคโนโลยสุีรนารี 
ปีการศึกษา 2563 

 



 
 

 

 

 



 
 

 

สุนารี  โชคนดั : ปฏิกิริยาการยา้ยกลูโคสโดยเอนไซมเ์บตา้กลูโคซิเดสและเบตา้ทรานส์กลูโคซิ

เดสกลายพนัธุ์จากขา้ว (TRANSGLUCOSYLATION BY RICE β-GLUCOSIDASES AND 

β-TRANSGLUCOSIDASE VARIANTS). อาจารยท์ีÉปรึกษา : ศาสตราจารย ์ดร.เจมส์                     

เกตุทตั-คาร์นส์, 141 หนา้. 

 

 ปฏิกิริยาการไกลโคซิเลชนัเป็นกลไกทีÉสําคญัทีÉสามารถลดหรือเพิÉมฤทธิÍ ทางชีวภาพของสาร

นัÊนได ้ เพิÉมความสามารถในการละลายนํÊ า และเพิÉมส่วนยึดจบักบัตวัรับสัญญาณ (receptor binding 

sites)  ไกลโคไซด์ถูกสร้างไดโ้ดยเอนไซมไ์กลโคซิลทรานส์เฟอเรส โดยการยา้ยนํÊ าตาลจากนํÊ าตาล

นิวคลีโอไทด์ (nucleotide sugars) หรือไกลโคไซด์ ไฮโดรเลส โดยผา่นปฏิกิริยาทรานส์ไกลโคซิเล

ชนัหรือปฏิกิริยาไฮโดร ไลซิสแบบยอ้นกลบั  เอนไซมค์ลา้ยคลึงไกลโคไซด์ ไฮโดรเลส (glycoside 

hydrolase homologues) บางชนิดเลือกยา้ยนํÊ าตาลจากอนุพนัธ์ของคาร์โบไฮเดรท ให้กบันิวคลีโอ

ไฟล์มากกวา่ใหน้ํÊา เรียกวา่ เอนไซมท์รานส์กลูโคสิเดส 

 เอนไซม์ไกลโคไซด์ไฮโดรเลสตระกูลทีÉ ř เป็นเอนไซมที์Éพบเป็นวงกวา้ง ทาํหน้าทีÉตดัพนัธะ

โอ-ไกลโคซิดิก ระหวา่งส่วนทีÉเป็นนํÊาตาล ทีÉต่อกบัส่วนทีÉไม่ใช่นํÊาตาล  เอนไซม ์Os9BGlu31 ทรานส์

กลูโคซิเดส จากรายงานก่อนหน้านีÊ พบว่า มีความสามารถเร่งปฏิกิริยาการเคลืÉอนยา้ยกลูโคสในพืช 

เพืÉอสร้างอนุพนัธ์ของคาร์โบไฮเดรท  และ Os9BGlu31 ในรูปกลายพนัธ์ุ W243L และ W243N  ถูกราย 

งานวา่ มีประสิทธิภาพสูงในการเคลืÉอนยา้ยกลูโคสใหก้บัตวัรับทีÉหลากหลายมากว่า Os9BGlu31 ดัÊงเดิม  

 ในทีÉนีÊ เราไดท้าํการศึกษาการยา้ยกลูโคสให้กบัยาปฏิชีวนะและยาเคมีบดั โดย Os9BGlu31 

กลายพนัธ์ุ W243L และ W243N  และวเิคราะห์ปฏิกิริยาโดยวธีิ UPLC จากการศึกษาพบวา่มี Ş ตวัอยา่ง 

ทีÉสามาถรับกลูโคสไดแ้ก่  (1) คลอแรมเฟนิคอล  (2) ไนโบไมซิน (3) ยาแอมพิซิลลิน  (4) อะมอกซีซิลลิน  

(5) เตตราไซคลีน และ (6) ดอกโซรูบิซิน  นอกจากนีÊ ไดมี้การผลิตคลอแรมเฟนิคอลกลูโคไซด์โดย 

Os9BGlu31W243N และพิสูจน์โครงสร้างทางเคมีด้วยวิธี NMRพบว่า เบตา้-ดี-กลูโคส เชืÉอมกับ

แอลกอฮอล์ปฐมภูมิของคลอแรมเฟนิคอล 

 เอนไซม์ไกลโคไซด์ไฮโดรเลสตระกูลทีÉ 3 เอกโซกลูคาเนส ทาํหน้าทีÉตดัเบต้ากลูแคนในพืช 

OsExo1 มีการแสดงออกหลากหลายใน P. pastoris โดยในขัÊนตอนการทาํบริสุทธิÍ  พบวา่ OsExo1 ถูก

เติมนํÊ าตาลในระดบัทีÉต่างกนั และนํÊ าตาลเหล่านัÊนสามารถถูกตดัไดด้ว้ยเอนไซม ์Endo-glycosidase H  
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Glycosylation is an important mechanism to restrict or increase bioactivity, 

increase water solubility and provide receptor binding sites. Glycosides can be produced 

by glycosyltransferases that transfer sugars from nucleotide sugars or glycoside 

hydrolases via transglycosylation or reverse hydrolysis.  Some glycoside hydrolase 

homologues prefer to transfer sugars from glycoconjugates to nucleophiles other than 

water and are designated transglycosidases. 

oside hydrolase family 1 are a widespread group of enzymes that hydrolyze the 

O-glycosidic bond between a sugar portion, which can be one or more 

monosaccharides, linked to a non-sugar moiety. Os9BGlu31 transglucosidase has been 

recognized to catalyze transglycosylation in production of glycoconjugates in 

plants from previous reports. Os9BGlu31 variants W243L and W243N were previously 

shown to have high activity and transglycosylate more substrates than wild-type 

enzyme. The transglucosylation of medicinal compounds by Os9BGlu31 variants 

W243L and W243N and assessed by reaction and ultra-high performance liquid 

chromatography (UPLC). Among the tested acceptor substrates, six acceptors resulted 

in glycosylated products, including chloramphenicol, nybomycin, ampicillin, 

amoxicillin, tetracycline, and doxorubicin. Chloramphenicol glucoside was produced 
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CHAPTER I 

INTRODUCTION 

 

1.1  General introduction 

Glycoside hydrolases are involved in many biological processes of living 

organisms. These include biomass conversion in microorganisms, breakdown of 

glycolipids and exogenous glucosides and cellular communication in animals (Ketudat 

Cairns and Esen, 2010; Clark et al., 1996), and chemical defense (Morant et al., 2008), 

lignification (Escamilla-Trevino et al., 2006), cell wall modification (Hrmova and 

Fincher, 2001), and phytohormone conjugate activation in plants (Lee et al., 2006). 

Usually, glycoside hydrolases catalyze break-down of glycosidic bonds. However, the 

enzymes can also catalyze the glycosylation reaction by the thermodynamically 

controlled reverse hydrolysis or transglycosylation (Desmet et al., 2012; Tran et al., 

2019, Thenchartanan et al., 2020).   

A glycoconjugate is a compound that comprises a sugar portion (glycon), which 

can be one or more monosaccharides, linked to a non-sugar moiety (aglycon) via a 

glycosidic bond. The glycosidic bond can be an O-, N-, S-, or C- linkage to the glycon 

anomeric carbon, which can exist as α- or β- diastereoisomers, with the β-forms being 

most common (Bartnik and Facey, 2017; Mestrom et al., 2019). Many small molecule 

drugs, such as antibiotics and anticancer therapeutic agents, are glycosides. 

Glycoconjugates are also found in cosmetic ingredients and food (Nishimura et al., 1995; 

 



 

 

2 

 

Sua et al., 2016). The glycosidic residues significantly improve the solubility, stability, 

emulsifying properties, and bioactivity of the molecules (Pandey et al., 2014; Kren and 

Rezanka, 2008). 

Although chemical synthesis can be used to generate glycoconjugates, the unique 

and complex structures of glycoconjugates, which usually require numerous protection, 

deprotection and activation steps to achieve specific synthesis, make them very difficult 

and costly to generate by chemical synthesis (Rather and Mishra, 2013). Enzymatic 

glycosylation can form a specific glycosidic bond in one step and under environmentally 

friendly conditions. There are three categories of carbohydrate-active enzymes that can 

catalyze the synthesis of glycoconjugates: glycosyltransferases, glycosidases (glycoside 

hydrolases), and transglycosidases (Song et al., 2006). The glycosyltransferases can 

provide high recovery yield with high selectivity of donor and acceptor specificity. 

Although they are very efficient enzymes, their requirement for expensive activated 

donors is the major constriction in their application for the commercial production  

of glycoconjugates (Lim et al., 2005). Glycosidases are attractive enzymes for 

glycoconjugate production due to their natural abundance, robustness and ability to 

allow a variety of acceptors and cheaper glycosyl donor substrates. Reverse hydrolysis 

or transglycosylation by glycosidases can be used for synthetic purposes. Nevertheless, 

application of glycoside hydrolases in glycosylation suffers from their hydrolytic 

activity, decreasing their use for glycosylation. Retaining glycosidase homologues are 

sometimes found to have much higher activity for transglycosylation than hydrolysis, 

and such enzymes are called transglycosidases. Transglycosidase performance makes 

them very interesting for application (Luang et al., 2013; Komvongsa et al., 2015; Adari 

et al., 2016; Nam et al., 2017; Tran et al., 2019).  
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Engineering of glycoside hydrolases and transglycosidases can be done to 

achieve better glycosylation of compounds of interest (Teze et al., 2014; Bissaro et al., 

2015; Tran et al., 2019, Thenchartanan et al., 2020). Molecular docking programs, such 

as AutoDock Vina, can be used to predict noncovalent bound conformations and free 

energies of binding for ligands to proteins in order to efficiently obtain substitutions of 

amino acids leading to the desired properties by site‐directed mutagenesis (Trott and 

Olson, 2010). 

Here, the study aimed to investigate the effects of various substitution mutations 

of Os9BGlu31 to improve use of different donor and acceptor substrates, as well as use 

of GH3 exoglucanases for transglycosylation, allowing purification and structural 

confirmation of the product glycosides. This information could allow the efficient 

catalytic routes to produce novel and useful glycoconjugates. 

 

1.2  Research objectives  

 The objectives of this study include: 

1. To engineer the transglycosylation selectivity of Os9BGlu31 by site directed 

mutagenesis to improve use of different glucosyl donor and acceptor substrates. 

2. To investigate the transglycosylation activity of OsExo1 and OsExo2 on 

alcohols and other substrates.   

3. To produce, purify and characterize the transglycosylation products of 

Os9BGlu31, OsExo1 and OsExo2. 
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1.3  Research scope 

The research scope of the project includes investigation of the transglycosylation 

properties of Os9BGlu31 active site cleft variants, OsExo1, and OsExo2. This study 

was focused on the selectivity for different donor and acceptor substrates for mutations 

of Os9BGlu31 transglucosidase designed to improve use of different donor substrates. 

The investigation of OsExo1 and OsExo2 included protein expression, improving the 

purification process to obtain the adequate purity and recovery, and investigation of the 

transglycosylation activity on alcohols and other substrates OsExo1 and OsExo2. In 

addition, production, purification, and characterization of glycoside products of 

Os9BGlu31 transglucosidase and GH3 exoglucanases were done to determine their 

structures. 

 

 



 

CHAPTER II 

LITERATURE REVIEW 

 

2.1 Glycoside hydrolases 

Glycoside hydrolases (EC 3.2.-.-) are present in essentially all living organisms, 

performing different functions, and are also referred to as glycosidases and glycosyl 

hydrolases. These enzymes are widespread and hydrolyze α- or β-glycosidic bonds 

between two carbohydrates or between carbohydrate and non-carbohydrate moieties 

(O-, N- and S-linked glycosides), leading to the formation of a sugar hemiacetal or 

hemiketal and the corresponding free aglycon (Figure 2.1) (Stick and Williams, 2009). 

A classification of glycoside hydrolases in families based on amino acid sequence 

similarity has been generated (Henrissat, 1991). The classification based on sequence 

similarity has led to assignment of more than 170 families (www.cazy.org; Lombard et 

al., 2014). The CAZy (Carbohydrate-Active enzymes) database provides a reliable 

prediction of mechanism (retaining/inverting), active site residues and possible 

substrates. Based on 3D structural similarity and conservation of catalytic amino acids, 

the sequence-based families with related structures have been classified into clans 

(Henrissat and Bairoch, 1996).  

Glycoside hydrolases also can be classified into endo- or exo-glycoside 

hydrolases (Figure 2.2), based on whether the enzyme cleaves an internal glycosidic 

bond in the internal part of a chain (endo) or at the end of a chain (exo). The endo- or 

 



 
 

6 
 

exo- acting activity does not have a relationship to the mechanism utilized, for example, 

endoglucanases (cellulases) can be retaining or inverting enzymes (Stick and Williams, 

2009). 

 

 

 

Figure 2.1 Glycoside hydrolase activity (Stick and Williams, 2009). 

 

 

 

Figure 2.2 Endo/exo-acting glycoside hydrolases (Stick and Williams, 2009). 

 

2.2 Glycoside hydrolase mechanisms 

 The enzymatic hydrolysis of the glycosidic bond usually utilizes two acidic 

catalytic residues in the active site that act as a general acid or proton donor and a 

general base or nucleophile for hydrolysis (Koshland, 1953). This hydrolysis can occur 

by two major mechanisms, inversion and retention, which differ in whether the 

anomeric configuration of the product changes from that of the substrate or not 

(McCarter and Withers, 1994). 

 The inverting mechanism is a single displacement mechanism (Koshland, 1953), 

in that bond breaking and forming both proceed in a single step (Davies et al., 2003; 
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Sinnott, 1990). The hydrolysis starts with a general acid catalyst protonating the 

glycosidic oxygen, following by water, taking the role of a nucleophile, attacking on 

the anomeric carbon. The water is activated by extraction of a proton by a carboxylate 

base leading to inversion of the anomeric conformation (Figure 2.3 top).  

  

 

 

Figure 2.3 General mechanisms of inverting and retaining β-glycoside hydrolases 

(Ketudat-Cairns, and Esen, 2010). 
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 The retaining mechanism is a double displacement mechanism, consisting of two 

steps (Figure 2.3 bottom). This mechanism uses two essential residues (generally Asp 

or Glu) that are usually located ~5.5 Å apart in the active site of the enzyme, which is 

closer together than the catalytic residues of the inverting mechanism (~10 Å, Figure 

4) (Zechel and Withers, 2000). In the first step, an acid/base catalyst protonates the 

glycosidic oxygen, while a general nucleophile residue attacks the anomeric carbon to 

form a covalent glycosyl-enzyme intermediate (Figure 2.3). In the second step, the 

general acid/base residue deprotonates a water molecule, which generates a 

nucleophilic species to attack at the anomeric carbon and displace the free sugar, which 

has the same anomeric configuration as the substrate.  

 

 

 

Figure 2.4  The distance of catalytic residues in the active sites of (A) an inverting β-

glucosidase and (B) a retaining β-glucosidase. In A, the general acid and nucleophile 

are located on opposite sides of the glycosidic bond at least 10 Å apart, and in B, two 

general acid-base are located on different sides of the glycosidic bond approximately 

5.5 Å apart (Zechel and Withers, 2000; Lundemo, 2015). 
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2.3 β-Glucosidases 

 β-Glucosidases (EC. 3.2.1.21) are hydrolases that catalyze the hydrolysis of  

β-glycosidic bonds to release nonreducing terminal glucosyl residues from glycosides 

and oligosaccharides (Ketudat Cairns and Esen, 2010). These enzymes are universally 

found in living organisms, including animals, plants, fungi, protists, bacteria, and 

archaea. They play important roles in many biological processes, such as biomass 

conversion in microorganisms, breakdown of glycolipids and exogenous glucosides in 

animals (Ketudat Cairns and Esen, 2010), and chemical defense (Morant et al., 2008), 

lignification (Escamilla-Trevino et al., 2006), cell wall modification (Hrmova and 

Fincher, 2001) and phytohormone conjugate activation (Lee et al., 2006) in plants. 

 β-Glucosidases are found in at least 9 families of GH and they have various 

structures, depending on of which GH family they are a member (www.cazy.org). 

β-Glucosidases are grouped into GH families 1, 2, 3, 5, 9, 16, 30, 39 and, 116 and most 

plant β-glucosidases that have been characterized fall in GH1 (Ketudat Cairns and Esen, 

2010). The families GH1, GH5, and GH30 belong to the Clan GH-A, the members of 

which have similar (β/α)8 barrel domains that contain their active site. In contrast the 

family GH 9 and GH116 catalytic domains have (α/α)6 solenoid structures (Cantarel et 

al., 2009; Ketudat Cairns and Esen, 2010; Charoenwattanasatien et al., 2016). GH3 

enzymes use the cooperation of two domains, the first one being a (β/α)8 barrel or triose 

phosphate isomerase (TIM) barrel domain and the other being a (β/α)6 sandwich 

domain, for their active sites (Figure 2.5) (Hrmova et al., 2001; Hrmova et al., 2002). 
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Figure 2.5 Structures of β-glucosidases from different GH families (Ketudat-Cairns 

and Esen, 2010; Charoenwattanasatien et al., 2016). 
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2.4 Glycoside hydrolase family 1  

 Glycoside hydrolase family 1 (GH1) includes enzymes that hydrolyze O-glycosidic 

bonds at the nonreducing end of carbohydrates to release β-D-glucose, β-D-galactose, 

β-D-mannose, β-D-fucose, phospho-β-D-galactose, 1,6-linked disaccharides, modified 

β-D-glucose residues from a carbohydrate or lipid and also hydrolyze a variety of 

glycosides, including aryl- and alkyl-β-D-glycosides (http://www.cazy.org). For 

example, rice BGlu1 (which was renamed Os3BGlu7 in a systematic designation, 

Opassiri et al., 2006) can hydrolyze β-1,3- and β-1,4-linked oligosaccharides and 

pyridoxine 5’-O-β-D-glucoside, and also has high transglucosylation activity with 

pyridoxine acceptor (vitamin B6) to synthesize pyridoxine 5’-O-β-D-glucoside 

(Opassiri et al., 2004). The transglycosylation activity of BGlu1 predominantly adds β-

1,4- linked glucosyl residues and the E414G glycosynthase mutant of BGlu1 is able to 

synthesize long β- 1,4- linked gluco- oligosaccharides of at least 11 glucosyl residues 

(Homalai et al., 2007). 

 Rice Os9BGlu31 is a GH1 enzyme catalyzes transglycosylation that functions in 

production of glycoconjugates in plants (Luang et al., 2013). A few other related 

transglucosidases have been described. Two enzymes in GH1 from carnation and 

delphinium transfer glucosyl moieties from phenolic glucosyl esters, such as feruloyl 

glucose and 1-O-β-D-vanillyl glucose, to the anthocyanin cyanidin 3-O-glucoside 

(Matsuba et al., 2010). The galactolipid: galactolipid galactosyltransferase was found 

to correspond to the GH1 enzyme SFR2 (Sensitive to Freezing 2), and transfers the 

galactosyl residues from one monogalactosyl diacyl glyceride to another to produce β-

 

http://www.cazy.org/
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linked di-galactosyl diacyl glycerol and oligogalactosyl diacyl glycerides (Moellering 

et al., 2010). 

 GH1 members catalyze their reactions with a molecular mechanism leading to 

overall retention of the anomeric configuration, which involves the formation and 

breakdown of a covalent glycosyl enzyme intermediate (Figure 2.3). Almost all GH1 

enzymes contain two conserved catalytic glutamate residues located at the C-terminal 

ends of β-strands 4 and 7 (Jenkins et al., 1995).  

 

2.5 Glycoside hydrolase family 3  

 Glycoside hydrolase family 3 enzymes include over 25,000 entries in the CAZy 

database. The sequence similarity relationships between enzymes that have been 

identified within GH3 in higher plant enzymes can be described by a phylogenetic tree 

with two distinct groups. One group contains the β-D-glucan exo-glucohydrolases-like 

enzymes, while the second group contains β-D-xylosidase-like enzymes (Hrmova et al., 

2002) (Figure 2.6). The GH3 glucan β-D-glucosidases from barley are broad specificity 

exo-hydrolases that remove single glucosyl residues from the non-reducing ends of a 

range of β-D-glucans, β-D-glucosyl-oligosaccharides and aryl β-D-glucosides, including 

(1,3)-β-D-glucans, (1,4)-β-D-glucans, (1,3;1,4)-β-D-glucans and (1,6)-β-D-glucans,   

p-nitrophenyl-β-D-glucoside, certain cyanogenic β-D-glucosides and some β-D-oligo 

xyloglucosides (Hrmova and Fincher, 1998). In rice OsExo1 and OsExo2 also show 

broad specificity exo-hydrolase activities toward β-D-glucosyl-oligosaccharides and 

β-D-polysaccharides (Prawisut et al., 2020; Prawisut, 2018) (Figure 2.7). The family 

GH3 members play important roles in fundamental biological processes, for examples, 
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recycling and remodeling of cell wall, and the modification of host-pathogen 

interactions during microbial infection of plants (Cournoyer and Faure, 2003; Hrmova 

and Fincher, 2001). GH3 is also a phytohormone-responsive family of proteins 

contributing the biological activity of indole-3-acetic acid (IAA), abscisic acid (ABA), 

jasmonic acid (JA), and salicylic acid (SA) (Zhang et al., 2018). They affect plant 

growth and developmental processes, as well as acting in response to some types of 

stress (Jain et al., 2006).  

 

 

 

Figure 2.6 Phylogenetic tree of plant family 3 glycoside hydrolases. Rice proteins are 

marked Os, barley are marked Hv, and maize are mark Zm, while other proteins have 

the genus initial and species name. Genbank nr accession numbers are given in 

parentheses (Prawisut et al., 2020). 
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Figure 2.7 Relative activities of OsExo1 and OsExo2 on pNP-glycosides, oligo-

saccharides and polysaccharides (Prawisut et al., 2020; Prawisut, 2018). 

 

The GH3 enzymes have a retaining catalytic mechanism, which removes single 

monosaccharide from the non-reducing end of their substrate, with retention of 

anomeric configuration (Koshland, 1953; Hrmova et al., 1996). This mechanism 

utilizes two carboxylic acid residues as catalytic acid/base and nucleophile. In barley 

Exo1, the catalytic nucleophile, Asp285, is located in the N-terminal (β/α)8 domain in 

a highly conserved GFVISDW motif in plant family GH3 β-D-glycosidases. The 

catalytic acid is E491, which is conserved in plant family GH3 exoglucanase- like 

enzymes, but is present only in closely related members of the GH3 family (Harvey et 

al., 2000; Hrmova et al., 2001). 

Recently, Streltsov et al. (2019) examined product and substrate pathways along 

the catalytic cycle of the plant GH3 exo-hydrolase HvExo1, and how the displacement 

of the glucose trapped in the active site after the previous round of hydrolysis leads to 

processive hydrolysis of oligo- and polysaccharide substrates (Figure 2.8).  
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Figure 2.8 The mechanism of substrate-product assisted processive catalysis by 

HvExo1. A) Process for hydrolysis of disaccharides, B) Processive hydrolysis of a 

polysaccharide, C) Image of the active site cleft of Exo1 showing the routes for entrance 

of the new substrate and exit of the trapped glucose product (Streltsov et al., 2019). 

 

 The results revealed the glucose product displacement route and suggested that 

each hydrolytic event, including glucose release, is precisely coordinated with the 

incoming substrate association and hydrolysis. The glucose product modifies its 

binding pattern and thereby causes the transient formation of a lateral cavity, which 

serves as a route for glucose departure from the active site. This departure allows the 
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non-reducing glucosyl residue of the substrate to enter for the next catalytic round. This 

process allows for substrate- product assisted processive catalysis through multiple 

hydrolytic events without release of the polymer or oligomer substrate from HvExo1. 

 

2.6 Glycosylation 

 Glycoconjugates are carbohydrates that are covalently linked to other biological 

compounds via a glycosidic bond by the reaction called glycosylation. Such compounds 

can include proteins (glycoproteins), lipids (glycolipids), other small molecules 

(glycosides) (Kytidou et al., 2020), and it was recently reported that RNA can also carry 

glycans on the cell surface (glycoRNA) (Flynn et al., 2021). A glycosidic linkage is a 

covalent bond than can be an O- (O-glycoside), N- (glycosylamine), S-(thioglycoside), or 

C- (C-glycoside) glycosidic bond.  The configuration of the anomeric carbon of the 

glycone can exist as α- (axial) or β-linkage (equatorial) diastereoisomer with the β-

forms being most common (Bartnik and Facey, 2017). 

 Glycosylation of metabolites in plants serves several purposes in many biological 

processes. Many glycosides occur in secondary metabolites in plants, which store the 

chemicals in the form of inactive glycosides that can be activated by enzymatic 

hydrolysis (Bowles, 2005; Ketudat Cairns and Esen, 2010). Examples include the 

phythormones abscisic acid (ABA), auxin (indole acetic acid, IAA), cytokinins (CKs), 

brassinosteroids (BRs), salicylic acid, and gibberellins that regulate growth, 

development, and responses to environmental stresses (Gachon et al., 2005). 

Glycosylation enhances water-solubility of hydrophobic metabolites, which improves 

their bioavailability (Vetter, 2000; Kren and Martinkova, 2001). The position where the 
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sugar is attached in a glycosylated molecule may support its the stability, for example 

the ascorbic acid-2-O-glucoside is chemically more stable than ascorbic acid-6-O-

glucoside (Jones and Vogt, 2001). Furthermore, it may decrease acute toxicity or 

harmful effects. For example, endogenous β-glucosidase will hydrolyze cyanogenic 

glycosides in a plant when the plant is damaged and the enzyme mixes with the 

substrate, releasing an α-hydroxy nitrile group from D-glucose so that it can breakdown 

to cyanide and a ketone (Cressey and Reeve, 2019; Kytidou et al., 2020).  

 

2.7 Chemical glycosylation 

 The chemical synthesis of glycoconjugates is extremely valuable, but requires 

numerous steps, including protection, activation, glycosylation, and deprotection 

(Rather and Mishra, 2013). Typically, all hydroxyl groups of sugars are first protected 

by acetylation with acetic anhydride. Then, an activation step involves exchange of 

anomeric hydroxyl group with a bromine or chlorine atom, followed by glycosylation 

using silver or mercury salt catalysts, in this step the formation ratio of α- and β- 

glycosidic products is dependent on the thermodynamic stability of the isomers. 

Finally, deprotection by sodium methoxide in methanol releases the non-anomeric 

hydroxyl groups (Figure 2.9) (Lundemo, 2015). 
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Figure 2.9 General strategy of glycosylation via a chemical method. A = Acceptor. 

(Lundemo, 2015). 

 

2.8 Enzymatic glycosylation 

 There are four groups of enzymes capable of catalyzing glycosylation reaction: 

glycoside hydrolases (GH), transglycosylases (TG), Leloir glycosyltransferases (GT), 

and glycoside phosphorylases (GP) (Figure 2.10), each of which has its own advantages 

and disadvantages, as described below. 
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Figure 2.10 Glycosylation reactions catalyzed by the four types of enzymes; glycoside 

hydrolases (GH), transglycosylases (TG), glycoside phosphorylases (GP) and Leloir 

glycosyl transferases (GT). A = Acceptor (Lundemo, 2015). 

 

 2.8.1 Glycoside hydrolases (GH) 

 Glycoside hydrolases (GH) are hydrolyzing enzymes, which break the glycosidic 

bond by inserting water. However, glycosidases can also catalyze the glycosylation 

reaction by thermodynamically controlled reverse hydrolysis (Rather and Mishra, 

2013). GH often have low regioselectivity, which leads to a mixture of products when 

the acceptor contains more than one hydroxyl group (Lundemo, 2015).  

 An important parameter of the glycosidase activities which affects the catalyzed 

synthesis is the water in the reaction (Davies and Henrissat, 1995). In aqueous 

conditions, GH catalyze breakdown of the glycosidic linkage by hydrolysis activity, but 

the equilibrium can be shifted by increasing the concentration of glucose or alcohol, or 

reducing the concentration of water (Ljunger et al., 1994; Thenchartanan et al., 2020). 
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 2.8.2 Transglycosylase (TG) 

 Transglycosylases (TG) are members of retaining glycosidase families that can 

catalyze the transformation of one glycoside to another (Romero-Téllez et al., 2019). A 

TG works by the same mechanism as retaining glycoside hydrolases (Figure 2.3). TG 

are found relatively rarely in nature, however, and they all have homologous hydrolytic 

enzymes. For instance, xyloglucan endo-transglycosylase Ptt-XET16-34 is related to 

its homologous glycosidase Tm-NXG1 xyloglucan endoglucanase (Baumann et al., 

2007). Structural comparison of these enzymes revealed a difference in loops near the 

active site accounted the specificity difference for hydrolysis or transglycosylation. 

Figure 2.11 shows the ribbon representation of the superimposition of Ptt-XET16-34 

(green) onto Tm-NXG1 (yellow) illustrating the structural differences that appear 

mainly in loops 1 through 3 and in the C-terminal region.     

 

  

 

Figure 2.11 Structural Comparison of Ptt-XET16-34 (green) and Tm-NXG1 (yellow) 

(Baumann et al., 2007).  
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 Site-directed mutagenesis of Os9BGlu31 by Luang et al., 2013 indicated catalytic 

functions for the putative catalytic acid/base (Glu169) and nucleophile (Glu387) 

residues, and showed the unusual His386 residue did not affect the ratio of hydrolysis 

to transglycosylation. The wild type enzyme displays an unusual lack of inhibition by 

mechanism-based inhibitors of GH1 β-glucosidases that utilize a double displacement 

retaining mechanism (Luang et al., 2013).  

 

 

 

Figure 2.12 Superposition of a homology model of Os9BGlu31 transglucosidase on the 

X-ray crystal structure of the Os3BGlu6 β-glucosidase covalent intermediate with 2-

fluoro-α-D-glucoside (PDB: 3GNR) (Komvongsa et al., 2015).  

 

 The Os9BGlu31 W243 residue was found to be critical to the substrate and 

product specificity of Os9BGlu31 transglucosidase due to the importance of the 

corresponding residue in the substrate specificities of Os3BGlu6 by superposition 

between Os3BGlu6 and Os9BGlu31 within 8.7 Å away from acceptor water binding 

site in the superposition (Figure 2.12) and mutation of this residue allows production 
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of a range of glucoconjugates, while I172T and L183Q mutations decreased the 

activity. Different mutations at W243 (A, D, M, N, F and Y) had variable effects, 

depending on the acceptor substrate (Komvongsa et al., 2015). The mutated 

Os9BGlu31 transglucosidase variants act to transfer glucose between a broad range of 

carboxylic and phenolic oxygens. Evaluation of 22 different acceptor substrates with 

all possible Os9BGlu31 variants at residue 243 showed W243L and W243N exhibited 

high activity, and the double mutant L241D/W243N showed very high activity on 

certain substrates and exceptionally high levels of hydrolysis (Tran et al., 2019) (Figure 

2.13). 

 

 

 

Figure 2.13 Heatmap of the pNP release catalyzed by 21 Os9BGlu31 variants when 

glycosylating 22 different acceptors (Tran et al., 2019).  
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 2.8.3 Leloir glycosyltransferases (GT) 

 Leloir glycosyltransferases (GT) catalyze the formation of a glycosidic bond 

between a carbohydrate or aglycon acceptor and the sugar from an activated sugar 

nucleotide or sugar phospholipid donor (Lairson et al., 2008). The acceptor can also be 

a lipid, protein, nucleic acid, antibiotic, or other small molecules. The nucleotide-

dependent Leloir glycosyltransferases can reach quantitative yields with high 

selectivity, and exist with a wide range of donor and acceptor specificities, enabling the 

stereo- and regioselective extension and branching of large glycans and glycoconjugates 

(Cardini et al., 1950). Although very efficient, industrial implementation is limited due 

to the high price of nucleotide-activated donors. As with GH, two mechanistic classes 

can be distinguished based on the stereochemistry upon formation of the glycosidic 

bond at the anomeric center, which can either be retained or inverted with high 

selectivity for the α- or β-anomer (Lim et al., 2005). Inverting GT use general base 

catalyst that deprotonates the incoming nucleophile of the acceptor, while the sugar 

forms an oxocarbenium ion-like transition state, facilitating direct displacement by an 

SN2 mechanism and the catalytic rate can be increased by using divalent metals (i.e. 

Mn2+ or Mg2+), which are coordinated by the amino acid motif Asp-X-Asp (Mestrom 

et al., 2019).  
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Figure 2.14  Reaction mechanism of glycosyltransferases and glycoside phosphorylases 

resulting in inversion (A) or retention (B, C) of the anomeric glycosidic bond (Mestrom 

et al., 2019). 

 

 In GT, retaining transfer can proceed by a double-displacement mechanism 

involving a covalently bound glycosyl-enzyme intermediate via an SN2 mechanism, or 

by a transient ion-pair intermediate via a SNi-type mechanism. The former is similar to 

the double displacement mechanism described for GH in Figure 2.3. The latter involves 

the formation of a discrete enzyme-stabilized oxocarbenium ion-like intermediate that 

is shielded on one side by the enzyme, thereby preventing nucleophilic attack from the 

opposite side of the reaction center and leading to complete retention of anomeric 

configuration in the product (Figure 2.14) (Lairson et al., 2008). 
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 2.8.4 Glycoside phosphorylases (GP) 

 Glycoside phosphorylases (GP) are enzymes that catalyzes the reversible 

phosphorolysis of glycosidic bonds. For example, phosphorolysis of glycogen and 

amylopectin result in transfer of the non-reducing end terminal glycosyl residue to 

phosphate to make α-glucose-1-phosphate (Kitaoka and Hayashi, 2002). Similar to GT, 

GP also utilize activated sugars glycosyl phosphates as a glycosyl donor. However, the 

natural function of GP is not glycosylation, but degradation. GP use inorganic 

phosphate as a glycone acceptor in di- and oligosaccharide degradation processes, to 

produce α-glucose-1-phosphate and a saccharide of reduced length (O’Neill and Field, 

2015). The high energy of the glycosyl phosphate allows the reversible reaction to be 

used for synthetic purposes efficiently (Puchart, 2015). The two common mechanisms 

of GP, as well as their structures, are similar to GH or GT, with the stereochemical 

outcome resulting in retention or inversion of configuration. These enzymes always 

occur in an exo-fashion leading to formation of a monosaccharide or disaccharide 1-

phosphate (Figure 2.14). 

 

 

 



 

CHAPTER III 

MATERIALS AND METHODS 

 

3.1 Materials  

          3.1.1 Plasmids, bacterial and yeast stains  

 The Os9bglu31 cDNA was previously cloned into the pET32a(+)/DEST 

expression vector to produce N-terminally thioredoxin-, His6- and S-tagged fusion 

proteins with an enterokinase and TEV protease cleavage sites between the fusion tags 

and enzyme, as shown in Figure 3.1 (Tran et al., 2019).  

 The OsExo2 cDNA was previously cloned into the pET32a(+)/DEST expression 

vector to produce N-terminally thioredoxin-, His6- and S-tagged fusion proteins with 

an enterokinase cleavage site between the fusion tags and enzyme, as shown in Figure 

3.2 and the cDNA optimized for OsExo1 was previously cloned into the pPICZαBNH8 

expression vector to produce fusion protein with α-factor in the N-terminus and His8-

tagged in the C-terminus, as shown in Figure 3.3 (Prawisut et al., 2020; Prawisut, 2018). 

 The Escherichia coli stains DH5α and XL1-blue were used for cloning and 

Origami B(DE3) strain was used to express the Os9BGlu31 and the OsExo2. P. pastoris 

strain SMD1168H was used to express the OsExo1 protein. 
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Figure 3.1  Construct of the protein-coding sequence of recombinant pET32a(+)/DEST 

with the Os9bglu31.  

 

 

 

Figure 3.2  Construct of the protein-coding sequence of recombinant pET32a(+)/DEST 

with the OsExo2. 

 

 

 

Figure 3.3  Construct of the protein-coding sequence of recombinant pPICZαBNH8 

with the OsExo1. 

 

 3.1.2 Chemicals and reagents   

Pfu DNA polymerase was produced in-house with a plasmid generated in the 

group of Dr. Mariena Ketudat-Cairns (Appendix A). TEV protease was produced in-

house by following instruction from Polayes et al., 1998. Oligonucleotide primers, 

DNase A, RNase I, lysozyme, amoxicillin, ampicillin, kanamycin, and tetracycline 

were purchased from Bio Basic, Inc. DpnI, EndoH, and deoxynucleotides (dATP, 

dTTP, dCTP, and dGTP) were purchased from New England Biolabs, Ltd. Tryptone, 
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yeast extract, agar, yeast nitrogen base (YNB) were purchased from HiMedia 

Laboratories Pvt Ltd. Zeocin was purchased from Invitrogen, Co. Nybomycin was 

purchased from Bio Australis, Co. p-Nitrophenol β-D-glucoside (pNPGlc) was 

purchased from Shanghai Laihao Trade Co. Ltd. Polyethylene glycol 6000 (PEG6000), 

biotin, isopropyl-β-D-thiogalactoside (IPTG), p-nitrophenol β-D-cellobioside (pNPC2), 

chloramphenicol, streptomycin, cefixime, cefotaxime and doxorubicin were purchased 

from Sigma-Aldrich Inc. Cello-oligosaccharides and laminari-oligosaccharides with 

degrees of polymerization 2-5 were purchased from Megazyme, Ltd. Sodium chloride 

(NaCl), sodium carbonate (Na2CO3), sodium sulfate (Na2SO4), acrylamide, sodium 

hydroxide (NaOH), sodium acetate (NaOAc), sodium citrate (Na3C6H5O7), sodium 

dodecyl sulfate (SDS), sodium dihydrogen phosphate (NaH2PO4), disodium hydrogen 

phosphate (Na2HPO4), potassium dihydrogen phosphate (KH2PO4), dipotassium 

hydrogen phosphate (K2HPO4), potassium acetate (CH3COOK), calcium chloride 

(CaCl2), cobalt chloride (CoCl2), magnesium sulfate (MgSO4), ammonium persulfate 

(APS), ammonium sulfate (NH4)2SO4), ammonium chloride (NH4Cl), Triton X-100, 

Tris(hydroxymethyl) aminomethane, ethylene diamine tetra acetic acid (EDTA), 

hydrochloric acid (HCl), N, N′, N′′, N′′′- tetramethyl ethylenediamine (TEMED), 

glacial acetic acid, β-mercaptoethanol (BME), phenylmethyl-sulfonyl fluoride (PMSF), 

Coomassie brilliant blue R250, propanol, isopropanol, propargyl alcohol, butanol,          

3-methly butanol, octanol, 4-(hydroxymethyl) benzoic acid, dimethyl sulfoxide 

(DMSO), glycerol, ethylene glycol, glucose, and α-lactose were purchased from Carlo 

Erba Reagents. HPLC-grade water, methanol, ethanol, chloroform, dichloromethane, 

and ethyl acetate were purchased from RCI Labscan, Ltd. Deuterium oxide (D2O) and 

chloroform-D (CDCl3) were purchased from Cambridge Isotope Laboratories, Inc. 
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3.2 General methods 

3.2.1  Preparation of E. coli competent cells 

Glycerol stocks of DH5α and XL1-Blue were streaked on LB plates without 

antibiotic. Origami (DE3) was streaked on an LB plate containing 15 µg/ml kanamycin 

and 12.5 µg/ml tetracycline and incubated at 37 °C for 16-18 hours. A single colony 

was picked and inoculated into 5 ml of LB broth with shaking at 37 °C, 200 rpm for 

16-18 hours. One hundred microliters of starter culture were transferred to 100 ml of 

LB broth and shaken at 37 °C, 200 rpm until the optical density at 600 nm (OD600) 

reached 0.4 - 0.6. The cell culture was chilled on ice for 5 minutes in sterile 

polypropylene tubes and collected at 4,000 rpm at 4 °C for 10 minutes. The cell pellets 

were resuspended in 10 ml ice-cold sterile 0.1 M CaCl2 and centrifuged to collect the 

cell pellets again. Finally, the pellets were resuspended with 1 ml of 0.1 M CaCl2 

containing 15% glycerol and 50 µl aliquots were stored at -80 °C. 

3.2.2 Transformation of plasmids into competent cells 

An aliquot of frozen competent cells was thawed 5 minutes on ice, then 1 µl of 

cloning or expression plasmids (20 - 100 ng) or site-directed mutagenesis reactions were 

mixed with fresh or thawed competent cells. The reaction was incubated on ice for 30 

minutes. The plasmid was transformed by heat shocking the cells at 42 °C for 45 

seconds and quickly chilled on ice for 5 minutes. Two hundred microliters of LB broth 

was added to the transformed competent cells, which were then incubated at 37 °C for 

1 hour. The transformed cells were spread on LB agar containing appropriate antibiotics 

and incubated at 37 °C overnight. 
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3.2.3 Plasmid isolation by alkaline lysis method 

A single colony of transformed recombinant bacteria was picked into 5 ml of LB 

broth and incubated at 37 °C with shaking at 200 rpm for 16 -  18 hours.  The cultured 

cells were collected by centrifugation at 10,000xg, 1 minute.  The supernatant was 

removed and the cells were resuspended in 100 μl of lysis buffer I (50 mM glucose, 10 

mM EDTA, 50 mM Tris-HCl, pH 8.0). Then, 200 μl of freshly prepared lysis buffer II 

(0.2 N NaOH, 1% (w/v) SDS) was added and the tube was inverted 4 - 6 times. After 

that, 150 μl of ice-cold lysis buffer III (3 M potassium acetate, pH 4.8) was added and 

the tube was mixed by inverting 4 -  6 times.  The alkaline lysis reaction was incubated 

on ice for 5 minutes and the clear solution containing the plasmids was separated from 

the cell debris by centrifugation at 13,000xg, 10 minutes.  The supernatant was 

transferred to a new tube and the DNA was precipitated with 2 volumes of absolute 

ethanol for 10 minutes at 4 °C.  The precipitated DNA was collected by centrifugation 

at 13,000xg for 10 minutes. After removing the supernatant, the pellet was washed with 

500 µl of 70% ethanol and centrifugation was repeated, followed by removal of the 

ethanol. The left- over solution was removed by speed vacuum.  Then, the DNA pellet 

was resuspended in 100 μl TE buffer containing 2 μg RNase A and incubated at 37 °C 

for 10 minutes. The RNase A-treated plasmids were further purified by adding 70 μl of 

ice-cold precipitation solution (20% PEG 6000, 2.5 M NaCl) and chilled on ice for 1 

hour. The precipitated DNA was collected by centrifugation at 13,000xg for 10 minutes. 

The supernatant was removed and the pellet was washed by adding 0. 5 ml of 70% 

ethanol and inverting the tube twice, after which the ethanol solution was removed and 

the tube dried by speed vacuum. Finally, the DNA was re-dissolved with 30 μl of TE 

buffer or sterile water. 
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3.2.4 Protein analysis by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis 

 The protein profile and the apparent molecular weights of proteins in various 

fractions were determined by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), as described by Laemmli (1970). The 12% SDS-PAGE 

separating gel consisted of 12%  (w/v) acrylamide (11.2%)/bis-acrylamide (0.8%), 

375 mM Tris-HCl, pH 8.8, 0.1% SDS, 0.05% ammonium persulfate and 0.05% 

TEMED, while the 4% stacking gel consisted of 4% (w/v) acrylamide, 125 mM Tris-

HCl, pH 6.8, 0.1%  SDS, 0.05% ammonium persulfate and 0.05%  TEMED.  Protein 

samples were mixed 5:1 with 6X loading buffer (50 mM Tris-HCl, pH 6.8, 10% SDS, 

0.2 mg/ml bromophenol blue, 50% glycerol, 20% β-mercaptoethanol) and boiled for 5 

minutes to denature proteins. Twenty microliters of protein samples were loaded into 

sample wells, and electrophoresed through the polymerized gel at 170 V with Tris-

glycine electrode buffers (50 mM Tris base, 125 mM glycine and 0.1% SDS, pH 8.3) 

until the dye front reached the bottom of the gel plate.  The gels were subsequently 

stained in staining solution containing 0.1% (w/v) Coomassie Brilliant Blue R250, 40% 

(v/v) methanol, and 10% (v/v) acetic acid in water for 30 minutes, then destained with 

de-staining solution (40% (v/v) methanol and 10% (v/v) acetic acid) for 1 - 2 hours. 

The molecular masses of protein bands were determined by comparing to standard low 

molecular weight protein markers (GE Healthcare, Uppsala, Sweden), which consist of 

phosphorylase (97.4 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), 

bovine carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa), and bovine α- 

lactalbumin (14 kDa). 
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3.3  Site-directed mutagenesis 

 To generate a more effective model for Os9BGlu31 interactions with substrates, 

the structure of Os9BGlu31W243L was solved in collaboration with Linh Tran and 

Robert C. Robinson.  This structure was submitted to docking studies to predict which 

amino acids should be changed to explore using cellobiose and cellotriose as a donor 

substrate and improve interactions with acceptor substrates (Vincent Blay, 

unpublished). The mutations causing the desired amino acid substitutions were 

introduced into the Os9BGlu31 coding sequence by mutagenesis with the primers listed 

in Table 3.1. The pET32a/DEST-TEV/Os9BGlu31 plasmid was used as a template for 

a full-length plasmid strand amplification from two complementary oligonucleotide 

primers containing the desired mutation point. Pfu DNA polymerase was used to 

synthesize the mutated plasmid DNA during the temperature cycling, which includes 

step 1, 95 °C 30 seconds; step 2, 95 °C 30 seconds; step 3, 55 °C 1 minute and step 4, 

68 °C 10 minutes, with steps 2 to 4 repeated for 15 cycles. The PCR product was treated 

with DpnI endonuclease for 3 hours at 37 °C to eliminate methylated and hemi-

methylated DNA of the parental DNA template. Cyclization and repair of the dsDNA 

products were accomplished by transforming the DNA into competent XL-1 Blue 

E. coli cells. The transformants were selected on agar plates containing ampicillin. All 

mutations were confirmed by DNA sequencing (Macrogen, Seoul, Korea). 
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Table 3.1 Oligonucleotide primers for site-directed mutagenesis of Os9BGlu31. 

Mutant  Oligonucleotides Tm (°C) Length 

H123E Fwd 

Rev 

5’-cacgtaacgatatatgaattcgattttcctcaggc-3’ 

5’-gcctgaggaaaatcgaattcatatatcgttacgtg-3’ 

74.3 

74.3 

35 

35 

I172T Fwd 

Rev 

5’-gtcaatgagcctaacaccgagccgattggcgg-3’ 

5’-ccgccaatcggctcggtgttaggctcattgac-3’ 

83.5 

83.5 

32 

32 

L183Y 

 

Fwd 

Rev 

5’-gatacgatcaaggaatctatccgccacggcgatg-3’ 

5’-catcgccgtggcggatagattccttgatcgtatc-3’ 

81.2 

81.2 

34 

34 

L241E- 

W243N 

Fwd 

Rev 

5’-gggctcacattggaaggtaattggtacgagc-3’ 

5’-gctcgtaccaattaccttccaatgtgagccc-3’ 

76.3 

76.3 

31 

31 

L241T- 

W243N 

Fwd 

Rev 

5’-gggctcacattgaccggtaattggtacgagc-3’ 

5’-gctcgtaccaattaccggtcaatgtgagccc-3’ 

78.5 

78.5 

31 

31 

L241V - 

W243N 

Fwd 

Rev 

5’-gggctcacattggtcggtaattggtacgagc-3’ 

5’-gctcgtaccaattaccgaccaatgtgagccc-3’ 

78.5 

78.5 

31 

31 

L241Y - 

W243N 

Fwd 

Rev 

5’-gggctcacattgtacggtaattggtacgagc-3’ 

5’-gctcgtaccaattaccgtacaatgtgagccc-3’ 

75.5 

75.5 

31 

31 

Y313H Fwd 

Rev 

5’-gtcggatttaaccaccatgtcgccatttttgtgag-3’ 

5’-ctcacaaaaatggcgacatggtggttaaatccgac-3’ 

79.6 

79.6 

35 

35 

Y313Q Fwd 

Rev 

5’-gtcggatttaaccaccaggtcgccatttttgtgag-3’ 

5’-ctcacaaaaatggcgacctggtggttaaatccgac-3’ 

80.2 

80.2 

35 

35 

Y313S Fwd 

Rev 

5’-gtcggatttaaccactctgtcgccatttttgtgag-3’ 

5’-ctcacaaaaatggcgacagagtggttaaatccgac-3’ 

78.1 

78.1 

35 

35 
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Table 3.1 Oligonucleotide primers for site-directed mutagenesis of Os9BGlu31 

(continued). 

Mutant  Oligonucleotides Tm (°C) Length 

W434E 

 

Fwd 

Rev 

5’-gcagggctacttcgtggagtcgttcctggacgtg-3’ 

5’-cacgtccaggaacgactccacgaagtagccctgc-3’ 

83.6 

83.6 

34 

34 

E441H 

 

Fwd 

Rev 

5’-cctggacgtgttccattacctgttcggctacc-3’ 

5’-ggtagccgaacaggtaatggaacacgtccagg-3’ 

79.0 

79.0 

32 

32 

E441Q 

 

Fwd 

Rev 

5’-cctggacgtgttccagtacctgttcggctacc-3’ 

5’-ggtagccgaacaggtactggaacacgtccagg-3’ 

79.4 

79.4 

32 

32 

E441T 

 

Fwd 

Rev 

5’-cctggacgtgttcacgtacctgttcggctacc-3’ 

5’-ggtagccgaacaggtacgtgaacacgtccagg-3’ 

80.0 

80.0 

32 

32 

 

3.4  Expression and Purification of Os9BGlu31 and variants 

 3.4.1  Expression of Os9BGlu31 and variants 

The pET32a/DEST/TEV/Os9BGlu31 plasmid, which encodes an N-terminally 

thioredoxin and His6-tagged Os9BGlu31 fusion protein, were transformed into E. coli 

Origami B(DE3) cells. The cells were cultured in LB media containing 50 μg/ml 

ampicillin, 15 μg/ml kanamycin, and 12.5 μg/ml tetracycline at 37 °C, while shaking at 

200 rpm, until the culture reached an optical density at 600 nm of around 0.4 - 0.5. The 

expression of protein was induced by 0.4 mM IPTG, at 20 °C for 18 hours.   

 3.4.2  Purification of Os9BGlu31 and variants 

 The recombinant Os9BGlu31 and variants containing the thioredoxin and 6x 

histidine-tag at their N-termini were purified by Immobilized Metal Affinity 
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Chromatography (IMAC). The cell pellets were harvested by centrifugation and 

resuspended in extraction buffer (50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride, 

200 μg/ml lysozyme, 1% (v/v) Triton-X, 0.1 mg/ml trypsin inhibitor from soybean, 1 

mM PMSF, 4 μg/ml DNase I), then the suspended cells were incubated at 30 °C for 30 

minutes and clarified by centrifugation at 12,000 rpm for 30 minutes. The supernatant 

was applied to IMAC (Co2+) resin. The resin was washed with the equilibration buffer 

(150 mM NaCl, 50 mM Tris-HCl, pH 8.0), followed by 20 mM imidazole in the 

equilibration buffer, and eluted with 250 mM imidazole in the equilibration buffer. The 

IMAC fractions were analyzed by SDS-PAGE, evaluating the predicted size of the 

fusion protein at approximately 70 kDa. In order to produce a highly purified protein,  

the N-terminal fusion tag was removed by cleavage with 1 mg TEV protease per 50 mg 

of the fusion protein at 4 °C for 16 hours. Then, the digested proteins were loaded onto 

the second IMAC to remove the cleaved tag and other IMAC-binding contaminant 

proteins. 

 

3.5 Transglycosylation of Os9BGlu31 and variants  

  The transglycosylation activity with various glucose acceptor substrates were 

assayed with 5 mM antibiotic acceptor substrates (ampicillin, amoxicillin, cefixime, 

cefotaxime kanamycin, chloramphenicol, streptomycin, and tetracycline) or 0.5 mM 

(nybomycin, doxorubicin, and paclitaxel), 5 mM or 1 mM pNPGlc as donor substrate, 

and 1 µg of the selected variant enzyme in 50 mM citrate, pH 4.5, and 5% DMSO. The 

reactions were incubated at 30 °C for 12 hours and then stopped by heating at 90 °C for 

5 minutes.  
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3.6 Analytical chromatography  

The residual substrates and the reaction products were analyzed by thin-layer 

chromatography (TLC) and ultra-high-performance liquid chromatography (UPLC). 

The TLC analysis (Silica gel 60 F254) were developed with mobile phase and 

carbohydrates detected by painting with 10% sulfuric acid in ethanol for staining and 

heating to visualize the spots. The UPLC analysis used a ZORBAX SB-C18 (1.8 µm, 

2.1 x 150 mm) column on an Agilent 1290 UPLC, the column equilibrated in 95% 

solvent A (water) and 5% solvent B (acetonitrile). The compounds were eluted by a 

linear gradient from 5% to 50% B (v/v) for 13 min, 50% to 70% B (v/v) for 1 min, and 

70% to 5% B (v/v) for 2 min, at a flow rate of 0.3 ml min-1, the absorbance was 

measured by UV/visible absorbance at wavelengths between 220, 360, and 540 nm, 

monitored by a Diode-Array Detector (DAD) (Tran et al., 2019). 

 

3.7 Chloramphenicol glucoside production and purification 

 Transglucosylation of chloramphenicol was performed by using Os9BGlu31W243N 

with 5 mM substrates in 50 mM citrate pH 4.5, and 5% (v/v) DMSO. The reaction was 

incubated at 30 °C for 12 hours. The reaction was evaporated the aqueous solution by 

rotary evaporator and then applied to silica gel column chromatography with a solvent 

system of CHCl3: MeOH. A mixture of pNPGlc and chloramphenicol glucoside was 

eluted by 10% MeOH. The mixture was evaporated then re-dissolved in water and 

further purified over a C18 silica column (Sep-pak cartridges) with a solvent system of 

H2O: MeOH, monitored by silica gel TLC. The fractions showing a single spot on TLC 

were pooled, collected and dried by speed vacuum centrifuge.  
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3.8 Expression and purification of OsExo1 

 3.8.1 Expression of OsExo1   

 Glycerol stock of pPICZαBNH8/OsExo1 in P. patoris SMD1168H from previous 

work by Prawisut, 2018 was spreaded on 250 µg/ml zeocin YPD plate.  A single colony 

that had been selected was inoculated into 100 ml of buffered glycerol-complex 

medium (BMGY) with 25 µg/ml zeocin and grown in a shaking incubator (200 rpm) at 

28 °C overnight, 10% of the starter culture were inoculated in 1000 ml of BMGY until 

the cell culture OD600 reached 2-3. The cells were harvested by centrifugation at 3000xg 

for 10 minutes at 20 °C and resuspended in 1000 ml of buffered methanol-complex 

medium (BMMY) medium. The protein expression was induced by adding methanol 

to 1% (v/v) final concentration every 24 hours for 3 days at 20 °C. 

 3.8.2  Purification of OsExo1 

         The protein was purified from the culture broth after removal of the cells by 

centrifugation at 4000×g at 4 °C for 10 minutes. The pH of the culture broth with 

secreted protein was adjusted to 8.0 with 1 M Na2CO3 and it was loaded onto a 5 ml 

IMAC column charged with Ni2+, and the column was washed with 5 column volumes 

of 250 mM Tris-HCl, pH 8.0, then the protein was eluted with gradient of 0 to 250 mM 

imidazole, 150 mM NaCl in 20 mM Tris-HCl, pH 8.0. The fractions with β-glucosidase 

activity were pooled, concentrated and the imidazole removed by centrifugation in a 50 

kDa molecular-weight cutoff ultrafiltration membrane at 3000×g at 4 °C for 10 minutes. 

The protein was separated into 2 parts, one was purified by size exclusion 

chromatography over a Superdex S200 10/300 GL column in 20 mM Tris-HCl, pH 8.0, 

and 150 mM NaCl, run at a flow rate of 0.3 ml/min, and the fractions containing activity 
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were analyzed on SDS-PAGE and pooled as appropriate. The other half of the 

preparation was digested by endoglycosidase H and purified over the Superdex S200 

10/300 GL column. 

 

3.9  Expression and Purification of OsExo2 

 3.9.1 Expression of OsExo2 

The recombinant pET32a/DEST/OsExo2 in E. coli Origami B(DE3) was 

inoculated into LB broth containing 15 μg/ml kanamycin, 12.5 μg/ml tetracycline and 

50 μg/ml ampicillin at 37 °C overnight. The starter culture was added to 5% to 4 liters 

auto-induction medium (AIM) containing the same antibiotics and grown 

continuously at 37 °C with shaking at 200 rpm until the OD600 reached 0.8 - 1.0. The 

flasks were then transferred to 15 °C for 24 hours. The cells were collected by 

centrifugation at 4000×g at 4 °C for 10 minutes.  

 3.9.2  Purification of OsExo2 

The cell pellets were resuspended with extraction buffer (20 mM Tris-HCl, pH 

8.0, 200 μg/ml lysozyme, 1% Triton-X100, 1 mM PMSF, and 0.25 mg/ml DNase I, 

sonicated and incubated at room temperature for 30 minutes. Soluble protein was 

separated from cell debris by centrifugation at 12,000×g for 20 minutes at 4 °C. The 

recombinant protein was purified with 3 steps. First, crude protein was immediately 

loaded into IMAC resin equilibrated with nickel (II) sulfate followed by equilibration 

buffer (20 mM Tris-HCl, pH 8.0, and 150 mM NaCl) and the recombinant protein was 

eluted with a gradient of 0-260 mM imidazole in equilibration buffer. The fractions 

were assayed for hydrolysis of 1 mM pNPGlc in 50 mM sodium acetate, pH 5, and 
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those with activity were pooled. The pool of active fractions was concentrated in a 50 

kDa MWCO ultrafiltration membrane by centrifugation at 3500xg. Then, 0.5 ml of 

concentrated protein was loaded onto a Superdex 200 gel filtration column in 20 mM 

Tris-HCl, pH 8.0, 500 mM NaCl, and 1 mM EDTA, run at a flow rate of 0.3 ml/min. 

Next, the protein was loaded onto a phenyl sepharose column (5 ml), equilibrated with 

2 M NaCl in 50 mM Tris-HCl, pH 8, and eluted with gradient of 2 to 0 M NaCl, 

followed by a gradient of 0 - 20% ethylene glycol in 50 mM Tris-HCl, pH 8, at a flow 

rate of 0.5 ml/min. Finally, protein fractions containing pNPGlc hydrolysis activity 

were assessed by SDS-PAGE and apparently pure fractions were pooled, and the buffer 

changed to equilibration buffer in a 50 kDa MWCO ultrafiltration membrane.  

 

3.10 Determination of the optimal pH and temperature and temperature 

stability for OsExo1 

The optimum pH of OsExo1 was determined in a 140 μl reaction containing        

1 mM pNPGlc substrate in 50 mM buffers with pH in the range between 2.5 and 9.0 

(universal citrate phosphate buffer). The reactions were incubated at 30 °C for 15 

minutes and then 70 μl of 2 M sodium carbonate was added to stop the reaction. Enzyme 

activity was measured as pNP released, based on the absorbance at 405 nm. The 

optimum temperature was assessed in reactions at temperatures from 10 °C to 80 °C in 

5 °C increments. The enzyme activity was assayed against 1 mM pNPGlc in 50 mM 

sodium acetate, pH 5.0, for 15 minutes. Then reaction was stopped by adding 70 μl of 

2 M sodium carbonate and the pNP released was measured by absorbance at 405 nm. 

The temperature stability was determined by incubating the enzyme in 50 mM sodium 
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acetate, pH 5.0, for 15 minutes, at temperatures from 0 °C to 80 °C in 10 °C increments.  

The activity of the enzyme was assayed against 1 mM pNPGlc at 30 °C for 15 minutes, 

then 70 μl of 2 M sodium carbonate was added to stop the reaction and the absorbance 

of the pNP released was measured at 405 nm. 

 

3.11 Enzyme kinetics parameter determination of OsExo1 

The kinetic parameters of the purified protein were determined in triplicate 

reactions for hydrolysis of pNPGlc, laminaribiose, and laminarin. Initially, a time 

course was run for each substrate and condition to determine the amount of enzyme and 

time that gave a linear time course, indicating initial velocity. The substrate 

concentrations used covered a from one third to three times the apparent KM or a broader 

range. The KM and Vmax values were calculated by fitting the rate of product formation 

and substrate concentrations from non-linear regression analysis of Michaelis-Menten 

plots with Grafit 5.0 (Erithacus Software, Horley, Surrey, U.K.). The apparent catalytic 

rate constant (kcat) values are calculated by dividing the maximum velocity (Vmax) by 

the total amount of enzyme protein in the reaction. 

 

3.12 Transglycosylation activity of OsExo1 and OsExo2 

The varieties of glucosyl donors tested in transglucosylation reactions were 

pNPGlc, oligosaccharides, and polysaccharides, while an alcohol series of potential 

glucosyl acceptors were tested. The transglycosylation activity with pNPGlc was 

assessed in 100 μl reactions with 5 units of the enzyme in 50 mM sodium acetate, pH 

5.0, at 30 °C for 0 min, 5 min, 30 min, 1 hr, 3 hr, 6 hr, and 12 hr (1 unit of enzyme is 
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defined by the amount of enzyme required for the production of 1 µmol of pNP from 1 

mM pNPGlc per minute at 30 °C in 50 mM sodium acetate, pH 5.0). The glucosyl 

donors cellobiose (C2), cellotriose (C3), cellotetraose (C4), laminaribiose (L2), 

laminaritriose (L3), laminaritetraose (L4), laminaripentaose (L5), laminarin, barley 

glucan, and lichenan were tested with methanol as acceptor. The reactions were carried 

out in 100 μl with 1 unit of the enzyme, 1 mM oligosaccharide or 0.5% (w/v) 

polysaccharide and 5% (v/v) methanol as a glucosyl acceptor, in 50 mM sodium acetate, 

pH 5.0, at 30 °C for 24 hours. The glucosyl acceptors tested included ethylene glycol, 

methanol, ethanol, propanol, butanol, and 3-methyl-1-butanol. The reaction was carried 

out in 100 μl with 1 unit of the enzyme, 5% (v/v) alcohol and 1 mM pNPGlc as a 

glucosyl donor, in 50 mM sodium acetate, pH 5.0, at 30 °C overnight. The reactions 

were stopped by heating at 90 °C 5 min, then the reactions and standards were spotted 

onto silica gel TLC plates, which were developed in butanol: acetic acid: water (2:1:1 

v/v) and stained with 10% sulfuric acid in ethanol, followed by heating at 120 °C until 

the color of carbohydrate-containing spots developed. 

 

3.13 Purification of OsExo2 transglycosylation products  

 The transglycosylation reactions by OsExo2 were carried out in 10 mM pNPGlc, 

100 ml with 1 unit of the enzyme in 50 mM sodium acetate, pH 5.0, at 30 °C for 12 

hours.  The reaction was evaporated in a rotary evaporator and then applied to silica gel 

chromatography with a solvent system of CHCl3: MeOH. A mixture of pNPGlc and 

pNP-oligosaccharides was collected together. The mixture was evaporated in a rotary 

evaporator then re-dissolved in water and further purified by reverse phase 

chromatography over a C18 column with a solvent system of H2O: MeOH. A mixture 
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of pNP-oligosaccharides was collected from the C18 column, then further purified by 

TLC with a solvent of butanol: acetic acid: water (2:1:1 v/v), the single products 

identified under UV were scraped out from TLC, then dissolved by 50% MeOH in 

CHCl3. The solvents were separated from silica gel by centrifugation at 10,000xg for 

10 minutes, and the extraction was repeated for three times. The samples were dried by 

SpeedVac vacuum concentrator at 40 °C, until dried.  

 The transglycosylation product of alcohols, including methanol, ethanol, 

propanol, butanol, 3-methyl-1-butanol, and ethylene glycol as glucosyl acceptor were 

produced in 100 ml reactions with 5% (v/v) alcohol, 5 mM pNPGlc (glucosyl donor), 

and 2 units of the enzyme in 50 mM sodium acetate, pH 5.0, at 30 °C for 48 hours. The 

reaction was evaporated by rotary evaporator and then applied to silica gel column 

chromatography with a solvent system of EtOAc: MeOH by slowly increasing MeOH 

in increments of 2% (Table 3.2).  

 Cellobiose was used as a glucosyl donor substrate in the reaction of propargyl 

alcohol, -mercaptoethanol, and 4-hydroxymethyl benzyl alcohol. The reactions were 

carried out in 100 ml with 2% (v/v) propargyl alcohol or mercaptoethanol or 5 mM 

4-hydroxymethyl benzyl alcohol (dissolved in acetone), 5 mM cellobiose served as a 

glucosyl donor, and 2 units of the enzyme in 50 mM sodium acetate, pH 5.0, at 30 °C 

for 48 hours. The aqueous solution was evaporated from the reaction mixture by rotary 

evaporator and then remaining material applied to silica gel with system of CH2Cl2: 

MeOH by slowly increasing MeOH in increments of 2% (Table 3.2). 
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Table 3.2 Solvent system for purification of transglycosylation products by silica gel 

chromatography.  

Substrate Solvent system Elution (%MeOH) 

Methanol EtOAc: MeOH 10 

Ethanol EtOAc: MeOH 6 

n-Propanol EtOAc: MeOH 4 

1-Butanol EtOAc: MeOH 2 

3-Methyl-1-butanol EtOAc: MeOH 2 

Propargyl alcohol CH2Cl2: MeOH  2 

4-Hydroxymethyl benzyl alcohol CH2Cl2: MeOH  4 

-Mercaptoethanol CH2Cl2: MeOH  8 

 

3.14 Transglycosylation product structural confirmation 

The transglycosylation product structures were confirmed by NMR spectrometry 

on a 500 MHz NMR spectrometer (Bruker AVANCE III). Deuterated water (D2O) and 

deuterated chloroform (CDCl3), were used as solvents, depending on the solubility of 

compound. The anomeric protons and anomeric carbons were identified by 1H and 13C 

NMR. The glycosidic linkages in di and tri-saccharides were analyzed by 2D NMR, 

the -CH2 protons using C-H correlations were identified from HSQC spectra and the 

key glycosidic linkages present in tri and di-saccharides using two and three C-H bond 

correlations were identified from HMBC spectra. 

 



    

CHAPTER IV 

RESULTS AND DISCUSSIONS 

 

4.1  Molecular docking of Os9BGlu31W243L mutation analysis by 

AutoDock Vina 

 One of the objectives of this work is to engineer Os9BGlu31 by site-directed 

mutagenesis to enable the use of different glucosyl donor substrates. To guide this 

engineering, we evaluated different possible variants of Os9BGlu31 in silico, using a 

molecular docking strategy. Molecular docking allows ranking glucose donors on 

different mutants by predicting their relative binding affinities. Os9BGlu31W243L was 

used as the enzyme, since it can be crystalized and also shows high activity (Tran et al., 

2019; unpublished). Cellobiose and cellotriose were used as ligands. The mutants were 

prepared by virtual point mutagenesis using the software FoldX. The docking software 

AutoDock Vina was then used, which approximates the potential energy for any 

conformation of the ligand onto the protein model using an empirical scoring function. 

The conformation that minimizes this scoring function is found by using an 

optimization algorithm. The resulting conformation may approximate the bound pose 

of the ligand that one would observe experimentally, and the value of the scoring 

function (i.e., the score of the pose), may provide a relative indication of its enthalpy of 

binding. The results of the docking simulations are shown in the Table 4.1 and the 
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locations of those mutation were around the active site of the protein as shown in Figure 

4.1 

 

Table 4.1  Scoring functions molecular docking of Os9BGlu 31W243L mutation 

analysis by AutoDock Vina. 

mutant 

Difference of Scoring function to parent 

(higher is better)  

cellobiose cellotriose 

Parent 0 0 

H123E 0 0.4 

I172T 0 0.8 

L183Y 0.3 0.2 

L241E 0.4 0.5 

L241V 0.3 0.2 

L241T -0.3 0.4 

L241Y 0.2 0.2 

Y313H 0.4 0.1 

Y313Q 0.2 -0.1 

Y313S 0.7 0.1 

W434E 0 0.5 

E441H 0.3 0.5 

E441Q 0.1 0.5 

E441T -0.3 0.4 
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Figure 4.1 Locations of mutation points predicted on Os9BGlu31W243L. 

 

4.2  Site-directed mutagenesis of Os9BGlu31W243L 

 The mutations to generate the desired amino acid substitutions were introduced 

into the Os9BGlu31 coding sequence by mutagenesis with the primers designed  

base on the molecular docking results (Table 4.1). All mutations were confirmed by 

DNA sequencing (Macrogen, Seoul, Korea) and 6 samples were successful in the 

cloning step, including variants H123E/W243L, Y313H/W243L, Y313Q/W243L, 

Y313S/W243L, E441T/W243L, and E441H/W243L.  

 

4.3  Expression and purification of Os9BGlu31 and variants 

 The Os9BGlu31 wild type, W243N, and W243L were previously cloned into the 

pET32a(+)/DEST expression vector to produce an N-terminally thioredoxin-, His6- and 
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S-tagged Os9BGlu31 fusion protein with an enterokinase and TEV protease cleavage 

site (Luang et al., 2013; Komvongsa et al., 2015; Tran et al., 2019). The mutation of 

Os9BGlu31 based on W243L including variant H123E/W243L, Y313H/W243L, 

Y313Q/W243L, Y313S/W243L, E441T/W243L, and E441H/W243L were made in the 

same construct to give similar properties. The fusion proteins were expressed in E. coli 

strain Origami B(DE3). In the initial step, the fusion proteins were purified by IMAC. 

The 70 kDa thioredoxin and histidine-tagged Os9BGlu31 fusion proteins were eluted 

by imidazole and the eluents contained many impurities after the purification (1st 

IMAC, Figure 4.2). To remove impurity proteins, the proteins from 1st IMAC were then 

cleaved by TEV protease and the 50 kDa tag-free protein were further purified by a 2nd 

IMAC. The purity of the protein increased to greater than 95% for Os9BGlu31 wild 

type, W243L and W243N, as show in Figure 4.3. 

 

 

 

Figure 4.2 Coomassie blue SDS-PAGE analysis of Os9BGlu31 variants H123E/ 

W243L, Y313H/W243L, Y313Q/W243L, Y313S/W243L, E441T/W243L, and 

E441H/W243L with N-terminal thioredoxin/His6-tagged fusion protein after 1st 

IMAC.  
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Figure 4.3 Coomassie blue SDS-PAGE analysis of Os9BGlu31 wild type and its 

variants W243L and W243N throughout purification including marker, the N-terminal 

thioredoxin/His6-tagged fusion protein after 1st IMAC, and the purified protein after 

cleavage the tag with TEV protease with a 2nd IMAC.  

 

4.4  The activity of Os9BGlu31 variants on pNPGlc, cellobiose, and 

cellotriose 

 The hydrolysis and transglucosylation activities of Os9BGlu31 variants 

H123E/W243L, Y313H/W243L, Y313Q/W243L, Y313S/W243L, E441T/W243L, and 

E441H/W243L were tested on pNPGlc, cellobiose, and cellotriose as a glucosyl donor 

and ferulic acid as a glucosyl acceptor. Unfortunately, no activity could be detected in 

the reactions.  

 The previous studies had reported that rice BGlu1 residues H130, Y315, and 

E440 involve in binding with the nonreducing residue in the subsite -1 of cellotetraose 

and cellopentaose (Chuenchor et al., 2011; Pengthaisong et al., 2012), those residues 

correspond to Os9BGlu31 H123, Y313, and E441, respectively (Figure 4.4 and 4.5). 
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This suggested that the mutation of positions H123, Y313, and E441 may significantly 

impede binding with the substrates. 

 

 

 

Figure 4.4 Polar interactions in active site of the complex of the rice BGlu1 E176Q 

mutant with cellopentaose (Chuenchor et al., 2011). 

 

 

 

Figure 4.5 Superposition of X-ray crystal structure of Os9BGlu31W243L on the X-ray 

crystal structure of the BGlu1 E386G-Y341A with cellotetraose (PDB: 3SCW). 

Os9BGlu31W243L is shown in cyan, while the BGlu1 E386G/Y341A is shown in green.  
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4.5  Transglucosylation of antibiotics and anticancer drugs by 

Os9BGlu31 variants 

 The transglucosylation activity of Os9BGlu31 variants were previously 

characterized for transferring the glucosyl molecule from the donor substrate pNPGlc 

to various acceptors, such as phenolic compounds and carboxylic acids (Luang et al., 

2013; Komvongsa et al., 2015; Tran et al., 2019). Here we studied the 

transglucosylation by Os9BGlu31 and its variants with antibiotics, i.e. ampicillin, 

amoxicillin, cefixime, cefotaxime, chloramphenicol, kanamycin, streptomycin, 

tetracycline, and nybomycin, and the anticancer drugs doxorubicin and paclitaxel. The 

reactions of these medicinal compounds with Os9BGlu31 and its variants were 

qualified by UPLC. Among the tested acceptor substrates, only six acceptors were 

detected to be glycosylated, including chloramphenicol, nybomycin, ampicillin, 

amoxicillin, tetracycline, and anticancer doxorubicin.  

 The reaction mixture of chloramphenicol with pNPGlc catalyzed by Os9BGlu31 

wild type and its variants W243H, W243K, W243N, and W243R were subjected to 

UPLC and the absorption was measure at 360 nm. The UPLC chromatograms are 

shown in Figure 4.6. Based on the chromatograms, Os9BGlu31 W243N exhibited the 

highest activity. Chloramphenicol contains one primary and one secondary alcohol that 

can be glycosylated, but the primary hydroxyl is most amenable to glycosylation. 

Because the primary alcohol is more potent as a nucleophile than the secondary alcohol 

when considering steric hindrance, since the bulk of methyl groups on secondary 

alcohols effectively blocks the way of attack by the nucleophilic oxygen, as shown in 

Figure 4.7. Chloramphenicol glucoside was produced, purified, and characterized using 

NMR analysis, as described in Section 4.5.1.   
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Figure 4.6 UPLC Chromatograms of reaction of Os9BGlu31 wild type and its W243H, 

W243K, W243N, and W243R variants with chloramphenicol acceptor monitored at 

360 nm. 

 

 

 

Figure 4.7 Chemical structure of chloramphenicol glucoside. 

 

 A reaction mixture of a nybomycin with pNPGlc catalyzed by Os9BGlu31 wild 

type and its variants W243L and W243N were subjected to UHPLC and the absorption 

was measure at 360 nm. The UPLC chromatograms are shown below in Figure 4.8. 
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Based on the chromatograms, Os9BGlu31 W243N exhibited highest activity. The 

product was not completely characterized using NMR but the product was tentatively 

identified as nybomycin glucoside based on the UPLC results and based on the structure 

of nybomycin, there is only one -OH, which is a primary alcohol, that can be 

glycosylated, as shown in Figure 4.9. 

 

 

 

 

Figure 4.8 UPLC Chromatograms of transglycosylation reaction of nybomycin 

catalyzed by Os9BGlu31 wild type and its W243L and W243N variants. 

 

 

 

Figure 4.9 Plausible structure of nybomycin glucoside. 

 

 



 

 

53 

 

 

 

 The mixtures from reactions of ampicillin with pNPGlc catalyzed by Os9BGlu31 

wild type and its variants W243L and W243N were subjected to UPLC and the 

absorption was measure at 360 nm. The UPLC chromatograms are shown below in 

Figure 4.10. Based on the chromatograms, there is no significantly different activity 

between wild type and variant enzyme. The product was not completely characterized 

using NMR, but the product was tentatively identified as ampicillin glucoside based on 

the UPLC results and based on the structure of ampicillin, which has only one carboxyl 

group that can be glycosylated, as shown in Figure 4.11. 

 

 

 

Figure 4.10 UPLC Chromatograms of transglycosylation reactions of ampicillin 

catalyzed by Os9BGlu31 wild type and its W243L and W243N variants. 

 

 

 

Figure 4.11 Plausible structure of ampicillin glucoside. 
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 The mixtures from reaction of amoxicillin with pNPGlc catalyzed by Os9BGlu31 

wild type and its W243L variant were subjected to UPLC and the absorption was 

measured at 360 nm. The UPLC chromatograms are shown below in Figure 4.12. Based 

on the chromatograms, the W243L variant showed higher activity than wild type 

enzyme. Unusually, the new peak of glycoside product had a longer retention time than 

the amoxicillin peak. The product was not characterized but the product was tentatively 

identified as amoxicillin glucoside. From the structure of ampicillin, there are two 

positions that could be glycosylated either the carboxyl group, as shown in Figure 

4.13A, or the phenol group hydroxyl, as shown in Figure 4.13B. 

 

 

 

Figure 4.12 UPLC Chromatograms of reaction of Os9BGlu31 wild type and its 

W243L variants with amoxicillin. 
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Figure 4.13 Plausible structures of amoxicillin glucoside. A) Glucose ester; B) 

Phenolic glucoside. 

 

 The product mixtures from reactions of tetracycline with pNPGlc by Os9BGlu31 

wild type and its variants W243L and W243N were subjected to UPLC and the 

absorption was measure at 360 nm. The UPLC chromatograms are shown below in 

Figure 4.14. Based on the chromatograms, there is no significantly different activity 

between wild type and variant enzymes. The product was not completely characterized 

using NMR but the product was tentatively identified as tetracycline glucoside based 

on UHPLC results. The structure of tetracycline has several -OH groups, but the 

position at the phenol group -OH is most likely to be glycosylated, since it looks less 

crowded, so that it can more easily get into the active site of the enzyme, as shown in 

Figure 4.15. 
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Figure 4.14 UPLC Chromatograms of transglycosylation reaction of tetracycline 

catalyzed by Os9BGlu31 wild type and its W243L and W243N variants. 

 

 

 

Figure 4.15 Plausible structure of tetracycline glucoside 

 

 The mixtures from reaction of doxorubicin with pNPGlc catalyzed by 

Os9BGlu31 wild type and its variants W243L and W243N were subjected to UPLC with 

detection by absorption at 360 and 540 nm. The UPLC chromatograms are shown below 

in Figure 4.16. Based on the chromatograms, Os9BGlu31 W243N exhibited highest 

activity. The product was not completely characterized by NMR, but the product was 
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tentatively identified as doxorubicin glucoside, based on UPLC results and the structure 

of doxorubicin, it is likely that the primary alcohol could be glycosylated, as shown in 

Figure 4.17. 

 

 

 

Figure 4.16 UPLC Chromatograms of reactions of Os9BGlu31 wild type and its 

W243L and W243N variants with doxorubicin and pNPGlc. 
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Figure 4.17 Plausible structure of doxorubicin glucoside. 

 

 4.5.1 Chloramphenicol glucoside purification 

 The transglucosylation of chloramphenicol was performed with Os9BGlu31 

W243N as catalyst. The first step of the purification was silica gel column 

chromatography to eliminate p-nitrophenol and glucose. The mixture of pNPGlc and 

chloramphenicol glucoside was collected together, since the polarities of both 

glycosides are very close. The mixture was further purified by C18 reverse phase 

chromatography, which is able to separate the two glucosides (Figure 4.18). 

 

 

 

Figure 4.18 TLC analysis of chloramphenicol glucoside purification by reverse phase 

chromatography on C18 resin. Fractions are marked by the solvents in which they eluted. 
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 4.5.2 Chloramphenicol glucoside structural confirmation  

 The purified chloramphenicol glucoside had a Rf =  0. 45 (silica gel TLC with 

CHCl3:  MeOH 4:1 v/v as solvent). The NMR spectra showed the following peaks:  

1H NMR (D2O, 500 MHz): δ 8.23 (d, J = 8.5Hz, 2H), 7.63 (d, J = 8.5Hz, 2H), 6.22 

(s, 1H), 5.21 (d, J = 3.5Hz, 1H) , 4.45 (d, J = 8Hz, 1H) , 4.40-4.37 (m, 1H), 4.15 (dd, 

J = 5.5, 11Hz, 1H), 3.90 (dd, J = 2, 12.5Hz, 1H), 3.80 (dd, J = 7.5, 11Hz, 1H), 3.67 (dd, 

J = 6, 12.5Hz, 1H), 3.49-3.42 (m, 2H), 3.36 (appt, J = 9.5Hz, 1H), 3.28 (appt, J = 8.5Hz, 

1H); 13C NMR (D2O,125 MHz) δ 166.8, 148.3, 147.1, 127.1, 123.6, 102.8, 75.9, 75.5, 

72.9, 70.9, 69.6, 68.9, 65.9, 60.7, and 55.4 ppm. 

 The anomeric protons coupling constant value was 8 Hz at a chemical shift of 

4.45 ppm (Figure 4.19), and anomeric carbon had a chemical shift of 102.8 ppm 

(Figure 4.20), which suggest the anomeric glycosidic linkage displays the expected 

-configuration as the chemical structure of chloramphenicol glucoside shown in 

Figure 4.19 and 4.20. 
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Figure 4.19 1H-NMR spectrum of chloramphenicol glucoside. 

 

  

 

Figure 4.20 13C-NMR spectrum of chloramphenicol glucoside. 
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4.6 Sequence analysis of OsExo1 and OsExo2 

The protein-sequence-similarity based phylogenetic tree of higher plant GH3 

enzymes shows a topology with two distinct groups (Figure 2.6). One group contains 

the β-D-glucan glucohydrolases-like enzymes, while the second group contains β-D-

xylosidase–like enzymes, which also include enzymes with α-L-arabinosidase or 

combined β-D-xylosidse and α-L-arabinosidase activities (Lee et al., 2003). Six proteins 

encoded by rice GH3 genes are located in the β-D-glucan glucohydrolases-like enzymes 

group that includes H. vulgare exoglucanase 1 (HvExo1) and exoglucanase 2 

(HvExo2). The sequence most similar to HvExo1 was designated OsExo1, while that 

most similar to HvExo2 was named OsExo2 (Prawisut et al., 2021). A third enzyme 

more similar to a Z. mays exoglucanase was designated OsExo3.  

The alignment of OsExoI, OsExoII, barley HvExoI and HvExoII, along with the 

characterized maize GH3 enzyme are shown in Figure 4.21. As can be seen, the enzyme 

sequences are highly conserved within this group of plant enzymes and the catalytic 

nucleophile and acid/base (indicated by triangles) can clearly be identified based on 

their characterization in HvExoI. Glycosylation sites in OsExoI were predicted by 

NetNGlyc (Blom et al., 2004), with predicted to be glycosylated at Asn210, Asn322 

and Asn520. 

Homology model structures of OsExo1 and OsExo2 were predicted by SWISS-

MODEL (Waterhouse et al., 2018), based on the X-ray crystal structure of the HvExo1 

in complex with 4-deoxy-glucose (PDB: 3WLK). The protein models shown high 

similarity of overall structure and location of catalytic residues as shown in Figure 4.22 

and 4.23. 
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Figure 4.21 Alignment of HvExo1 with HvExo2, ZmExo3, OsExo1, OsExo2, and 

OsExo3. The mature protein sequences, shown with their NCBI Genbank accession 

numbers, Conserved residues are shaded, with black background for completely 

conserved sites. The consensus sequence is displayed below each section, and overall 

percent identity with HvExo1 is shown at the end. Triangles mark the positions of the 

catalytic nucleophile, D285 in HvExo1, D313 in OsExo1, and D311 in OsExo2 and 

acid/base, E491 in HvExo1, E513 in OsExo1, and E512 in OsExo2. 
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Figure 4.22 Superposition of a homology model of OsExo1 on the X-ray crystal 

structure of the HvExo1 (PDB: 3WLK). OsExo1 is shown in cyan, while the HvExo1 is 

shown in green. A) Cartoon representation of the overall structure, B) active site with the 

catalytic nucleophile and acid/base side chains represented as sticks. 

 

 

 

Figure 4.23 Superposition of a homology model of OsExo2 on the X-ray crystal 

structure of the HvExo1 (PDB: 3WLK). OsExo2 is shown in purple, while the HvExo1 

is shown in green. A) Cartoon representation of the overall structure, B) active site with the 

catalytic nucleophile and acid/base side chains represented as sticks. 
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4.7  Expression and purification of OsExo1 

OsExo1 was expressed in P. pastoris SMD1168H and purified from the culture 

broth by IMAC on resin charged with Ni2+. The protein was separated into 2 portions, 

one was purified by SEC. Another was digested by endoglycosidase H before purified 

by SEC. From SEC result, the OsExoI was found to be glycosylated at different levels 

(Appendix A, Figure A.1 and A.2), and most of the carbohydrate could be removed by 

digestion with endoglycosidase H (Appendix A, Figure A.3) (Figure 4.24).  The high 

glycosylation form was found to have highest specific activity at 17.81 units mg-1 

(Table 4.2), while the deglycosylated form had a specific activity of 9.47 units mg-1, 

equivalent to that of the medium glycosylation pool of enzyme. 

 

Table 4.2 Enzyme yields during purification of OsExo1. 

Purification step Yield Specific 

activity 

(units mg-1) 

Purification 

factor 

(fold) 

Recovery 

(%) Protein 

(mg) 

Activity 

(units) 

Crude protein 19200 84.5 0.004 1 100.00 

IMAC 1.60 8.87 5.55 1260 10.50 

SEC  

  - high glycosylated 

  - medium glycosylated 

  - low glycosylated 

 

0.14 

0.40 

0.40 

 

2.56 

3.90 

1.61 

 

17.81 

9.76 

4.02 

 

4047 

2218 

913 

 

3.04 

4.62 

1.9 
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Figure 4. 2 4 Coomassie blue SDS-PAGE analysis of OsExo1 purification.  Lane M, 

protein marker; Lane 1, purified protein by IMAC; Lane 2, - 4, purified protein after 

SEC; Lane 5, purified protein after deglycosylation with endoglycosidase H and SEC. 

 

4.8 Expression and purification of OsExo2 

The recombinant OsExo2 was expressed in E. coli Origami B(DE3) by auto-

induction medium (AIM) (Prawisut et al., 2020). The protein was purified with 3 steps. 

First, crude protein was immediately loaded into IMAC with Ni2+. The fractions were 

assayed for hydrolysis of pNPGlc (Appendix A, Figure A.4 and A.5). The pool of active 

fractions was concentrated and then purified further by SEC (Appendix A, Figure A.6 

and A.7). Next, the protein was loaded onto a phenyl Sepharose column (HIC) and the 

protein was separated into 2 fractions eluted by low ethylene glycol concentration 

(HIC1) and high ethylene glycol concentration (HIC2). Finally, protein fractions 

containing pNPGlc hydrolysis activity were assessed by SDS-PAGE ( Figure 4 . 25) . 

During the purification of OsExo2, it was apparent that the activity dropped when 

ethylene glycol from the HIC purification was removed. Therefore, we tested the effect 

of ethylene glycol on the enzymatic activity, the activity increased with increasing 

ethylene glycol concentration (Appendix A, Figure A.8 and A.9). 
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Figure 4.25 Coomassie blue SDS- PAGE analysis of OsExo2 purification.  Lane M, 

protein markers; Pellet is the insoluble fraction of the bacterial cells from the 

expression, Crude is the soluble fraction extracted from those cells, IMAC, HIC and 

SEC. 

 

Table 4.3 Enzyme yields during purification of OsExo2. 

Purification step Yield Specific 

activity 

(units mg-1) 

Purification 

factor (fold) 

Recovery 

(%) Protein 

(mg) 

Activity 

(units) 

Crude protein 8096 7.51 0.000927 1 100.00 

IMAC Flow through 7200 2.54 0.000352 0.380 33.80 

IMAC elution 

SEC 

HIC1 

HIC2 

12.0 

2.92 

0.176 

0.0406 

1.29 

0.417 

0.119 

0.0805 

0.107 

0.143 

0.679 

1.980 

116 

154 

732 

2140 

17.10 

5.55 

1.59 

1.07 
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4.9 Effect of the optimal pH and temperature and temperature stability 

for OsExo1 N-deglycosylated form 

The pH optimum and activity profile of the N-deglycosylated OsExo1 form 

(Figure 4.26) was similar to that of the glycosylated OsExo1 for, OsExo2 expressed in 

E. coli, and rHvExo1 (glycosylated and N-deglycosylated forms) (Luang et al., 2010), 

which showed bell-shaped activity versus pH curves, and highest activities detected at 

pH 5.0. The temperature optimum for the glycosylated OsExo1 enzyme was 45 °C 

(Figure 4.27), but >80% maximal activity was seen from 35-50 °C. The temperature 

optimum at 45 °C may indicate the stability of the substrate-enzyme and energy of the 

transition state complex, rather than the stability of the enzyme itself. The temperature 

stability of OsExo1 N-deglycosylated was similar to that of glycosylated OsExo1, 

OsExo2 and the N-deglycosylated rHvExo1 (Prawisut et al., 2020; Prawisut, 2018; and 

Luang et al., 2010), which were stable in the range between 0 and 40 °C (Figure 4.28), 

while the temperature stability of glycosylated rHvExo1 was stable only at the 

temperature range between 10 and 20 °C. These results of the deglycosylated OsExo1 

were different from the report of Aspergillus kawachii α-L-arabinosidase, for which the 

N-glycosylation of asparagine in the catalytic domain increased the thermostability of 

the enzyme (Koseki et al., 2006). Since OsExo1 (glycosylated and N-deglycosylated 

forms) and OsExo2 were stable at 0 - 40 °C for 15 minutes, glycosylation does not seem 

to be critical for stability of the rice isoenzymes.  
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Figure 4.26 Optimal pH profiles of glycosylated and deglycosylated OsExo1 forms.  

 

                    

 

Figure 4.27 Optimal temperature profiles of glycosylated and deglycosylated 

OsExo1. 

 

 

 

Figure 4.28 Thermostability profile of OsExo1 glycosylated and deglycosylated 

forms. 
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4.10 Kinetic parameters of OsExo1 

 The kinetic parameters for hydrolysis of pNPGlc, laminaribiose, and laminarin 

were determined for both glycosylated and N-deglycosylated forms (Table 4.4). Both 

forms were highly active on laminaribiose, and laminarin, for which the specificity 

constants (kcat/KM) were about 4-fold higher than that for pNPGlc. 

 

Table 4.4 Kinetic parameters for OsExoI hydrolysis of pNPGlc, laminaribiose, and 

laminarin substrates. 

Substrate Glycosylation Deglycosylation 

pNPGlc 

KM (mM) 

kcat (s
-1) 

kcat/KM (mM-1 s-1) 

 

0.66±0.018 

74.77±0.46 

113 

 

0.62±0.016 

97.86±0.58 

157 

  Laminaribiose 

KM (mM) 

kcat (s
-1) 

kcat/KM (mM-1 s-1) 

 

0.156±0.018 

69.67±2.26 

446 

 

0.156±0.014 

87.20±2.19 

546 

Laminarin 

KM (mM) 

kcat (s
-1) 

kcat/KM (mM-1s-1) 

 

0.124±0.01 

54.2±1.3 

438 

 

0.125±0.01 

74.99±0.29 

602 

 

 

 



 

 

70 

 

 

 

4.11 Transglucosylation activity of OsExo1 and OsExo2  

 The transglucosylation activities of OsExo1 and OsExo2 were tested with 

pNPGlc, oligosaccharides, and polysaccharides as glucosyl donors and a series of 

alcohols as glucosyl acceptors. 

 The transglucosylation activities toward pNPGlc by OsExo1 (glycosylated and 

N-deglycosylated forms) and OsExo2 were observed at various times. During the initial 

stages of the reaction at 5 min, a small amount of glucose was observed, in addition to 

3 products of pNP-oligosaccharides. As the reaction progressed, in 30 minutes - 6 hours 

reaction, the transient transglycosylation products pNP-oligosaccharides and 

oligosaccharides were detected. By 12 hours, the pNP-oligosaccharides and 

oligosaccharides were hydrolyzed, and only the major hydrolytic product glucose 

was observable (Figure 4.29 and Figure 4.30). This transient production of 

transglycosylation products is similar to previous work from Luang et al., 2010 on 

HvExo1.  

 

 

 



 

 

71 

 

 

 

 

 

 

 

Figure 4.29 TLC analysis of the transglucosylation of pNPGlc by OsExo1.                        

A) glycosylated, B) deglycosylated enzyme. Standards contain pNPGlc and pNP-

cellobiose (std. 1), glucose and L2-L5 (std. 2), glucose and C2-C5 (std. 3), and 

gentiobiose (std. 4).  The presence of reaction products with unknown structures are 

indicated as Product 1–6. The reaction times are indicated in hours below the lanes.  
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Figure 4.30 TLC analysis of the transglucosylation of pNPGlc by OsExo2. Standards 

contain pNPGlc and pNP-cellobiose (std. 1), glucose and L2-L5 (std. 2), glucose and 

C2-C5 (std. 3), and gentiobiose (std. 4).  The reaction products with unknown structures 

are indicated as Product 1–9. The reaction times are indicated below the lanes.  

 

 During the HIC purification of OsExo2, it was apparent that the activity increased 

when increasing ethylene glycol concentration. Therefore, we tested the transglucosylation 

activity by using pNPGlc as a glucosyl donor substrate, while ethylene glycol was used 

as a glucosyl acceptor substrate and visualized by TLC. The new spot can be seen 

between the positions of pNPGlc and glucose, consistent with an ethylene glycol 

glucoside product. From this result, we tested the transglucosylation activity toward 

various alcohols, including methanol, ethanol, n-propanol, isopropanol, 1-butanol, 3-

methyl-1-butanol, octanol, glycerol, propargyl alcohol, 4-hydroxybenzyl alcohol, and 

-mercaptoethanol. OsExo1 (glycosylated and deglycosylated forms) and OsExo2 can 

transfer glucosyl moieties from pNPGlc to methanol, ethanol, n-propanol, butanol, 3-
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methyl-1-butanol, ethylene glycol, propargyl alcohol, 4-hydroxybenzyl alcohol, and -

mercaptoethanol, as show in Figures 4.31 – 4.33 but not to isopropanol, glycerol, and 

octanol. These results suggest that OsExo1 and OsExo2 transfer glucose only to 

primary hydroxyls of short-chain alcohols. The glucoside products were produced by 

OsExo2, purified, and characterized by NMR analysis as described in Section 4.11.  

 

 

 

Figure 4.31 TLC analysis of the transglucosylation by OsExo1. A) glycosylated, B) 

deglycosylated enzyme from pNPGlc to alcohols, including ethylene glycol, methanol, 

ethanol, propanol, butanol, and 3-methyl-1-butanol and water as a control reaction. 

Standards contain glucose and pNPGlc (std.). 
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Figure 4.32 TLC analysis of the transglucosylation by OsExo2 from pNPGlc to alcohols, 

including ethylene glycol, methanol, ethanol, propanol, butanol, and 3-methyl butanol 

and water as a control reaction. The standard contained glucose and pNPGlc (Std.). 

 

 Due to OsExo1 and OsExo2 having high activity toward β-1,3- and β-1,4-linked 

gluco-oligosaccharides and polysaccharides (Prawisut, 2018), which is similar the 

HvExo1 and HvExo2 (Hrmova et al., 1996; Hrmova and Fincher, 1998), different 

glucosyl donor substrates were tested on the transglucosylation activity.  As shown in 

Figure 4.33, the spots of new products can be seen in similar positions between 2 

glucosyl donors, pNPGlc and cellobiose. To test other glucosyl donor substrates, 

methanol was used as a glucosyl donor with cello-oligosaccharides (C2-C5), laminari-

oligosaccharides (L2-L5), and polysaccharides laminarin, barley glucan, and lichenan. 

As shown in Figures 4.34 - 4.37, C2-C5, L2-L5, laminarin, barley glucan, and lichenan 

can act as glucosyl donors for OsExo1 and OsExo2. The enzyme N-glycosylation does 

not seem to have a significant effect on the transglucosylation activity of the rice 

exoglucanases. 
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Figure 4.33 TLC analysis of the transglucosylation of alcohols by OsExo2 with pNPGlc 

and cellobiose donors. The acceptors included propargyl alcohol, 4-hydroxybenzyl 

alcohol (HMBOH), and -mercaptoethanol (BME). 

 

 

 

Figure 4.34 TLC analysis of the transglucosylation from oligosaccharides to methanol 

by OsExo1. A) glycosylated, B) deglycosylated enzyme. Standards contain glucose and 

C2-C5 (Std. 1), glucose and L2-L5 (Std. 2), and methyl β-D-glucopyranoside (Std. 3). 

Glucosyl donor cello-oligosaccharides included C2, C3, C4, and C5, laminari-

oligosaccharides including L2, L3, L4, and L5. 
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 Figure 4.35 TLC analysis of the transglucosylation from oligosaccharides to methanol 

by OsExo2. Standards contain glucose and C2-C5 (Std. 1), glucose and L2-L5 (Std. 2), 

and methyl β-D-glucopyranoside (Std. 3). Glucosyl donor cello-oligosaccharides 

included C2, C3, C4, and C5, laminari-oligosaccharides including L2, L3, L4, and L5. 

 

 

 

Figure 4.36 TLC analysis of the transglucosylation from polysaccharides to methanol 

by OsExo1. A) glycosylated, B) deglycosylated forms. Standards contain glucose and 

L2-L5 (Std. 1), glucose and C2-C5 (Std. 2), and methyl β-D-glucopyranoside (Std. 3). 

Glucosyl donor polysaccharides included laminarin, barley glucan, and lichenan. 
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Figure 4.37 TLC analysis of the transglucosylation from polysaccharides to methanol 

by OsExo2. Standards contain glucose and L2-L5 (Std. 1), glucose and C2-C5 (Std. 2), 

and methyl β-D-glucopyranoside (Std. 3). Glucosyl donor polysaccharides included 

laminarin, barley glucan, and lichenan. 

 

The transglycosylation by β-glucosidase is a kinetically controlled reaction. It 

depends on the properties of the enzyme more than the conditions or thermodynamic 

equilibrium (Feng et al., 2005). Thus, mutagenesis is the most common approach for 

improving transglycosylation rate in β-glycosidases, i.e. increased stability of acceptor 

in aglycone +1 subsites together with decreased in stabilization in the glycone subsite 

by mutation in a highly conserved amino acid that located at -1 subsite around the active 

site of GH1 Ttb-gly can be improved synthetic activity (Feng et al., 2005; Teze et al., 

2014). The mutation of P. furiosus CelB at F426Y significantly increased the 

transglucosylation ratio over hydrolysis in producing hexyl--glucoside (Hansson and 

Adlercreutz, 2001).  

 In general, the enzymatic reaction is conducted in aqueous solution following 

their natural surroundings. However, disadvantage of aqueous media is often 
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challenging between water and other glycosyl donors, which rise to unwanted reactions 

such as hydrolysis rather than transglycosylation. Therefore, technique for reducing 

water activity is necessary such as addition of co-solvents. The oligosaccharide 

synthetic activity of A. oryzae β-galactosidase is significantly increased in a triethyl 

phosphate co-solvent system with cyclodextrin (Srisimarat and Pongsawasdi, 2008). 

The synthetic behavior of E. coli -galactosidase in glycerol-based solvents takes place 

without noticeable hydrolytic activity and with total regioselectivity, exhibiting an 

improvement over the use of aqueous buffer (Perez-Sanchez et al., 2011). 

Increasing substrate concentration is one of the significant parameters to improve 

the ratio of transglycosylation by β-glycosidases. The competition between water and 

acceptor dictate the ratio between transglycosylation and hydrolysis activity directly, 

then the transglycosylation product should be proportional to acceptor concentration 

(Richard et al., 1995).  

 

4.12 Purification of transglycosylation products of OsExo2 

 The transglycosylation products of pNPGlc by OsExo2 were isolated by 3-step 

purification. The first step was silica gel column chromatography in chloroform and 

methanol, from which a mixture of pNPGlc, pNPG1, pNPG2, pNPG3, and pNPG4 was 

collected together. The second step was purification by C18 reverse-phase column 

chromatography in water and methanol. In this step, we can eliminate pNPGlc then the 

mixture of pNP-oligosaccharide products: pNPG1, pNPG2, pNPG3, and pNPG4, 

which came together. The products were assumed to be pNP conjugates since they 

could be seen by absorbance of UV light. Since their polarities are similar, those 
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products were further purified by TLC with butanol: acetic acid: water (2:1:1 v/v) as 

solvent. The active UV single spot was scraped from the TLC, as shown in Figure 4.38. 

The number of glucosyl residues and their linkage in each product were then confirmed 

by NMR.  

 

 

 

Figure 4.38 TLC analysis of purification of transglucosylation products of pNPGlc 

generated by OsExo2. Standards contain, pNPGlc (Std. 1), pNPC2 (Std. 2), glucose and 

laminari-oligosaccharides L2-L5 (Std. 3), glucose and cello-oligosaccharides C2-C5 

Std. 4). 

 

 The glucoside products of short-chain alcohols including methanol, ethanol, 

n-propanol, 1-butanol, 3-methyl-1-butanol propargyl alcohol, -mercaptoethanol, and 

4-hydroxymethyl benzyl alcohol were purified by silica gel column chromatography. 

The products that gave a single spot on TLC were collected and their structures 

confirmed by NMR (Figure 4.39).    
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Figure 4.39 TLC analysis of purification of transglucosylation products of alcohols 

generated by OsExo2. The transglycosylation products include with methanol, 

ethanol, n-propanol, 1-butanol, 3-methyl-1-butanol (3me-Butyl), ethylene glycol 

(ETG), propargyl alcohol, 4-hydroxybenzyl alcohol (HMB), and -mercaptoethanol. 

Standards include glucose and cellobiose. 

 

4.13 Transglycosylation product structural confirmation 

 The transglycosylation products’ structures were confirmed by NMR spectrometry 

with D2O as solvent. The key correlations to construct the linkage in oligosaccharides 

of the 4 isolated pNP-oligosaccharide compounds (pNPG1-pNPG4), as show in Figure 

4.35, were initially identified as tri- and di-saccharides by analysis of 1H and 13C NMR 

spectra.  The anomeric protons and anomeric carbon peaks were identified in the 1H 

and 13C NMR spectra, in which the anomeric proton coupling constant values were 

between 7.5 – 8 Hz, which suggested that the anomeric glycosidic linkages were in  

configuration, as expected. Based on the polarity of oligosaccharide standards on TLC 
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analysis in Figure 4.35, pNPG1-pNPG4 would be different between their linkages. 

Therefore, the glycosidic linkages in di and tri-saccharides were analyzed by using 2D 

NMR. The -CH2 protons using C-H correlations were identified from HSQC spectra 

and the key glycosidic linkages presented in tri and di-saccharides using two and three 

C-H bond correlations were identified from HMBC spectra.  

 4.13.1 pNP-β-D-gentiotrioside (pNPG1) 

The product pNPG1 was identified as pNP-β-D-gentiotrioside with the following 

data: Rf = 0.36 (silica gel TLC with BuOH: acetic acid: water  4: 1: 1 v/v as solvent); 

1H NMR (D2O, 500 MHz): δ 8.26 (d, J = 9.5 Hz, 2H), 7.29 (d, J = 9.5 Hz, 2H), 5.29 (d, 

J = 7.5 Hz, 1H), 4.47 (d, J = 8 Hz, 1H), 4.43 (d, J = 8 Hz, 1H), 4.18 (appt, J = 10.5 Hz, 

2H), 3.95-3.88 (m, 2H), 3.86-3.80 (m, 2H), 3.64-3.61(m, 3H), 3.55-3.47 (m, 3H), 3.45-

3.41 (m, 2H), 3.39-3.35 (m, 1H), 3.29 (appt, J = 8.5 Hz, 2H), and 3.25-3.21 ppm (m, 

1H);13C NMR (D2O, 125 MHz) δ 161.5, 142.6, 126.1, 116.6 102.9, 102.7, 99.2, 75.8, 

75.6, 75.5, 75.2, 74.7, 73.08, 73.02, 72.6, 69.6, 69.3, 69.2, 68.9, 62.4, 60.7, 48.8, and 

38.6 ppm.  

HSQC: H-6, 4.20 ppm (m, 1H), H-6’ 3.83 (m, 1H), H-12 4.16 (m, 1H), H-12’ 3.92 

(m, 1H), H-18 3.86 (m, 1H), H-18’ 3.62 (m, 1H); C-6, 68.9, C-12, 69.2, and C-18, 

60.7.H-6 and H6’ showed correlation with C-6 at 68.9 ppm. H-12 and H-12’ having 

correlation with C-12 at 69.2 ppm. Similarly, H-18 and H-18’ showed correlations with 

C-18 at 60.7 ppm. The HSQC C-H single bond correlation suggested us to find out the 

C-6, C-12, and C-18 (Appendix B, Figure B.3).  

HMBC: H-1 5.29 (d, J = 7.5 Hz, 1H), H-6, 4.20 ppm (m, 1H), H-6’ 3.83 (m, 1H), 

H-7, 4.43 ppm (d, J = 8 Hz, 1H), H-12 4.16 (m, 1H), H-12’ 3.92 (m, 1H), H-13, 4.47 
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ppm (d, J = 8 Hz, 1H); C-6, 68.9, C-7, 102.7, C-12, 69.2, C-18, 60.7, C-13, 102.9, and 

C-19, 161.5 ppm. 

We observed the first anomeric proton [H-1] at 5.29 (d, J = 7.5Hz, 1H) having 

three bond correlation with C-19 at 161.5 ppm, which indicates the p-nitrophenol 

connected with the glucosyl moiety (Appendix B, Figure B.4A). The second 

anomeric proton [H-7] at 4.43 ppm (d, J = 8Hz, 1H) showed correlation with C-6 at 

68.9 ppm, and also H-6 having correlation with C-7 at 102.7 ppm. These correlations 

guided us to construct the -1-6 glycosidic linkage. The third anomeric proton [H-13] 

at 4.47 ppm (d, J = 8Hz, 1H) showed correlation with C-12 at 69.2 ppm, and also H-12 

having correlation with C-13 at 102.9 ppm. These correlations guided us to construct 

the second -1-6 glycosidic linkage (Appendix B, Figure B.4B). The two -1-6 

glycosidic linkages suggested pNPG1 is pNP-β-D-gentiotrioside (Figure 4.40). 

 

 

 

Figure 4.40 Chemical structure of pNP-β-D-gentiotrioside. 
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4.13.2 pNP-β-D-gentiobioside (pNPG2) 

The data for pNPG2 suggested it is pNP-β-D-gentiobioside, as follows: Rf = 0.60 

(silica gel TLC with BuOH: acetic acid: water  4: 1: 1 v/v as solvent); 1H NMR (D2O, 

500 MHz): δ 8.26 (d, J = 9 Hz, 2H), 7.24 (d, J = 9.5 Hz, 2H), 5.27 (d, J = 7.5 Hz, 

1H), 4.54 (d, J = 8Hz, 1H), 4.21 (d, J = 10 Hz, 1H), 3.90-3.85 (m, 3H), 3.68-3.65 (m, 

1H), 3.64-3.62 (m, 2H), 3.58-3.56 (m, 1H), 3.44-3.40 (m, 1H), 3.38-3.33 (m, 2H), and 

3.28 (appt, J = 8 Hz, 1H); 13C NMR (D2O, 125 MHz) δ 161.6, 142.6, 126.0, 116.4, 

120.5, 99.2, 78.1, 75.9, 75.4, 75.0, 73.9, 73.1, 72.5, 69.4, 60.5, and 59.7 ppm. 

HSQC: H-6, 4.21 ppm (d, J = 10 Hz, 1H), H-6’ 3.90 (m, 1H), H-12 3.85 (m, 1H), 

and H-12’ 3.67 (m, 1H); C-6, 68.3 and C-12, 60.6. H-6 and H6’ showed correlation with 

C-6 at 68.3 ppm. H-12 and H-12’ were correlated with C-12 at 60.6 ppm. The HSQC 

C-H single bond correlations suggested the C-6 and C-12 (Appendix B, Figure B.7). 

HMBC; H-1, 5.29 (d, J = 7.5 Hz, 1H), H-6, 4.21 ppm (d, J = 10 Hz, 1H), H-6’, 

3.90 (m, 1H), H-7, 4.54 (d, J = 8 Hz, 1H); C-1, 99.2, C-6, 68.3, C-7, 102.7, and C-13, 

161.5 ppm. 

We observed the first anomeric proton [H-1] having three bond correlation with 

C-19 at 161.5 ppm, which indicates the p-nitrophenol connected with glucose molecule 

(Appendix Figure B.8A). The second anomeric proton [H-7] at 4.54 ppm (d, J = 8Hz, 

1H) showed correlation with C-6 at 68.3 ppm, and also H-6 having correlation with C-

7 at 102.7 ppm (Appendix B, Figure B.8B). These correlations guided us to construct 

the -1-6 glycosidic linkage. The one -1-6 glycosidic linkage suggested the 

disaccharide was pNP-β-D-gentiobioside (Figure 4.41). 
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Figure 4.41 Chemical structure of pNP-β-D-gentiobioside (pNPG2). 

 

4.13.3 pNP-β-D-cellobioside (pNPG3) 

The NMR and chromatographic data suggested that product pNPG3 is pNP-β-D 

-cellobiose, as follows: Rf = 0.68 (silica gel TLC with BuOH: acetic acid: water  4: 1: 1 

v/v as solvent); 1H NMR (D2O, 500 MHz): δ 8.26 (d, J = 9 Hz, 2H), 7.24 (d, J = 

9.5Hz, 2H), 5.29 (d, J = 7.5Hz, 1H), 4.54 (d, J = 8Hz, 1H), 4.01-3.99 (m, 1H), 3.92 

(dd, J = 2, 12.5Hz, 1H), 3.87-3.83 (m, 2H), 3.78-3.3.76 (m, 2H), 3.73-3.64 (m, 2H), 

3.53-3.47 (m, 2H), 3.43-3.38 (m, 1H), and 3.33 ppm (appt, J = 8Hz, 1H); 13C NMR 

(D2O,125 MHz): δ 161.6, 142.6, 126.0, 116.4, 120.5, 99.2, 78.1, 75.9, 75.4, 75.0, 73.9, 

73.1, 72.5, 69.4, 60.5, and 59.7 ppm. 

 Based on the migration rate of pNPG3 relative to pNP-β-D-cellobioside (pNPC2) 

standard, we suspected it was pNP-β-D-cellobioside. We dissolved both pNP-β-D-

cellobiose standard and the isolated pNPG3 sample in D2O and then ran 1H-NMR. 

The superimposed 1H-NMR spectra of the commercial pNP-β-D-cellobiose and 

isolated pNPG3 matched each other, as shown in Figure 4.42. This superimposed 

spectrum confirmed that pNPG3 is pNP-β-D-cellobioside (Figure 4.43). 
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Figure 4.42 Superimposed 1H-NMR spectra of pNP-β-D-cellobioside standard (blue) 

and pNP-β-D-cellobioside isolated sample (red).  

 

 

 

 

Figure 4.43 Chemical structure of pNP-β-D-cellobioside. 
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4.13.4 pNP-β-D-laminaribioside (pNPG4) 

The pNPG4 product was identified as pNP-β-D-laminaribioside based on the 

following data: Rf = 0.71 (silica gel TLC with BuOH: acetic acid: water  4: 1: 1 v/v as 

solvent); 1H NMR (D2O, 500 MHz): δ 8.27 (d, J = 9 Hz, 2H), 7.25 (d, J = 9 Hz, 

2H), 5.30 (d, J = 7.5 Hz, 1H), 4.72 (anomeric proton merged with D2O, 1H), 3.95-3.87 

(m, 3H) 3.83 (appt, J = 8 Hz, 1H), 3.78 (dd, J = 5.5, 12.5 Hz, 1H), 3.74-3.37 (m, 

2H), 3.63 (appt, J = 9.5 Hz, 2H), 3.54-3.47 (m, 2H), 3.43-3.33 ppm (m, 3H); 13C NMR 

(D2O,125 MHz) δ 161.6, 126.0, 116.4, 120.7, 99.1, 83.7, 75.9, 75.5, 73.4, 72.5, 69.5, 

67.7, 60.6, and 60.3 ppm. 

HSQC: H-1, 5.30 (d, J = 7.5Hz, 1H), H-3 3.95 (m, 1H), and H-7 4.72 (anomeric 

proton merged with D2O, 1H); C-1, 99.1, C-3, 83.7, and C-7, 102.7 ppm. H-3 at 3.95 

ppm (m, 1H) showed a correlation with C-3 at 88.7 ppm. H-7 had a correlation with C-

7 at 103.7 ppm. The HSQC C-H single bond correlations suggested identities of the C-

3 and C-7 peaks. 

HMBC: H-3 3.95 (m, 1H) and H-7 4.72 ppm (anomeric proton merged with D2O, 

1H); C-3, 83.7 and C-7, 102.7 ppm. 

We observed the first anomeric proton [H-1] having a three-bond correlation with 

the C-19 peak at 161.5 ppm, which indicates the p-nitrophenol connected with glucosyl 

moiety (Appendix B, Figure B.13). The second anomeric proton [H-7] peak at 4.72 

ppm showed a correlation with the C-3 peak at 83.7 ppm, and also the H-3 peak had a 

correlation with the C-7 peak at 102.7 ppm (Appendix B, Figure B.14). These 

correlations guided us to construct the -1-3 glycosidic linkage. The one -1-3 

glycosidic linkage suggested that pNPG4 was the disaccharide glycoside pNP-β-D-

laminaribioside (Figure 4.44). 
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Figure 4.44 Chemical structure of pNP-β-D-laminaribioside. 

 

4.13.5 Methyl-β-D-glucopyranoside  

The product of the transglycosylation product of methanol was confirmed with 

the following data. Rf = 0.37 (silica gel TLC with CHCl3: MeOH 9:1 v/v as solvent); 

1H NMR (D2O, 500 MHz): δ 4.35 (d, J  = 8 Hz, 1H), 3.90 (dd, J  = 2, 12.5 Hz, 1H), 

3.70 (dd, J  = 5.5, 12.5 Hz, 1H), 3.55 (s, 3H), 3.49-3.42 (m, 2H), 3.37-3.32 (m, 1H) 

and 3.24 ppm (appt, J  = 3.2 Hz); 13C NMR (D2O, 125 MHz) δ 103.2, 75.9, 75.7, 73.0, 

69.6, 60.6, and 57.1 ppm. 

 The anomeric protons coupling constant value was 8 Hz at 4.35 ppm (Figure 

B.15), and anomeric carbon peak was at 103.2 ppm (Figure B.16) which confirmed that 

the anomeric glycosidic linkage was in  configuration. The chemical structure of 

methyl-β-D-glucopyranoside is shown in Figure 4.45. 

 

 

 

Figure 4.45 Chemical structure of methyl-β-D-glucopyranoside. 
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4.13.6 Ethyl-β-D-glucopyranoside 

The product of the transglycosylation product of ethanol was confirmed with the 

following data. Rf = 0.44 (silica gel TLC with CHCl3: MeOH 9:1 v/v as solvent); 1H 

NMR (D2O, 500 MHz): δ 4.45 (d, J  = 8 Hz, 1H), 3.99-3.92 (m, 1H), 3.90 (dd, J = 2, 

12 Hz, 1H), 3.74-3.68 (m, 2H), 3.49-3.42 (m, 2H), 3.36 (appt, J  = 9.5Hz, 1H), 3.23 

(appt, J  = 8.5 Hz, 1H) and 1.22 ppm (t, J  = 7 Hz, 3H); 13C NMR (D2O, 125 MHz) δ 

101.8, 75.8, 75.7, 73.1, 69.6, 66.1, 60.7 and 14.2 ppm. 

The anomeric protons coupling constant value was 8 Hz at 4.45 ppm (Figure 

B.17), and the anomeric carbon peak was at 101.8 ppm (Figure B.18), which confirmed 

the anomeric glycosidic linkage was in  configuration. The chemical structure of ethyl-

β-D-glucopyranoside is shown in Figure 4.46.  

 

 

 

Figure 4.46 Chemical structure of ethyl-β-D-glucopyranoside. 

 

4.13.7 Propyl-β-D-glucopyranoside 

The product of the transglycosylation product of n-propanol was confirmed as 

n-propyl-β-D-glucopyranoside with the following data. Rf = 0.57 (silica gel TLC with 

CHCl3: MeOH 9:1 v/v as solvent); 1H NMR (D2O, 500 MHz): δ 4.44 (d, J  = 8 Hz, 1H), 

3.91-3.83 (m, 2H), 3.70 (dd, J = 6, 12.5 Hz, 1H), 3.64-3.59 (m, 1H), 3.48-3.41 (m, 2H), 

3.36 (appt, J  = 9Hz, 1H), 3.24 (appt, J  = 8.5Hz, 1H), 1.60 (sx, J  = 7.5Hz, 2H), and 
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0.90 ppm (t, J  = 7Hz, 3H); 13C NMR (D2O,125 MHz): δ 102.1, 75.8, 75.7, 73.1, 72.2, 

69.6, 60.7, 22.1 and 9.5 ppm. 

The anomeric proton coupling constant value was 8 Hz for the peak at 4.44 ppm 

(Figure B.19) and anomeric carbon peak was at 102.1 ppm (Figure B.20) which 

confirmed that the anomeric glycosidic linkage was in  configuration. The chemical 

structure of n-propyl-β-D-glucopyranoside is shown in Figure 4.47.  

 

 

 

Figure 4.47 Chemical structure of n-propyl-β-D-glucopyranoside. 

 

 4.13.8 n-Butyl-β-D-glucopyranoside 

 The product of the transglycosylation product of n-butanol was confirmed as 

n-butyl-β-D-glucopyranoside with the following data. Rf =  0. 62 ( silica gel TLC with 

CHCl3:MeOH 9:1 v/v as solvent); 1H NMR (D2O, 500 MHz): δ 4.44 (d, J = 8 Hz, 1H), 

3.939-3.887 (m, 2H), 3.721-3.654 (m, 2H), 3.486-3.417 (m, 2H), 3.62 (appt, J = 9.5 

Hz, 1H), 3.239 (appt, J = 8.5 Hz, 1H), 1.621-1.564 (m, 2H), 1.380-1.320 (m, 2H), and 

0.89 ppm (t, J = 7.5 Hz, 3H); 13C NMR ( D2O,125 MHz) : δ 102.1, 75.87, 75.80, 73.1, 

70.3, 69.6, 60.7, 30.8, 18,4 and 13.0 ppm. 

The anomeric proton coupling constant value was 8 Hz for the peak at 4.44 ppm 

(Figure B.21), and anomeric carbon peak was at 102.1 ppm (Figure B.22), which 

 



 

 

90 

 

 

 

confirmed that the anomeric glycosidic linkage was in  configuration. The chemical 

structure of n-butyl-β-D-glucopyranoside is shown in Figure 4.48.  

 

 

 

Figure 4.48 Chemical structure of n-butyl-β-D-glucopyranoside. 

 

4.13.9 3-Methyl-1-butyl-β-D-glucopyranoside 

 The product of the transglycosylation product of 3-methyl-1-butanol was confirmed 

as 3-Methyl-1-butyl-β-D-glucopyranoside with the following data. Rf = 0.64 (silica gel 

TLC with CHCl3: MeOH 9:1 v/v as solvent); 1H NMR (D2O, 500 MHz): δ 4.43 (d, J = 

8 Hz, 1H), 3.97-3.93 (m, 1H), 3.90 (dd, J = 2, 12 Hz, 1H), 3.72-3.65 (m, 2H), 3.46 

(appt, J = 9 Hz, 1H), 3.44-3.41 (m, 1H), 3.38-3.33 (m, 1H), 3.23 (appt, J = 9 Hz, 1H), 

1.70-1.63 (m, 1H), 1.55-1.45 (m, 2H) and 0.88 ppm (d, J = 6.5 Hz, 6H); 13C NMR 

(D2O,125 MHz): δ 102.1, 75.86, 75.80, 73.1, 69.6, 69.1, 60.7, 37.5, 24.1, 21.73, and 

21.72 ppm. 

The anomeric proton coupling constant value was 8 Hz for the peak at 4.43 ppm 

(Appendix B, Figure B.23), and anomeric carbon peak was at 102.1 ppm (Figure B.24), 

which confirmed that the anomeric glycosidic linkage was in  configuration. The 

chemical structure of 3-methyl-1-butyl-β-D-glucopyranoside is shown in Figure 4.49.  
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Figure 4.49 Chemical structure of 3-methyl-1-butyl-β-D-glucopyranoside. 

 

4.13.10 2-Hydroxyethyl-β-D-glucopyranoside 

 The product of the transglycosylation product of ethylene glycol was confirmed 

as 2-hydroxyethyl-β-D-glucopyranoside with the following data. Rf =  0. 17 ( silica gel 

TLC with CHCl3:MeOH 9:1 v/v as solvent); 1H NMR (D2O, 500 MHz): δ 4.48 (d, J = 

8 Hz, 1H) , 4.01-3.96 (m, 1H), 3.90 (dd, J = 2, 12.5 Hz, 1H), 3.78-3.76 (m, 3H), 3.71 

(dd, J = 6, 12 Hz, 1H), 3.49 (appt, J = 9 Hz, 1H), 3.46-3.43 (m, 1H), 3.39-3.34 (m, 1H), 

3.30 ppm (appt, J = 8 Hz, 1H); 13C NMR ( D2O,125 MHz) : δ 102.3, 75.8, 75.6, 73.1, 

71.1, 69.6, 60.9, and 60.2 ppm. 

 The anomeric proton coupling constant value was 8 Hz for the peak at 4.48 ppm 

(Appendix B, Figure B.25), and the anomeric carbon peak was at 102.3 ppm (Appendix 

B, Figure B.26) which confirmed that the anomeric glycosidic linkage was in  

configuration. The chemical structure of 2-hydroxy-ethyl-1-β-D-glucoside is shown in 

Figure 4.50.  

 

 

 

Figure 4.50 Chemical structure of 2-hydroxyethyl-β-D-glucopyranoside. 
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4.13.11 Propargyl-β-D-glucopyranoside. 

 The product of the transglycosylation product of propargyl alcohol was 

confirmed as propargyl-β-D-glucopyranoside with the following data. Rf = 0.44 (silica 

gel TLC with CHCl3:MeOH 9:1 v/v as solvent);  1H NMR (D2O, 500 MHz): δ 4.62 (d, 

J = 8 Hz, 1H), 4.49-4.42 (m, 2H), 3.90 (dd, J = 2, 12 Hz, 1H), 3.26-3.69 (m, 1H), 3.55-

3.49 (m, 1H), 3.47-3.44 (m, 1H), 3.37 (appt, J =  9Hz, 1H), 3.28 (appt, J = 8.5 Hz, 1H) 

and 2.90 ppm (t, J = 2.5 Hz, 1H [proton exchanged]); 13C NMR ( D2O,125 MHz) : δ 

100.5, 76.2, 75.9, 75.6, 72.8, 69.5, 62.4, 60.3, and 56.4 ppm. 

The anomeric proton coupling constant value was 8 Hz for the peak at 4.62 ppm 

(Appendix B, Figure B.27), and the anomeric carbon peak was at 100.5 ppm (Appendix 

B, Figure B.28), which confirmed that the anomeric glycosidic linkage is in  

configuration. The chemical structure of propargyl-β-D-glucopyranoside is shown in 

Figure 4.51.  

 

 

 

Figure 4.51 Chemical structure of propargyl-β-D-glucopyranoside. 

 

4.13.12 Ethylene-disulfide-β-D-glucopyranoside 

The product of the transglycosylation product of β-mercaptoethanol was 

identified as ethylene-disulfide-β-D-glucopyranoside with the following data. Rf = 0.4 

(silica gel TLC with CHCl3:MeOH 9:1 v/v as solvent);  1H NMR (D2O, 500 MHz): δ 

4.50 (d, J = 8 Hz, 1H), 4.18-4.13 (m, 1H), 3.99-3.95(m, 1H), 3.90 (dd, J = 2, 12.5 Hz, 
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1H), 3.86 (t, 6Hz, 2H), 3.71 (dd, J = 6, 12.5 Hz, 1H), 3.50-3.43 (m, 2H), 3.29-3.25 (m, 

1H), 3.27 (appt, J = 8.5 Hz, 1H), 2.98 (t, 6.5 Hz, 2H), and 2.90 (t, 6 Hz, 2H); 13C NMR 

(D2O,125 MHz): δ 102.3, 75.9, 75.6, 73.0, 69.5, 67.8, 60.6, 59.1, 39.9, and 37.4 ppm. 

The anomeric proton coupling constant value was 8 Hz for the peak at 4.50 ppm 

with total 15 H atoms (Appendix B, Figure B.29), and the anomeric carbon peak was 

at 102.3 ppm, with total 10 carbon atoms (Appendix B, Figure B.30) which, confirmed 

that the anomeric glycosidic linkage was in  configuration and present disulfide bond 

of β-mercaptoethanol in the molecule. The chemical structure of ethylene-disulfide-β-

D-glucopyranoside is shown in Figure 4.52.  

 

 

 

Figure 4.52 Chemical structure of ethylene-disulfide-β-D-glucopyranoside 

 

 4.13.13 4-Hydroxy-benzyl-β-D-glucopyranoside  

The product of the transglycosylation product of 4-hydroxy-benzyl alcohol was 

identified as 4-hydroxy-benzyl-β-D-glucopyranoside with the following data. Rf = 0.44 

(silica gel TLC with CHCl3:MeOH 9:1 v/v as solvent); 1H NMR (D2O, 500 MHz): δ 

7.38-7.28 (m, 2H), 6.99-6.94 (m, 2H), 4.93 (d, J = 11.5 Hz, 1H), 4.53 (d, J = 8Hz, 

1H), 3.90 (dd, J = 2, 12.5 Hz, 1H), 3.71 (dd, J = 6, 12.5Hz, 1H), 3.46-3.41 (m, 2H), 

3.39-3.33 (m, 1H), and 3.28 ppm (appt, J = 8.5 Hz, 1H); 13C NMR (D2O, 125 MHz): δ 

154.3, 131.3, 130.3, 123.0, 120.5, 115.7, 101.2, 75.9, 75.6, 73.0, 69.6, 67.0, and 60.7 

ppm. 
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The anomeric proton coupling constant value was 8 Hz for the peak at 4.53 ppm 

(Appendix B, Figure B.31), and the anomeric carbon peak was at 101.2 ppm (Appendix 

B, Figure B.32), which confirmed that the anomeric glycosidic linkages are  

configuration When the benzyl is alcohol glycosylated, the benzylic protons become 

diastereotopic and split into two different peaks and appears at different chemical shifts. 

From the NMR, the peak for the benzylic proton splits into two different doublets (one 

proton peak seems to be merged with the solvent peak) and the other proton peak 

appears at 4.93 ppm (d, J = 11.5 Hz). The chemical structure of 4-hydroxy-benzyl-β-D-

glucoside is shown in Figure 4.53. 

 

 

 

Figure 4.53 Chemical structure of 4-hydroxy-benzyl-β-D-glucopyranoside 

 

4.14  Summary and future directions 

 The GH1 Os9BGlu31 transglucosylation works by the same mechanism as 

retaining glycoside hydrolases (Ketudat-Cairns, and Esen, 2010), and can transfer 

glucose from pNPGlc to phenolic acids, and carboxylic acids. The effects of various 

substitution mutations of Os9BGlu31 were explored to improve use of different donor 

and acceptor substrates. Unfortunately, no activity could be detected from these 

enzymes. However, the previously characterized variants that exhibited highest activity 

were used in this study to produce glucoconjugate of antibiotics and other potential 
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medicinal compounds. Among the tested acceptor substrates, six acceptors resulted in 

apparently glycosylated products, including chloramphenicol, nybomycin, ampicillin, 

amoxicillin, tetracycline, and doxorubicin. Chloramphenicol glucoside was produced 

and its structure determined by NMR. The structure of other the antibiotic glucosides 

could be confirmed and their bioactivity tested in the future. 

 The GH3 OsExo1 and OsExo2 also have a retaining catalytic mechanism, which 

removes single monosaccharides from the non-reducing end of their substrate, with 

retention of anomeric configuration (Ketudat-Cairns, and Esen, 2010). GH enzymes 

often have low regioselectivity (Komvongsa et al., 2015), which leads to a mixture of 

products when the acceptor contains more than one hydroxyl group (Tran et al., 2019), 

but OsExo1 and OsExo2 have specificity to primary alcohols, as demonstrated in 

this work, such as the hydroxyl groups on methanol, ethanol, n-propanol, isopropanol, 

1-butanol, 3-methyl-1-butanol, propargyl alcohol, 4-hydroxybenzyl alcohol, and -

mercaptoethanol. However, the transglycosylation activity of the enzymes also can 

transfer a glucosyl moiety to a glycon portion in glycoside in different linkages, which 

led to detectable pNP-oligosaccharides, including pNP-β-D-gentiotrioside, pNP-β-D-

gentiobioside, pNP-β-D-cellobioside, and pNP-β-D-laminaribiose. Moreover, OsExo1 

and OsExo2 can utilize various glucosyl donor substrates, due to their broad 

specificity toward (1,3)-β-D-glucans, (1,4)-β-D-glucans, (1,3;1,4)-β-D-glucans and 

(1,6)-β-D-glucans (Hrmova and Fincher, 1998). These properties make these enzymes 

applicable to environmentally friendly glucoside production in reactions with crude 

oligosaccharides from biomass breakdown as the glucose donors, which may be 

explored in the future. 

 

 



 

CHAPTER V 

CONCLUSION  

 

This thesis studied the use of glycoside hydrolase family 1 and 3 enzymes in 

transglycosylation of compounds of interest. The effects of various substitution 

mutations of Os9BGlu31 were explored to improve use of different donor and acceptor 

substrates. The transglycosylation properties of GH3 exoglucanases OsExo1 and 

OsExo2 were investigated as well to produce glycosides of various alcohols. The 

purification and structural confirmation of the transglycosylation products is also 

described. The description was separated into two parts starting from Os9BGlu31 

engineering and transglycosylation of medicinal compounds, then followed by OsExo1 

and OsExo2 characterization as catalysts for transglycosylation reactions. 

The Os9BGlu31 amino acid substitutions were based on molecular docking to in 

silico mutated enzymes and were introduced into the Os9BGlu31W243L variants. 

The resulting variants included Os9BGlu31 H123E/W243L, Y313H/W243L, 

Y313Q/W243L, Y313S/W243L, E441T/W243L, and E441H/W243L. Unfortunately, 

no activity could be detected from these enzymes. Therefore, we studied the 

transglucosylation of antibiotics and other potential medicinal compounds by 

Os9BGlu31 variants W243H, W243K, W243L, W243N, and W243R, which were 

previously generated and characterized (Komvongsa et al., 2015; Tran et al., 2019). The 

production of glucoconjugates of the medicinal compounds was assessed by UPLC. 

Among the tested acceptor substrates, six acceptors resulted in apparently glycosylated 
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products, including chloramphenicol, nybomycin, ampicillin, amoxicillin, tetracycline, 

and doxorubicin. Chloramphenicol glucoside was produced with Os9BGlu31W243N 

as catalyst and characterized by NMR, and the coupling constant value of the anomeric 

proton peak of 8 Hz at 4.45 ppm and anomeric carbon peak at the chemical shift of 

102.8 ppm confirmed that the anomeric glycosidic linkage was in  configuration. 

Chloramphenicol contains one primary and one secondary alcohol that can be 

glycosylated, but the primary hydroxyl is most amenable to glycosylation. 

The GH3 enzyme OsExo1 was produced as a secreted protein from P. pastoris, 

as previously described by Prawisut, 2019. The protein was purified from culture 

media by Ni2+ IMAC and SEC over an S200 column. The OsExoI was found to be 

glycosylated in different levels, and the carbohydrate could be removed by digestion 

with endoglycosidase H. The glycosylation sites in OsExoI were predicted to be 

Asn210, Asn322 and Asn520 by NetNGlyc (Blom et al., 2004). The highest 

glycosylation fraction was found to have the highest specific activity at 17.81 U·mg-1, 

the medium glycosylation fraction had 9.76 U·mg-1, and low glycosylation fraction had 

4.02 U·mg-1, while the deglycosylated form had a specific activity of 9.47 U·mg-1. The 

pH dependence of N-deglycosylated OsExo1 activity was similar to that of glycosylated 

OsExo1, OsExo2, and rHvExo1 (glycosylated and N-deglycosylated forms), which 

showed bell-shaped activity versus pH curves, and highest activities detected at pH 5.0. 

The temperature optimum for the glycosylated OsExo1 enzyme was 45 °C. The 

temperature stability of OsExo1 N-deglycosylated was similar to that of glycosylated 

OsExo1, OsExo2 and the N-deglycosylated rHvExo1 (Prawisut et al., 2020; Prawisut, 

2019; and Luang et al., 2010). Thus, the glycosylation does not seem to be critical for 

the stability of rice OsExo1. 
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OsExo2 was produced in E. coli, as described by Prawisut, 2019. The protein was 

purified by Ni2+ IMAC, SEC over an S200 column, and HIC over a phenyl sepharose 

column, respectively. During the purification of OsExo2, it was apparent that the 

activity increased when ethylene glycol was present in the elution step of HIC 

purification. Therefore, we tested the transglucosylation activity by using pNPGlc as a 

glucosyl donor substrate, while ethylene glycol was used as a glucosyl donor substrate 

and the reaction products were visualized by TLC. The new spot could be seen between 

the positions of pNPGlc and glucose, consistent with an ethylene glycol glucoside 

product. 

The transglucosylation activity of OsExo1 and OsExo2 toward various alcohols, 

including methanol, ethanol, n-propanol, isopropanol, 1-butanol, 3-methyl-1-butanol, 

n-octanol, glycerol, propargyl alcohol, 4-hydroxybenzyl alcohol, and -mercaptoethanol 

were tested, and all of these could be glycosylated, except for isopropanol, glycerol, 

and octanol. This suggests that OsExo1 and OsExo2 can transfer glucose only                           

to primary alcohols of short-chain or aromatic molecules. The structures of the 

products with ethylene glycol and the short-chain alcohols, methanol, ethanol,                   

n-propanol, 1-butanol, 3-methyl-1-butanol, propargyl alcohol, 4-hydroxybenzyl alcohol, 

and -mercaptoethanol were confirmed by NMR. These products were 2-hydroxy-1-

ethyl-β-D-glucopyranoside methyl-β-D-glucopyranoside, ethyl-β-D-glucopyranoside, 

n-propyl-β-D-glucopyranoside, 1-butyl-β-D-glucopyranoside, 3-methyl-1-butyl-β-D-

glucopyranoside, propargyl-β-D-glucopyranoside, 4-hydroxybenzyl-β-D-glucopyranoside, 

and di--mercaptoethyl-β-D-glucoside, respectively. 

The transglucosylation activities toward pNPGlc were observed at various times. 

During the initial stages of the reaction, a small amount of glucose was observed, in 
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addition to pNP-oligosaccharide products. As the reaction progressed, transient 

transglycosylation products were detected comprising pNP-oligosaccharides and 

oligosaccharides. In a complete reaction, the pNP-oligosaccharides and oligo-

saccharides had been hydrolyzed, and only glucose was present as the final hydrolysis 

product.  The four pNP-oligosaccharide products were produced by OsExo2 and their 

structures were characterized by NMR. The NMR results identified the clearly 

detectable pNP-oligosaccharides as pNP-β-D-gentiotrioside, pNP-β-D-gentiobioside, 

pNP-β-D-cellobioside, and pNP-β-D-laminaribiose.  

To test other glucosyl donor substrates, methanol was used as a glucosyl donor 

with cello-oligosaccharides (C2-C5), laminari-oligosaccharides (L2-L5), and the 

polysaccharides laminarin, barley glucan, and lichenan. The results showed that C2-

C5, L2-L5, laminarin, barley glucan, and lichenan can serve as glucosyl donors for 

OsExo1 and OsExo2. The enzyme N-glycosylation state does not seem to have a 

significant impact on the transglucosylation activity of the rice exoglucanases. This 

information suggests the efficient catalytic routes to produce useful glycoconjugates.  

Further work that can be done in the future would be engineering improved 

soluble protein expression of rice exoglucanase 2 in E. coli by site directed mutagenesis, 

due to its capability to use of different glucosyl donor substrates. The structure of 

antibiotic glucosides can be confirmed and the bioactivity tested. Nonetheless, the 

current work contributes substantially to our ability to apply plant GH1 and GH3 

enzymes for production of useful gluco-conjugates. 
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APPENDIX A 

PROTEIN PURIFICATION 

 

 

 

Figure A.1 HPLC chromatogram of SEC purification of OsExo1. 

 

 

 

Figure A.2 SDS-PAGE analysis of SEC purification of OsExo1 glycosylation form. 
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Figure A.3 SDS-PAGE analysis of SEC purification of OsExo1 deglycosylated form. 

 

Table A.1  OsExo1 activity during SEC purification. 

                            Form  

Fraction No. 

Glycosylated Deglycosylated 

23 0.310 - 

24 0.639 - 

25 0.959 - 

26 1.198 - 

27 1.574 - 

28 2.060 - 

29 1.868 - 

30 1.855 0.410 

31 1.645 2.069 

32 1.116 2.142 

33 0.238 1.792 

34 0.105 1.143 

35 - 0.713 

36 - 0.470 
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Figure A.4 SDS-PAGE analysis of IMAC purification of OsExo2. 

 

 

 

 

Figure A.5 OsExo2 activity during IMAC purification. 
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Figure A.6 HPLC chromatogram of SEC purification and its activity of OsExo2.  

 

 

 

 

Figure A.7 SDS-PAGE analysis of SEC purification of OsExo2. 
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Figure A.8 SDS-PAGE analysis of HIC purification of OsExo2. 

 

 

 

Figure A.9 OsExo2 activity during HIC purification. 
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Pfu polymerase Production  

1. Starter culture: I inoculated 1 ml of the frozen stock of the selected Pfu DNA-

polymerase clone into 10 ml LB containing 100 μg/ml ampicillin and 34 μg/ml 

chloramphenicol (LBA100C34) and incubated in shaking incubator at 180-200 rpm, at 

37 °C, overnight (12-18 hr). 

2. To scale up, the starter culture (10 ml) was added to 400 ml of LBA100C34 and 

incubated in a shaking incubator at 180-200 rpm, at 37 °C, overnight (12-18 hr). 

3. A 10% v/v portion of scaled up culture was inoculated into 1 L of LB 

containing LBA100C34 and the culture was incubated in a shaking incubator at 180-200 

rpm, at 37 °C until the A600 reached 1.0. The temperature of the bacterial culture was 

decreased to 23 °C. 

4. IPTG was added to a final concentration of 1 mM to the 23 °C culture from 

step 3, to induce the expression of T7 polymerase for recombinant protein expression 

under the control of the T7 promoter for 18 h at 23 °C.   

5. The E. coli cells were harvested by centrifugation at 4,500 rpm for 30 min. 

6. The pellet was resuspended in 100 ml of Ni2+-Binding buffer (50 mM Tris-

HCl, pH 8.0, 500 mM NaCl, and 20 mM imidazole).  

7. The cells were disrupted by sonication for 20 seconds for 3 times, always keep 

on ice (optional: the cells were treated with lysozyme at a final concentration of 1 mg/ml 

for 1 h at 37 °C before sonication). 

8. The cell debris was removed by centrifugation at 18,000 rpm for 45 min, and 

the supernatant collected. 

9. Ni-NTA beads (3 mL, slurry) were added to the supernatant and mixed 

continuously for 30 min at 4 °C.  
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10. The cells were resuspended in His-binding/washing buffer: 50mM Tris, pH 

8.0, 500 mM NaCl, 20 mM imidazole. 

11. The resuspended sample/resin was loaded into a 10 ml disposable column, 

the resin beads were washed with His-wash buffer 30-150 ml (50 mM Tris, pH 7.2, 0.5 

M NaCl, 20 mM imidazole) until the OD280 was stable (as measured by Nano-drop 

spectrophotometer). 

12. The protein sample was eluted by His-elution buffer: 50 mM Tris, pH 7.2, 

0.5 M NaCl, 250 – 500 mM imidazole, 5-10 2-ml fractions were kept until the OD280 

was stable (as measured by Nano-drop spectrophotometer). 

13. The protein sample (1 ml in 1.5 ml microfuge tube) was incubated in boiling 

water 30 second or until the solution became milky white. 

14. The tube was centrifuged at 13,000xg by microcentrifuge for 5-10 minutes 

to remove the precipitated protein (pellet). 

15. The solution was concentrated by 50 kDa MWCO ultrafiltration membrane, 

and kept in storage buffer (50 mM Tris-HCl (pH 8.0), 0.1 mM EDTA, 1 mM DTT, 

and 50% glycerol) at 40 °C. 

16. The 10X Reaction Buffer with MgSO4 for Pfu polymerase was prepared 

as follows: 200 mM Tris-HCl (pH 8.8 at 25°C), 100 mM KCl, 100 mM (NH4)2SO4, 20 

mM MgSO4, 1.0% Triton® X-100 and 1 mg/ml nuclease-free BSA. 

 

 



 
 

 

APPENDIX B 

NMR SPECTRA  

 

 

 

Figure B.1 1H-NMR spectrum of pNP-β-D-gentiotrioside. 
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Figure B.2 13C-NMR spectrum of pNP-β-D-gentiotrioside. 

 

 

 

Figure B.3 HSQC spectrum of pNP-β-D-gentiotrioside. 
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Figure B.4 HMBC spectrum of pNP-β-D-gentiotrioside. 
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Figure B.5 1H-NMR spectrum of pNP-β-D-gentiobioside. 

 

 

 

 

Figure B.6 13C-NMR spectrum of pNP-β-D-gentiobioside. 
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Figure B.7 HSQC spectrum of pNP-β-D-gentiobioside. 
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Figure B.8 HMBC spectrum of pNP-β-D-gentiobioside. 
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Figure B.9 1H-NMR spectrum of pNP-β-D-cellobioside. 

 

 

 

 

Figure B.10 13C-NMR spectrum of pNP-β-D-cellobioside. 
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Figure B.11 1H-NMR spectrum of pNP-β-D-laminaribioside. 

 

 

 

 

Figure B.12 13C-NMR spectrum of pNP-β-D-laminaribioside. 
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Figure B.13 HSQC spectrum of pNP-β-D-laminaribioside. 

 

 

 

Figure B.14 HMBC spectrum of pNP-β-D-laminaribioside. 
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Figure B.15 1H-NMR spectrum of methyl-β-D-glucopyranoside. 

 

 

 

 

Figure B.16 13C-NMR spectrum of methyl-β-D-glucopyranoside. 
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Figure B.17 1H-NMR spectrum of ethyl-β-D-glucopyranoside. 

 

 

 

 

Figure B.18 13C-NMR spectrum of ethyl-β-D-glucopyranoside. 
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Figure B.19 1H-NMR spectrum of n-propyl-β-D-glucopyranoside. 

 

 

 

 

Figure B.20 13C-NMR spectrum of n-propyl-β-D-glucopyranoside. 
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Figure B.21 1H-NMR spectrum of n-butyl-β-D-glucopyranoside. 

 

 

 

Figure B.22 13C-NMR spectrum of n-butyl-β-D-glucopyranoside. 
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Figure B.23 1H-NMR spectrum of 3-methyl-1-butyl-β-D-glucopyranoside. 

 

 

 

Figure B.24 13C-NMR spectrum of 3-methyl-1-butyl-β-D-glucopyranoside. 
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Figure B.25 1H-NMR spectrum of 2-Hydroxyethyl-β-D-glucopyranoside. 

 

 

 

igure B.26 13C-NMR spectrum of 2-Hydroxyethyl-β-D-glucopyranoside. 
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Figure B.27 1H-NMR spectrum of propargyl-β-D-glucopyranoside. 

 

 

 

Figure B.28 13C-NMR spectrum of propargyl-β-D-glucopyranoside. 
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Figure B.29 1H-NMR spectrum of ethylene-disulfide-β-D-glucopyranoside. 

 

 

 

Figure B.30 13C-NMR spectrum of ethylene-disulfide-β-D-glucopyranoside. 
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Figure B.31 1H-NMR spectrum of 4-hydroxybenzyl alcohol β-D-glucopyranoside. 

 

 

 

 

Figure B.32 13C-NMR spectrum of 4-hydroxybenzyl alcohol β-D-glucopyranoside. 
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