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Abstract 

Glycosyltransferases (GTs) are the enzymes that transfer sugar molecule from nucleotide 

sugars to a wide range of molecules including hormones, secondary metabolites, biotic and 

abiotic chemicals. When glycosyltransferases add a sugar moiety in any molecule, the 

hydrophilicity of that molecule changes and thus alter the chemical properties of the 

molecule. This phenomenon is vital for appropriate working of living organisms. Plants’ 

glycosyltransferases are part of a vast multigene family and have direct impact on plants̓ 

homeostasis. There are many sugar molecules that can be used as donor for 

glycosyltransferases. Uridine diphosphate (UDP) Rhamnose is a natural deoxy sugars 

present in plant cell wall and a potential donor for some of the UDP glycosyltransferases. 

The current project was designed in this view to check the UDP glycosyltransferases that 

use UDP rhamnose as donor in vivo via in vitro studies, and by using site directed 

mutagenesis to switch onto the key peptide that binds to UDP rhamnose as a substrate. The 

aforementioned research can lead to synthesize more enzymes that can utilize the UDP 

rhamnose as donors. Previous studies demonstrated that site directed mutagenesis (SDM) in 

UGTs can cause change in substrate specificity, enhanced or worsen catalytic activity, or 

total loss of activity. This kind of change had demonstrated previously that a change in 

substrate specificity could cause better glycosylation and perked up anticancer activity of 

UGTs. In the current study, site directed mutagenesis was used to create mutants of few 

UGTs which could not use UDP-Rhamnose as donor sugar. In vitro activity tests proved 

the in vivo donor sugar selectivity of UGTs. Thus, in vitro activity tests helped to select the 

UGTs not using UDP-Rhamnose as donor sugar in vivo. Seven UGTs mutants were 

generated through site directed mutagenesis: UGT71B8 (T138M), UGT71B8 (T138A), 

UGT71B1 (T132A), UGT71B1 (N134I), UGT73B3 (G154V), UGT73B4 (V127G) and 

UGT76E1 (T134A). In silico assay, the structure analysis of all the wild type and mutant 

enzymes were performed against VvGT1 as a refernce enzyme. After mutation, six mutants 

were found positive and utilized further for activity tests on mass spectrometer. These 

mutants were also sent for DNA sequencing to confirm SDM. All the tested mutants 

(except UGT73B3 G154V) showed altered substrate specificity but not a single one was 

able to switch on UDP rhamnose as donor sugar. In addition, three mutants lost their 

activity with UDP-glucose. At the site of mutagenesis, the mutants with total loss of activity 

showed signs of presence of some significant amino acid residues which should be further 

analyzed to know their role in UGTs activity. 
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Chapter 1 

Chapter 1 -  Introduction 

 

In all living organisms glycosylation is responsible for cell homeostasis. 

Glycosylation actually defines the location of small molecules, their bioactivity and the 

metabolism inside cell (Offen et al.,  2006). Glycosyltransferases (GTs) are involved in 

glycosylation reaction and change the hydrophilicity of molecules in living organisms and 

helps in detoxification and stabilization of natural products (Sakakibara, 2009; Bowles and 

Lim, 2010).  

1.1 – Glycosyltransferases  

Glycosyltransferases (GTs) are present in almost all living organisms; plants, 

animals and microorganisms (Lim and Bowles, 2004). These enzymes catalyze the 

biosynthesis of glycosidic bond during which a nucleoside phosphate sugar is used as a 

donor molecule. Two structural folds of GTs have been reported, i.e. GT-A and GT-B; 

nucleotide sugar dependent and lipid phosphosugar-dependent folds, respectively (Lairson 

et al.,  2008). GTs are involved in the biosynthesis of oligosaccharides, polysaccharides and 

glycoconjugates. According to sequence similarity, GTs are divided into 91 families (Kim 

et al.,  2006). Coordinated action of number of glycosyltransferases catalyzes the transfer of 

sugar residue from donor molecule to acceptor molecule. This enzyme group is very old but 

recently, extensive research work has been performed on structure, function and cellular 

mechanism of this class of enzymes. Subsequent kinetic studies have revealed important 

aspects in various mechanisms of glycosyltransferases (Breton and Imberty, 1999; Breton 

et al.,  2012). The detailed mechanism of gene expression and regulation for in vivo 

glycosylation is not yet well documented. Moreover, DNA and histone modifications are 

essential to know gene expression at tissue level. Hence, epigenetic expression mechanism 

of glycosyltransferases regulation genes is still inadequate for comprehensive 

understanding of glycosyltransferases (Kizuka et al.,  2014).  

1.1.1 – UDP Glycosyltransferases  

UDP glycosyltransferases (UGTs) belongs to family 1 of glycosyltransferases and 

involved in glycosylation of wide range of acceptor molecules; hormones, phenylparanoids, 

flavonoids, betalains, coumarins, terpenoids, steroids and glucosinolates in plants. 

Arabidopsis thaliana contains 107 genes for UGTs and used as model plant to determine 

the function of UGTs through genomics (Sakakibara, 2009). UGTs have been proved 
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tremendously useful for in vitro manipulation of UDP sugars. In addition, protein 

engineering helped a lot to understand the domain specificity for their functionality. 

Sulfolobus solfataricus β-glycosidase has been modified by alteration of two residues which 

are involved in substrate recognition and this modification helped to accept different 

substrates in transglycosylation reactions (Hancock et al.,  2006). 

1.1.2 – Human glycosyltransferases  

UDP-glycosyltransferases (UGTs) are phase II metaboloism enzymes of xenobiotics 

and use UDP-glucuronic acid as donar sugar in vertebrates (Dong et al., 2012; Buchheit et 

al.,  2011). As far as human genome is concerned, there are four UGT families in humans 

(Mackenzie et al.,  1997). Each member of these families is unique in substrate selection 

(Miners et al., 2010). Twenty two human UGTs of four families have been reported out of 

which 19 UGTs have very distinct substrate specificity. For instance, UDP glucuronic acid 

is mostly accepted donor sugar for human UGTs (Faed, 1984). UGTs are the super family 

of glycosyltransferases which catalyze the glycosylation of lipophilic molecules and help to 

eliminate the toxic chemical from human body (Mackenzie et al.,  2005). In humans, 

glucuronidation is a procedure of detoxification but the exact significance of detoxification 

by UGTs still needs intense research work (Boelsterli, 2011; Stachulski, 2011). 

1.1.3 – Plant glycosyltransferases  

In plants, UGTs catalyze the biosyntheses of polysaccharides of cell wall alongwith 

the glycation of hormones, flavonoids and addition of N-linked glycans to glycoproteins. 

Complete genome sequence of Arabidopsis has revealed that there are 107 genes present 

encoding glycosyltransferases. Glycosyltransferases have specific domains which regulates 

the process of glycosylation in reactant molecules. When glycosyltransferases catalyze the 

glycosylation reaction and add some sugar molecule from donor sugar to acceptor molecule 

which ultimately changes the hydrophilicity and bioactivity of acceptor molecules (Offen et 

al., 2006; Vogt and Jones, 2000).  

UGTs have very extensive substrate specificity for sugar acceptors, so their 

biochemical analyses helped a lot to understand their functions in Planta (Sakakibara, 

2009; Ouzzine et al., 2002). Moreover, crystal structures of plant UGTs have also provided 

the structural basis for understanding the catalytic mechanism and the substrate specificity. 

The structure-based UGT engineering can alter substrate specificity; compromise or 

enhance catalytic efficiency; and confer reversibility to the glycosylation reaction. In case 

of UGT85B1 of Sorgham bicolor, attempts to convert glucosyltransferases to 

glucuronosyltransferases by mutating the corresponding residues was not successful which 
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showed that UGTs may require multiple amino acids to recognize sugars although single 

residues may play a decisive role (Osmani et al., 2008). Subsequently, the whole N-

terminal domain of UGT74F2 is fused to the C-terminal domain of UGT74F1 and the 

chimera displays UGT74F2-like kinetic parameters and regiospecificity toward the 

quercetin acceptor. This domain swapping approach identified an amino acid distal to the 

active site which is important for determining the regiospecificity of UGT74F1 (Cartwright 

et al., 2008).   

Arabidopsis thaliana is the first plant whose complete genome has been sequenced 

and served as a model plant for research work; out of 107 genes, known functions of few 

genes are completely documented (Sakakibara, 2009). Site directed mutagenesis in highly 

conserved Serine 134 to Leucine of UGT74B1 of Arabidopsis showed very mild 

morphological and metabolic changes. Nevertheless, the mutated Serine showed altered 

affinity for substrate, UDP-glucose (Kopycki et al.,  2013).  

Various in vitro studies have facilitated more knowledge about the multigene family 

of glycosyltransferases (Bowles and Lim, 2010). However, blended knowledge of 

biochemistry, proteomics, genomics and computer analysis would provide splendid 

advancement in plant glycosyltransferases (Keegstra and Raikhel, 2001).  In the current 

project, genes for UGTs also used from Arabidopsis thaliana and aforementioned studies 

would help to understand the different substrates affinity for different UGTs. 

1.1.4 – Enzymatic engineering of glycosyltransferases  

Organisms have been genetically engineered to make compounds which are 

significantly important from medical and clinical point of view. In order to achieve this 

goal, gene of interest has been introduced in microbial factories of required compound. 

Recently enzymatic engineering helped a lot to develop natural anticancer drugs (Unsin et 

al.,  2013). Thus, enzymatic engineering of original enzymes either by SDM or domain 

swapping is an authoritative tool for determination of actual amino acids present in the 

catalytic site and it is also helpful in modifying enzyme action (Bell et al.,  2003 ; Katoh et 

al.,  2004). 

Structural based enzymatic engineering of UGTs not only changes the substrate 

specificity but also increase or decrease their catalytic activity and may lead to totally 

inactive enzyme or the enzyme with enhanced activity (Wang, 2009).  This type of 

engineering may cause the change of color of flowers; elevate the production of bioactive 

glycosides and higher tolerance in plants against any stress (Bowles et al.,  2005 and 2006). 

Enzymatic engineered curumin glycosyltransferase (CaUGT2) by domain swapping and 
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SDM found to improve the catalytic activity of CaUGT2. The CaUGT2 mutants with 

functionally important Cys377 site also showed similar Km value as the wild type CaUGT2 

(Masada et al.,  2010).  

The engineered AtUGT78D2 and AtUGT78D3 from Arabidopsis thaliana through 

domain swapping made these enzymes catalytically more efficient with extended sugar 

selectivity (Kim et al.,  2013). The development of new UGTs through enzymatic 

engineering also alters the regiospecificity of UGTs and pattern of glycosylation. In short, 

by playing with UGTs in this way improves not only the efficiency of the enzyme but also 

changes the whole cell bioactivity (Lim et al.,  2005 ; Lim, 2005).  

1.2 – Importance and applications of UGTs 

1.2.1 – UGTs and cancer treatment  

Cancer is one of the major causes of death these days. The rise in population has laid more 

global burden of cancer which is continouly increasing due to the adoption of cancer-

associated lifestyle such as smoking, decreased physical activity and choice of diets. As 

GTs are involved in the secondary metabolism and remove toxins, drugs and dangerous 

chemicals including carcinogens from the body through glycosylation. Thus, the 

exacerbated glycosylation contributes towards incidence of cancer. Statistical studies 

showed that among females, breast cancer is the foremost cancer that causes death and in 

males, lung cancer is the principal culprit (Jemal et al.,  2011).  Conventional therapies for 

cancer like hormonal therapy, surgery, immunotherapy and anti-angiogenesis therapy are 

deficit in actual effectiveness. The effectiveness means that these therapies have failed in 

long term results and also their toxicity for normal cells is a huge dilemma in the treatment 

of cancer (Hu and Fu, 2012). The most promising feature of cancer is anomalous 

glycosylation which changed the expression of glycosyltransferases (Meany and Chan, 

2011). To date various compounds and methods have been developed to fight cancer but 

still many barriers are there to overcome (Hu and Fu, 2012). Therefore, due to crucial role 

of glycosyltransferases in biological system, GTs have drawn extraordinary attention of 

researchers to develop new drugs by using these enzymes (Gloster and Vocadlo, 2012 ; 

Wagner and Pesnot, 2010). 

The development of glycoproteomic technology is indispensible because of its 

higher sensitivity and specificity. More importantly, this technology has been considered as 

reproducible without any reservation. The research work would not stop here rather 

scientists should lead these biomarkers towards clinical diagnostics (Zhang and Chan, 
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2010). Glycoconjugates in body are involved in many biological processes and show 

drastic changes during diseased conditions (Varki et al.,  2009). Similarly, cancer disease 

also showed a spectacular changed feature of glycoconjugates (Hakomori, 2002).  

There is an inhibitory metabolic effect of N-acetylglucosamine (GlcNAc) on human 

prostate cancer and this was an illustration towards drug development by targeting GTs 

(Nishimura et al.,  2010). These metabolic inhibitors of glycosyltransferases have 

probability to be focused in drug discovery. Thus, advanced research in glycomics will 

unveil the pathological role of these metabolic enzymes and will provide obvious chance to 

GTs in drug discovery which may eventually lead to a therapeutic use of GTs (Sun, 2013).  

1.2.2 – UGTs and Industrial applications 

Glycosylation process serves as an important utility in food industry and the 

pharmaceutical industry as well (Weymouth-Wilson, 1997; Ahmed et al.,  2006). 

Glycosylation helps in stabilization and solubilization of various natural compounds, i.e. 

Vitamin C (L-ascorbic acid) which is an essential nutrient for humans and certain other 

animal species. It is widely used in medicine as an antioxidant and also as an additive in 

food industry. It has many biological functions such as collagen synthesis, antioxidation, 

and intestinal absorption of iron. The glycosylation of Vitamin C helps retain its 

biochemical functions (Mandai et al.,  1992).  

Some UGTs are involved in glycosylation as well as deglycosylation.  This amazing 

character of UGTs makes these enzymes helpful in biosynthesis of many activated sugars 

(Zhang et al.,  2006; Modolo et al.,  2007). Generally, it is well established fact that UDP 

glucuronic acid is most favorable sugar donor in humans; whereas in plants UDP glucose 

preferably used as sugar donor for UGTs (Mackanzie et al.,  2011). The potential role of 

UGTs not only in cancer treatment but also in many human diseases signifies the 

importance of GTs as a research focus. 

Also, the development of baseline for drug discovery is the motivation and actual 

foundation of this project. Although, despite of the mechanism of GTs is not fully 

understood yet; however, drug discovery targeted on GT will provide many valuable 

candidates. In addition, expanded catalytic activity of GTs will provide powerful tools to 

synthesize drugs. Thus, keeping in view the application of the GTs, the current project has 

been designed with the following objectives: 
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1.3 – Objectives of the research work 

1. To identify specific UGTs of plants which use UDP-rhamnose as donor in vivo via 

in vitro studies 

2. To perform SDM and to find-out activity of some GTs to a broad range of donor 

molecules. 

3. To generate modified UGTs that can use UDP-Rhamnose as donor. 
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Chapter 2 

Chapter 2 -  Review of Literature 

Glycosylation is the key mechanism catalyzed by glycosyltransferases to orchestrate 

bioactivity, metabolism and the position of molecules inside living cells (Offen et al.,  

2006). GTs are a broad class of enzymes which recognize small lipophilic molecules like 

hormones, secondary metabolites and toxins as theri substrate to maintain the cell 

homeostasis (Lim and Bowles, 2004; Bowles et al.,  2005). GTs catalyze glycosyl group 

transfer with inversion or retention of the anomeric stereochemistry with respect to the 

donor sugar (Fig 2.1).  

2.1 – Structure and mechanism of glycosyltransferases  

Vrielink et al.  (1994) for the first time reported X-ray structure of bacteriophage 

T4-glucosyltransferase (Vrielink et al.,  1994). Specific conserved domains have been 

reviewed in glycosyltransferases which recognize the donor and acceptor molecules. 

Database for homologous sequences were studied and the conserved amino acids were 

found (Kapitonov and Yu, 1999). Configuration of anomeric functional groups and their 

conjugates showed retaining glycosyltransferases and inverting glycosyltransferases 

(Vrielink et al.,  1994; Kapitonov and Yu, 1999). 

The crystal structure and sequence based classification of glycosyltransferases 

divided these enzymes into many families which represent the diversity of acceptors used 

by these enzymes. Although, the crystal structure determination was difficult to find out 

due to high expression level of glycosyltransferases. However, two folds GT-A and GT-B 

were discovered in crystal structure but later on new folds were also discovered in bacterial 

sialytransferase. Three dimensional databases were generated to gather the crystal structure 

of GTs (Breton et al.,  2006). 

GT folds in glycosyltransferases have been observed to consist primarily of α/β/α 

sandwiches which are similar to the Rossmann type fold (Fig 2.2). GT-B fold has linker 

region between two separate Rossmann domains and catalytic site is present between these 

domains. However GT-B enzymes have no stringent conserved amino acid residues and no 

proof of presence of metal ions which are taking part in catalysis (Hu and Walker, 2002). 

Coutinho et al.  (2003) inspected sequences of almost 7200 glycosyltransferases and 

related sequences and put forward a classification of glycosyltransferases which were 
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similar to glycoside hydrolases. This classification further rationalized the exploration of 

structure and mechanism of enzyme diversity and envisaged GTs open reading frames. This 

work prevailed over recurring problem in functional guess of glycosyltransferases 

(Coutinho et al.,  2003). 

Hansen et al.  (2012) revealed that still many protein families in plants including 

GTs have not been recognized. And this is the reason that these families are not added in 

carbohydrate active enzyme (CAZy) data. These families are of the proteins with domain of 

unknown function (DUF), for example, DUF23, DUF246 and DUF266. Hansen and co 

workers reviewed these unknown glycosyltransferases and their role in the biosynthesis of 

cell wall (Hansen et al.,  2011). 

Jadhav et al.  (2012) constructed three dimensional model of UGTs from Withania 

somnifera the final model showed that the GTs of experimental plant have some GT-B type 

folds. Further studies revealed that His18, Asp110, Trp352 and Asn353 were important for 

catalytic function of enzyme and sugar donor site was in PSPG box. PSPG is actually plant 

secondary product glycosyltransferase box, close to the C-terminal of plant 

glycosyltransferases. This PSPG box consists of 44 amino acids and is believed to be 

involved in binding of the activated sugar donors. Within the PSPG-box highly, conserved 

amino acid residue including the HCGWNS motif are considered to be important for 

enzymatic function. This kind of structural information is a practical tool to know the 

glycosylation mechanism (Jadhav et al.,  2012). 

 

Fig. 2.1 – Glycosyltransferase and glycosyl transfer mechanism 

Glycosyltransferases catalyze glycosyl group transfer with either inversion or retention of 

the anomeric stereochemistry with respect to the donor sugar (Coutinho et al.,  2003). 
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Fig. 2.2 – Ribon diagram of three glycosyltransferase (GTs) representing different 

folds 

Ribbon diagram of three glycosyltransferases (GTs) which depicts different folds. Bound 

nucleotide sugars are represented with stick model, and manganese represented by a ball 

(From Pettersen et al., 2004). (A) GT-A fold, mouse α-1,4-N-acetylhexosaminyl-

transferase (EXTL2) complexed with UDP-Gal-NAc (PDB code 1OMZ) (Pedersen et al., 

2003). (B) GT-B fold, Escherichia coli MurG complexed with UDP-GlcNAc (PDB code 

1NLM) (Hu et al.,  2003), and (C) Campylobacter jejuni sialyltransferase CstII complexed 

with cytidine monophospho 3-fluoro N-acetyl neuraminic acid (CMP-3FNeuAc) (PDB 

code 1RO7) (Chiu et al., 2004). Picture taken from Breton et al., 2006. 
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2.2 – Substrate specificity of UGTs 

Research work on UGTs has main focus on substrate specificity. N terminal of 

UGTs is responsible for flavonoids selectivity and some amino acids in N terminal also 

important for sugar donor selectivity (Osmani et al.,  2008 ; Osmani et al.,  2009). UDP 

glucose is the foremost sugar donor for flavonoid UGTs but some other sugar donors like 

UDP Rhamnose, UDP galactose and UDP arabinose also play active role in UGTs 

functionality (Jones et al.,  2003, Ono et al.,  2010). 

Yang et al. (2005) used high throughout mass spectrometry for catalytic efficiency 

for glycosyltransferases. They used two glycosyltransferases, O-glycosyltransferase (OGT) 

and N-glycosyltransferase (N-GT) to validate this system: the widely used bovine b-1,4 

galactosyltransferase, and from Arabidopsis thaliana UGT72B1. The GAR 

(green/amber/red) broad-substrate-specificity screening methodology was used to evaluate 

six natural and synthetic substrates a-UDP-d-Glucose (UDPGlc), a-UDP-N-Acetyl-d-

glucosamine (UDPGlcNAc), a-UDP-d-5-thioglucose (UDP5SGlc), a-GDP-l-fucose 

(GDPFuc), a-GDP-d-mannose (GDPMan), a,b-UDP-d-mannose (UDPMan) and 32 broad-

ranging acceptors (sugars, plant hormones, antibiotics, flavonoids, coumarins, 

phenylpropanoids and benzoic acids). The fast-equilibrium assumption was used to 

determine Km, kcat and KIA values. Furthermore, these values were used to find-out substrate 

binding. These screening methods were applied to two different enzymes, and some 

unusual substrate specificities were revealed which highlighted the utility of broad-ranging 

substrate screening. Moreover, for UGT72B1, it was shown that the donor specificity is 

determined largely by the nucleotide moiety. The method is, therefore, capable of 

identifying GT enzymes with usefully broad carbohydrate-transfer ability. 

Davis and Hancock (2003) reviewed glycosides synthesis in transglycosylation, 

catalyzed by glycosidases which results in diverse structure of glycans. It was reported that 

modified β-glycosidase from Sulfolobus solfataricus was able to accept many substrates for 

transglycosylation, with mutations of two residues which are involved in substrate 

recognition. The E432C and W433C mutations removed key interactions with the OH-4 

and OH-3 of the sugar substrates, thus reducing the discrimination of glucose, galactose and 

fucose with respect to other glycosides. This resulted in two glycosidases with greatly 

broadened substrate specificities. Glycoside linkages in β- mannosyl and β-xylosyl were 

accessed through this kind of modification.  
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Ono et al.  (2010) studied the functional differences of glycosyltransferases and 

chemical diversity of flavonol glycosides in Vitis vinifera (Grapevine). They studied two 

GTs, i.e. VvGT5 and VvGT6. The genes for both enzymes are located in tandem of 

chromosome 11 and, one gene formed from the duplication of other gene; so paralogs to 

one another. The biochemical analyses revealed that both enzymes have 91% sequence 

similarity. However, VvGT6 is a bisubstrate enzyme; UDP-glucose and UDP-galactose and 

VvGT5 is monosubstrate; glucuronic acid only. Molecular modeling showed that in 

VvGT6, Gln-373 and Pro-19 are sites which determine the sugar donor specificity, and 

make it bisubstrate enzyme while in VvGT5 Arg-140 is a critical determinant of substrate 

specificity. These results proved that donor specificity of VvGT5 and VvGT6 are dependent 

upon very narrow range of amino acids in primary sequence of enzymes. 

UGT78D1 is a flavonol glycosyltransferase and uses UDP rhamnose and UDP 

glucose as donor sugars in vitro. Ren et al.  (2012) used nuclear magnetic resonance (NMR) 

and high resolution mass spectrometry (HRMS) for the detection of substrate specificity of 

UGT78D1. Twenty eight flavonoids and UDP glucose as a donor sugar were tested and 

only five flavonoids (quercetin, kaempferol, myricetin, fisetin and isorhamnetin) were 

found glycosylated at 3-OH position which suggested the mechanism of donor specifity of 

UGT78D1 enzyme.  

2.3 – Plant UGTs 

Plant glycosyltransferases are involved in biosynthesis of cell wall. Analysis of 

Arabidopsis genome revealed several hundred genes which encode plant 

glycosyltransferases. Considerable advancement has been made in detection and cloning of 

genes that are involved in GTs synthesis (Keegstra and Raikhel, 2001). A decade ago, there 

was not much information available about gene regulation and localization of UGT 

enzymes within cells. However, later studies using molecular techniques on the substrate 

specificity of enzymes emerged as a helping tool for the understanding of UGTs and their 

further biotechnological applications (Singh, 2012; Osmani et al., 2008; Masada et al., 

2010; Kim et al., 2006; Ko et al., 2006). The structure of plant UDP-glycosyltransferases 

VvGT1 and UGT71B1 are shown in Fig. 2.3.  

Ross et al.  (2001) reviewed glycosyltransferases in higher plants. In model plant 

Arabidopsis thaliana phylogenetic analysis of conserved amino acids showed 14 distinct 

groups of UGTs. The genes for these UGTs are also found in some other higher plants. 

Furthermore, Osmani et al.  (2009) reviewed substrate specificity of plant UGTs from their 
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crystal structure and homology modeling. It was discovered that 120 UGT encoding genes 

are present in Arabidopsis thaliana. The N and C terminals actually have donor and 

acceptor domains. Each domain form contains a central β sheet flanked by α helices on both 

sides. The N- and C-terminal domains of the UGT enzymes form a cleft which is the 

substrate binding site.The C-terminal domain mainly interacts with the sugar donor, while 

the N-terminal domain mainly interacts with the acceptor. However the structure was 

obtained by homology modeling which is not a preferable tool to explain the loop regions. 

Sakakibara (2009) reviewed the functional genomics in Arabidopsis of family 1 

GTs. And it was revealed that UDP glycosyltransferases (UGTs) catalyze the many 

reactions of flavonoids, plant hormones, phenylparanoids and glucosinolates in which sugar 

molecules are transferred to aforementioned acceptor molecules. Thanks to the complete 

sequence of Arabidopsis thaliana, incorporation of metabolomics and transcriptomics 

helped to identify the gene functionality in Arabidopsis. When PAP1 transcription factor 

was over expressed in Arabidopsis, some novel UGT genes were discovered. LC-MC 

(liquid chromatography mass spectrometry) and Fourier transform-MS disclosed some 

cyaniding derivatives in plants which caused over-expression of PAP1 factor. Microarray 

analysis showed that PAP1 over expression divulged 38 genes which encoded UGTs, 

glutathione S transferase (GST) and acyltransferase. 

Bowles and Lim (2010) described that glycosyltransferases (GTs) are the enzymes 

which change the hydrophilicity, chemical properties and activity of acceptor molecules. 

Signature motifs in primary sequence are important identification features of different GTs. 

These signature motifs are helpful in determining the gene sequences of 

glycosyltransferases which are feasible to produce recombinant proteins of Arabidopsis 

thaliana. In addition, it helped towards the screening of molecules of interest. Similarly, the 

glycosides of Arabidopsis thaliana and their related aglycones were employed to screen the 

GTs with activity. The screened GTs were then used to identify the activities of GTs 

towards phenyl paranoids in plants, including glycosylating of the monolignols. Hormones 

and metabolites of Arabidopsis thaliana were also distinguished with the help of GTs. In 

this way, the post genomic products gave a platform to understand the GTs in other plants 

for example rice and alfalfa. Thus, the results of GTs obtained with Arabidopsis thaliana 

can be implemented to other plants. Noteworthy, the reason behind the use of Arabidopsis 

thaliana is the fact that it’s the only plant whose complete multigene family is available. 

Glycosyltransferases are involved in the regulation of plant hormones, particularly 

the steroid hormones which are crucial for normal plant growth. Poppenberger et al. (2005) 
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studied that an important steroid hormone is brassinosteroids (BR) which is glycosylated 

with UGT73C5 in Arabidopsis thaliana principally by biologically active brassinolide. 

There was an overexpression of UGT73C5 in transgenic plants with reduced level of 

brassinosteroids. The wild type plant converts brassinolide to glucoside but in transgenic 

plants with silenced UGT73C5; the glucosides expression was not detected. These findings 

showed that UGTs catalyze the glycosylation of steroid hormones in plants and essential for 

plant development and homeostasis (Fig. 2.4). 

 

Fig. 2.3 – Structure of plant UDP glycosyltransferases 

Structural illustration of N-terminal (blue) and C-terminal (red) domains of plant UDP-

glycosyltransferase. A: UDP-glycosyltransferase VvGT1 as a reference enzyme; B: UDP-

glycosyltransferase UGT71B1 as a representative enzyme. The structures were drawn 

using UCSF Chimera program through pdb generated sequences from Swiss Model. 
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Fig. 2.4 – Schematic diagram of functional importance of GTs 

UGTs catalyze the transfer of a sugar residue from an activated donor to small organic 

metabolites. This glycosylation changes the solubility and biological activity of such 

molecules, being crucial for the biosynthesis of secondary metabolites, the regulation of 

several small molecule compounds active in defense and signaling as well as for the 

detoxification and compartmentation of endogenous compounds and xenobiotics. UGT 

substrates are ubiquitous and have diverse functions or activities. Their glycosylation has 

several consequences at single cell level and for the whole plant (Doss et al., 2012; Lairson 

et al.,  2008). 

2.4 – Engineering of UGTs 

Hoffmeister et al. (2002) performed enzymatic engineering of urdamycin 

glycosyltransferases (UrdGT1b and UrdGT1c). It was found that the exchange of amino 

acid at active site decreases the number of amino acids that were taking part in substrate 

specificity. Afterwards a gene library was constructed and codons of ten amino acids were 

combined autonomously. These amino acids showed parental and novel substrate 

specificity and biosynthesis of urdamycin.  

Jones et al.  (2003) classified UGT78D1 and UGT73C6 as UDP-rhamnose: 

flavonol-3-Orhamnosyltransferase and UDP-glucose: flavonol-3-Oglycoside-7-O-

glucosyltransferase, respectively. It was done with the help of in vitro expression of 

aforementioned enzymes and analyzed for their substrate specificity. Flavonol glycosides 



 

 

15 
 

are major PNPs in A. thaliana. Moraga et al. (2009) did cloning and then performed 

characterization of CsGT45 from Crocus sativus stigmas which is involved in flavonoid 

glucosylation. It was analyzed in vitro studies that enzyme CsGT45 catalyzes UDP from 

glucose to Kaempferol and quercetin, and also involved in biosynthesis of flavonoid 

glucosidase. 

Sandra et al.  (2003) studied that glycosyltransferases are involved in synthesis of 

carbohydrate structures of blood group A and B antigens. Biosynthesis of A and B antigens 

involved α1-3 Nacetylgalactosaminyltransferase (GTA) and α1-3 galactosyltransferase 

(GTB), respectively. α1- 3 Galactosyltransferase (GTB) transfers galactose from UDP-Gal 

to type 1 or type 2, αFuc1, 2βGal-R (H) terminating acceptors and α1-3 

Nacetylgalactosaminyltransferase (GTA) transfers N-acetylgalactosamine from UDP-

GalNAc to H-acceptors. In humans both GTA and GTB, out of 354 amino acids only four 

amino acids are different from one another. And only two amino acids are responsible for 

donor specificity and other have role in acceptor binding. When a single amino acid, 

Proline 234 was replaced with serine in GTB, there was a complete change in donor 

specificity. Despite the presence of all amino acids which are involved in the synthesis of 

antigen B, it starts utilizing UDP-GalNAc which is blood group A donor. This is a major 

shift in donor specificity due to site directed mutagenesis. 

Hans et al. (2004) did SDM and 3D- homology and showed the catalytic 

mechanism for betanidin 5-O-glucosyltransferase of Dorotheanthus bellidiformis. This 

enzyme uses UDP glucose molecule as donor sugar. Two amino acids Glu378 in UDP 

glucose binding site and His22 found close to N-terminus site were substituted and resulted 

in a complete loss of enzyme activity. Modolo et al. (2007) also performed point mutation 

in UGT85H2 from Medicago truncatula (V200E). Original enzyme used Kaempferol and 

biochanin A as its substrates. Point mutation (V200E) improved the catalytic activity of 

enzymes for Kaempferol and biochanin A to 15 and 54 folds respectively. While structural 

mutagenesis at 305 position (Ile to Thr) also enhanced the catalytic activity of mutant 

enzyme. Site directed mutagenesis (V200E) also established the fact that Glu-200 is actual 

amino acid residue for deglycosylation reaction. 

Feng et al.  (2005) used directed evolution along with a random mutagenesis using 

in vitro recombination methodology and were able to enhance the transglycosidase activity 

and lessen the hydrolytic activity of Thermus thermophilus β glycosidase. Jank et al.  

(2005) conducted the studies of substrate specificity and engineering in Clostridia. When 

the sequence of Clostridium difficile toxin B (GlcT) was aligned with Clostridium novyi a-
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toxin (N-acetylglucosaminyltransferase; GlcNAcT), it was revealed that amino acids 

residues at 83 and 385 positions are liable for donor specificities. And by changing amino 

acids at these positions, it was possible to get better kcat and Km of toxin B for GlcNAc and 

at the same time GlcT lost its 75% activity. 

Ma et al.  (2005) explained that point mutation is not a single tool for engineering in 

glycosyltransferases. Domain swapping in Helicobactor pylori strains provided new 

prospects for specificity of GTs. Twelve chimeras for α-1,3/4- fucosyltransferases of 

Helicobactor pylori were synthesized and it was concluded that residues 347-353 are key 

amino acids for α-1,4 fucosyltransferase activity. Further, SDM revealed that out of these 

seven amino acids, Try-350 was actually involved in this activity. More experimentation 

proved that Try-350 and tyrosine hydroxyl group were involved in α-1, 4 fucosyltransferase 

activity.  

Thorsoe et al. (2005) found the catalytic amino acids and donor sugar specificity of 

UGT85B1 from Sorghum bicolor. A structural model of UGT85B1 was built using crystal 

structures of two bacterial glycosyltransferases, GtfA and GtfB based on hydrophobic 

cluster analysis. Each of two folds showed approximately 15% overall amino acid sequence 

identity to UGT85B1. It was predicted that glutamic acid at 410 position and histidine 23, 

serine 391 and arginine 201 were involved in donor molecule binding. UDP glucose found 

to be solitary donor sugar for UGT85B1 which was confirmed with the help of point 

mutation. 

He et al. (2005) studied the effect of SDM in UGT71G1 from Medicago truncatula 

on substrate specificity. Crystal structure of UGT71G1 displayed that N and C terminals of 

UGT71G1 contains the binding sites for donor sugars and acceptor molecules. They did 

mutations i.e. Phe 148 to Val; Tyr 202 to Ala; and it was found that these mutations 

significantly affected the selectivity for quercetin as substrate. Other mutation like 

Tyr202Ala revealed similarity to wild type in catalysis of quercetin but the mutant 

Phe148Val decreased competence in catalysis of quercetin. Moreover, mutant Tyr202Ala 

put on the capability to glycosylate genistien. 

Woo et al.  (2007) modified the UGTs from pea and Arabidopsis thaliana. It was 

found previously that UGTs of Pisum stivum have role in maturity of plants. In vitro 

expression of recombinant PsUGT1 showed activity towards flavonoid, Kaempferol. When 

PsUGT1 was expressed in Arabidopsis, it lost the activity towards Kaempferol and this loss 

of function was found accurate by exogenous addition of Kaempferol. HPLC analysis 

revealed that the tissue extract of Arabidopsis which expressed PsUGT1 had accumulated 
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glycosides of Kampferol and not other flavonoids. DNA and protein sequences of six genes 

from AtUGT85A showed similarity with PsUGT1. And amended expression of 

AtUGT85A7 drastically changed the morphology and root development in plants. The 

RNAi expression of AtUGT85A7 had similar effects in phenotype of plants as the plants 

changed the expression of PsUGT1.  

Patana et al. (2008) mutated UGT1A9 and suggested the relationship between 

substrate specificity and catalytic activity. The amino acid pair involved in glycosylation in 

humans could be His37 with Asp143 or Asp148 in UGT1A9 but His37 was not so 

conserved. It could be replaced with proline and luecine in UGT1A4 and UGT2B10 

respectively. The role of these amino acids in substrate specificity was confirmed with 

mutagenesis. Results represented the crucial role of His37 in O-glucuronidation but it had 

no decisive role in N-glucuronidation. Asp143A mutation affected the Vmax O-

glucuronidation but did not affect the N-glucuronidation. However His37A mutant affected 

the Vmax of N-glucuronidation and did not affect O-glucuronidation. It was due to the 

opposing properties of O- and N- nucleophiles. O-nucleophiles required histidine to 

deprotonate them so that they became effective nucleophiles, while N-nucleophiles 

developed a formal positive charge during the reaction (RNH2 +–GlcA), and thus required 

a negatively charged residue to stabilize the transition state. 

Fujiwara et al. (2009) reported that 14 amino acids, Cys3, Arg42, Lys91, Ala92, 

Tyr106, Gly111, Tyr113, Asp115, Asn152, Leu173, Leu219, His221, Arg222, and Glu241, 

are unique to UGT1A9 in contrast with UGT1A7, UGT1A8, and UGT1A10. They 

constructed seven mutants of UGT1A9 and substituted the amino acids of UGT1A8. The 

mutants were found to change the activity; also some mutants showed high Km and Vmax 

values in comparison to those of wild type UGT1A9. The research work showed that by 

doing mutation it is possible to change the substrate specificity. 

Wang (2009) reviewed that structure based enzymatic engineering of 

glycosyltransferases increases or decreases their catalytic efficiency and substrate 

specificity. They explained that the plant UGTs with their structural design, presented the 

foundation to understand their catalytic activity. Substrate specificity and catalytic activity 

of UGTs can be changed with the help of structural engineering and modifications. By 

using such techniques enzymes efficiency can be made better enhanced (Fig. 2.5). 

Itaaho et al.  (2010) reported that UGT1A9 and UGT1A10 are 93% identical with 

significant difference in their activity. To know the change in their activity, the N terminal 

of these UGTs were divided into five segments by adding four restriction sites at identical 
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positions in both genes. UGT1A9 segments were replaced with the analogous segments 

from UGT1A10. Activity analysis showed that more than one residue was responsible for 

the differences between UGT1A9 and UGT1A10. 

Masada et al.  (2010) isolated Curcumin glucosyltransferase (CaUGT2) from 

Catharanthus roseus with distinct substrate specificity and high Km for UDP-glucose than 

curcumin. On the other hand Km value of Nicotiana tabacum glycosyltransferase (NtGT1b) 

for UDP-glucose was less than CaUGT2. Domain swapping and point mutation techniques 

were employed to enhance the catalytic activity of CaUGT2. When PSPG (plant secondary 

product glycosyltransferase) box was exchanged within CaUGT2 with NtGT1b, the 

enzyme activity was entirely lost. However, when PSPG-box of CaUGT2 was swapped 

with PSPG box of NtGT1b with point mutation at 378 position (Arg 378 Cys), there was a 

noteworthy loss of in Km value for UDP-glucose but interestingly substrate specificity was 

not affected. These results showed a promising role of mutated cysteine in catalytic 

function of CaUGT2. 

Ibrahim (2011) did sturucture based enzymatic engineering with the UDP galactose 

as donor sugar and novobiocin as acceptor and synthesize nine mutants (73C5 (D397E), 

73C6 (D397E), 73C1 (D393E and Q394H) 71B1 (Q383H), 71B8 (Q390H), 73B3 

(Q397H), 73B4 (Q397H) and 76E4 (Q374H). The wild types of these enzymes were not 

using UDP galactose as donor sugar. All the mutants were created by keeping VvGT1 as 

reference enzyme. VvGT1 is the red grape enzyme UDP-glucose: flavonoid 3-O-

glycosyltransferase (VvGT1) which is responsible for the formation of anthocyanin and 

used as a reference enzyme in experimentation. The mutant sequences were aligned with 

VvGT1 in ClustalW. These mutants were successfully capable to use UDP galactose as 

donor sugar after SDM. 

Meech et al.  (2012) reported that single amino acid describes the differential sugar 

specificities of two related UGTs. They explained that N-acetylglucosamine and UDP 

glucose were favored sugars for UGT3A1 and UGT3A2 respectively. Genetic analysis 

revealed that the residues in active site of enzymes selected the sugars as donor molecules, 

asparagine (Asn391) in UGT3A1 and phenylalanine (Phe391) in UGT3A2 were the key 

aminoacids for sugar selectivity. Point mutation of Asn391 to Phe in UGT3A1 augmented 

the consumption of UDP-glucose and entire loss of utilization of UDP-N-

acetylglucosamine. 
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Schweiger et al. (2013) did cloning and expression of glycosyltransferases which 

detoxify the deoxynivalenol (DON) in Fusarium graminearum and related species. DON is 

a virulence factor and produced trichothecene toxin. It was previously reported that DON 

inactivates UGT73C5 from Arabidopsis thaliana (Poppenberger et al., 2003). Two rice 

genes were expressed in yeast strain with maximum similarity with AtUGT73C5. It was 

found that the expressed product was unable to protect damage against DON. A full length 

cDNA clone corresponding to a transcript derived fragment (TDF108) from wheat was 

reconstructed. This was already reported with quantitative trait locus Qfhs.ndsu-3BS for 

Fusarium spreading resistance. Very few cDNAs with sequence derivations from TF108 

were cloned but yeast strains with these UGT cDNA could not show phenotypic resistance. 

Major difficulty faced was creating cDNAs from heterologous expression with intact 

functioning was huge number of UGT genes in plants. In nutshell, the sequence similarity 

was not a good approach for the prophecy of substrate specificity. 

Yoon et al. (2012) synthesized an unnatural flavonoid glycoside from 

Actinobacillus actinomycetemcomitans gene tll (dTDP-6-deoxy-L-lyxo-4-hexulose 

reductase) that converts the endogenous nucleotide sugar dTDP-4-dehydro-6-deoxy-L-

mannose to dTDP-6-deoxytalose. The tll  gene was introduced into Escherichia coli. In 

addition, nucleotide-sugar dependent glycosyltransferases (UGTs) were screened to find a 

UGT that could use dTDP-6-deoxytalose. Supplementation of this engineered strain of E. 

coli with quercetin resulted in the production of quercetin-3-O-(6-deoxytalose). To increase 

the production of quercetin 3-O-(6-deoxytalose) by increasing the supplement of dTDP-6-

deoxytalose in E. coli, nucleotide biosynthetic genes were engineered, such as galU (UTP-

glucose 1-phosphate uridyltransferase), rffA (dTDP-4-oxo-6-deoxy-D-glucose 

transaminase), and/or rfbD (dTDP-4-dehydrorahmnose reductase). The engineered E. coli 

strain produced approximately 98 mg of quercetin 3-O-(6-deoxytalose)/ liter, that was 7-

fold more than that produced by the wild-type strain, and the by-products, quercetin 3-O-

glucose and quercetin 3-O-rhamnose, were also significantly reduced.   

Kim et al.  (2013) did engineering of flavonoids glycosyltransferases from 

Arabidopsis thaliana. Two UGTs, UGT78D2 and UGT78D3 were isolated and both 

enzymes had 89% amino acid sequence similarity and 75% amino acid sequence identity. 

UDP glucose and UDP arabinose were the donor sugars for these UGTs but AtUGT78D2 

had more efficiency than UGT78D3. Nineteen fusion proteins were synthesized out of 

which only one fusion protein enhanced activity for UDP arabinose that was actually donor 

sugar for AtUGT78D3. This was the first reported work on fusion proteins in GTs with 
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improved catalytic activity. Mutation in the conserved sequence of UGT74B1 from 

Arabidopsis thaliana at 284 position (Ser-Leu) resulted in mild difference in morphological 

and metabolic phenotype but contrasting results were obtained with knockout mutants 

which indicated that steady state glucosinolate levels are actively regulated even in 

unchallenged plants. Structural modeling and analysis specified that serine at 284 position 

directly linked with UDP glucose so, there was variation in acceptor substrate affinity 

which ultimately affected kcat value of enzyme. These results proved to be interesting in 

further study of kinetic behavior of wild type enzyme (UGT74B1) which has important 

function in plants against pests and pathogens (Kopycki et al.,  2013). 

2.5 – Uses of UGTs 

Shao et al.  (2005) studied the crystal structure of UDP flavonoid/triterpene GT 

(UGT71G1) from Medicago truncatula and found that His22 and Arg121 were involved in 

catalytic activity and acceptor specificity, respectively. The findings were confirmed after 

mutagenesis of the enzyme. The results opened the way for specificity and selectivity of 

GTs towards glycosylation of plant natural products which could lead towards engineering 

of bioactive compounds. This would be helpful in plants, humans and animals benefits, and 

also storage and the stability of engineered products.  

Brazier-Hicks et al.  (2007) studied the bifunctional enzyme UGT72B1 in 

Arabidopsis thaliana and glycosylates cholorinated phenols (choroaniline). This enzyme is 

O- glucosyltransferase (OGT) and N-glucosyltransferase (NGT). An orthologous enzyme 

from Brassica napus (BnUGT) naturally showed OGT activity. Mutation of BnUGT at two 

positions (Asp312Asn and Phe15Tyr) resulted in NGT activity in this enzyme. These 

residues were connected to H19 in AtUGT72B1. This showed the abiotic substrates and 

their catalysis activity with plant GTs, and by engineering these UGTs, it was possible to 

eliminate glycosyltated pollutants and pesticides from plants.  

Ramakrishnan et al.  (2008) studied the application of site specific drug delivery on 

site of action. Some glycans were modified and induced at specific sites which made it 

possible the antibody based cancer therapy through ELISA assays and radionuclide 

imaging. 

Meany and Chan (2011) reviewed that glycosyltransferases and glycosidases had 

important functions as cancer biomarkers. Clinically, glycoproteins were used as biomarker 

related to the discovery of abnormalities in glycan structures for example fucosylated form 

of AFP (AFP-L3). This discovery guided new paths toward the importance of 
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glycosyltransferases. And techniques like point mutations in GTs would exemplify more 

biomarkers for cancer therapy.  UDP-N-acetyl-D-glucosamine transferse V (GlcNAcT-V) 

catalyzes the β 1-6 branching in N-glycans. Over expression of this enzyme caused more β 

1-6 branching and ultimately more lymph node metastasis in breast cancer (Handerson et 

al.,  2005). This type of metastasis can be suppressed and enhanced by site directed 

mutagenesis of involved GT and useful in cancer diagnostics. 

Plant natural products like flavonoids are considered best source for development of 

medicines. Flavonoids have been reported with antibacterial, antiviral and anti cancer 

activity. Thousands of flavonoids have been discovered and some have bonding with sugars 

like glucose, rhamnose, xylose, arabinose and glucuronic acid. This type of conjugation 

have diverse type of biological activity for example, Kaempferol 3-O-rhamnoside has 

active role in breast cancer inhibition. Keeping in view the role of flavonoids, Kim et al.  

(2012) synthesized kaempferol 3-O-rhamnoside and quercetin 3-O-rhamnoside in 

transformed E. coli which expresses UDP rhamnose flavonol glycosyltransferase 

(AtUGT78D1) and UDP-rhamnose synthase from Arabidopsis thaliana. A strain of E coli, 

encodes dTDP-4-dehydrorhamnose reductase expressing AtUGT78D1 and involved in 

biosynthesis of thymidine diphosphate rhamnose (TDP-rhamnose) did not synthesize 

quercetin 3-Orhamnoside. Production of quercetin 3-O-rhamnoside was raised so much by 

expressing AtUGT78D1 and rhamnose synthase gene 2 (RHM2) in same strain of E. coli. 

Kaempferol 3-O-rhamnoside and quercetin 3-O-rhamnoside compounds have potential anti 

viral, antibacterial and antifungal activity (Kim et al.,  2012). 

The sketch of aforementioned literature paved a path towards more research work 

on UGTs and it would be of immense significance to study more substrates for UGTs, and 

the changed substrate specificity would be accommodating for UGTs in the form of 

extending catalytic activity. In case of total activity loss in mutant UGTs means some really 

important peptides are present at mutation site. If activity drops, it means peptide is 

important but enzyme tolerates mutation at this position. And most importantly if mutant 

UGT gains new activity, the enzyme would be used for new synthesis and there would be a 

succession of further promising research work. 
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Fig. 2.5 – Active sites of UDP glycosyltransferase 

(A) Active center in VvGT1 showing interactions between enzyme catalytic residues and 

substrates. (B) VvGT1 acceptor binding pocket with UDP-2-fluoroglucose (upper left) and 

acceptor kaempferol (lower right). (C) UGT78G1 acceptor binding pocket with products 

UDP (upper left) and myricetin (lower right). The glucose moiety of glucoside is 

disordered. Distances (Å) between the OH group of acceptors and the atom NE2 of 

catalytic histidine are labeled and indicated by the dashed lines. Key hydrogen bonds are 

also indicated. Donors and acceptors are shown as ball-and-stick models (Wang, 2009). 
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Chapter 3 
Chapter 3 -  Materials & Methods 

UDP glycosyltransferases has been known to use UDP rhamnose as one of donor 

molecule in vivo. In order to find-out the key peptide that binds to UDP rhamnose as 

substrate, this in vitro study was designed using SDM technique. The experimental work 

was performed in Pharmaceutical and Biological Chemistry Department, School of 

Pharmacy, University College London. 

3.1 – In Silico stability assay for UDP glycosyltransferases 

In silco prediction models were used before SDM. These prediction models made by 

bioinformatics tools helped to predict most favorable mutation site. Following tools of 

bioinformatics were used in the research work. 

3.1.1 – 3D model building of UGTs  

Template search with Blast was performed against SWISS-MODEL template library 

(SMTL). The target sequence was searched with BLAST (Altschul et al., 1997) against the 

primary amino acid sequence contained in the SMTL. For each identified template, the 

template’s quality was predicted from features of the target- template alignment. The 

template with the highest quality was selected for model building. Model were built based 

on the target-template using UCSF Chimera. 

3.1.2 – Superimposition of 3D models of UGTs  

The mutation of UGTs were done after superimposition of wild type UGT with 

reference enzyme VvGT1 by using USCF Chimera. This superimposition was helpful to 

find out the mutation site with reference to VvGT1. Both mutant and wild type models of 

UGTs were also superimposed to know that the 3D model of UGTs are not distorted after 

mutation. 

3.1.3 – Ramachanrdan plot and the stability of UGTs  

Ramachandran plot is used to visualize the back bone of polypeptide chain, to 

calculate the phi and psi angles and also for structural validation. Ramachandran plot was 

introduced by an Indian physicist G. N. Ramachandran. Ramachandran analysis was done 

to check whether the mutated amino acids fall in allowed region or not (Fig. 3.1). If the 

mutated amino acids fall in disallowed region it was an indication of problem in protein 
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structure. In the current research work, all the mutated amino acids fall in allowed region 

which showed the stability of protein structure (Lovell et al., 2002). 

3.2 – Chemicals and Reagents  

The following chemicals and reagents were used : Ampicillin (FLUKA), isopropyl 

β-D-1 thiogalactopyranoside (IPTG ; SIGMA), LB broth (SIGMA),  XL-1 Blue 

competent cells (AGILENT TECHNOLOGIES UK LTD), Agar (FLUKA), 1Kb DNA 

ladder (NEW ENGLAND BIOLABS), PCR nucleotide mix, Taq buffer and Taq 

polymerase X (PROMEGA), Primers (EUROFINS MWG OPERON), GStrap FF (GE 

HEALTHCARE), Phenol blue (SIGMA-ALDRICH), 10X Tank buffer (BIO-RAD), N-N-

N-N-tetramethylethylenediamine (TEMED) (SIGMA), Ammonium persulphate (APS) 

(SIGMA), Sugar donor UDP-Glucose (Sigma X),  novobiocin, kaempferol and quercetin 

(SIGMA), UDP-Rhamnose (a kind gift from Prof. Rob Field in University of East 

Anglia), UGTs plasmids (University of York) and Miniprep kit from QIAGEN. 

The mass spectrometry was performed in School of Pharmacy, UCL and DNA 

sequencing was performed at Wolfson institute for Biomedical Research and Cancer, 

UCL. 

3.3 – Transformation for UDP glycosyltransferase 

One μl of recombinant plasmids of UDP glycosyltransferases was added into 20 μl 

XL1-Blue competent cells and gently mixed up and down for homogenous mixing. Then 

the mixture was incubated on ice for 30-40 min and heat shocked for 40 seconds at 42°C 

and cooled on ice for 2 min. Next, the cells were mixed with 200 μl of LB media and 

incubated in a shaker of 220 rpm at 37°C. After one hour, 100 μl mixture was spread on 

agar plate containing 50 μg ampicillin /ml. The agar paltes were then placed in incubator at 

37°C for overnight. Afetr 24-h, a single colony was selected from the agar plates and put 

into 1L of LB media containing 50μg/ml of ampicillin. The flask containing the mixture, 

was incubated in a shaker of 220 rpm at 37°C for overnight. After addition of equal volume 

of 80% glycerol, dispensed into 1ml aliquots and stored at -80°C (Fig. 3.2). 
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Fig. 3.1 – Ramachandran plot for the validation of three dimensional structure of 

UGTs 

Three dimensional stable conformation structures were validated through Ramachandran 

plot. Atoms are treated as hard spheres with dimensions according to their van dar Waals 

radii. The allowed regions correspond to conformations with no steric clashes whereas the 

disallowed regions (white) involve steric hinderances (Drawn from Singh, 2012). 
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Fig. 3.2 – Transformation by heat shock method 

Recombinant plasmid and XL blue competent cells were mixed gently in eppendrofs and 

30 min incubation preceeded with heat hock for 40 seconds the mixture was inoculated in 

LB media and put it for overnight incubation. This incubated LB was spread on agar plates 

to get the colonies with recombinant plasmid (Drawn in ChemBio Draw). 
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3.4 – Protein expression for UGTs 

Colonies stored in glycerol were inoculated in 25 ml of LB media with 50 μg/ml of 

ampicillin as the seed culture and grown overnight in a shaker (160 rpm ) at 37°C. Then, 

the seed culture was used to be inoculated in 1 L of LB broth with 50 μg/ml of ampicillin 

and grown in a shaker, 160 rpm at 37°C until the O.D value reached the range of 0.4-0.6 at 

600 nm, i.e. the cells had entered into log phase. After that, the protein production was 

induced by adding 0.1 mM IPTG and incubated in a shaker, 160 rpm at 20°C overnight. 

Following procedure was used for the elutions of required proteins: 

In the first step column was washed with distilled water (5-10 times) and then, 

washed with binding buffer (PBS pH: 7.3). After the binding buffer, all supernatant 

containing the required UGT was eluted. Then, the column was washed  with elution buffer 

(pH: 8). After this, 5 or 6 elutions of one ml each  were collected in eppendorf tubes. These 

elution contained the required enzyme and was confirmed after SDS-PAGE analysis. The 

column was washed with binding buffer again (5-10 times) and then with distilled water (5-

10 times) and stored in 20% ethanol. 

3.5 – Protein extraction and purification for UGTs 

Cells were harvested by centrifuging at 9000 rpm for 30 min. The pellet was 

collected and then resuspend in appropriate volume of 20 mM Tris buffer pH 7.8. The 

pellets were sonicated to break the cells and to release the proteins into the solution, and 

then, centrifuged at 14000 rpm for 1 h. The supernatant was purified using glutathione S-

transferase (GSTrap) Fast Flow Column because the UGT genes were expressed as fusion 

proteins with glutathione S-transferase (GST). Following protocol was followed: In the first 

step column was washed with distilled water (5-10 times). Then, the column was washed 

with binding buffer (PBS pH: 7.3). All the supernatant was eluted containing the required 

UGT. Then, the column was eluted with elution buffer (pH: 8). After this, 5 or 6 elutions (1 

ml) were collected in each eppendorf. These elution contained the required enzyme with 

was confirmed after SDS-PAGE analysis. The column was washed with binding buffer 

again (5-10 times) and then with distilled water (5-10 times) and the column then was 

stored in 20% ethanol. 

3.6 – Bradford assay for UGTs  

The Bradford protein assay  is one of several simple methods commonly used to 

determine the total protein concentration of a sample. The method is based on the 

proportional binding of the dye Coomassie to proteins. The more protein present, the more 
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Coomassie binds. It is coloricmetric assay, as the protein concentration increases, the color 

of the test sample becomes darker. Coomassie absorbs at 595 nm. The protein concentration 

of a test sample is determined by comparison to that of protein standards. Although 

different protein standards can be used, the most widely used protein Bovine Serum 

Albumin (BSA) was chosen as standard (Noble and Bailey, 2009). 

Coomassie reagent was prepared by dissolving 30 mg of Coomassie Blue G in 100 

mL absolute alcohol, the add 55 mL phosphoric acid, mixed and brought the volume to 1L 

with distilled water. The reagent was stored in the refrigerator at 4 ºC and kept it away from 

light. Before using reagent it was kept at room temperature. 

Stock solution of 200 µL/mL of BSA in distilled water was used to make standard 

curve. Standard curve of BSA is shown in Fig. 3.3. Blank was prepared to set the zero of 

spectrophotometer by 100 µL buffer and 1 mL Coomassie reagent. Test sample was 

prepared by adding 100 µL standard BSA/sample and 1 mL Coomassie reagent. Samples 

were incubated at room temperatue for 30 min. Afterwards absorbance was taken at 595 

nm. 

3.7 – Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was used to test if the purification was good enough. Separating gel 

(10%) and stacking gel (4%) were prepared and assembled in Bio-Rad Miniproteon kit to 

perform electrophoresis. For each mixture, 5 μL sample, 5 μl loading buffer and 2 μL DTT 

(1M) were prepared and heated to 95°C for 10 min to denature proteins thoroughly. Then 

the samples were loaded in the already prepared gel. Electrophoresis was performed at 40V 

in first twenty min to let samples reach separating gel and then voltage was increased to 

150V till the end of electrophoresis. In the end, the gel was stained with Instant Blue for 1 h 

and rinsed with distilled water for another 1 h and imaged to find protein molecular weight 

against standard protein marker.   

3.8 – Mass spectrometric enzyme activity test 

Variety of methods has been used to measure the activity of an enzyme ranging 

from radiochemicals to mass spectrometry. In current research work, mass spectrometry 

was used to test the activity of glycosyltransferases by monitoring selected ions, resulting in 

the determination of both substrate depletion and product accumulation simultaneously 

(Hoffmann and Stroobant, 2007; Harvey, 1999) (Fig. 3.4). 

Ten μl 1mM UDP-glucose, 10 μl 1mM novobiocin and 10 μl of the elution which 

contained the required UGT were added into a sterile eppendrof tube and incubated over 



 

 

29 
 

night at 37°C. After incubation, the samples were centrifuged for 5 min with acetonitrile till 

that no pellet were seen. With acetonitrile the repetitive centrifugation leads to remove the 

impurity i.e. protein remnants. Then, mass spectrometry with full scan type was used to test 

the presence of the product which was obtained (Fig. 3.5).  

3.9 – Sequence alignment of glycotransferases 

The sequence alignment is a technique to arrange sequences of DNA, RNA or 

proteins to find the conserved regions that imply similarity in the structure and may be in 

function. ClustalX software was used to align the sequences of UGTs during the research 

work. Following UGTs i.e., UGT71B8, UGT71B1, UGT73B3, UGT73B4 and UGT76E1 

were aligned. Although structures of UGTs were not clear yet; another enzyme catalysing 

glycosylation from donor UDP-glucose (VvGT, UDP-glucose: flavonoid 3-O-

glycosyltransferase from red grape; Vitis vinifera) which was already analysed in previous 

research was used as reference enzyme in sequence alignment (Offen et al., 2006).  

3.10 – Site directed mutagenesis 

Kit method was used for site directed mutagenesis. Q5 kit (Q5 Hot start High fidelity 

2X master mix) was used from New England Biolabs. 

3.10.1 – Primer design 

Forward and reverse primers were designed as directed by SDM kit manual. 

Software is available on NEW ENGLAN BioLabs site. (NEBase Changer). 

(Nebbasechanger.neb.com). The Primers used for SDM are shown in Table 1.  
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Fig. 3.3 – Standard cuvre for Bradford assay 

Calibration curve for standards.  

*E stands for Arithmatic 

 

 

 

Fig. 3.4 – General schematic diagram of Mass Spectrometer 

Schematic representation of MS showing all parts of machine and mass spectrum as an 

output. 
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Fig. 3.5 – Glycosylation reaction catalysed by glycosyltransferases 

Structural representation of reaction catalyzed by GTs. In the above reaction, UDP glucose 

is donor sugar and novobiocin is acceptor molecule. With the removal of UDP from UDP- 

glucose, the glucose unit makes a bond with novobiocin to produce glycosyl-novobiocin (MW 

774) (Drawn in ChemBio Draw).  
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Table 3.1 – Primers used for site directed mutagenesis (SDM) 

No. Enzyme Primer Sequence 

1 UGT71B8 T138A 

Forward: CTTGTTTTACgcgTCAAACGTTG 

Reverse: TAACACGGAACACTAACC 

2 UGT71B8 T138M 

Forward: CTTGTTTTACatgTCAAACGTTG 

Reverse: TAACACGGAACACTAACC 

3 UGT71B1 T132A 

Forward: TATCTTCTACgcgTCCAACGCTT 

Reverse: TAAGCCGAGAGGTTAAACTC 

4 UGT71B1 N134I 

Forward: CTACACGTCCatcGCTTCTTATC 

Reverse: AAGATATAAGCCGAGAGG 

5 UGT73B3 G154V 

Forward: TGTGTTCCACgctACTGGCTACT 

Reverse: AGTCTTGGCACATTGAAC 

6 UGT73B4 V127G 

Forward: TGTGTTCCACgttACTGGCTACT 

Reverse: AGTCTTGGCACATTGAACTTC 

7 UGT76E1 T134A 

Forward: CCTCTTCAGCgcgACAAGTGCTA 

Reverse: ACGCTAGGAAGTTGAAACTCTTTAAC 
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3.11 – Vector used for SDM 

The vector pGEX-2T was used to insert gene of interest (4948 bp). This bacterial 

vector is mostly used to express GST fusion proteins with a thrombin cleavage site. It was 

provided by GE healthcare (Fig. 3.6).  

 

Fig. 3.6 – pGEX-2T vector for SDM 

Bacterial vector for expressing GST fusion proteins with a thrombin cleavage site. 
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3.12 – Polymerase chain reaction (PCR) 

Step I: Exponential amplification: 

Table 3.2 – Reagents used for PCR 

No. Reagents 25 μl RXN FINAL CONC. 

1 Q5 Hot Start High-Fidelity 2X 

Master Mix 

12.5 μl 1X 

2 10 μM Forward Primer 1.25 μl 0.5 μM 

3 10 μM Reverse Primer 1.25 μl 0.5 μM 

4 Template DNA (1–25 ng/μl) 1 μl 1-25 ng 

5 Nuclease-free water 9.0 μl  

All reagents were mixed completely and transferred to a thermocycler. The cycling 

conditions were followed as directed by Kit. 

 

Table 3.3 – Steps for PCR 

No. STEP TEMP TIME 

1 Initial Denaturation 98°C 30 seconds 

2  

25 Cycles 

98°C 10 seconds 

3 72°C 10 – 30 seconds 

4 According to Primer Adjusted accordingly 

5 Final Extension 72°C 2 minutes 

6 Hold 4–10°C  

 

Step II: Kinase, Ligase & DpnI (KLD) treatment  

Table 3.4 – Reagents used for Kinase, Ligase and Dpnl (KLD) Treatment 

No.  REAGENT VOLUME FINAL CONC. 

1 PCR Product 1 μl   

2 2X KLD Reaction Buffer 5 μl 1X 

3 10X KLD Enzyme Mix 1 μl 1X 

4 Nuclease-free Water 3 μl   

The reagents were mixed well by pipetting up and down and incubated at room temperature 

for 5 minutes. 
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Step III: Transformation 

After PCR transformation was performed. For this purpose a tube of NEB 5-alpha 

Competent E. coli cells was thawed on ice. Then 5 μl of the KLD mix from Step II was 

added to the tube of thawed cells and the tube was carefully flicked 4-5 times to mix. The 

mixture was placed on ice for 30 min and heat shocked at 42°C for 30 seconds. It twas 

followed by 5 minutes ice incubation. 950 μl of super optimal broth (SOC) used for 

microbial growth, was added to the above mixture at room temperature and mixture was 

incubated at 37°C for 60 min with shaking (250 rpm). The cells were mixed thoroughly by 

flicking the tube and inverting, then spread 50-100 μl onto a selection plate and incubated 

overnight at 37°C. It was necessary (particularly for simple substitution and deletion 

experiments) to make a 10- to 40-fold dilution of the transformation mix in SOC prior to 

plating, to avoid any lawn of colonies. The super optimal media is also known as SOB 

super optimal broth media which is used for microbial growth. 

3.13 – Agarose gel electrophoresis 

Agarose gel electrophoresis was performed after every SDM for Original plasmid ; 

PCR product before digestion and PCR product after digestion (Stellwagen, 2009).  

Agarose (0.24 gm) was weighed in flask and dissolved in 30mL of TBE (1X) buffer 

(TBE buffer 10X: prepared by dissolving 106 gm Tris, 55 gm Boric acid, 40 mL 0.5M 

EDTA (pH 8 .0) and volume was made upto1000 mL by adding double distilled water). 

The flask was placed in oven for 60 seconds. When temperature was down, 3µL of safe 

DNA stain was added and gel was poured into the tank. Samples were prepared by adding 

2µL loading buffer (30%glycerol, 0.05mg of Bromophenol blue in 50mL of double 

distilled water)  in 10 µL of samples. The gel was run at 70 volts and afterwards bands were 

checked in dark room under UV light. 

3.14 – Miniprep for positive mutants 

QIAprep Spin Miniprep kit was used for the DNA extraction. An aliqoute of 1-5 

mL overnight bacterial culture was centrifuged at >8000 rpm for 3 min at room temperature 

and the pellet was collected. The pellet was resuspended in 250 µL of buffer P1 and 

transferred to microcentrifuge tube. A known volume (250 µL) of buffer P2 was added in 

pellet. It was mixed thoroughly by inverting tube 4-6 times until the mixture turned clear. 

Lysis reaction was not proceeded more than 5 min. If lyse blue reagent was used then the 

solution became blue. N3 buffer (350 µL) was added and mixed immediately by inverting 

4-6 times. This mixture was centrifuged for 10 min at 13000 rpm. Supernatant was applied 
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to QIA prep spin column by decanting or pipeting. Followed by centrifugation for 30-60 

seconds and discarded the flow through. The QIA prep spin column was washed by adding 

750 µL of PE buffer, centrifuged for 30-60 seconds and discarded the flow through. It was 

centrifuged for 1 min to remove residual wash buffer. x QIA prep column was placed in a 

clean 1.5 mL micro centrifuge tube. DNA was eluted by adding 50 µL of EB buffer or 

double distilled water to the center of column. Let it stood for 1 min and centrifuged for 1 

min. At last plasmid was extracted. 

3.15 – DNA sequencing and analysis 

DNA sequencing is the process of determining the particular order 

of nucleotides within a DNA molecule. It  involves determining the linear nucleotide order 

of a segment of DNA. There are so many methods of sequencing, but  almost all are based 

on the Sanger Method. This is an  in vitro enzymatic method for DNA synthesis. By 

determining the nucleotide sequence of the synthesized DNA, one  can determine the 

sequence of the template DNA. Number of copies of the template DNA are made by primer 

extension (adding nucleotides on to the primer). The copies all have the same nucleotide 

sequence but vary in length because the ddNTPs added randomly and stop extension. 

Produced DNA is then run on a gel that separates the DNA fragments according to size. In 

manual sequencing, the reaction takes place in four separate tubes, each of which has  

different ddNTP. So the tube that contains ddATP will have fragments that all terminate at 

an adenosine (A), the tube with ddGTP will have fragments that end with a guanine (G) and 

so on. The products from the four tubes are then run in parallel lanes of a gel. The products 

of DNA sequencing can be seen on gel because the primer is tagged with a radioactive 

label. In automated sequencing computer collects and analyzes the data, reading the 

sequence of the DNA. The difference of automated sequencing with manual sequencing is 

that automated sequencing is so much faster and more efficient then manual sequencing. 

The human genome has been sequenced using automated sequencing. 

DNA sequencing was performed at Wolfson Institute for Biomedical research and 

UCL Cancer Institute, University College London, London, United Kingdom. Afterwards 

Finch TV software was used to analyze the DNA sequence of the mutant derivative to find 

whether the particular nucleotide was changed or not. 
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Chapter 4 

Chapter 4 -  Results and Discussion 

Glycosyltransferases (GTs) catalyze a vital process in living cells which is called 

glycosylation. Glycosylation is concerned with the transfer of an activated sugar molecule 

to an acceptor molecule. Nucleotide diphospate (NDP)-sugars are normally the activated 

donor sugar (Coutinho et al., 2003). Family 1 GTs has been verified to catalyze the 

glycosylation of small molecular weight molecules. There is a division of family 1 GTs 

which is UDP-glucosyltransferases (UGTs). Previous studies showed that UGTs contain 44 

amino acid consensus sequence and it has also been confirmed that this is a UGT signature 

motif which forms the UDP binding site (Nishimura et al., 2010). Flavanol rhamnosides 

hold enhanced antiviral and antibacterial activities. Flavonoids rhamnoside was synthesized 

in E.coli which expressed AtUGT78D1 and by using this transformant quercetin 3-O-

rhamnoside was produced (Kim et al., 2012). Kaempferol-3-O-rhamnoside is an active 

anticancer agent it inhibits the cell proliferation by activating apoptosis so it has a 

prospective function in anti cancer therapy (Diantini et al., 2012). Flavonoid O-

rhamnosides are synthesized by glycosyltransferase (GT) using thymidine diphosphate or 

uridine diphosphate rhamnose as the sugar donor and a flavonoid as the sugar acceptor 

(Dong et al.,  2003).  

Keeping in view the role of flavonoid rhamnosides in therapeutics it would be so 

valuable to generate more UGTs which can use UDP rhamnose as sugar donor.  In this 

study, the recombinant genes of some UGTs from Arabidopsis were expressed in E.coli and 

purified as fusion proteins with glutathione S transferase (GST). These fusion proteins were 

then screened for their in vitro activity test to find out the respective donor sugars. 

Afterwards seven mutants were synthesized; UGT71B8 (T138M), UGT71B8 (T138A), 

UGT71B1 (T132A), UGT71B1 (N134I), UGT73B3 (G154V), UGT73B4 (V127G) and 

UGT76E1 (T134A). These mutants were also subjected in vitro activity tests to confirm the 

substrate specificity after expression and purification of proteins.  Thus, the research work 

is divided into two separate portions : 

 The first portion contains the transformation, expression, purification and MS based 

activity tests for the UDP sugar donor specificity in wild type enzymes. 

 The second part consists of the mutant types of enzymes in which after sequence 

alignment and primer design, SDM was performed. After polymerase chain reaction 
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(PCR), the mutants were transformed in super competent cells which were further 

expressed, purified and utilised for activity tests. Alongside, the plasmids were 

extracted from clones and were sent for DNA sequencing to confirm the site 

directed mutagenesis. 

4.1 – In Silico Stability assay of UGTs  

Before proceeding with the experimental work of SDM wtih UGTs; in silco 

prediction models were drawn using UCSF Chimera. The sequences were retrieved from 

SWISS-MODEL template library (SMTL) (http://swissmodel.expasy.org/). Models (3D) 

were built and used for comparison with the reference enzyme VvGT1. Homology 

modeling is considered as one of the reliable methods for comparative analysis in structural 

genomics and proteomics (Osmani et al., 2009; Peterson et al., 2009 ; Hans et al., 2004 ; 

Baker and Sali, 2001). After alignment with Clustal X, superimposition was perofrmed  and  

the corresponding specific site was selected for SDM. Both mutant and wild type UGTs 

models were also superimposed to know that the 3D structure of UGTs were not distorted 

after mutation. 

The reliability of predicted 3D structures of all the UGTs was checked using 

Ramachandran plot which is used to visualize the back bone of polypeptide chain, to 

calculate the phi (ϕ) and psi (ψ) angles and also for structural validation. Ramachandran 

plots were obtained for quality assessment of 3D structures of UGTs in order to know the 

selected amino acid residue whether it falls in favored region or unfavored region. The 

presence of a specific residue which is to be mutated in favored region indicates the protein 

stability even after point mutation. If the mutated amino acids fall in unfavored region it 

was an indication of unstable protein structure. Moreover, Ramachandran plot also depicts 

the patterns of distribution of Alpha helicles, Beta plated sheets and interconnecting loops 

(Peterson et al., 2009). 

In case of UGT71B8; the amino acid sequence was aligned with VvGT1. Threonine 

at 138 position corresponding to the 141 position in VvGT1 was selected for point mutation 

as shown in Fig. 4.1 (Panel A & B). Both the wild type and mutant UGT71B8  when 

superimposed; the 3D model showed that the conformation was not changed (Fig. 4.1 ; 

Panel C & D). The amino acid sequence of both wildtype and mutant UGT71B8 were used 

to find out the ordered and disordered residues (Ishida and Kinoshita, 2007 ; 

http://prdos.hgc.jp/cgi-bin/top.cgi). The protein prediction system for disordered amino acid 

http://prdos.hgc.jp/cgi-bin/top.cgi
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residues shows that the therionine at 138 position of UGT71B8 is present in the ordered 

region. The disordered residues fall beyond the threshold line (pink color) and are shown in 

red color in the sequence. Moreover, the ordered amino acids are shown in black in Fig. 

4.1; Panel E. The Ramacharan plot was drawn to check the stability of the UGT71B8 

T138M and it was revealed that the Methionine at position 138 was found in allowed 

region (Fig. 4.1; Panel F). In addition, normally all the other amino acids were also found in 

allowed regions (Fig. 3.1 & 4.1). 

The stability of UGT71B8 T138M was aslo calculated using ‘MUpro for  prediction 

of protein stability changes for single site mutation 

(http://www.ics.uci.edu/~baldig/mutation.html). MUpro is a set of machine learning 

programs to predict how single-site amino acid mutation affects the protein stability. Two 

machine learning methods have been developed such as Support Vector Machines and 

Neural Networks. Both of these methods provide more than 84% accuracy via 20 fold cross 

validation which is better than other available methods. The prediction accuracy using 

sequence information alone is comparable to that of using tertiary structures which is not 

necessarily required for MUpro. The confidence score to measure the confidence of the 

prediction of protein stability lies between -1 and 1. Less than 0 score means the mutation 

decreases the protein stability. Conversely, a score more than 0 means the mutation 

increases the protein stability (Cheng et al., 2005 & 2006). Both of two methods use 

different methodologies to find the confidence score. One score can be taken to predict the 

stability of the protein. However, the confidence score from both the methods used by 

Support Vector Machine (SVM) and Neural Networks were considered for UGTs to predict 

the stability of mutant UGTs. In case of UGT71B8 T138M, 0.33 and 0.64 confidence 

scores were found using Method 1 and Method 2, respectively (Table 4.1). It was found 

that the stability of UGT71B8 T138M was increased after single site mutation.  

Consistant results were also found through using NetSurfP 

(http://www.cbs.dtu.dk/services/NetSurfP/). NetSurfP server provides the prediction of the 

surface accessibility and secondary structure of amino acids in a sequence. The protein 

stability of about 79% can be predicted correctly using NetSurfP. It shows the stability 

prediction in the form of Z-score (Peterson et al., 2009 ; Rost and Sander, 1993).  In Table 

4.2; the first column indicates the UGT enzyme, the second column shows the predicted 

class for the amino acid denoted by the letters B (buried) and E (exposed; none of selected 

amino acid for SDM of UGTs found to be exposed). Third Column shows the amino acid 

http://www.ics.uci.edu/~baldig/mutation.html
http://www.ics.uci.edu/~baldig/mutation.html
http://www.cbs.dtu.dk/services/NetSurfP/
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while in fourth column the amino acid substitution is indicated. Fifth column shows the 

amino acid position number while sixth and seventh column indicates the predicted value of 

relative surface accessibility (RSA) and absolute surface accessibility (ASA). Eighth 

column shows the z-fit score for the RSA prediction which represents the reliability of the 

RSA prediction. Column nine, ten and eleven represent the secondary structure predictions 

of UGTs. It is worth mentioning here that only those amino acid residues which are going 

to undergo SDM are selected from the complete sequence of UGTs and presented in the 

Table 4.2. 

Biologically most interesting residues are often exposed as these are able to interact 

with the environment. It is also reported that  the most exposed residues are predicted most 

unreliably. However, the prediction of the RSA is significantly more accurate for buried 

amino acids compared to the exposed amino acids (Peterson et al., 2009 ; Dor and Zhou, 

2007). The buried residues reside in the core of the protein and hence are very crucial to the 

stability even if they may not be active sites (Raih et al., 2005). Hence, based on the 

predictive criteria of protein stabilitys through NetSurfP; the amino acid residue threonine at 

138 position (T138M) of UGT71B8 was found as burried amino acid. Normally, the RSA 

value lies between 0-1 per residue while less than 25% value of absolute surface availability 

(ASA) can be found for burried amino acid residues (Durham et al., 2009; Peterson et al., 

2009). In addition, it has described that a residue is regarded as an exposed residue on the 

protein surface if its relative solvent accessibility is greater than 16% (Wang et al. 2014). 

Moreover, it has also been reported that about 7% of ASA value rendered more predicted 

stability (Chelliah et al., 2006).  In case of UGT71B8, the RSA value was found as 0.042-

0.037 and ASA stands 7.424 which thus shows that UGT71B8 T138M remains stable after 

SDM. The reliability of the prediction in the form of a Z-score was calculated for each 

amino acid in the UGT71B8 sequence. The Z-score value indicates the reliability of 

prediction of proteins and sometimes Z-score is hard to interpret (Xu, 2005). High Z-score 

vlaues have lower predicted errors compared to very low Z-score values. Sometimes, Z-

score value found to be extremely low (highly negative) which indicates a worst predicted 

reliability of the model (Iqbal et al., 2015). For wild type UGT71B8 and mutant 

UGT71B8T138M, high stability can be predicted as low predicted error was found (Z-fit 

score -2.295 and -2.084, respectively). The values for proabability for alpha, beta helices 

and coil structure were also revealed thtough NetSurfP program. As it has been described 

that the secondary structure is not sensitive to point mutations (Raih et al., 2005). Thus, 
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consistently, no differnce was found in probability values for UGT71B8 before and after 

SDM. The overall predictive performance of stability for UGT71B8 T138M was found to 

be reliable (Table 4.2).  

The amino acid sequence of UGT71B8 was aligned with VvGT1 and threonine at 

position 138 corresponding to the 141 position in VvGT1 was selected for SDM as shown 

in Fig. 4.2 (Panel A & B). No change in conformation was found when both wild type and 

mutant UGT71B8 were superimposed (Fig. 4.2; Panel C & D). As discussed above, 

therionine at 138 position of UGT71B8 was found in the ordered region. The disordered 

residues (red color in the sequence) fall beyond the threshold line (pink color) whereas, the 

ordered amino acids are shown in black (Fig. 4.2; Panel E). The Ramacharan plot was 

generated for UGT71B8 T138A and it was revealed that alanine at position 138 was found 

in allowed region (Fig. 4.2; Panel F). In addition, all the other amino acids were also found 

in allowed regions (Fig. 3.1 & 4.2). 

The stability of UGT71B8 T138A was calculated using ‘MUpro’and -0.58 and -0.88 

confidence scores were found using Method 1 and Method 2, respectively (Table 4.1). It 

was found that the stability of UGT71B8 T138A was decreased after single site mutation. 

The NetSurfP parameters showed that both the amino acid residues at 138 position 

(T138A) of UGT71B8 were found as burried amino acids in the core structure of 

UGT71B8. The RSA and ASA values were found as 0.039 and 4.309, respectively and the 

Z-score value was found as -2.030  which indicate that UGT71B8T138M becomes less 

stable after SDM. The probability for alpha and beta helices and coil structure were found 

unchanged. The overall predictive performance of stability for UGT71B8T138M was found  

as less stable (Table 4.1 & 4.2). 

The amino acid sequence of UGT71B1 was aligned with VvGT1 and threonine at 

position 132 corresponding to the 141 position in VvGT1 was selected for SDM as shown 

in Fig. 4.3 (Panel A & B). No change in conformation was found when both wild type and 

mutant UGT71B1 were superimposed (Fig. 4.3 Panel C & D). The protein prediction 

system shows that thrionine at 132 position of UGT71B1 found in the ordered region. The 

disordered residues are shown red in the sequence and the ordered amino acids are shown 

in black. The disordered amino acids were found beyond the threshold line (pink color; Fig. 

4.3; Panel E). The Ramacharan plot generated for UGT71B1 T132A showed that alanine at 
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position 132 was found in allowed/favored region (Fig. 4.3; Panel F). In addition, all the 

other amino acids were also found in allowed regions (Fig. 3.1 & 4.3). 

The stability prediction of UGT71B1T132A using ‘MUpro’ showed -0.57 and -0.88 

confidence scores with Method 1 and Method 2, respectively (Table 4.1). The stability of 

UGT71B1T132A was predicted as decreased after single site mutation. The NetSurfP 

parameters showed that threonine and alanine amino acid residues (T132A) of UGT71B1 

were found as burried amino acids. The RSA, ASA and Z-score values were found as 

0.036, 3.945 and -2.527, respectively indicating that UGT71B1T132A became less stable 

after SDM. The probability for alpha and beta helices and coil structure were found 

minutely changed. The overall predictive performance of stability for UGT71B1T132A 

found as less stable (Table 4.1 & 4.2). 

Similarly, the amino acid sequence of UGT71B1 was aligned with VvGT1 and 

asparagine at position 134 corresponding to the 141 position in VvGT1 was selected for 

SDM as shown in Fig. 4.4 (Panel A & B). No change in conformation was found when 

both wild type and mutant UGT71B1 were superimposed (Fig. 4.4 Panel C & D). The 

protein prediction system showed that asparagine at 134 position of UGT71B1 was found 

in the ordered region. The disordered residues are shown red in the sequence and the 

ordered amino acids are shown in black (Fig. 4.4; Panel E). The Ramacharan plot was 

generated for UGT71B1N132I and it was found that isoleucine at position 134 was found 

in allowed/favored region. All the other amino acids were also found in allowed regions 

(Fig. 4.4; Panel F). 

The stability prediction was calculated for UGT71B1N134I using ‘MUpro’ which 

showed -0.073 and 0.78 confidence scores with Method 1 and Method 2, respectively 

(Table 4.1). The stability of UGT71B1 N132I was revealed as increased after single site 

mutation. The NetSurfP parameters showed that asparagine and isoleucine amino acid 

residues (N134I) of UGT71B1 were found as burried amino acids. The RSA and ASA 

values were found as 0.066 and 12.247, respectively, and indicated that the stability of 

UGT71B1N134I increased after SDM. The Z-score value was found as -1.997 which 

showed the reliability of the model. The probability for alpha and beta helices and coil 

structure were found unchanged. The overall predictive performance of stability for 

UGT71B1N134I was found to be stable (Table 4.1 & 4.2). 
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The amino acid sequence of UGT73B3 was aligned with VvGT1 and glycine at 

position 154 corresponding to the 141 position in VvGT1 was selected for SDM (Fig. 4.5; 

Panel A & B). No change in conformation was found when both wild type and mutant 

UGT73B3 were superimposed (Fig. 4.5 Panel C & D). The protein prediction system 

showed that glycine at 154 position of UGT73B3 was found in the ordered region. The 

disordered residues are also shown in the sequence in red color whereas the ordered amino 

acids are shown in black (Fig. 4.5; Panel E). The Ramacharan plot was generated for 

UGT73B3 G154V and it was found that valine at position 154 was found in 

allowed/favored region. All the other amino acids were also found in allowed regions (Fig. 

4.5; Panel F). 

The stability prediction was calculated through ‘MUpro’ for UGT73B3G154V and 

0.38 and 0.83 confidence scores were found with Method 1 and Method 2, respectively 

(Table 4.1). The stability of UGT73B3G154V was found as increased after single site 

mutation. The NetSurfP parameters showed that glycine and valine amino acid residues 

(G154V) of UGT73B3 were found as burried amino acids. The RSA and ASA values were 

found as 0.030 and 4.672, respectively, which indicated that the stability of UGT73B3 

G154V increased after SDM. The Z-score value was found as -1.820 and shows the 

reliability of the model. The probability for alpha and beta helices and coil structure were 

found minutely changed. The overall predictive performance of stability for 

UGT71B1N134I was found to be stable (Table 4.1 & 4.2). 

The amino acid sequence of UGT73B4 was aligned with VvGT1 and the valine at 

position 127 of UGT73B4 corresponding to the valine at 117 of VvGT1 was selected for 

SDM (Fig. 4.6; Panel A & B). No change in conformation was found when both wild type 

and mutant UGT73B4 were superimposed (Fig. 4.6 Panel C & D). The protein prediction 

system shows that valine at 127 position of UGT73B4 was found in the ordered region. The 

disordered residues are shown in red, whereas the ordered amino acids are shown in black 

in the sequence (Fig. 4.6; Panel E). The Ramacharan plot was generated for UGT73B4 

V154G and it was found that glycine at position 127 was found in allowed/favored region. 

All the other amino acids were also found in allowed regions (Fig. 4.6; Panel F). 

The stability prediction was calculated with Method 1 and Method 2 through 

‘MUpro’ program for UGT73B4V127G and -0.58 and -0.69 confidence scores were found, 

respectively (Table 4.1). The stability of UGT73B4V127G was found as decreased after 
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single site mutation. The NetSurfP parameters showed that valine and glycine amino acid 

residues (V127G) of UGT73B4 were found as burried amino acids. The RSA, ASA and Z-

score values were found as 0.014, 1.133 and -1.687, respectively indicating that 

UGT73B4V127G became less stable after SDM. The probability for alpha and beta helices 

and coil structure were found unchanged. The overall predictive performance of stability 

for UGT73B4 V127G was found as less stable (Table 4.1 & 4.2). 

The amino acid sequence of UGT76E1 was aligned with VvGT1 and thrionine at 

position 134 of UGT76E1 corresponding to the thrionine at 141 position of VvGT1 was 

selected for SDM (Fig. 4.7; Panel A & B). No change in conformation was found when 

both wild type and mutant UGT76E1 were superimposed (Fig. 4.7 Panel C & D). The 

protein prediction system showed that thrionine at 134 position of UGT76E1 was found in 

the ordered region. The disordered residues are shown in red, whereas the ordered amino 

acids are shown in black in the sequence (Fig. 4.7; Panel E). The Ramacharan plot was 

generated for UGT76E1T134A and it was found that alanine at position 134 was found in 

allowed/favored region. All the other amino acids were also found in allowed regions (Fig. 

4.7; Panel F). 

The stability prediction was calculated through ‘MUpro’ for UGT76E1T134A and -

0.57 and -0.70 confidence scores were found with Method 1 and Method 2, respectively 

(Table 4.1). The stability of UGT76E1T134A was found as decreased after single site 

mutation. The NetSurfP parameters showed that threonine and alanine amino acid residues 

(T134A) of UGT76E1 were found as burried amino acids. The RSA, ASA and Z-score 

values were found as 0.033, 3.670 and -2.274, respectively indicating that UGT76E1T134A 

became less stable after SDM. The probability for alpha and beta helices and coil structure 

were found minutely changed. The overall predictive performance of stability for 

UGT73B4V127G was found as less stable (Table 4.1 & 4.2). 
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Fig. 4.1 – In silico analysis of UGT71B8T138M 

Panel A: 3D superimposition of VvGT1 (cyan) with wild type UGT71B8 (blue) shows overlapping 

of 141 therionine of VvGT1 with 138 therionine of UGT71B8.  

Panel B: 3D structure of wild type UGT71B8. Red arrow indicates T138 which is to be mutated. 

Panel C: Superimposition of wild type UGT71B8 (cyan) and mutant UGT71B8 T138M (magenta). 

Panel D: 3D structure of UGT71B8T138M. Red arrow indicates the position of mutagenesis.  

Panel E : Amino acid sequence of UGT71B8. Red circle shows the site of mutation (T138M). Red 

color of amino acid residues indicates ’Disordered Residues’and black color shows ‘Ordered 

Residues’. Two graphs (left : UGT71B8 wild type ; right: UGT71B8T138M mutant)  represent 

ordered and disordered residues. The mutation at therionine 138 position is present in ordered 

region; the high peak above the threshold line (pink color) shows presence of disorderd residues (red 

colored amino acids in the sequence) in UGT71B8 enzyme (http://prdos.hgc.jp/cgi-bin/top.cgi). 

Panel  F : Ramachandran plot for UGT71B8T138M; the red dot in the plot (red arrow) clearly 

shows that the mutation site is in favored/allowed region. The phi and psi angles used for structural 

validation show that mutated amino acid falls in allowed region.  
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Fig. 4.2 – In silico analysis of UGT71B8T138A 

Panel A: 3D structure superimposition of VvGT1 (cyan) with wild type UGT71B8 (blue) shows 

overlapping of 141 therionine of VvGT1 with 138 therionine of UGT71B8. 

Panel B: 3D structure of wild type UGT71B8. Red arrow indicates T138 which is to be mutated. 

Panel C: Superimposition of wild type UGT71B8 (cyan) and mutant UGT71B8T138A (magenta). 

Panel D: 3D structure of UGT71B8 after site directed mutagenesis at 138 position. Red arrow 

indicates the position of mutagenesis.  

Panel E: Amino acid sequence of UGT71B8. Red circle points the site of mutation (T138A). Red 

color of amino acid residues indicates ’Disordered Residues’and black color shows ‘Ordered 

Residues’. Two graphs (left : UGT71B8 wild type ; right: UGT71B8T138A mutant)  represent 

ordered and disordered residues. The mutation at therionine 138 position is present in ordered 

region; the high peak above the threshold line (pink color) shows presence of disorderd residues in 

UGT71B8 enzyme (http://prdos.hgc.jp/cgi-bin/top.cgi). 

Panel F: Ramachandran plot for UGT71B8 T138A; the red dot in the plot clearly predicts that the 

mutation site is in favored/allowed region. The phi and psi angles show that mutated amino acid 

residue falls in allowed region. 

http://prdos.hgc.jp/cgi-bin/top.cgi
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Fig. 4.3 – In silico analysis of UGT71B1T132A 

Panel A: 3D structure superimposition of VvGT1 (cyan) with wild type UGT71B1 (magenta) shows 

overlapping of 141 therionine of VvGT1 with 132 therionine of UGT71B1. 

Panel B: 3D structure of wild type UGT71B1. Red arrow indicates T132 which is to be mutated. 

Panel C: Superimposition of wild type UGT71B1 (cyan) with UGT71B1T132A mutant (magenta). 

Panel D: 3D structure of UGT71B1 T132A. Red arrow indicates the position of mutagenesis.  

Panel E : Ordered and disordered amino acid sequence of UGT71B1. Amino acids in red color fall 

in disordered region. Red circle of therionine at 132 position shows that mutation site is present in 

the ordered region of UGT71B1. 

Panel F: Ramachandran plot for UGT71B1T132A; the red dot in the plot clearly shows that the 

mutation site is present in the favored region. The phi and psi angles show that mutated amino acid 

residue falls in allowed region. 
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Fig. 4.4 – In silico analysis of UGT71B1N134I 

Panel A: 3D structure superimposition of VvGT1 (cyan) with wild type UGT71B1 (magenta) shows 

overlapping of 141 therionine of VvGT1 with 134 aspargine of UGT71B1. 

Panel B: 3D structure of wild type UGT71B1. Red arrow indicates N134 which is to be mutated. 

Panel C: Superimposition of wild type UGT71B1 (cyan) with UGT71B1N134I mutant (magenta). 

Panel D: 3D structure of UGT71B1N134I. Red arrow indicates the position of mutagenesis.  

Panel E : Ordered and disordered amino acid sequence of UGT71B1. Amino acids in red color fall 

in the disordered region. Red circle indicates aspargine at 134 position which shows that mutation 

site is present in the ordered region of UGT71B1. 

Panel F: Ramachandran plot for UGT71B1N134I; the red dot in the plot clearly shows that the 

mutation site is present in the favored region. The phi and psi angles show that mutated amino acid 

residue falls in allowed region. 
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Fig. 4.5 – In silico analysis of UGT73B3G154V 

Panel A: 3D structure superimposition of VvGT1 (cyan) with wild type UGT73B3 (blue) shows 

overlapping of 141 therionine of VvGT1 with 154 glycine of UGT73B3. 

Panel B: 3D structure of wild type UGT73B3. Red arrow indicates the G154 which is to be mutated. 

Panel C: Superimposition of wild type UGT73B3 (cyan) with UGT73B3G154V mutant (magenta). 

Panel D: 3D structure of UGT73B3 G154V. Red arrow indicates the position of mutagenesis.  

Panel E : Ordered and disordered amino acid sequence of UGT73B3. Amino acids in red color fall 

in disordered region. Red circle indicates glycine at 154 position which shows that the mutation site 

is present in ordered region of UGT73B3. 

Panel F: Ramachandran plot for UGT73B3G154V; the red dot in the plot predicts that the mutation 

site is present in favored region. The phi and psi angles show that mutated amino acid residue falls 

in allowed region. 
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Fig. 4.6 – In silico analysis of UGT73B4V127G 

Panel A: 3D structure superimposition of VvGT1 (cyan) with wild type UGT73B4 (blue) shows 

overlapping of 117 valine of VvGT1 with 127 valine of UGT73B4. 

Panel B: 3D structure of wild type UGT73B3. Red arrow indicates the V127 which is to be mutated. 

Panel C: Superimposition of wild type UGT73B4 (cyan) with UGT73B3V127G mutant (magenta). 

Panel D: 3D structure of UGT73B4V127G. Red arrow indicates the position of mutagenesis.  

Panel E : Ordered and disordered amino acid sequence of UGT73B4. Amino acids in red color fall 

in the disordered region. Red circle of valine at 127 position shows that the mutation site is present 

in the ordered region of the UGT73B4. 

Panel F: Ramachandran plot for UGT73B4V127G; the red dot corrsponding to glycine 127 position 

could not be found because glycine and proline are not preferred in Ramachandran plot. Thus, the 

presence of glycine 127 either in favored or unfavored region can not be predicted. 
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Fig. 4.7 – In silico analysis of UGT76E1T134A 

Panel A: 3D structure superimposition of VvGT1 (cyan) with wild type UGT76E1 (pink) shows 

overlapping of 141 therionine of VvGT1 with 134 therionine of UGT76E1. 

Panel B: 3D structure of wild type UGT76E1. Red arrow indicates the T134 which is to be mutated. 

Panel C: Superimposition of wild type UGT76E1 (cyan) with mutant UGT76E1T134A (purple). 

Panel D: 3D structure of UGT73B4T134A. Red arrow indicates the position of mutagenesis.  

Panel E : Ordered and disordered amino acid sequence of UGT76E1. Amino acids in red color fall 

in the disordered region. Red circle of therionine at 134 position shows that the mutation site is 

present in ordered region of UGT76E1. 

Lower Panel (Lower right): Ramachandran plot for UGT76E1T134A; the red dot in the plot clearly 

shows that the mutation site is present in favored region. The phi and psi angles show that mutated 

amino acid residue falls in allowed region. 
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Table 4.1 – Prediction of protein stability changes for single-site mutations from 

sequence information 

No. UGTs 

Confidence 

Score through 

Method 1 

Confidence 

Score through 

Method 2 

Stability of 

protein 

structure 

1 UGT71B8T138M 0.33 0.64 Increase 

2 UGT71B8T138A -0.58 -0.88 Decrease 

3 UGT71B1T132A -0.57 -0.88 Decrease 

4 UGT71B1N134I -0.073 0.78 Increase 

5 UGT73B3G154V 0.38 0.83 Increase 

6 UGT73B4V127G -0.58 -0.69 Decrease 

7 UGT76E1T134A -0.57 -0.70 Decrease 
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Table 4.2 – Properties of wild type and mutant UGTs obtained through NetSurfP 

 

No. Enzyme name 

Exposed/ 

Buried 

Amino 

Acid 

Substitution 

Amino 

acid no. 

Relative 

surface 

availability 

Absolute surface 

availability 

Z-fit 

score 

Probability 

score for 

alpha helix 

Probability 

score for 

beta strand 

Probability 

score for 

coil 

1 UGT71B8 (W1) Buried T T→M 138 0.042 5.867 -2.295 0.018 0.088 0.893 

UGT71B8T138M (M1) Buried M T→M 138 0.037 7.424 -2.084 0.019 0.141 0.840 

2 UGT71B8 (W2) Buried T T→A 138 0.042 5.867 -2.295 0.018 0.088 0.893 

UGT71B8T138A (M2) Buried A T→A 138 0.039 4.309 -2.030 0.018 0.088 0.893 

3 UGT71B1 (W3) Buried T T→A 132 0.028 3.925 -1.717 0.019 0.141 0.840 

UGT71B1T132A (M3) Buried A T→A 132 0.036 3.945 -2.527 0.018 0.088 0.893 

4 UGT71B1 (W4) Buried N N→I 134 0.070 10.189 -1.936 0.321 0.003 0.675 

UGT71B1N134I (M4) Buried I N→I 134 0.066 12.247 -1.997 0.321 0.003 0.675 

5 UGT73B3 (W5) Buried G G→V 154 0.035 2.762 -2.255 0.018 0.088 0.893 

UGT73B3G154V (M5) Buried V G→V 154 0.030 4.672 -1.820 0.019 0.141 0.840 

6 UGT73B4 (W6) Buried V V→G 127 0.014 2.152 -1.736 0.001 0.959 0.040 

UGT73B4V127G (M6) Buried G V→G 127 0.014 1.133 -1.687 0.001 0.959 0.040 

7 UGT76E1 (W7) Buried T T→A 134 0.034 4.660 -1.960 0.018 0.088 0.893 

UGT76E1T134A (M7) Buried A T→A 134 0.033 3.670 -2.274 0.052 0.084 0.864 
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4.2 – Cloning of recombinant plasmids of UGTs 

Recombinant plasmids of glycosyltransferases were obtained from University of 

York and transformed by heat shock method in E. coli (XL blue competent cells from 

Agilent). The colonies were then obtained after 24 h. The cloned enzymes were further 

purified, expressed and experimenatlly used to check their activity with their respective 

substrates.The clones for UGT73C6 gene were grown well after 24 h of inoculation and 

large number of colonies were visible (Fig 4.8 ; panel A). Likewise, clones with UGT78D1 

gene gave a good growth after 24 hours of growth but the number of colonies were less (Fig 

4.8 ; panel B). Clones with UGT73C5 gene also showed very good growth after 24 h (Fig 

4.8 ; panel C). The growth of clones for UGT73B3 inserted genes showed less number of 

colonies but nicely grown which are clearly visible (panel D, Fig 4.8). However the clones 

of E. coli with inserted gene of UGT71B1 showed over growth (Fig. 4.8 ; panel E) with 

lawn of colonies after 24 hours of inoculation.  

Previously Ross et al. (2001) and Kim et al. (2006) cloned and expressed a UGT 

gene (UGT73B1) from Arabidopsis thaliana in E. coli which is in inaccordance to current 

research work. Ko et al. (2006) also cloned one of the glycocosyltransferase genes (RUGT-

5) in E.coli and expressed as fusion proteins with GST. This protein has 40 to 42 % 

sequence identity with plant UGTs and their work is in agreement to cloning to UGTs 

genes in the current research work. Hong  et al. (2007) cloned RUGT10 from  Oryza sativa 

in E. coli and expressed proteins in fusion with GST which are also related to the cloning of 

UGTs in the present research work. Jin et al. (2013) also cloned UGT74D1 from 

Arabidopsis thaliana. The work of Jin et al. (2013) is a similar cloning of UGTs done in 

this research work.    

4.3 – Expression and Purification of UGTs 

The colonies were stored in glycerol by adding equal amount of 80% glycerol and 

were stored in -80 ̊C for future use. Meanwhile the transformed UGTs were expressed in 25 

mL of LB media with 50 µg/mL of ampicillin. Culture was grown overnight in shaker. 

UGTs were expressed as fusion proteins with glutathione S transferases (GST) in XL blue 

competent cells. And after purification proteins were run on SDS PAGE to know the size of 

proteins. 

After expression of UGT proteins with GST, the enzymes were purified and run on 

SDS-PAGE to confirm the molecular weight of respective proteins. Three elutions of 

UGT73C6 were applied on SDS-PAGE after purification in GSTrap FF Column (Fast Flow 
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Column) and clear bands of 82 kDa were seen in the gel. Actual molecular weight of 

UGT73C6 is 55.89 kDa but when it was expressed with GST, the band was observed at 82 

kDa due to added molecular weight of 26.9 kDa  of glutathione S transferase. Lane 2 and 

three also showed band for GST at 27 kDa approximately (Fig. 4.9, panel A). UGT78D1 

after expression with GST showed bands at 76 kDa approximately which has actual 

molecular weight of 50 kDa. Lane 1 and 2 also showed the bands for GST at 27 kDa 

approximately. Three elutions were applied on gel after purification and all of these showed 

bands at 76 kDa of UGT78D1 and minor bands at 27 kDa for GST (Fig. 4.9, panel B).The 

SDS-PAGE analysis of UGT73C5 enzyme showed clear band of 82 kDa in lane 1, 2 and 3, 

respectively, after expression with GST.  In lane 4 and 5 the crude proteins were shown 

when elution 1 and 2 were applied to the gel just after purification. UGT73C5 has actual 

molecular weight of 55.7 kDa (Fig. 4.9, panel C). Similarly, in Fig. 4.9, panel D lane 1 and 

2 showed bands at 82 kDa for the purified protein; UGT73B3. The actual molecular weight 

of UGT73B3 is 54.55 kDa but when the enzyme was expressed with GST it showed the 

molecular weight of 82 kDa in gel. Bands of GST are also visible with molecular weight of 

26.9 kDa.  UGT71B1 wild type was expressed with glutathione S transferase showed bands 

~78-79 kDa in panel A and B, respectively (Fig. 4.10). Molecular weight of UGT71B1 is 

52.6 kDa but when it was expressed with GST (26.9 kDa) it gave bands of  ~78-79 kDa 

which was the approximate molecular weight of UGT71B1 with added molecular weight of 

GST. 

Wild type of UGT73C1 gave a band of 83 kDa as shown in lane 1 and 2 (Fig. 4.10, 

panel C). Bands for GST are also visible in both lanes. UGT73C1 has molecular weight of 

55.1 kDa without GST but with GST (26.9) showed bands on 83 kDa. Panel D (Fig. 4.10) 

showed bands of about 80 kD in both lanes 1 and 2, confirmed the presence of UGT73B4. 

Molecular weight of UGT73B4 is 53.9 kDa but it was expressed with GST whose 

molecular weight is 26.9 kDa, a 80 kDa band was present in the SDS-PAGE and showed 

the presence of UGT73B4. It is to be noted that the intensity of the bands were quantified 

for each band using ImageJ and depicted in a graphical manner to show an estimated 

quantity of protein present in each well (Fig. 4.9 & Fig. 4.10). In addition, the actual 

quantity of UGTs was also estimated through Bradford assay which is shown in Table 4.3.    

Kim et al. (2006) expressed UGT73B1 in E. coli  and proteins were expressed with 

GST fusion and a band of sum of molecular weight of UGT and GST appeared on SDS-

PAGE which was fully in agreement to the results of present research work. Ko et al. 

(2006) expressed rice UGT (RUGT-5) in E. coli and after purification a band of 79.5 kDa 
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was found on SDS-PAGE which is the total molecular weight of UGT and GST. By 

subtracting the 26 kDa of GST the molecular weight of RUGT-5 was 53.5 kDa. These 

above results were in accordance to the molecular weight found in the present research 

work where plant UGTs were used to expressed and purified.  Hong  et al. (2007) did 

expression of RUGT-10 and analysed the expressed protein on SDS-PAGE. The molecular 

weight of RUGT-10 was 66 kDa which was the sum of GST and UGT molecular weight as 

it was explained by Hong et al. (2007) that UGTs were expressed with GST. These results 

were in full agreement with the present research work where UGTs were expressed with 

GST infusion. Jin et al. (2013) studied group L of UGTs and after expression of UGT74D1 

in E. coli  with fusion of GST the protein was run on SDS-PAGE to find the molecular 

weight of expressed protein which was actually 50.2 kDa and with GST it would be 76.2 

kDa. Jin et al. (2013) found a band in between 66.2 kDa and 94.0 kDa which is near to 

actual molecular weight. This study was also in accordance to current research work where 

UGTs were expressed along with GST fusion and bands on SDS-PAGE were the sum of 

molecular weight of UGT and GST.  

As mentioned earlier, VvGT1 was used as a refernce enzyme. For SDM, sequence 

alignment was performed for UGTs against VvGT1 and the corresponding residues to 141 

position were mutated. In case of plants especially Arabidopsis thaliana, almost all UGTs 

have been reported to use UDP glucose which is considered as a universal substrate (Li et 

al., 2001 ; Ross et al.,2001 ; Yang et al., 2005; Osmani et al., 2008; Noguchi  et al., 2009; 

Wang, 2009; Nishimura et al., 2010). Thus, only UGT73B3 and UGT71B1 were further 

used for SDM during the study. UGT73C6, UGT78D1 and UGT73C1 were already using 

UDP-rhamnose as substrate, therfore, they were not further used (Yang et al., 2005 ; Offen  

et al., 2006). In fact, these UGTs were used to optimize the conditions of purification, 

expression and MS activity tests. The potential substrates of all the wild type UGTs are 

illustrated in Table 4.3. The main aim of the study was actually to engineer wild type UGTs 

which were not using UDP rhamnose as their substrate. 
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Fig. 4.8 – Clones of recombinant plasmids in E. coli strain on agar plates with 

ampicillin  

Panel A:  UGT73C6;  Panel B: UGT78D1;  Panel C:  UGT73C5;   

Panel D:  UGT73B3;  Panel E: UGT71B1  
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Fig. 4.9 – SDS-PAGE analysis of purified UGTs expressed as fusion proteins with 

GST 

SDS-PAGE (10%) from XL-Blue competent E. coli induced with 1mM IPTG. Upper Panel: A: 

Lane 1-3: Elution after 15, 20 and 25 min.  UGT73C6 approximately molecular weight 56 kDa and 

infusion with GST showed band at 82 kDa. B: Lane 1-3: Elution after 15, 20 and 25 min. UGT78D1 

showed band at 76 kDa. C: Lane 1-3: Elution after 15, 20 and 25 min. Lane 4-5: Elution of crude 

proteins after purification of 5 and 10 min.  UGT73C5 at 82 kDa. D: Lane 1-2: Elution after 15 and 

20 min. UGT73B3 showed a band at 82 kDa. 

Lower Panel: Quantification of the intensity of bands indicates the quantity of corresponding UGTs. 

The pixel size of the bands are normalized to GST bands. 
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Fig. 4.10 – SDS-PAGE analysis of purified UGTs expressed as fusion proteins with 

GST 

SDS-PAGE (10%) from XL-Blue competent E. coli induced with 1mM IPTG. Upper Panel : A: 

Lane 1-3: Elution after 15, 20 and 25 min. B: A: Lane 1-4: Elution after 15, 20, 25 and 30 min. 

UGT71B1 approximately molecular weight 52 kDa and infusion with GST showed band at 79 kDa. 

C: Lane 1-2: Elution after 15 and 20 min. UGT73C1 showed band at 83 kDa. D: Lane 1-2: Elution 

after 15 and 20 min. UGT73B4 showed a band at 80 kDa.  

Lower Panel: Quantification of the intensity of bands indicates the quantity of corresponding UGTs. 

The pixel size of the bands are normalized to GST bands.  
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Table 4.3 – Concentration of wild type UGTs (mg/ml) and their potential substrates 

No. UGTs Concentration (mg/ml) Substrates 

1 UGT73C6 
2.19E-02 

UDP-glucose, UDP-galactose, UDP 

GlcNAc, UDP-mannose, UDP-rhamnose, 

UDP-xylose, dTDP rhamnose and dTDP 

xylose 

2 UGT78D1 
1.28E-02 UDP glucose, UDP galactose, UDP 

rhamnose, UDP xylose and dTDP xylose 

3 UGT73C5 
2.95E-02 

UDP glucose, UDP galactose, UDP 

GlcNAc, UDP rhamnose, UDP xylose, UDP 

xylose, UDP5 S glucose, dTDP rhamnose 

and dTDP xylose  

4 UGT71B1 
2.79E-02 UDP glucose, UDP galactose, UDP xylose 

and UDP 5 S glucose 

5 UGT73B3 
3.24E-02 

UDP glucose, UDP galactose, UDP 

GlcNAc, UDP mannose, UDP xylose, 

UDP5 S glucose, dTDP glucose, GDP 

glucose and dTDP xylose 

6 UGT73C1 

 

3.09E-02 

UDP glucose, UDP-mannose, UDP 

rhamnose, UDP xylose 

7 UGT73B4 

 

2.96E-02 

UDP glucose, UDP galactose, UDP xylose,  

UDP5 S glucose, UDP galactose NAc, 

dTDP xylose 
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4.4 – Activity tests of wildtype UGTs 

In the first step, the in vitro screening of the recombinant enzyme was performed. 

The expressed enzyme was taken towards activity test for its own UDP sugar and acceptor 

molecules; novobiocin and Kaempferol. Ten μl 1mM of donor UDP sugar, 10 μl 1mM 

acceptor molecules and 10 μL enzyme were added into a sterile eppendrof respectively and 

incubated at 37°C over night. After overnight incubation, samples were centrifuged for 5 

minutes with acetonitrile till no pellet can be seen. This step was for removing all protein 

remnants. Then, mass spectrometry with the full scan type was used to test the presence of 

the desired product. Almost all transformed UGTs used UDP glucose as donor sugar but 

showed different activity in the presence of different acceptor molecules. Transformation of 

the recombinant genes of UGTs has same donor sugar at least in case of UDP glucose. 

They may use other donor sugars also and some wild type enzymes also use UDP rhamnose 

as donor sugar and showed different trends with the acceptor molecules. Following are the 

activity results for the studied UGTs. 

4.4.1 – Activity tests of UGT73C6 

UGT73C6 belongs to family 73C of UGTs and positioned on choromosome 2. It is 

quercetin-3-O-rhamnoside and 7-O-glucoside (UGT73C6) catalyses the transfer of glucose 

from UDP glucose to 7-OH position of Kaempferol and quercetin. It has 89.5% sequence 

identity with UGT73C5. So, UGT73C6 is classified as UDP-glucose-flavonol-3-O-

glycoside-7-O-glycosyltransferase. UGT73C6 uses UDP-glucose, UDP-galactose, UDP 

GlcNAc, UDP-mannose, UDP-rhamnose and UDP-xylose as its donor sugars (Yang et al.,  

2005).   

The activity test of UGT73C6 was positive with novobiocin as acceptor and UDP 

rhamnose as donor and it also showed positive activity when UDP glucose was used as 

donor and novobiocin as acceptor molecules with a clear peak was observed at 773 point. 

But UGT73C6 showed no activity when Kaempferol was used as substrate (Fig. 4.11 & 

4.12 ; A-D). A clear peak at 481 clearly indicates the presence of Glc-Quercetin (Fig. 4.12 

D). The current results are in accordance to the studies of Ibrahim (2011); which showed 

positive activity of UDP-glucose with novobiocin in both negative and positive spectra. 

Moreover, Ibrahim (2011); who also used UDP-galactose as a donor sugar and novobiocin 

as acceptor molecule ; and found no activity with UGT73C6. So it was a strong indication 

that UGT73C6 has UDP-glucose as its donor sugar. Jones et al. (2003) reported that 

UGT73C6 catalysed the transfer of rhamnose for UDP rhamnose to quercetin and was in 
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accordance to this research work in which rhamnose transfer from UDP when novobiocin 

was used as acceptor molecule. 

4.4.2 – Activity tests of UGT78D1 

UGT78D1 is classified as UDP-rhamnose flavonol-3-O-rhamnosyltransferase and 

belongs to the 78D family of UGTs. It catalyzes the transfer of rhamnose from UDP 

rhamnose to 3-OH position of quercetin and Kaempferol. Donor sugars of UGT78D1 are; 

UDP glucose, UDP galactose, UDP rhamnose, UDP xylose and dTDP xylose (Yang et al.,  

2005). 

The activity of UGT78D1 was analyzed with UDP rhamnose and UDP glucose as 

donor sugars and quercetin as acceptor, in both cases the product was formed and clear 

peaks were observed 449 for rhamnose-quercetin and 481 for glucose- quercetin, 

respectively (Fig. 4.13; A & B). A peak at 757 showed positive activity of rhamnose-

novobiocin whereas a mass spectrum peak for glucose- novobiocin were not detected (Fig. 

4.14; A & B).With novobiocin as acceptor molecule activity test was positive with UDP 

rhamnose as substrates, and negative with UDP glucose. But it showed positive activity 

with UDP glucose when Kaempferol was used as acceptor and mass spectrum had a peak at 

447 in negative spectrum (Fig. 4.15).  

The current findings are consistent with the results of Ren et al. (2012) with 

UGT78D1. They showed that this enzyme can transfer both sugar molecules, rhamnose and 

glucose from UDP-rhamnose and UDP-glucose respectively. These strongly endorsed that 

UDP glucose is a donor sugar for UGT78D1 when quercetin and Kaempferol were used as 

acceptors. Moreover, it was found that UGT78D1 transferred rhamnose from UDP-

rhamnose to quercetin which is in consistent to work already described by Jones (2003) 

who showed in vitro  transfer of rhamnose from UDP rhamnose to quercetin in the presence 

of UGT78D1. 

4.4.3 – Activity test of UGT73C5 

This enzyme UGT73C5 belongs to 73C family of UGTs. The protein type of 

UGT73C5 is putative type. Gene for UGT73C5 is located on chromosome 2 which actually 

catalyzes the formation of O glycosides. In Arabidopsis thaliana UGT73C5 catalyzes the 

formation of steroid hormones for example 23-O-glucosylation of the BRs brassinolide 

(BL) and castasterone (Poppenberger et al.,  2005). Donor sugars for UGT73C5 are UDP 

glucose, UDP galactose, UDP GlcNAc, UDP rhamnose, UDP xylose, UDP xylose, UDP5 S 

glucose and dTDP xylose (Yang et al.,  2005). 
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The enzyme activity was checked with UDP rhamnose and UDP glucose as donors 

and quercetin and novobiocin as acceptor. A peak at 757 showed positive activity of 

rhamnose-novobiocin (Fig. 4.16). In addition, the mass spectrum also showed clear peaks at 

449 for rhamnose-quercetin and 481 for glucose-quercetin, respectively (Fig. 4.17 A & B). 

Presence of peaks at these points strongly indicates that UGT73C5 uses both UDP 

rhamnose and UDP glucose as its donor sugar which is in accordance with the studies of 

Yang et al. (2005). In contrast to Ibrahim (2011), who used novobiocin as acceptor 

molecule and UDP glucose as donor sugar; and showed activity of UGT73C5. But, the 

current results with this enzyme showed activity with both donor sugars, UDP-rhamnose 

and UDP-glucose while quercetin and novobiocin was used as acceptor. 

4.4.4 – Activity tests of UGT71B1 

UGT71B1 belongs to 71B family of glycosyltransferases. The gene is located on 

chromosome 3 and considered as a putative glycosyltransferase. UGT71B1 can attach 

glucose to a number of hydroxylated phenolic compounds and quercetin in vitro. Donor 

sugars for UGT71B1 are UDP glucose, UDP galactose, UDP xylose and UDP 5 S glucose 

(Yang et al.,  2005). 

The activity of UGT71B1 was checked with UDP glucose and UDP rhamnose as 

donors and novobiocin, quercetin as acceptor. UGT71B1 catalyzed the transfer of glucose 

from UDP glucose to both acceptors quercetin and novobiocin. The peak in mass spectrum 

was visible at 481 when quercetin and UDP glucose were used as acceptor and donor 

respectively. In case of novobiocin the peak was formed at 775 with UDP glucose as donor 

sugar in positive spectrum (Fig. 4.18; A & B). A peak at 757 also showed positive activity 

of rhamnose-novobiocin (Fig. 4.19). These activity test results are in accordance to Ibrahim 

(2011) who checked the activity of UGT71B1 with novobiocin and UDP glucose and got a 

clear peak but qucertein as acceptor was not reported in his work. 

4.4.5 – Activity test of UGT73B3 

This enzyme belongs to 73B family of UGTs and its gene is present on chromosome 

4 in Arabidopsis thaliana. Alternative name for UGT73B3 is flavonol 3-O-

glucosyltransferase. It also possesses quercetin 3-O-glucosyltransferase activity in vitro. 

UGT73B3 utilizes nine UDP sugars as donor molecules which includes UDP glucose, UDP 

galactose, UDP GlcNAc, UDP mannose, UDP xylose, UDP5 S glucose, dTDP glucose, 

GDP glucose and dTDP xylose (Yang et al.,  2005). 

UGT73B3 activity test was found positive with UDP glucose as donor and 

novobiocin as acceptor molecule with a clear peak at 773  whereas negative with UDP 
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rhamnose as donor and novobiocin as acceptor molecule (Fig. 4.20 A & B), as already 

described positive by Yang et al.,  2005.  In contrast,  Ibrahim (2011) showed that 

UGT73B3 mutant (Q397H) was able to use UDP glucose as  donor with novobiocin as 

acceptor. However, it was found that wild type UGT73B3 was not able to use isomer of 

UDP glucose i.e. UDP galactose (Ibrahim, 2011). 

4.4.6 – Activity tests of UGT73C1  

UGT73C1 is a putative glycosyltransferase and its gene is present on chromosome 2. 

It has a length 491 amino acids with the molecular weight of 55.1 kDa. It is also known as 

cytokinin O glucosyltransferase 1. UDP sugars which can be used as donor sugar for 

UGT73C1 are; UDP glucose and UDP xylose but it can also use UDP mannose in some 

cases (Yang et al.,  2005). When UGT73C1 was tested for its activity it showed positive 

activity with UDP glucose and UDP rhamnose as donors  and novobiocin as acceptor 

molecule in mass spectrum with a peak at 773 and 757, repestively (Fig. 4.21 A & B).  

Wild type UGT73C1 did not present any activity with UDP galactose ; an isomer of 

glucose, and novobiocin. A mutant was generated of UGT73C1, D397E and Q398H, 

which was able to use UDP galactose as well as sugar donor UDP glucose (Ibrahim, 

2011; Yang et al.,  2005). Yang et al. (2005) used UDP glucose and found similar results; 

whereas Ibrahim (2011) used UDP galactose with wild type enzyme.  

4.4.7 – Activity tests of UGT73B4 

This UGT protein has 460 amino acid in its sequence and molecular weight is 51 

kDa. It is a putative glycosyltransferase, UGT position is located on chromosome 2 and it 

belongs to the family 73B of UGTs. UDP glucose, UDP galactose, UDP GlcNAc, UDP 

xylose, UDP5S glucose and dTDP xylose are donor sugars for UGT73B4 (Yang et al.,  

2005).  

The activity test for UGT73B4 with UDP glucose and UDP rhamnose as donor 

molecules and novobiocin as acceptor molecule showed a peak at ~775 in mass spectrum 

which means it has positive activity with glucose. This test showed that UDP glucose is 

donor sugar for this enzyme but UDP rhamnose is not (Fig. 4.22 A & B). UGT73B4 have 

sequence homology with UGT73B3 and like the later UGT73B4 wild type was not able to 

use UDP galactose even after mutation. Same results were showed by Ibrahim, (2011) 

when acceptor molecule was changed with Kaempferol. The current results are in 

accordance to Yang et al. 2005) who reported that UDP glucose is donor sugar for 

UGT73B4.  
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The donor acceptor selectivity for all the wild type enzymes used during the study 

is shown in Table 4.4. Green colour showed the positive activity and red color means no 

activity; for which no experiments were performed are left blank boxes.  
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Fig. 4.11 – Mass spectrometry analysis of UGT73C6 

A: Mass spectrum ES-: ES- shows a peak corresponding to the mass of Rham-Novobiocin, 

indicating that UGT73C6 is active in adding Rhamnose to Novobiocin.  B: Mass spectrum 

ES-: The presence of a peak at 773 in ES- represents Glc-Novobiocin ions. This confirms 

the presence of Glc-Novobiocin in the MS analysis.  
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Fig. 4.12 – Mass spectrometry analysis of UGT73C6 

C: Mass spectrum ES-: In the negative spectrum the molecular weight of Glc-Kaempferol 

can not be detected.  D: Mass spectrum ES ES-: The presence of peak at 481 represents the 

molecular weight of Glc-Quercetin which confirms the presence of Glc-Quercetin in MS 

analysis. 
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Fig. 4.13 – Mass spectrometry analysis of UGT78D1 

A: Mass spectrum ES+: A peak at 449 is a strong indication for the presence of Rham-

Quercetin.  B: Mass spectrum ES+: A peak at 481 is a strong indication for the presence of 

Glc-Quercetin; a proton is added to actual molecular weight in ES+ spectrum.  
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Fig. 4.14 – Mass spectrometry analysis of UGT78D1 

A: Mass spectrum ES-: ES- has a peak corresponding to the mass of Rham-Novobiocin, 

indicating that UGT78D1 is active in adding Novobiocin to Rhamnose. B: Mass spectrum 

ES-: Glc-Novobiocin mass is 774.76g/mol, the ES- spectrum peak suggestive for Glc-

Novobiocin product cannot be detected.   
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Fig. 4.15 – Mass spectrometry analysis of UGT78D1 

C: Mass spectrum ES-: A peak of 447.18 shows the presence of Glc-Kaempferol product 

which have a molecular weight of 448, in ES- removes a proton and a peak of 447.18 is 

visible.  

 

Fig. 4.16 – Mass spectrometry analysis of UGT73C5 

Mass spectrum ES-: ES- has a peak corresponding to the mass of Rham-Novobiocin, 

indicating that UGT73C5 is active in adding Novobiocin to Rhamnose. 
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Fig. 4.17 – Mass spectrometry analysis of UGT73C5 

A: Mass spectrum ES+: A peak at 449 is a strong indication for the presence of Rham-

Quercetin. B: Mass spectrum ES+: A peak at 481 is a strong indication for the presence of 

Glc-Quercetin. 
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Fig. 4.18 – Mass spectrometry analysis of UGT71B1 

A: Mass spectrum ES+: A peak at 775 showed the presence of Glc-Nov. B: Mass spectrum 

ES+: A peak at 481 showed the presence of Glc-Quercetin.  
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Fig. 4.19 – Mass spectrometry analysis of UGT71B1 

Mass spectrum ES-: ES- shows a peak corresponding to the mass of Rham-Novobiocin, 

indicating that UGT71B1 is active in adding Rhamnose to Novobiocin.  
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Fig. 4.20 – Mass spectrometry analysis of UGT73B3 

A : Mass spectrum ES-: A peak of 773.04 shows the presence of Glc-Novobiocin product 

which has a molecular weight of 774. B: Mass spectrum ES: ES- has no peak 

corresponding to the mass of Rham-Novobiocin, indicating that UGT73B3 is not active in 

adding Rhamnose to Novobiocin. 
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Fig. 4.21 – Mass spectrometry analysis of UGT73C1  

A: Mass spectrum ES-: A peak of 773.41 confirms the presence of Glc-Novobiocin. B: 

Mass spectrum ES: ES- shows a peak corresponding to the mass of Rham-Novobiocin, 

indicating that UGT73C1 is active in adding Rhamnose to Novobiocin. 
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Fig. 4.22 – Mass spectrometry analysis of UGT73B4  

A: Mass spectrum ES-: A peak of 773 confirms the presence of Glc-Novobiocin. B: Mass 

spectrum ES: ES- has no peak corresponding to the mass of Rham-Novobiocin, indicating 

that UGT73B4 is not active in adding Rhamnose to Novobiocin. 
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Table 4.4 – Summary of activity test for UGTs 
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4.5  – Primers used for site directed mutagenesis 

UGT enzymes represent a prototype for structure-function relationships and any 

change in sequence of amino acids alter enzyme specificity. After sequence alignment 

with  red grape enzyme UDP-glucose: flavonoid 3-O-glycosyltransferase (VvGT1) as the 

reference enzyme amino acid was changed at specific site and codon of that amino acid was 

inserted in nucleotide sequence of enzyme. The primers were designed accordingly and 

were then used for SDM. 

VvGT1 a glycosyltransferase enzyme from red grape is UDP-glucose: flavonoid 3-

O-glycosyltransferase, and its structure provides the key amino acid residues involved in 

donor specificity. Sequence evaluation with other GT1 enzymes helps to identify donor 

specificity for GTs from other plants. Three residues of VvGT1, Asp374, Gln375 and 

Thr141, involved in binding of UDP glucose to enzyme. VvGT1 has 60% identical 

sequence to UGT78D1 and UGT78D2 of Arabidopsis thaliana (Lim and Bowles, 2004). 

However Offen et al.  (2006) showed that VvGT1 does not use UDP rhamnose as donor 

sugar like UGT78D1. UGT78D1 is a UDP-rhamnose: flavonol-3-O-rhamnosyltransferase 

(Jones et al., 2003). When threonine of UGT78D1 replaced with alanine it was still 

constant with its donor sugar; UDP rhamnose (Offen et al.,  2006). 

4.6 – Cloning of recombinant plasmids after site directed mutagenesis (SDM) 

Site-directed mutagenesis (SDM) is a technique to create cloned DNAs with 

modified sequences and the purpose behind this modification is to examine the significance 

of specific residues in protein structure and function. SDM symbolized as the prime method 

to engineer proteins and for changing enzyme substrate selectivity (Edelheit et al., 2009).  

The importance of SDM in protein engineering by changing a specific amino acid and 

creating a modified sequence was used in the UGTs to change a specific amino acid and 

studied its effects on the enzyme substrate specificity. 

4.6.1 – UGT71B8T138M 

UGT71B8 has a protein sequence of 480 amino acids. Its sequence was aligned in 

Clustal X and after alignment site directed mutagenesis was done. An amino acid at 138 

position was changed (T-M) as given below.  

The three nucleotide bases codon for threonine (T) was ACG ; when this codon was 

changed by one nucleotide base that was ATG, the resulting amino acid was methionine 

(M). Forward and reverse primers were designed according to the changed codon for 
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Methionine and this was how a hydrophilic amino acid, Threonine was changed into 

hydrophobic amino acid, methionine in amino acid sequence of UGT71B8.  

SVPCYLFYTSNVGILALGLHI  150 

SVPCYLFYMSNVGILALGLHI 150 

Afterwards, the recombinant plasmid was subjected to site directed mutagenesis and 

three plates were prepared to get the clone for strain of E. coli with changed amino acid 

sequence of UGT71B8. One plate is of original plasmid and other two are PCR product of 

SDM and PCR product after digestion (Fig. 4.23). There was good growth in plate A for 

original plasmid, no colonies were found in plate B which has PCR product and in plate C 

growth was found for PCR product after digestion. The reason for the growth in the plates 

after PCR was the treatment with KLD mix; this mixture of kinases ends of the linear PCR 

product, ligates them together and then removes any template DNA with DpnI digestion. 

Only DNA that has gone through this treatment forms a circular plasmid and can be 

replicated in cells. 

4.6.2 – UGT71B8T138A 

UGT71B8 has a protein sequence of 480 amino acids. Its sequence was aligned in 

Clustal X and after alignment site directed mutagenesis was done. An amino acid at 138 

position was changed (T-A). The three nucleotide bases codon for threonine (T) was ACG 

when this codon was changed by one nucleotide base that was GCG the resulting amino 

acid was alanine (A). Forward and reverse primers were designed according to the changed 

codon for alanine and hence, a hydrophilic amino acid, threonine was changed into 

hydrophobic amino acid, alanine in amino acid sequence of UGT71B8 (given below).  

SVPCYLFYTSNVGILALGLHI 150 

SVPCYLFYASNVGILALGLHI 150 

The recombinant plasmid was then subjected to site directed mutagenesis and three 

plates were prepared to get the clone for strain of E coli with changed amino acid sequence 

of UGT71B8. One plate is of original plasmid and other two are PCR product of SDM and 

PCR product after digestion. There was good growth in plate A for original plasmid, very 

few colonies were found in plate B which has PCR product and in plate C growth was 

found for PCR product after digestion (Fig. 4.24). 
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4.6.3 – UGT71B1T132A 

The amino acid sequence length of UGT71B1 is 473 amino acids, after sequence 

alignment threonine (T) at 132 position was changed with alanine (A), three letter codon for 

threonine is ACG where adenine (A) was changed with guanine (G) (given below). Primers 

were designed accordingly and after site directed mutagenesis clones with mutated 

recombinant plasmid were visible in plate C. After expression and purification of mutants, 

there were visible bands of 80 kDa size  with GST fusions (26.9 kDa). Actual molecular 

weight for mutant UGT71B1T132A was 52.6 kDa (Fig. 4.25). 

 

ADEFNLSAYIFYTSNASYLGLQFHVQSLYDE   150 

ADEFNLSAYIFYASNASYLGLQFHVQSLYDE   150 

4.6.4 – UGT71B1N134I 

UGT71B1 was also mutated at 134 position where isoleucine (I) was inserted in 

place of asparagines (N). Three nucleotide bases codon for asparagines (N) is AAC which 

was changed to ATC, so that it was translated into isoleucine (I). This mutation was also 

successful and clones were produced in plate C which was PCR product after digestion 

(Fig. 4.26). 

ADEFNLSAYIFYTSNASYLGLQFHVQSLYDE  150 

ADEFNLSAYIFYTSIASYLGLQFHVQSLYDE  150 

4.6.5 – UGT73B3G154V 

UGT73B3 belongs to 73B family and it has 481 amino acids in its protein sequence. 

Glycine (G) was changed with valine (V) at 154 position in amino acid sequence after 

sequence alingment (given below). 

EAAEKFNVPRLVFHGTGYFSLCSEYCIRVHN  170 

EAAEKFNVPRLVFHVTGYFSLCSEYCIRVHN  170 

But this mutation was not successful as no colonies were found even after 36 h of 

inoculation in plate which had PCR product after digestion. However original recombinant 

plasmid grew well as number of colonies was seen in plate A (Fig. 4.27; A-C). SDS-PAGE 

was run for original plasmid and showed bands at 82 kDa, with actual molecular weight of 

UGT73B3 is 54.5 but in lane three mutant type had no clear band rather number of bands 

with no defined protein (Fig. 4.27, D). 
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4.6.6 – UGT73B4G127V 

Amino acid sequence of UGT73B4 contains 484 amino acids and after sequence 

alignment amino acid at 127 position was changed, glycine (G) to valine (V). The 

nucleotide base codon for glycine is GGT which was mutated to GTT; a codon for valine 

(given below).  

ESFIETTKPSALVADMFFPWATESAE  140 

ESFIETTKPSALGADMFFPWATESAE  140 

Primers were designed for the SDM accordingly and subjected to PCR. UGT73B3 

was successfully mutated and colonies were visible in plate C (Fig. 4.28). 

4.6.7 – UGT76E1T134A 

UGT76E1 is member of 76E family of UGT. Amino acid sequence of UGT76E1 

comprises of 453 amino acids. The hydrophilic threonine (T) was changed to hydrophobic 

alanine (A) at 134 position. Codon ACG for threonine was changed to GCG for alanine (A) 

(given below).  

AAVKEFQLPSVLFSTTSATAFVCRSVLSRVN  150 

AAVKEFQLPSVLFSATSATAFVCRSVLSRVN  150 

Forward and reverse primers were designed according to the changed codon for 

alanine. Mutation was successfully and colonies were formed (Fig. 4.29). 
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Fig. 4.23 – Determination of molecular mass of UGT71B8T138M after SDM 

Upper Pannel : A: Original plasmid B: PCR product C: After digestion. D: SDS-PAGE 

(10%) from NEB 5-alpha competent E. coli induced with 1mM IPTG. Lane 1-2: Elutions after 

15 and 20 min. UGT71B8T138M approximately molecular weight 53 kDa and when 

infused with GST showed band at 80 kDa.  

Lower Panel: E : Quantification of the intensity of bands indicates the quantity of 

UGT71B8T138M. The pixel size of the bands are normalized to GST bands. 
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Fig. 4.24 – Determination of molecular mass of UGT71B8T138A after SDM 

Upper Pannel : A: Original plasmid B: PCR product C: After digestion. D: SDS-PAGE 

(10%) from E. coli NEB 5-alpha induced with 1mM IPTG. Lane 1-2: Elutions after 15 and 

20 min. UGT71B8T138A approximately molecular weight 53 kDa and when infused with 

GST showed band at 80 kDa.  

Lower Panel: E : Quantification of the intensity of bands indicates the quantity of 

UGT71B8T138A. The pixel size of the bands are normalized to GST bands. 
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Fig. 4.25 – Determination of molecular mass of UGT71B1T132A after SDM 

Upper Panel : A: Original plasmid B: PCR product C: After digestion. D: SDS-PAGE 

(10%) from NEB 5-alpha competent E. coli  induced with 1mM IPTG. Lane 1-4: Elution after 

15, 20, 25 and 30 min. UGT71B1T132A approximately molecular weight 52 kDa and 

when infused with GST showed band at 79 kDa.  

Lower Panel: E : Quantification of the intensity of bands indicates the quantity of 

UGT71B1T132A. The pixel size of the bands are normalized to GST bands. 
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Fig. 4.26 – Determination of molecular mass of UGT71B1N134I afetr SDM 

Upper Panel : A: Original plasmid B: PCR product C: After digestion. D: SDS-PAGE 

(10%) from NEB 5-alpha competent E. coli  induced with 1mM IPTG. Lane 1-2: Elutions 

after 15 and 20 min. UGT71B1N134I approximately molecular weight 52 kDa and when 

infused with GST showed band at 79 kDa.  

Lower Panel: E : Quantification of the intensity of bands indicates the quantity of 

UGT71B1N134I. The pixel size of the bands are normalized to GST bands. 
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Fig. 4.27 – Determination of molecular mass of UGT73B3G154V after SDM 

Upper Panel : A: Original plasmid B: PCR product C: After digestion. D: SDS-PAGE 

(10%) from NEB 5-alpha competent E. coli  induced with 1mM IPTG. Lane 1-2: Elutions 

after 15 and 20 min. Lane 3: Elution after 10 min crude protein. UGT73B3G154V 

approximately molecular weight 55 kDa and when infused with GST showed band at 82 

kDa. 

Lower Panel: E : Quantification of the intensity of bands indicates the quantity of 

UGT73B3G154V. The pixel size of the bands are normalized to GST bands. 
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Fig. 4.28 – Determination of molecular mass of UGT73B4G127V after SDM 

Upper Panel : A: Original plasmid B: PCR product C: After digestion. D: SDS-PAGE 

(10%) from NEB 5-alpha competent E. coli  induced with 1mM IPTG. Lane 1-2: Elution after 

15 and 20 min. Lane 3: Elution after 10 min showed crude proteins. UGT73B4G127V 

approximately molecular weight 54 kDa and when infused with GST showed band at 81 

kDa. 

Lower Panel: E : Quantification of the intensity of bands indicates the quantity of 

UGT73B4G127V. The pixel size of the bands are normalized to GST bands. 
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Fig. 4.29 – Determination of molecular mass of UGT76E1T134A after SDM 

Upper Panel : A: Original plasmid B: PCR product C: After digestion. D: SDS-PAGE 

(10%) from NEB 5-alpha competent E. coli  induced with 1mM IPTG. Lane 1-2: Elutions 

after  15 and 20 min. Lane 3: Elution after 10 min showed crude proteins. UGT76E1T134A 

approximately molecular weight 50 kDa and when infused with GST showed band at 76 

kDa. 

Lower Panel: E : Quantification of the intensity of bands indicates the quantity of 

UGT76E1T134A. The pixel size of the bands are normalized to GST bands. 
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Table 4.5 – Concentration of UGTs after purification through GSTrap) Fast Flow 

Column (mg/ml) 

No. Wild type UGTs 
Concentration 

(mg/ml) 
UGT Mutants 

Concentration 

(mg/ml) 

1 

UGT71B8 3.41E-02 

UGT71B8T138M 3.46E-02 

2 UGT71B8T138A 3.28E-02 

3 

UGT71B1 2.79E-02 

UGT71B1T132A 2.66E-02 

4 UGT71B1N134I 2.83E-02 

5 UGT73B3 3.24E-02 UGT73B3G154V 3.36E-02 

6 
UGT73B4 

3.88E-02 
UGT73B4V127G 

3.79E-02 

7 UGT76E1 3.25E-02 UGT76E1T134A 3.11E-02 
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4.7– DNA sequencing and analysis 

Confirmation of selected mutant positive clones was done by KLD (kinase, ligase 

and Dpn1) treatment as well as by sequencing. DNA sequencing was performed at Wolfson 

Institute for Biomedical Research and the UCL cancer institute. Afterwards Finch TV 

software was used to analyze the DNA sequence of mutant sequence to find out the change 

in respective specific nucleotide bases. 

4.8 – MS based activity test for mutant type UGTs 

4.8.1 – UGT71B8 and mutants (UGT71B8T138M and UGT71B8T138A) 

UGT71B8 belongs to 71B family of UGTs and its donor sugars are UDP glucose, 

UDP galactose and UDP 5S glucose, respectively (Yang et al.,  2005). It is a putative 

glycosyltransferase whose gene is present on chromosome 3. The EC number is 2.4.1 of 

UGT71B8  which catalyzes the transfer of a glucosyl group from UDP-glucose to the 3-

hydroxyl and 4 hydroxl group of quercetin molecule.  

UGT71B8 was the first UGT enzyme which was subjected to SDM during the 

current study. Two mutants were created by SDM ; UGT71B8T138M in accordance to 

VvGT which has therionine at 141 position and after sequence alignment UGT71B8 has 

therionine at 138 position in sequence. This hydrophilic amino acid changed with 

hydrophobic amino acid methionine and at the same position in second experiment with 

wild type UGT71B8 therionine was changed with alanine (UGT71B8T138A). Wild type 

UGT71B8 showed positive activity with UDP glucose with both acceptor molecules; 

novobiocin and kaempferol (Fig. 4.30). In addition, it showed no activity with UDP 

rhamnose (Fig. 4.31).  

After mutation, UGT71B8T138M had a weak peak of 773 which showed the 

presence of glc-novobiocin but with reduced activity, whereas,  it showed positive activity 

when UDP glucose was used as donor sugar and Kaempferol as acceptor molecule. 

However, it did not get any activity with UDP rhamnose as donor sugar while novobiocin 

and Kaempferol as acceptor molecules (Fig. 4.32 & 4.33). The mutant UGT71B8T138A 

did not show any peak with UDP glucose in case of both acceptors; novobiocin and 

Kaempferol at 773 and 447 position respectively, indicating no activity. It is worth 

mentioned here that weak peak of UGT71B8T138M with glc-novobiocin can also be 

compared with UGT71B8T138A. Therefore, absence of peak means loss of activity in case 

of UGT71B8T138A with  UDP glucose- novobiocin and Kaempferol. The mutant was also 

not able to use UDP rhamnose as donor sugar as well (Fig. 4.34 & 4.35).  
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Previously, site directed mutagenesis in wild type UGT71B8 corrsponding to 

VvGT1 at 390 position, glutamate was changed with histidine (A hydrophilic amino acid 

was changed to an other hydrophilic amino acid). This SDM results in a changed activity 

for UGT71B8. Originally it was not using UDP galactose but after mutation, it twas 

reported that the peaks were observed in LC/MS for galactose-novobiocin (Ibrahim, 2011). 

Subsequently, a site directed mutagenesis in UGT85H2 at 305 position isoluecine to 

therionine  from Medicago truncatula enhanced the activity with flavonoids Kaempferol 

and biochanin (Modolo et al.,  2007). In addition, Patana et al. (2008) also showed that 

when a hydrophilic amino acid, histidine was substitued with a hyrophobic amino acid, 

alanine at 37 position of UGT1A9, it annihilated the catalytic activity of the enzyme. 

Consistent to the previous studies, a change in activity was also found in the current 

research work but at different amino acid position. Thus, the loss of activity of  

UGT71B8T138A with UDP glucose needs to be further explored. 

4.8.2 – UGT71B1 and mutants (UGT71B1T132A and UGT71B1N134I) 

UGT71B1 belongs to 71B family of glycosyltransferase ; and the gene of this 

putative glycosyltransferase is located on chromosome 3. UGT71B1 can attach glucose to a 

number of hydroxylated phenolic compound and quercetin in vitro. Donor sugars for 

UGT71B1 are UDP glucose, UDP galactose, UDP xylose and UDP 5 S glucose (Yang et 

al.,  2005).  

The activity of UGT71B1 was checked with UDP glucose as donors and novobiocin, 

kaempferol as acceptor molecules. It was observed that UGT71B1 catalyzed the transfer of 

glucose from UDP glucose to both acceptors novobiocin and kaempferol. The peak in mass 

spectrum was visible at 773 with UDP glucose-novobiocin and at 447 UDP with glucose- 

kaempferol (positive activity), whereas no peak was detected for UDP Rhamnose with both 

novobiocin and kaempferol as well (no activity) (Fig. 4.36 & 4.37). The mutant 

UGT71B1T132A showed activity with UDP glucose in the presence of novobiocin, 

whereas no peak was detected at 447 with UDP glucose- kaempferol which showed no 

activity. No peak was detected  for UDP Rhamnose with both novobiocin and kaempferol 

(Fig. 4.38 & 4.39). The mutant UGT71B1N134I showed reduced activity with UDP 

glucose in the presence of novobiocin because of weak peak  as compared to UGT71B1T1 

wild type and UGT71B1T132A (weak peak).  A weak peak was also detected at 447 with 

UDP glucose- kaempferol which showed its reduced activity. The mutant UGT71B1N134I 
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showed no peak of of UDP Rhamnose both with novobiocin and kaempferol (Fig. 4.40 & 

4.41). 

Offen et al. (2006) repoted that after changing therionine at 141 position with alanine 

resulted in dropped activity of enzyme ; this single point mutation is in accordance to the 

UGT71B1T132A in current research which was aligned with VvGT1 and a hydrophilic 

amino acid was changed with a hydrobhobic amino acid and the mutant UGT71B1T132A 

had dropped activity with its donor sugar.  Histidine 22 and glutamate 378 were changed 

through SDM in UGT73A5 of livingstone daisy (Dorotheanthus bellidiformis) and the 

mutant UGT73A5 totally lost its activity with its substrates (Hans et al.,  2004). 

4.8.3 – UGT73B3 and mutant (UGT73B3G154V) 

This enzyme belongs to 73B family of UGTs and its gene present on chromosome-4 

in Arabidopsis thaliana. Alternative name for UGT73B3 is flavonol 3-O-

glucosyltransferase. It also possesses quercetin 3-O-glucosyltransferase activity in vitro. 

UGT73B3 utilizes UDP glucose nine UDP sugars as it donor molecules which includes 

UDP glucose, UDP galactose, UDP GlcNAc, UDP mannose, UDP xylose, UDP5 S 

glucose, dTDP glucose, GDP glucose and dTDP xylose (Yang et al.,  2005). 

UGT73B3 wild type had positive activity test with UDP glucose as donor and 

novobiocin as acceptor molecule with a clear peak at 773 (Fig. 4.20). The mutation of 

UGT73B3 was not successful so the mutant UGT73B3G154V was not used for activity 

tests with UDP sugars.  Results are in accordance to Ibrahim (2011) who  reported that by 

changing glutamine to histidine at 390 position there was no change in its catalytic activity.  

4.8.4 – UGT73B4 and mutant (UGT73B4V127G) 

This UGT protein has 460 amino acid in its sequence with a molecular weight of 51 

kDa. It is a putative glycosyltransferase ; UGT position is on chromosome-2 and it belongs 

to the family 73B of UGTs. UDP glucose, UDP galactose, UDP GlcNAc, UDP xylose, 

UDP5S glucose and dTDP xylose are donor sugars for UGT73B4 (Yang et al., 2005).  

The activity test for UGT73B4 with UDP glucose as donor molecule and novobiocin 

as acceptor showed a peak at 773 in mass spectrum which means it has positive activity. 

This test showed that UDP glucose is a donor sugar for this enzyme. The mutant of 

UGT73B4V127G suggested that the mutation at 127 position had reduced activity (small 

peak size ; Fig. 4.42). 

4.8.5 – UGT76E1 and mutant (UGT76E1T134A) 

UGT76E1 is a putative glycosyltransferase and belongs to family 76E. The gene for 

UGT76E1 is present on chromosome-5. Other names for UGT76E1 are quercetin 3-O-
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glycosyltransferase and quercetin 3-O-glycosyltransferase. Best matched protein for 

UGT76E1 in Arabidopsis thaliana is UGT76E2. Donor sugars for UGT76E1 are UDP 

glucose, UDP GlcNAc and UDP5S glucose, respectively (Yang et al.,  2005).  

The activity test for UGT76E1 UDP glucose as donor molecule and kaempferol as 

acceptor showed a peak at 447 in mass spectrum, meaning thereby, have a positive acvity 

while no peak was found for UDP rhamnose and kaempferol (Fig. 4.43). UGT76E1 had 

positve activity with UDP glucose and novobiocin. A clear peak was observed at 773 but 

no peak was detected when UDP rhamnose used as donor and novobiocin as acceptor 

molecule (Fig. 4.44). The mutant UGT76E1T134A lost its activity with its donor sugar 

UDP glucose but it did not get any new activity with UDP rhamnose in case of both 

acceptor molecules i.e. kaempferol  and novobiocin (Fig. 4.45 & 4.46). Complete loss of 

activity of UGT76E1T134A with UDP glucose as donor sugar indicates the presence of 

significant peptides at the site of mutation which should be further studied and could be 

used as a vital tool for new discovery. With the formation of mutants of VvGT1 at 375 

position (Q-N and Q-H) completely supressed the catalytic activity of VvGT1 (Offen et al.,  

2006). Afterwards a hydrophilic amino acid arginine was replaced with a hydrophobic 

amino acid tryptophan (R140W) in VvGT5. The resultant mutant had changed activity and 

used UDP glucose and UDP galactose as its donor sugars. The wild type VvGT5 actually 

uses UDP glucuronic acid as its donor sugar (Ono et al.,  2010). 

Previously, Ramakrishnan and Qasba  (2002) reported two GTs with changed donor 

specificity due to single amino acid replacement; β 1, 4 glycosyltransferase able to use 

UDPGalNAc at a rate equivalent to UDPGal due to mutation at 289 position, tyrosine to 

leucine. The second one was β1,3-glucuronosyltransferase, site directed mutation at 308 

position, histidine to arginine synthesized enzyme that can efficiently consume UDP-Glc, 

UDP-Man and UDP-GlcNAc as well as UDP-GlcA donor (Ouzzine et al.,  2002). In 

another research there was a complete reversal of donor specificity in glycosyltransferase B 

in human blood when it was mutated at 234 position; P234S (Sandra et al., 2003). 

The donor acceptor selectivity for wild type enzymes with their respective mutants 

used during second part of study is shown in Table 4.2. Green colour showed the positive 

activity, yellow color showed that some mutants dropped their activity after mutation or 

their activity is not clear and red color means no activity; for which no experiments were 

performed are left blank boxes. 
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Fig. 4.30 – Mass spectrometry analysis of UGT71B8 wild type 

A: Mass spectrum ES-: A peak of 773 confirms the presence of Glc-Novobiocin.  B: Mass 

spectrum ES-: A peak of 447 confirms the presence of Glc-Kaempherol.   
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Fig. 4.31 – Mass spectrometry analysis of UGT71B8 wild type 

C: Mass spectrum ES-: No peak was found for UDP-Rham with kaempherol. D: Mass 

spectrum ES-: No peak was observed for Rham-Novobiocin.   
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Fig. 4.32 – Mass spectrometry analysis of UGT71B8T138M 

A. Mass spectrum ES-: A weak peak of 773 confirms the presence of Glc-Novobiocin but 

with reduced activity. B. Mass spectrum ES-: A peak of 447 confirms the presence of Glc-

Keampherol.   
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Fig. 4.33 – Mass spectrometry analysis of UGT71B8T138M 

C. Mass spectrum ES-: No peak was observed for Rham- kaempherol. D. Mass spectrum 

ES-: No peak was found for Rham- novobiocin. 
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Fig. 4.34 – Mass spectrometry analysis of UGT71B8T138A 

A. Mass spectrum ES-: No peak was observed at 773 for UDPGlc-Novobiocin (Arrow). B. 

Mass spectrum ES-: No peak was observed at 447 for UDPGlc-Kaempherol (Arrow). 
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Fig. 4.35 – Mass spectrometry analysis of UGT71B8T138A 

C. Mass spectrum ES-: No peak was observed at 431 for UDPRham- kaempherol. D. Mass 

spectrum ES-: No peak was observed at 757 for the activity of UDPRham- Novobiocin.   
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Fig. 4.36 – Mass spectrometry analysis of UGT71B1 wild type 

A. Mass spectrum ES-: A peak of 773 observed for the mass of Glc-Novobiocin which 

showed its positive activity.  B. Mass spectrum ES-: No peak was detected for Rham-

Novobiocin. 
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Fig. 4.37 – Mass spectrometry analysis of UGT71B1 wild type 

C. Mass spectrum ES-: A peak of 447 confirms the presence of Glc-Kaempferol.  D. Mass 

spectrum ES-: No peak shows the presence of Rham-Kaempferol.  
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Fig. 4.38 – Mass spectrometry analysis of UGT71B1T132A  

A. Mass spectrum ES-: A peak of 773 shows the presence of Glc-Novobiocin.  B. Mass 

spectrum ES-: No peak was present for the Rham-Novobiocin. 
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Fig. 4.39 – Mass spectrometry analysis of UGT71B1T132A  

C. Mass spectrum ES-:. No peak was detectted for Glc-Kaempferol which indicates 

reduced activity (Arrow). D. Mass spectrum ES-: No peak was detecetd for Rham-

Kaempferol.  
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Fig. 4.40 – Mass spectrometry analysis of UGT71B1N134I 

A. Mass spectrum ES-: A peak of 773 confirms the presence of Glc-novobiocin. B. Mass 

spectrum ES-: No peak was detected for Rham- novobiocin. 
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Fig. 4.41 – Mass spectrometry analysis of UGT71B1N134I 

C. Mass spectrum ES-: A peak of 447 confirms the presence of Glc-Kaempferol. D. Mass 

spectrum ES-: No peak at 431 present for Rham-Kaempferol.  
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Fig. 4.42 – Mass spectrometry analysis of UGT73B4 wild type and UGT73B4V127G 

A. Mass spectrum ES-: A peak of 773 confirms the presence of Glc-novobiocin in 

UGT73B4 wild type. B. Mass spectrum ES-: A small peak was detected which indicates 

reduced activity for Glc-novobiocin by UGT73B4 V127G.  
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Fig. 4.43 – Mass spectrometry analysis of UGT76E1 wild type 

A. Mass spectrum ES-: A peak of 447 confirms the presence of Glc-Kaempferol. B. Mass 

spectrum ES-: No peak was detected for Rham-Kaempferol.  
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Fig. 4.44 – Mass spectrometry analysis of UGT76E1 wild type 

C. Mass spectrum ES-: A peak of 773 confirms the presence of Glc-Novobiocin. D. Mass 

spectrum ES-: No peak is present for Rham-Novobiocin. 
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Fig. 4.45 – Mass spectrometry analysis of UGT76EI T134A 

A. Mass spectrum ES-: No peak was detected for Glc-Kaempferol. B. Mass spectrum ES-: 

No peak was detected for Rham-Kaempferol. 
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Fig. 4.46 – Mass spectrometry analysis of UGT76EI T134A 

C. Mass spectrum ES-: No peak is present for Glc-Novobiocin. D. Mass spectrum ES-: No 

peak is present for Rham-Novobiocin. 
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Table 4.6 – Summary of activity test for wildtype and mutants 
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4.9 – Conclusion 

Plant UGTs are the enzymes which have miscellaneous role in metabolism of 

natural products and thus, known as the key constituents for homeostasis of cell in all living 

organisms. Any structural change in UGTs has been important for the modification of 

natural products. Recently, engineering and use of UGTs for drug discovery have been a 

focus of research. The conformational circuit of GTs and sugar donor is the base to produce 

specific UGTs with improved and better substrate specificity or some kind of inhibition of 

UGTs by losing their substrate specificity. The current results showed that complete loss of 

enzyme activity for its donor sugar is the sign of presence of crucial residues in 

UGT71B8T138A and UGT76E1T134A, respectively. On the other side the drop in activity 

showed that the mutant peptide is important but enzyme tolerate the change at this position.  

By considering the findings of the present research work and the preceding 

literature ; it is obvious that substrate specificity has sole importance in working of UGTs 

and by doing SDM, one can be able to change the donor sugar specificity of UGTs. It is 

suggested that to switch on the specific donor UDP rhamnose could not be victorious in 

every planned mutation work rather it may lead to discover new more important amino acid 

residues. 

4.10 – Future Perspectives 

Enzyme engineering would lead to the development of new UGTs with enhanced 

activity or altered regiospecificity and glycosylation pattern. Plant UGTs may, thus, be 

exploited for enzymatic synthesis of glycosides as the chemical synthesis is difficult. A 

microbial cellular system has been developed to use plant UGTs and mutants as 

biocatalysts in drug development. Domain swapping has also been used to improve the 

activity of UGTs. In addition, the constructed mutants could also be improved with the help 

of domain swapping. The UGT flavonoids have anti cancer, anti fungal and anti viral 

properties to switch on different sugar donors may lead to develop new drugs against 

diseases. In nutshell the plant UDP glycosyltransferases are the enzymes of new era and 

would be able to sketch new history in medical sciences. Their conformational itineraries 

would be a hope for future contemplation in inhibitory design to treat diseases. 
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Chapter 6 

Chapter 5 – Summary 

Natural products from plants have been exceptional source of upgrading new 

medicines and medicinal foods. However, complex extraction methods and limited supplies 

of plant materials have been a major limitation on their wider use. Using microbial systems 

for the production of natural products could be a better option to natural resources. Now, it 

is also well known fact that genetic engineering, domain swapping and substrate specific 

enzyme biosynthesis facilitate the drug discovery and improvement of already existing 

medicines.  

UDP glycosyltransferases have a significant role in biochemistry of living 

organisms and drug discovery. Enzymatic engineering could lead to the development of 

new UGTs with enhanced activity or altered regiospecificity and glycosylation pattern. 

UDP glucose is a donor sugar molecule for almost all the UGTs. UDP rhamnose is another 

NDP sugar and is major component in cell wall of plants. Recently, plant UGTs have been 

exploited for enzymatic synthesis of glycosides but chemical synthesis seems to be 

difficult. Similarly, a microbial whole-cell biocatalysis system has also been developed to 

use plant UGTs and mutants as biocatalysts in drug development. More importantly, UGTs 

can be broadly used in medicines especially in cancer therapy.  

The current research study was aimed to modify plant UGTs through SDM. 

Therefore, substrate specificity of UGTs was changed through SDM. Recombinant UGTs 

were expressed after securely transformed in XL-Blue competent cells. Previously, it was 

shown that by changing the residues in active site of UGTs could change their substrate 

specificity. Wild type UGTs (UGT71B8, UGT71B1, UGT73B3, UGT73B4 and 

UGT76E1) were subjected to in vitro MS based activity tests for their substrate specificity 

and it was confirmed that these UGTs were not capable of using UDP rhamnose as their 

donor sugar. Before proceeding with the experimentation, all the wild type and mutant 

UGTs were subjected to stability assay  through bioinformatics tools. Afterwards these 

recombinant UGTs were subjected to site directed mutagenesis (UGT71B8T138M, 

UGT71B8T138A, UGT71B1T132A, UGT71B1N134I, UGT73B3G154V, 

UGT73B4G127V and UGT76E1T134A); six out of seven mutants were found positive and 

thus selected for further activity tests with altered substrate specificity.  
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All the tested mutants (except UGT73B3G154V) showed altered substrate 

specificity but not a single one was able to switch on UDP rhamnose as donor sugar. 

UGT71B8T138M mutant dropped its activity with UDP-Glucose in case of acceptor 

molecule, novobiocin. UGT71B1T132A dropped its activity with UDP-Glucose to 

Kaempferol. UGT71B1 N134I mutant dropped its activity with UDP-Glucose in case of 

acceptor molecule, novobiocin and Kaempferol.  UGT73B4V127G  dropped its activity 

with UDP-Glucose in case of acceptor molecule, novobiocin. Whereas, UGT71B8T138A 

and UGT76E1T134A mutant totally lost their activity with UDP-Glucose and both acceptor 

molecules novobiocin and Kaempferol which suggested the role of mutant site in the 

substrate specificity and also proved the presence of crucial peptides at these sites. Thus, 

these results allowed the identification of catalytically important residues within the 

enzymes through in vitro study.  

The current study drew attention to the significance of mutant sites for both 

enzymes and can potentially be manipulated further with other UDP sugars and flavonoids 

as biocatalyst. On the other hand, this approach may be applied to other plant UGTs to find 

out important residues which can be changed and which potentially results in a loss of 

activity of UGT with actual donor sugar or enhance the activity with some other donor 

sugar. Hopefully, this study could lead to serve towards drug discovery and the cancer 

therapy.  
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Appendices 

Safety and ethics 

Toxic reagents 

1. Ethidium Bromide (C21H20BrN3) 

Extreme health warning!! 

Very toxic and poisonous substance, which can be fatal if inhaled or swallowed. A potent 

mutagen, which can be absorbed through the skin. Irritant to the eye, skin and respiratory 

tract 

Action: wear safety goggles, gloves and lab coat at all times, change gloves frequently and 

wash hand after use 

Emergency: in case of contact with eye or skin, flush with water for 15 minutes and seek 

medical attention. If irritation develops, seek medical attention. If inhaled, seek fresh air 

and if breathing difficulty develops seek immediate medical attention. Contaminated 

clothing should be changed immediately and washed before use. 

2. Acrylamide (CH2CHCONH2) 

Severe health warning! 

A potential carcinogen that can be absorbed through the skin very quickly, systemic 

poisoning if inhaled or swallowed. Birth defects in animal model. Irritant to skin, eye and 

respiratory tract. Explosive if heated 

Action: wear safety goggles, gloves and lab coat at all times, change gloves frequently and 

wash hand after use. 

Emergency: in case of contact with eye or skin wash with soap and plenty of water and 

seek medical attention. If inhaled seek fresh air, seek immediate medical attention if 

breathing difficulty develops. If ingested, induce vomiting and seek medical attention. 

Remove contaminated clothing immediately, and wash before use. 

3. TEMED 

Severe health warning 

It can be fatal if inhaled. Contact with skin cause burns to the contact area, flammable 

liquid. 

Action: avoid skin contact by wearing gloves and lab coats. Goggle should be worn to 

avoid eye contact. 
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Emergency: if swallowed drink a large quantities of water. If inhaled seek fresh air, if 

breathing problems develop seek medical attention. Contact with skin or eyes, should be 

flush with large quantity of water, and seek medical attention 

4. Sodium Phosphate 

Severe health warning 

Corrosive compound can cause severe burns if swallowed, skin contact can cause severe 

burns. Eye contact can cause permanent vision impairment 

Action: avoid skin contact by wearing gloves and lab coats. Goggle should be worn to 

avoid eye contact. 

Emergency: if swallowed do not induce vomiting, drink a large quantities of water and 

seek medical attention. If inhaled seek fresh air, if breathing problems develop seek medical 

attention. Contact with skin or eyes, should be flush with large quantity of water, seek 

medical attention. 

5. Ethanol 

Ethanol is highly flammable. Occasionally, working with LB media and cultures is done 

near a naked flame. Ethanol spray must be avoided near a naked flame. 

Safe working procedures 

The plasmids used had an ampicillin resistant gene. Some of the mutants were also resistant 

to tetracycline, because they grew in tetracycline and ampicillin agar plates, which were 

initially suggested. Due to these antibiotic resistances, special care should be taken in 

dealing with these mutant bacteria in order to avoid contamination.  Small spills of culture 

media should be swabbed with tissue and the surface should be disinfected with 70% 

ethanol or a precept solution, all tissue used should be placed in an autoclave bag for 

autoclaving. Spills of microorganisms on laboratory coat should be disinfected with 70% 

ethanol and sent for autoclaving. LB growth media, after centrifuge the supernatant should 

not be disposed of in the sink, bottles used for centrifuge and the one litre flasks used a 

percept tablet should be placed and left over night. The next day any bottles and flasks 

should be washed off with washing liquid. No mouth pipetting, eating, drinking or smoking 

in the lab. Gloves should be worn at all times during work. Upon leaving the lab, gloves 

should be disposed of in the autoclave bag, and lab coats left on the coat hook. All materials 

should be labeled dated and signed. For all the chemicals used manufacturer’s guideline 

should be followed.  

 


