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Abstract 

Withania somnifera (Commonly known as Ashwagandha) belongs to the Solanaceae 

family. It is one of the important perennial medicinal crops in many states of India. 

Different parts of the plant have the different medicinally important functions. Its 

fruits and seeds are diuretic and hypnotic, also rich in saponins and can be used as 

substitutes of soap. In Ayurveda the roots are prescribed for gynaec disorders, 

bronchitis, arthritis, rheumatism, inflammation, fevers, and skin diseases, etc. Mainly, 

leaves contain the different type of glucosides that exhibit anti-inflammatory, anti-

tumor and anti-oxidant property etc. 

W. somnifera plant produces many types of secondary metabolites, including 

flavonoids, alkaloids and terpenoids. These compounds undergo modification 

reactions such as methylation, hydroxylation and glycosylation, which lead to the 

structural diversity of secondary metabolites. Glycosylation is one of the major 

modification reactions that often occur in the final step of the natural compound 

biosynthesis. The primary roles of glycosylation in plants are the stabilization of 

pigments, enhancement of solubility, storage of secondary metabolites and regulation 

of plant growth regulators. Enzymes, leading to glycoside formation are known as 

glycosyltransferases (GTs), which transfer nucleotide-diphosphate-activated sugars to 

low molecular weight substrates. The activated sugar form is typically UDP-glucose, 

but UDP-galactose and UDP-rhamnose may also be found. 

 In plants, sugar acceptors include all major classes of secondary metabolites, such as 

phenolics, terpenoids, cyanohydrins and alkaloids. Large numbers of UGTs have been 

recently identified which are functionally involved in the biosynthesis of saponins, 

flavonoids, and iso-flavonoids. But the functional characterization of 

glycosyltransferase gene, specific for flavonoid biosynthesis from this plant is still 

unknown. The present study was taken up with the objective of isolation, cloning and 

functional characterization of glycosyltransferase gene(s) from Withania somnifera 

which play a crucial role in glycosylation of medicinally important secondary 

metabolites. This work has been divided into five chapters and details are given 

below.  

 

 



Chapter 1 

 General Introduction 

This chapter gives general information on medicinal plants in India and background 

of research was done on Withania somnifera. A thorough literature survey of work 

done in the area of glycosyltransferase gene with regards to the current status of 

research in this area has been presented. A special emphasis on the techniques and 

strategies used in study of the glycosyltransferase gene has been dealt in details. Role 

of the key enzyme in the formation of different secondary metabolites with special 

reference to health has been provided. Finally, the scope of the present study and 

objectives of the thesis work have been discussed. 

Chapter 2 

Isolation, Cloning and Characterization of glycosyltransferase gene from 

Withania somnifera  

This chapter deals with the isolation, cloning and characterization of full-length 

cDNA encoding flavonoid glycosyltransferase from W. somnifera. Primers were 

designed on the basis of sequence information available in NCBI GenBank database. 

PCR was done with different set of primers, using cDNA as a template. The partial 

fragment was cloned and sequenced, which were showing significant similarity with 

reported glycosyltransferase genes from other plants. Gene specific primers were 

designed and Rapid Amplification of cDNA Ends (RACE) PCR was performed to 

isolate full-length cNDA clones. The full length sequence reported in this chapter has 

been deposited in the NCBI gene bank database [Gen Bank: FJ654696]. According to 

the glycosyltransferase nomenclature guidelines, the systematic name of the W. 

somnifera glycosyltransferase is UGT73A16. This translated protein sequence of 

UGT73A16  was used to construct a phylogenetic tree with all known plant 

glycosyltransferases (GTs) deposited in NCBI Gen Bank database using Neighbor-

joining method. 

Chapter 3 

(3A). Heterologous expression, Purification and functional Characterization of 

glycosyltransferase gene 

This chapter deals with the cloning of full-length cDNA (UGT73A16) into the 

expression vector pET 30b (+) and its over-expression in E. coli BL21 (DE3). The 

recombinant proteins were purified by affinity chromatography using Ni-NTA 

agarose beads. The enzyme assay was done using UDP-glucose and UDP-glucuronic 



acid as donor substrate and flavonoids as acceptor substrate. Product identification 

was done by hypsochromic shift, HPLC and LC-MS method. This chapter also covers 

the kinetic parameters of recombinant UGT73A16. 

(3B). Withania somnifera glycosyltransferase (UGT73A16) as biocatalysts to 

produce plant specific glucosides 

In this chapter, UGT73A16 of W. somnifera was used as whole cell catalyst in E. coli. 

To investigate the production of glucosides by recombinant E. coli in vivo, incubation 

of induced cell cultures of E. coli BL21 (DE3) carrying the recombinant UGT73A16 

was done with equal concentration of each substrates (genistein, apigenin, 

kaempferol, naringenin, biochaninA and daidzein) for different time intervals (12 h, 

16 h, 20 h, 24 h and 48 h). Approximate 21 mg/L to 22 mg/L of either apigenin 7-O-

glucoside or naringenin 7-O-glucoside was produced after feeding apigenin or 

naringenin to E. coli expressing UGT73A16. More than 95% of the glucosides 

products were released into the medium, facilitating their isolation. 

Chapter 4 

 In silico modeling and docking studies of Withania somnifera glycosyltransferase 

(UGT73A16) 

This chapter deals with structure validation, secondary structure prediction, modeling 

and docking studies of UGT73A16. Initially amino acid sequence of UGT73A16 was 

searched against PDB using BLASTP program at NCBI to find out the homologous 

sequences. The three dimensional coordinates of 2VG8, 2PQ6 and 3HBJ were used as 

templates to generate the 3D models of UGT73A16 using homology modeling 

software MODELLER 9v9. The modeled structures of UGT73A16 were further 

visualized using program PYMOL and structure validation of models was done by 

PROCHECK, ERRAT and DOPE score. The secondary structure of UGT73A16 was 

predicted by the software PSIPRED v 3.0. The docking analysis of modeled 

UGT73A16 with structural analogs of different acceptors (Kaempferol, naringenin, 

genistein and baicalein) and donor substrates (UDP-glucose and UDP- glucuronic 

acid) was carried out by Autodock vina docking software. 

 

 

 

 



Chapter 5 

 Mutational analysis of Withania somnifera glycosyltransferase (UGT73A16) 

The glycosyltransferase UGT73A16 from W. somnifera catalyzes glycosylation of the 

(iso) flavonoids, flavonols, flavonone and flavone. It can transfer glucose to hydroxyl 

group of (iso) flavonoids, flavonols, flavonone and flavone with 3-hydroxyl and 7-

hydroxyl group as the major product. Based on the docking studies of modeled 

UGT73A16, site directed mutagenesis was carried out to explore the roles of amino 

acids involved in substrate binding. In this chapter in-vitro identification of amino 

acid was done by mutation (substitution) and compared by kinetic parameters. 
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1.0 Introduction 

Among ancient civilizations, the forests of India have been known to be rich repository 

of medicinal and aromatic plants. These medicinal plants are mainly used as raw 

materials for manufacture of drugs and perfumery products. Man in the pre-historic era 

was probably not aware about the health hazards associated with irrational therapy. With 

the arrival of research in medicine, it was concluded that plants contain active principles, 

which are responsible for curative action of the herbs. Before onset of synthetic era, man 

was completely dependent on medicinal herbs for prevention and treatment of diseases. 

With the introduction of scientific procedures, the researchers were able to understand 

about toxic and non-toxic principles present in the green flora.  

1.1 Medicinal plants 

Plants have shaped the basis of traditional medicine systems. These traditional systems 

have been in existence for thousands of years and continue to provide mankind with new 

remedies. Medicinal plant therapy is based on the experimental findings of hundreds and 

probably thousands of years of use. Until the beginning of modern medicine, man was 

fully dependent on plants for treating human and livestock diseases. The natural 

products and their derivatives represent more than 50% of all the drugs in clinical use in 

the world today and higher plants contribute 25% of the total (Cragg and Newman 

2005). Medicinal and Aromatic Plants (MAPs) play an important role in the healthcare 

of people around the world, especially in developing countries. Apart from healthcare, 

medicinal plants are mainly the alternate income-generating source of underprivileged 

communities (Kala et al. 2006). Most of the Asian and Africans believe that traditional 

medicines are more effective than modern medicines and traditional medicines do not 

have side effects. Thus, in many societies, traditional and modern systems of medicines 

are used independently. About 121 (45 tropical and 76 subtropical) major plant drugs 

have been identified for which no synthetic drugs are currently available (Table 1.0). 
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Table 1.0 List of few important medicinal plants and their uses (Kumar et al. 1997) 

      Botanical Name  Common 

name 

       Medicinal Use 

Withania somnifera Aswagandha Restorative tonic, stress, nerves disorder, 

aphrodiasiac. 

Bacopa monnieri Brahmi Nervous, memory enhancer, mental disorder. 

Azardirchata  indica Neem Sedative, analgesic, epilepsy, hypertensive. 

Ocimum sanctum Tulsi Cough, Cold, bronchitis, expectorand 

Cinnamomum 

zeylanicum 

Dalchin Bronchitis, Asthma, Cardiac, Disorder, Fever 

Aloe verra Gritkumari Laxative, Wound healing, Skin burns & care 

Mesua ferrea Nag Keshar Asthma, Skin, Burning, Vomiting, Dysentery 

Catharanthus roseus Sadabahaar Anticancer, Leukemia 

Rauvolfia serpentina  Sarpgandha Tranquilizer 

Cinchona officinalis Cinchona Antimalarial, amoebic dysentery 

 Taxus baccata  

 

English Yew Breast and ovary cancer, antitumour 

Digitalis sp.  Foxgloves congestive heart failure 

Papaver somniferum  Opium Poppy Painkiller and anticough 

 Allium sativum  Garlic Antifungal, amoebiasis 

 

1.2 Drug discovery from medicinal plants 

Drug discovery from medicinal plants has evolved to include numerous fields of inquiry 

and various methods of analysis. The process typically begins with a botanist, ethno 

botanist, ethno pharmacologist or plant ecologist who collects and identifies the plants of 

interest.  Phytochemists (natural product chemists) prepare extracts from the plant 

material, subject these extracts to biological screening in pharmacologically relevant 

assays and initiate the process of isolation and characterization of the active compounds 

through bioassay-guided fractionation. Molecular biology has become essential to 

medicinal plant drug discovery through the determination and implementation of 

appropriate screening assays directed towards physiologically relevant molecular targets.  
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1.3 Role of plant secondary metabolites 

In plants, as a result of metabolic processes, many different kinds of organic compounds 

or metabolites are produced. These metabolites are grouped into primary and secondary 

metabolites (Kirsi et al. 2004). The primary metabolites like chlorophyll, amino acids, 

nucleotides, simple carbohydrates or membrane lipids, play recognized roles in 

photosynthesis, respiration, solute transport, translocation, nutrient assimilation and 

differentiation.  

However, the secondary metabolites differ from primary metabolites in having a 

restricted distribution in the plant kingdom. Plant secondary metabolites have no 

recognized role in the maintenance of fundamental life processes in the plants, but they 

do have an important role in the interaction of the plant with its environment. The 

production of these compounds is very low (less than 1% dry weight) and it depends 

greatly on the physiological and developmental stage of the plant. The production of 

secondary metabolites in plants is enhanced by both biotic and abiotic stress conditions.  

Polysaccharides, sugars, proteins and fats are compounds derived from primary 

pathways of plants, which are the building blocks for plant growth. Alkaloids, 

terpenoids, phenolics, steroids and flavonoids are low concentration secondary pathway 

compounds and have a wide diversity in structure and size. These are found in very 

large numbers throughout the plant kingdom and used in the commercial applications 

such as drugs, dyes, flavours, fragrance, insecticides etc. One of the functions of 

secondary compounds is that they form biochemical defense mechanism against 

pathogens and predators (Bennet and Wallsgrove 1994). The balance between the 

activities of the primary and secondary metabolism is a dynamic one, which will be 

largely affected by growth, tissue differentiation and development of the plant body. The 

factors which determine the location and accumulation of secondary products in the 

intact plant are important as they also control the production of secondary products in 

plant cell cultures. For example, elicitation of a secondary pathway by a pathogen will 

lead to a localized production of a phytoalexin in plants and elicitors have been used to 

stimulate secondary product formation in tissue culture (Collin 2001). 

Plants exploit secondary metabolites in defense responses against pathogens and in 

symbiotic relationships such as nitrogen fixation and pollinator attraction. Thus, the vast 

structural diversity in plant secondary metabolites is considered to be the consequence 

of chemical adaptation by plants to specific ecological niches (Noguchi et al. 2009). A 

particular plant lineage develops specialized metabolites by acquisition of novel 

functions of biosynthetic enzymes to increase fitness to its environment. Therefore, 
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specialized metabolites are recognized to structural changes associated with functional 

differentiation during the course of enzyme/gene evolution (Fig. 1.0) (Pichersky and 

Gang 2000). 

                         

Fig. 1.0 Ecological and Physiological functions of Plant Secondary metabolites 

       The major roles of secondary metabolites are: 

 Defense against herbivores (insects, vertebrates) 

 Defense against fungi, bacteria and viruses 

 Defense against other plants competing for light, water and nutrients 

 Signal compounds to attract pollinating and seed dispersing animals 

 Signals  for  communication  between  plants  and  symbiotic  micro-organisms 

(e.g. N-fixing Rhizobia or mycorrhizal fungi) 

 Protection  against UV-light or other physical stress (Wink 1999). 

1.4 Withania somnifera (Ashwagandha) 

Withania somnifera (L. Dunal) commonly known as ‘Ashwagandha’ belongs to 

solanaceae family, is an important medicinal plant. It is commonly used as a domestic 

remedy for several diseases in India as well as other parts of the world. It is described as 

an herbal tonic and health food in the famous book of Vedas and is considered as 

‘Indian Ginseng’ in traditional Indian system of healing (Dhuley 2000). Several recent 

reports have demonstrated immuno-modulator and anti-tumor effect of W. somnifera as 

well (Agarwal et al. 1999). Moreover, various parts of the plant have been reported to 
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(Arun et al. 2007). The wild growth of this species has also been reported from 

Pakistan, Afghanistan, Palestine, Egypt, Jordan, Morocco, Spain, Canary, Island, 

Eastern African Cong and South Africa. As mentioned earlier, Withania somnifera has a 

very wide geographical range. In India its range extends from 230 N to 330 N and 

extending from 180 m to 1500 m altitude (Monograph of Ashwagandha). 

1.4.3 Cultivation 

W. somnifera grows well in sandy loam or light red soil, having pH 7.5-8.0 with good 

drainage. It can be cultivated between 600-1200 m altitudes. It is a late rainy season 

crop. It requires relatively dry seasons, and the roots are fully developed when 1-2 late 

winter rains are received. Late winter rains are conducive for the proper development of 

the plant roots. The areas receiving 65-75 cm rainfall are best suited for its cultivation. 

The semi-tropical areas receiving 500-750 mm rainfall are suitable for cultivation of this 

rained crop. It can tolerate temperature between 20 ºC to 38 ºC and as a low temperature 

as 10 ºC. 

 1.4.4 Chemical constituents 

The chemistry of Withania somnifera species has been extensively studied and known. 

Presently most of the compound such as steroidal lactones (Withanoloids, withaferins), 

alkaloids (isopelletierineanaferine), flavonoids, tannin and many more have been 

extracted, isolated and identified from aerial parts, roots and berries of W. somnifera 

(Atta-ur-Rahman. et al. 1991; Atta-ur-Rahman. et al. 1993). The major chemical 

components of Withania somnifera are withanoloids, which are mainly localized in 

leaves (Bandyopadhyay et al. 2007). The withanolides are a group of naturally 

occurring C28-steroidal lactones built on an intact or rearranged ergostane framework, 

in which C-22 and C-26 are appropriately oxidized to form a six-membered lactone ring 

(Glotter 1991). The basic structure is designated as the withanolide skeleton (Fig. 1.1 

A) (Alfonso and Kapetanidis 1994). 
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Withanoloide                                          Ashwagandhanolide 

Fig 1.1 Chemical structure of (A) Withanoloide (B) Ashwagandhanolide   

Examination of W. somnifera roots has resulted in the isolation of a new dimeric 

thiowithanolide, named ashwagandhanolide (Fig. 1.1 B). The structure of these 

compounds was determined by using serotonin, glucose and long-chain hydroxyl fatty 

acid moieties (Jayaprakasam et al. 2004).The isolation of nicotine, somniferine, 

somniferinine, withanine, withananine, pseudowithanine, tropine, pseudotropine, 3α-

tigloyloxytropane, choline, cuscohygrine, dl-isopelletierine and new alkaloids anaferine 

and anhygrine has been described. The leaves are reported to contain five unidentified 

alkaloids chlorogenic acid, calystegines (nitrogen-containing polyhydroxylated 

heterocyclic compounds) withanone, condensed tannin and flavonoids (Johri et al. 

2005). 

1.4.5 Therapeutic use of W. somnifera 

W. somnifera is one of the important medicinal crops and has antibiotic, anti-viral, anti-

amoebic, anti-arthritic and anti-inflammatory properties. Withaferin A, found in this 

plant, shows marked tumour-inhibitory activity. Its fruits and seeds are diuretic, 

hypnotic, maticatory and employed in curdling plant milk to prepare vegetarian cheese. 

They are also rich in saponins which have the wide range of bioactivities like 

allelopathic, antimicrobial, anticholesterolemic, anti-cancer, adjuvant, 

immunomodulatory, antioxidant and haemolytic activities (Bhaskara et al. 2007). The 

natural wild populations of W. somnifera contain a tongue paralysing constituent in their 

roots and hence cannot be used for ayurvedic treatments. The improved, cultivated 

varieties however do not have such an ingredient. The wild and cultivated plants contain 

the same alkaloids but exhibit different morphologies and therapeutic actions (Kaul 

1957).  
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1.4.6 Pharmacological activity  

From the centuries it is known that W. somnifera have the pharmacological value as an 

adaptogen, antibiotic, aboritifacient, aphrodisiac, astringent, anti-inflammatory, 

deobstruent, diuretic, narcotic, sedative and tonic. Ashwagandha has been found to:   

 Provide potent antioxidant protection (Abou-Douh 2002; Panda and Kar 

1997). 

 Stimulate the activation of immune system cells, such as lymphocytes and 

phagocytes (Wagner et al. 1994; Singh et al. 2001). 

 Counteract the effects of stress and generally promote wellness (Singh et al. 

2003). 

1.4.6.1 Anti-stress 

W. somnifera has traditionally been used to stabilize mood in patients with behavioral 

disturbances. Research has revealed that the herb produces an anti-depressant and anti-

anxiety effect in rodents comparable to the anti-depressant drug imipramine and the 

anti-anxiety drug lorazepam (Archana and Namasivayam 1999). The effect of 

Ashwagandha on chronic stress in rodents was done by the researchers of Institute of 

Basic Medical Sciences at Calcutta University (Bhattacharya and Muruganandam 

2003).  

1.4.6.2 Anti-oxidant activity 

The brain and nervous system are relatively more prone to free radical damage than 

other tissues because they are rich in lipids and iron, both known to be important in 

generating reactive oxygen species. The brain also uses nearly 20 percent of the total 

oxygen supply. Free radical damage of nervous tissue may contribute to neuronal loss in 

cerebral ischemia and may be involved in normal aging and neurodegenerative diseases, 

e.g. epilepsy, schizophrenia, Parkinson’s, Alzheimer’s and other diseases (Lakshmi et 

al. 2000). Researchers from Banaras Hindu University in Varanasi, India, have 

discovered that sitoindosides VII-X and withaferinA found in W. somnifera are powerful 

antioxidants and tested for antioxidant activity using the major free-radical scavenging 

enzymes, superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase 

(GPX) levels in the rat brain frontal cortex and striatum (Dhuley 2000). These findings 

are consistent with the therapeutic use of W. somnifera as an ayurvedic rasayana. 

1.4.6.3 Anti-carcinogenic activity 

Use of W. somnifera on animal cell cultures causes decreased levels of the nuclear factor 

kappaB, suppression of intercellular tumor necrosis factor and potentiate apoptotic 

signaling in cancerous cell lines (Ichikawa et al. 2006). W. somnifera has the capacity 
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to fight cancers by reducing the size of tumour (Prakash et al. 2002; Jayaprakasam et 

al. 2003). Antitumor and radio-sensitizing effects of Withaferin were also seen in mouse 

Ehrlich ascites carcinoma in vivo (Sharad et al. 1996). WithaferinA from Withania 

gave a radio-sensitizer ratio of 1:5 for in vitro cell killing of V79 Chinese hamster cell at 

a non-toxic concentration of about 2 mM/L. 

1.4.6.4 Anti-inflammatory activity 

Research has explored the capacity of Ashwagandha to ease the symptoms of arthritis 

and other inflammatory conditions. These studies have proven that the herb acts as an 

effective anti-inflammatory agent. Its naturally occurring steroidal content is much 

higher than that of hydrocortisone, a commonly-prescribed anti-inflammatory 

(Angalagan  and Sadique 1981). The effectiveness of Ashwagandha in a variety of 

rheumatologic conditions may be due in part to its anti-inflammatory properties. Rats 

given powdered root of Ashwagandha orally one hour before being given injections of 

an inflammatory agent over a three day period showed that Ashwagandha produced anti-

inflammatory responses comparable to that of hydrocortisone sodium succinate (Begum 

and Sadique 1988). 

1.4.6.5 Anti-aging activity 

Ashwagandha was tested for its anti-aging properties in a double-blind clinical trial. A 

group of 101 healthy males, 50-59 years old were given the herb at a dosage of 3 grams 

daily for one year. The subjects experienced significant improvement in hemoglobin, 

red blood cell count, hair melanin, and seated stature. Serum cholesterol decreased and 

nail calcium was preserved. Seventy percent of the research subjects reported 

improvement in sexual performance (Bone 1996). 

1.4.6.6 Cardioprotective activity 

Ashwagandha has been evaluated in clinical studies with human subjects for its diuretic, 

hypoglycemic, and hypocholesterolemic effects (Andallu and Radhika 2000). Six type 

2 diabetes mellitus subjects and six mildly hypercholesterolemic subjects were treated 

with a powder extract of the herb for 30 days. A decrease in blood glucose comparable 

to that which would be caused by administration of a hypoglycemic drug was observed. 

Significant increases in urine sodium, urine volume, and decreases in serum cholesterol, 

triglycerides, and low-density lipoproteins were also seen. 

1.4.6.7 Immuno-modulatory activity 

A series of animal studies have demonstrated that Ashwagandha have profound effects 

on healthy production of white blood cells, which means it is an effective 

immunoregulator and chemoprotective agent (Kuttan 1996; Ziauddin et al. 1996).  
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In a study using mice, administration of powdered root extract from Ashwagandha was 

found to enhance total white blood cell count. In addition, this extract inhibited delayed-

type hypersensitivity reactions and enhanced phagocytic activity of macrophages when 

compared to a control group (Davis and Kuttan 2000). Research has also shown 

Ashwagandha to have stimulatory effects, both in vitro and in vivo, on the generation of 

cytotoxic T lymphocytes, and a demonstrated potential to reduce tumor growth (Davis 

and Kuttan 2002).  

2.0 Review for glycosyltransferases 

Plants are well known for producing a huge diversity of low molecular weight natural 

products through secondary metabolism. More than 1, 00,000 such compounds have 

been described and many of them having commercial interest. Glycosylation (i.e. 

conjugation to a sugar moiety) is a mechanism which adds various modifications to the 

plant secondary metabolites and is catalyzed by a family of enzymes called 

glycosyltransferases (UGTs). It is involved in various functions, such as regulation of 

hormones homeostasis, detoxification of xenobiotics and the biosynthesis and storage of 

secondary compounds (Claire et al. 2005).  Glycosylation of small molecular weight, 

lipophilic acceptors plays a key mechanism in the metabolic homeostasis of plant cells. 

It plays a major role both in cellular "housekeeping" and in buffering the impact of 

biotic and abiotic challenges on the plant (Bowles et al. 2005).  

2.1 Glycosylation  

Glycosylation is often the final step in the biosynthesis of secondary plant products 

resulting in the formation of an overwhelming number of natural glucosides with 

numerous applications. This class of products is difficult to isolate or to synthesize in 

pure form because of the resulting low yields. Thus, simple approaches for the 

generation of such glucosides would be highly beneficial. The attachment of glucose is a 

rather plant-specific process and only rarely catalyzed by fungi and bacteria. Glycosides 

are usually non-reducing compounds, on hydrolysis by reagents or enzymes yield one or 

more reducing sugars among the products of hydrolysis. Glycosylation is the process of 

addition of saccharides to proteins and lipids. It is an enzyme-directed site-specific 

process, as opposed to the non-enzymatic chemical reaction of glycation. Two types of 

glycosylation exist: N-linked glycosylation to the amide nitrogen of asparagine side 

chains and other compounds. The O-linked glycosylation to the hydroxy oxygen of 

serine and threonine side chains or other compounds (Fig. 1.2 A & 1.2 B). 
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1- Alcoholic or phenolic (aglycone): e.g., O-Glycoside 

CH 2OH

OH

CH2OH

O-C6H11 O5

C6H12 O6 +

Sugar
Salicin

Glycosidic linkage
-H2O

Fig. 1.2 (A) O-linked glycosylation 

2- Nitrogen containing compounds: e.g., N-Glycoside 

N

N

NH2

N

N

H

N

N

NH2

N

N

OOHCH2

H

OH OH

OH

+

OOHCH2

H

OH OH

H

H

Glycosidic linkage

Adenine

Fig. 1.2 (B) N-linked glycosylation 

2.2 Purpose of glycosylation 

Biological functions of glycosylations in plants include storage, inter and intracellular 

transport of metabolites, regulation of homeostasis of hormones, etc. In vitro studies 

have shown that a single gene product can glycosylate multiple substrates of diverse 

origins; multiple enzymes can also glycosylate the same substrate. Glycosylation alters 

the solubility of compounds and their movement within the cell. In higher plants, UGT 

catalyzed glycosylation constitutes a prominent terminal modification in the 

biosynthesis of secondary metabolites and generates diverse natural glycosides. 

Glycosylation converts reactive and toxic aglycon into stable and non-reactive storage 

forms, thereby limiting their interaction with other cellular components. In general the 

attachment of carbohydrate moieties to nucleophilic molecules will reduce the 

possibility of electron transfer from the unglycosylated molecule to other cellular 

components, thereby lowering the reactivity, and consequentially improving the stability 

of that molecule. Sugars are highly polar and the attachment of sugar to hydrophobic 

substrates, increase the water solubility (highly polar) of substrates.  
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The main chemical roles of glycosylation are given below; 

 Detoxification (reduce reactivity) 

 Solubilization (increased polarity) 

 Storage of secondary metabolites 

 Regulation of plant growth regulators 

2.3 Glycosyltransferases 

Glycosyltransferases are a highly divergent and multigene family (Mackenzie et al. 

2005), and responsible for glycosylation reactions (attachment of a sugar residue from 

an activated sugar donor to a receptor molecule). The glycosyltransferase multigene 

family is categorized into 94 numbered families according to sequence similarity, 

signature motifs, stereochemistry of the glucoside linkage formed and known target 

specificity (Campbell et al. 1997). Of these 54 families, the family 1 contains the UDP-

glycosyltransferases (UGTs) (Mackenzie et al. 2005; Li et al. 2001; Ross et al. 2001), 

which have been identified in plants, animals, fungi and bacteria, and also in viruses 

(Campbell et al. 1997). These glycosyltransferases are characterized by utilization of 

UDP-activated sugar moieties as the donor molecule, and contain a conserved UGT 

defining sequence motif near the C-terminus. This UGT-defining motif is often the only 

significant region of similarity in sequence alignments within and across phyla. The 

UGTs are classified based on conserved domain in their C-terminal end.  Sugar donors 

of plant GTs are typically UDP-glucose (UDP-Glc), although UDP-rhamnose (UDP-

Rha), UDP-galactose (UDP-Gal), UDP-xylose (UDP-Xyl), and UDP-glucuronic acid 

(UDP-GlcUA) have also been reported. Sugar acceptors include all major classes of 

secondary metabolites, including phenolics, terpenoids, cyanohydrins (cyanogenic 

glycoside precursors), thiohydroximates (glucosinolates precursors) and alkaloids (e.g. 

betalains). Single or multiple glycosylation of the acceptors can occur at –OH, –COOH, 

–NH2, –SH, and C–C groups. 

2.4 Glycosyltransferases classification 

Glycosyltransferases are classified into families on the basis of sequence similarity, 

catalytic specificity and the existence of consensus sequences. According to 

carbohydrate-active enzyme database (CAZY.org) 12, 000 sequences from different 

organisms have been reported. These sequences were classified into 94 distinct families 

(Lim 2005). Among these, family 1 has the most number of GTs which have a close 

relationship with plant GTs. The CAZy database proposes the continuously updated 

classification of glycosyltransferases using nucleotide diphospho-sugar, nucleotide 
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the only significant region of similarity in sequence alignments within and across phyla. 

Of those 50% of GTs contains a carboxy-terminal consensus sequence called the Plant 

Secondary Product Glycosyltransferase box (PSPG box). This box consists of 44 amino 

acids and is believed to be participating in binding of the activated sugar donors. Highly 

conserved amino acids are indicated by ‘:’ (Fig. 1.6). 

Fig. 1.6 Consensus sequence defining PSPG box 

The amino-terminal regions of GTs are more variable and participate in the recognition 

and binding of diverse acceptors. The highly conserved regions of the PSPG box are 

WAPQ and HCGWNS residues. The last two amino acids of PSPG box (DQ) put the 

discrimination between UDP-glucose and UDP-galactose attachment (Kubo et al. 

2004). Family 1 GTs use uridine diphosphate sugars as the sugar donors. Plants contain 

a large number of UDP-glycosyltransferases (UGTs) (Jones and Vogt 2001). 

Arabidopsis thaliana is predicted to have 107 UGTs and biological functions of some of 

these have been characterized (Li et al. 2001). Characterized UGTs include ones those 

glycosylate secondary metabolites such as flavonoids and alkaloids (Jones and Vogt 

2001; Bowles et al. 2005). 

2.5 Flavonoids and their glycosyltransferases 

In plants, sugar acceptors include all major classes of secondary metabolites, such as 

phenolics, terpenoids, cyanohydrins and alkaloids (Vogt and Jones 2000; Jones and 

Vogt 2001; Bowles et al. 2005). One of the most widely studied classes of plant 

glycosides is the large and heterogenic group of polyphenols. To date, an overwhelming 

number of polyphenolic glycosides including flavonoid glycosides have been identified.  

Flavonoids are ubiquitous plant secondary products that are best known as the 

characteristic red, blue, and purple anthocyanin pigments of plant tissues (Winkel-

Shirley. 2001). Flavonoids are classified into six major subgroups that are found in 

higher plants: the chalcones, flavones, flavonols, flavandiols, anthocyanins, and 

condensed tannins (or proanthocyanidins); a seventh group, the aurones, is widespread, 

but not ubiquitous. Some plant species also synthesize specialized forms of flavonoids, 
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Flavonoids are widely distributed in plants and fulfill many functions including 

producing yellow or red/blue pigmentation in flowers and protection from attack by 

microbes and insects. Flavonoids have been referred to as "Nature's biological 

response modifiers" because of strong experimental evidence of their inherent ability 

to modify the body's reaction to allergens, viruses, and carcinogens. They show anti-

allergic, anti-inflammatory, anti-microbial and anti-cancer activity. Consumers and food 

manufacturers have become interested in flavonoids for their medicinal properties, 

especially their potential role in the prevention of cancers and cardiovascular disease. 

The beneficial effects of fruit, vegetables, and tea or even red wine have been attributed 

to flavonoids compounds rather than to known nutrients and vitamins. The flavonoids 

are mainly distributed in many higher plants as the glycosides of glucose, galactose and 

xylose. The most commonly found sugar residue of flavonoids compounds is glucose, 

located in the 3-O-position of the molecule. Although the functions of these flavonoids 

glycosides in plant cells remain unclear, they are assumed to represent the accumulation 

forms of the flavonoids and the defense compounds against potential pathogens such as 

fungi and bacteria. 

Two kinds of structural genes involved in glycosylation of the flavonoids have been 

isolated from several plants. One encodes UDP-glucose: flavonoids 3-O-

glucosyltransferase (UF3GT), which catalyzes glycosylations at the 3-O-position of 

flavonoids (Ford et al. 1998). The other encodes UDP-rhamnose: anthocyanidins 3-O-

glucoside rhamnosyltransferase, which adds a rhamnose to the 3-O-bond glucose of the 

anthocyanidins 3-O-glucoside molecule to produce the anthocyanidins 3-O-rutinosides 

(Brugliera et al. 1994; Kroon et al. 1994). In addition, recently the isolation and 

characterization of a cDNA clone of UDP-galactose: flavonoids 3-O-

galactosyltransferase (UF3GaT) from Vigna mungo has been reported (Mato et al. 

1998). Thus, many glycosyltransferases genes have been isolated from various plant 

sources.  

Glycosyltransferases can transfer sugars to either hydroxy group 3 or 7 of flavonols in a 

regioselective way have been described in a number of plants including Petunia 

hybrida, Scutellaria baicalensis, and Arabidopsis thaliana (Hirotani. et al. 2000; Jones 

et al. 2003; Miller et al. 1999). However, some glycosyltransferases from Allium cepa 

and Arabidopsis thaliana show no strict regioselective and glycosylate the hydroxy 

groups 3, 7, 3’, and 4’, and even form diglucosides in some cases (Kramer et al. 2003; 

Lim et al. 2004). In strawberries, flavonoids 3-O-glucosyltransferase activity was 

detected, but the respective protein was not purified (Given et al. 1988; Halbwirth et 
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al. 2006). Although a transferase with broad substrate tolerance glycosylating quercetin 

at position 7 was purified from strawberry fruit (Cheng et al. 1994), little is known 

about the enzymes that form the complex array of glycosylated flavonoids or their 

spatial and temporal regulation in Fragaria. 

2.6 Rationale of the thesis 

W. somnifera is a widely used in Ayurvedic medicine, the traditional medical system of 

India. It is an ingredient in many formulations prescribed for a variety of 

musculoskeletal conditions (e.g. arthritis, rheumatism) and as a general tonic to increase 

energy, improves overall health and longevity, and prevents disease in athletes, the 

elderly, and during pregnancy. Many pharmacological studies have been conducted to 

investigate the properties of Ashwagandha in an attempt to authenticate its use as a 

multi-purpose medicinal agent. For example, anti-inflammatory properties have been 

investigated to validate its use in inflammatory arthritis, and animal stress studies have 

been performed to investigate its use as an anti-stress agent. Several studies have 

examined the antitumor and radio sensitizing effect of Ashwagandha. 

The major constituents of Ashwagandha are glycosides, alkaloids and steroidal lactones. 

It was also confirmed by researchers that anti-tumour, anti-inflammatory and anti- 

oxidant activity was due to the presence of phenolic glucosides. A large number of 

glucosides have been isolated and characterized from the different parts of this plant. 

The glucoside formation occurs due to the presence of glycosyltransferases, it has also 

been concluded by many researchers. In view of the increasing interest on this herb 

drug, this study involved isolation and characterization of glycosyltransferase gene 

which is responsible for producing several medicinally important glycosides. So far no 

studies have been done on glycosyltransferase genes from W. somnifera. This study will 

help in understanding the role of glycosyltransferase and its specificity towards various 

acceptors as well as donor molecules. The present work deals with the molecular and 

structural studies of glycosyltransferase gene from W. somnifera.   
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1.0 Summary 

Most of the flavonoids found in plants exist as glycosides; these secondary metabolites 

undergo several modification reactions, including glycosylation. This glycosylation of 

flavonoids is mediated by family 1 UDP – glycosyltransferases (UGT) and has a wide 

range of effects on flavonoids like solubility, stability and bioavailability. Glycosylation 

use UDP- sugars, such as UDP- glucose as the glucosyl donor and polyphenols, 

terpenoids, alkaloids and cyanohydrins as acceptors. Till date there are no reports on 

functionally characterized flavonoid glycosyltransferases from Withania somnifera. This 

chapter deals with the isolation cloning and characterization of full-length cDNA 

encoding flavonoid glycosyltransferase from W. somnifera. Primers were designed on 

the basis of sequence information available in NCBI GenBank Database. PCR was done 

with different set of primers, using cDNA as a template. The partial fragment was 

cloned and sequenced, which were showing significant similarity with reported 

glycosyltransferases genes from plants. Gene specific primers were designed and Rapid 

Amplification of cDNA Ends (RACE) PCR was performed to isolate full-length cNDA 

clones. The full length sequence reported in this chapter has been deposited in the NCBI 

gene bank database [Gen Bank: FJ654696]. According to the glycosyltransferase 

nomenclature guidelines, the systematic name of the W. somnifera glycosyltransferase is 

UGT73A16. The translated protein sequence of UGT73A16 was used to construct a 

phylogenetic tree with all known plant glycosyltransferases (GTs) deposited in NCBI 

Gen Bank Database by using Neighbor-joining method. 

2.0 Introduction 

Among ancient civilizations, India has been known to be rich repository of medicinal 

plants which produces many types of secondary metabolites such as flavonoids, 

alkaloids and terpenoids, etc. (WinkM 1999). These compounds undergo modification 

reactions such as methylation, hydroxylation and glycosylation, which lead to the 

structural diversity of secondary metabolites (Schwab 2003). Glycosylation is a well-

known modification reaction and is the last step in biosynthesis of natural compounds 

(Heller and Forkmann 1994). It is quantitatively the most significant reaction on earth. 

Glycosylation of small molecules has key roles in many biological processes, including 

biosynthesis of various bioactive compounds, regulation of hormone activity, and 

detoxification of exogenous compounds and metabolism of toxins (Bowles et al. 2005; 

Bowles et al. 2006). Glycosylation of plant secondary products, such as flavonoids, 

coumarins, terpenoids and cyanohydrins, is generally catalyzed by plant secondary 
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product glycosyltransferases (PSPGs) (Noguchi et al. 2007), which belong to family-1 

glycosyltransferases, catalyzing glycosyl transfer from nucleoside diphosphate - 

activated sugars (donor) to aglycon substrate (acceptor) molecules. The activated sugar 

form is typically UDP-glucose, but UDP-galactose, UDP-glucuronide, UDP-xylulose 

and UDP-rhamnose may also be found. In plants, sugar acceptors include all major class 

of secondary metabolites, such as phenolics, terpenoids, cyanohydrins and alkaloids etc. 

(Bowles et al. 2005; Jones and Vogt 2001; Vogt and Jones 2000). 

The primary objective of present study was to isolate and clone a gene which can carry 

out the glycosylation of a wide variety of natural compounds. We chose W. somnifera as 

the plant source which is mostly used in Indian ayurvedic medicine. Till date there are 

no reports on functionally characterized flavonoid glycosyltransferases from this plant. 

In this chapter we report the isolation and characterization of a flavonoids 

glycosyltransferase gene from W. somnifera. 

3.0 Materials 

3.1 Glasswares and their preparation  

Glasswares used during these studies were purchased from Borosil, India. Test tubes (25 

mm x 150 mm), glass bottles (70 mm x 125 mm), conical flasks (250, 500, 1000, 2000 

and 5000 mL capacity), measuring cylinders (10, 50, 100, 500, 1000 and 2000 mL), 

beakers (250, 500, 1000 and 2000 mL), petri-plates and funnels etc. were used during 

course of study. All the glasswares were cleaned by boiling in a saturated solution of 

sodium bicarbonate for 1 h followed by repeated washing in tap water. Thereafter, it was 

immersed in 30% HNO3 solution for 30 min followed by repeated washing in tap water 

and rinsed with distilled water. Washed glassware was thereafter dried at room 

temperature. Autoclaving of the glassware was done when mandatory at 121 ºC and 15 

psi for 1 h.  

3.2 Plasticwares  

Sterile petridishes (55 mm and 85 mm diameter) were procured from “Axygen” and 

“Tarsons”, India. Disposable filter sterilization units (0.22 μM) were purchased from 

Millipore (USA). Centrifuge tubes (1.5 mL and 2 mL capacity), microtips (10, 200, 

1000 and 5000 μL capacity) and PCR tubes (0.2 mL capacity, flat cap) were obtained 

from “Tarsons” and “Axygen”, India.   

3.3 Chemicals  

TRI Reagent and AMV Reverse transcriptase were purchased from Sigma (USA) and 

Promega (USA) respectively. PCR primers were purchased from MWG, Bangalore. 

PCR buffer and Taq-DNA polymerase was from Bangalore Genei, India. DNA rulers 
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were purchased from Bangalore Genei, India.  dNTPs were from Sigma. Agarose was 

from Bioworld (USA), Gel elution kit was from Axygen, USA. Restriction enzymes, 

pGEM T Easy vector, T4 DNA ligase and RNase were from Promega (USA).  

Chemicals were purchased from Sigma-Aldrich (USA), Bioworld (USA), Merck, SD 

fine chemicals and Hi-Media. 

3.4 Vectors and bacterial strains 

Table 2.0 

Vector Source Features 

pGEM-T Easy Promega, USA T/A cloning vector 

 

Bacterial Strains Source Genotype 

E. coli XL-10 gold Stratagene, USA Tetr Δ(mcrA)183 Δ(mcrCB-hsdSMR-

mrr)173 endA1 supE44 thi-1 recA1 gyrA96 

relA1 lac Hte [F´ proAB lacIqZΔM15 Tn10 

(Tetr) Amy Camr]. 

XL1-Blue MRF´ 

strain 

Stratagene, USA Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 

endA1 supE44 thi-1 recA1 gyrA96relA1 lac 

[F´ proAB lacIqZΔM15 Tn10 (Tetr)] 

 

3.5 Equipments used during the study 

Table 2.1 

S.No Equipment Make 

1  Centrifuge  Sorvall/Haereus/Eppendorf  

2  Gel Documentation system  Bio-Rad  

3  Thermo Cycler PCR machine  Bio-Rad  

5  Spectrophotometer  Perkin Elmer  

7  Speed Vac concentrator  Eppendorf  

8  Water purification system  TKA (Milli RO/Milli Q)  

9 NanoVue (Nanodrop)  GE Healthcare  
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3.6 Plant Material 

Withania somnifera (Solanaceae) plant was collected from the Department of 

Horticulture, National Chemical Laboratory, Pune, Maharashtra. 

3.7 Buffers and solutions 

3.7.1 Buffers and solutions for agarose gel electrophoresis 

Table 2.2 

Name Components Preparation and Storage 

50 X TAE 2 M Tris Acetic acid (242 g Tris-base and 

57.1 mL Glacial acetic acid for 1L) 

 0.05 M EDTA  

pH -8.0 and stored at 

room temperature.  

10 X TBE 

buffer  

890 mM Tris base  

890 mM Boric acid  

20 mM EDTA (pH-8.0)  

Room temperature 

DNA loading 

buffer  

0.25% (w/v) Xylencyanol 

 0.25% (w/v) Bromophenol blue  

40% Sucrose  

40 mM EDTA (pH 8.0)  

The solutions were filter 

sterilized using 0.22 

micron (μ) filter and 

stored at 2-8 oC  

 

3.7.2 Different buffers and media used for bacterial studies  

Table 2.3 

Name Components Preparations and Storage 

Luria Bertani 

Broth (LB)  

1% Tryptone 

 0.5% Yeast extract 

 1% NaCl  

pH adjusted to 7.0 with NaOH, stored at 

room temperature or at 4 ºC after 

autoclaving  

SOB media  2% Bactotryptone 

0.5% Yeast extract 

10 mM NaCl 

10 mM MgCl2.6H2O 

 2 mM KCl  

pH adjusted to 6.8 with NaOH, stored at 

room temperature or at 4 ºC after 

autoclaving  

TB buffer  10 mM PIPES 

15 mM CaCl2 

 250 mM KCl  

pH was adjusted 6.8 with KOH. MnCl2 was 

added to final concentration of 55 mM and 

filter sterilized. Stored at -20 oC  
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3.7.3 Stock solutions for bacterial transformation and selection 

Table 2.4 

Name Components Preparation and Storage 

IPTG solution  200 mg/mL in SMQ  Filter sterilized and stored at -20 ºC  

X-Gal (5-bromo-

4chloro -3-

indolyl-β-D- 

galactoside)  

20 mg/mL in N,N'-

Dimethyl formamide 

(DMF)  

Light sensitive, covered & store at -20 ºC 

Ampicillin  100 mg/mL in SMQ  Filter sterilized and stored at -20 ºC 

Tetracycline  12.5 mg/mL in 70% 

ethanol  

Filter sterilized and stored at -20 ºC  

 

3.7.4 Buffers and solutions for plasmid DNA isolation (Alkaline lysis method)  

Table 2.5 

Name  Components Preparation and Storage 

Solution I (GTE 

Buffer)  

50 mM Glucose 

25 mM Tris-HCl (pH 8.0) 

10 mM EDTA (pH 8.0)  

Autoclaved for 10 min and 

Stored at 4 ºC  

Solution II  0.2 N NaOH 

1% SDS  

Freshly prepared  

Solution III  3 M Potassium acetate (pH-5.5) Stored at 4 ºC  

RNase A  10 mg/mL  Stored at -20 ºC  

Other solutions or 

Reagents  

Chloroform 

Absolute ethanol 

3.0 M Sodium acetate 

70% ethanol 

Deionized sterile water  

Room temperature  
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4.0 Methods 

4.1 Total RNA isolation and spectrophotometric characterization  

RNase free environment was created and maintained as described by Blumberg 

(Blumberg 1987). All glass and plasticwares were treated overnight with DEPC (0.1% 

in water) and autoclaved. The pestle and mortar were also DEPC treated and then baked 

at 300 ºC for 6 h. All materials were dried in a vacuum oven. The total RNA was 

isolated from W. somnifera leaves. The plant tissue was collected, washed with DEPC 

treated water, frozen in liquid nitrogen and crushed to a fine powder. To 100 mg of the 

fine powder, 1 mL of TRIzol reagent was added and mixed thoroughly using a vortex. 

Chloroform: isoamyl alcohol (300 μL) was added and mixed thoroughly using vortex. 

The tubes were centrifuged at 13,000 g for 15 min at 4 ºC. The supernatant was 

transferred to 1.5 mL tubes and the chloroform: isoamyl alcohol step was repeated. The 

aqueous phase was transferred to 1.5 mL tubes and 0.6 volume isopropanol added. It 

was mixed thoroughly and kept for RNA precipitation for 1 h at room temperature. 

Total RNA was pelleted out by centrifugation at 13,000 g for 15 min at 4 ºC. The RNA 

pellet was washed with 70% ethanol twice and dried in a Speedvac centrifugal 

concentrator. RNA pellet was dissolved in 40 μL of DEPC treated water and stored at -

80 ºC in aliquots. Purity of RNA was confirmed by measuring OD at 260/280 nm and 

also by visualization on 1% TAE agarose gel. 

4.2 Synthesis of cDNA first strand by reverse transcription  

Complementary DNA (cDNA) was synthesized using total RNA in a reaction catalyzed 

by the enzyme, reverse transcriptase. The reactions were set up as per the 

manufacturer’s guidelines. Reverse-Transcription PCR (RT-PCR) was performed on 1 

μg of total RNA using AMV reverse transcription system (Promega, USA) with oligo 

(dT) primers in a 20 μL reaction volume. Experimental RNA was combined with the 

oligo (dT)15 primer. The primer/template mixture was isothermally denatured at 70 ºC 

for 5 min and snap chilled on ice. A reverse transcription reaction mix was assembled on 

ice to contain nuclease-free water, reaction buffer, reverse transcriptase, magnesium 

chloride, dNTPs and ribonuclease inhibitor, RNasin®. As a final step, the template-

primer combination was added to the reaction mix on ice and reaction was incubated at 

42 ºC for up to 1-1.5 h. The reaction was terminated by enzyme denaturation at 70 oC 

for 15 min. The cDNA synthesized was diluted as per requirement and stored at -20 oC 

for further use and directly added to amplification reactions.  
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4.3 Partial cDNA fragment amplification 

4.3.1 Primer design 

The multiple sets of primer were designed and synthesized by using conserved domains 

of GTs from NCBI (Accession No.U32644 and AB360626). Two oligonucleotide 

primers, SBF1 (5´ATGATGCAAGAACCACTAGA 3´) and SBR1 (5´ 

GTTGAATTCCAACCACA 3´) were used to amplify a partial fragment of 

glycosyltransferase. Nucleotide and amino acid sequence analysis was done using software 

pDRAW 32, ClustalX 2.0 and online bioinformatics analysis facility available at 

www.justbio.com, www.expasy.org and www.ncbi.nlm.nih.gov. 

4.3.2 Polymerase Chain Reaction (PCR)  

PCR is a powerful technique to amplify a desired nucleotide sequence using sequence 

specific primers. This amplification may be either of and from a single template or of a 

template from a mixture of templates (Arnheim and Erlich 1992; Mullis 1990; Mullis 

and Faloona 1987; Saiki et al. 1985; Saiki et al. 1988). This technique has been 

successfully used for various purposes like amplifications of gene(s) from genomic 

DNA or from cDNA population, introducing restriction sites of interest in the amplified 

product for directional cloning (Scharf et al. 1986), creating sequence mismatch/ 

deletion/ addition resulting in mutant version of a gene or nucleotide sequence, 

differentiating between two alleles (Kwok et al. 1990) etc. In the present study 

applications of PCR were exploited for a few of the above specified applications. The 

PCR reaction mixture and generalized cycling conditions used were as follows:  

4.3.2.1 Reaction mixture  

Reagent and concentration Volume 

Sterile deionized water 6.2 μL 

Template (100 ng/ μL) 1.0 μL 

Forward primer (10 pmol/ μL) 1.0 μL 

Reverse primer (10 pmol/ μL) 1.0 μL 

dNTP mix (0.2 mM) 4.0 μL 

10 X Buffer (Mg+2 1.5 mM) 1.5 μL 

Taq DNA Polymerase (1 U/μL) 0.3 μL 

Total volume 15.0 μL 
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The cell pellet was suspended in 10 mL ice-cold TB buffer and kept on ice for 30 min. 

Centrifuged for 10 min at 5,000 rpm and 4 oC. Pellet was resuspended in 5 mL TB 

buffer containing 7% DMSO. This was then dispensed into aliquots of 100 μL in sterile 

1.5 mL eppendorf tubes, frozen in liquid nitrogen and stored at -80 oC.  

4.3.3.3 Transformation and selections  

The competent E. coli cells were transformed according to (Sambrook et al. 1989). 

Competent cells were thawed on ice and DNA (~ 50 ng /or ligation mixtures) was added 

gently to the (100 μL) competent E. coli cells, mixed and kept on ice for 30 min. The 

cells were then incubated at 42 ºC for 2 min (heat shock) and immediately kept back on 

ice. LB broth (800 μL) was added and further incubated at 37 ºC for 1 h in shaker 

incubator. Cells were harvested by centrifugation at 5,000 rpm for 10 min. The 

supernatant media was discarded and pellet was dissolved in 100 μL of LB broth. The 

resuspended cells were spread on LB agar medium with appropriate antibiotics, IPTG 

and X-gal (Table 2.4) as per need (Sambrook et al. 1989). 

4.3.3.4 Colony PCR for screening recombinant colonies after bacterial 

transformation  

This method bypasses DNA purification, and relies on the selectivity of PCR 

amplification to determine whether a bacterial colony of interest does indeed contain the 

desired DNA. Simply adding a small portion of a bacterial colony to a PCR master mix 

will introduce enough templates DNA for amplification. A single bacterial colony was 

picked up from the agar plate containing transformants with the help of microtip and 

added to 1.5 mL eppendorf tube containing 20 μL of sterile miliQ water. The microtip 

was agitated in the water to suspend the bacterial cells. Bacterial lysis was done by 

placing the suspension on dry bath at temperature 95 oC for 5 min. After brief spin 2–3 

μL of supernatant was used in 15 μL of PCR reaction. The remaining components were 

added to the PCR reaction and subjected to normal cycling parameters for the particular 

primers. The resulting PCR products were checked on 1% agarose gel for the presence 

of the cloned gene of interest.  

4.3.3.5 Plasmid isolation 

The alkaline lysis method (Table 2.5) (Sambrook et al. 1989) was improvised upon so 

that 12-24 samples could be processed conveniently for plasmid DNA extraction within 

3 h, with yields of 5-30 μg per 1.5 mL culture depending on the host strain and the 

plasmid vector. An important feature of this protocol was the use of PEG for 

purification, which resulted in precipitation of high quality super-coiled plasmid DNA 

free of contamination.  
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The bacterial cultures were grown overnight with shaking (200 rpm) at 37 ºC in LB 

broth, with appropriate antibiotic(s). About 1.5 to 3 mL culture was centrifuged for 1 

min at 7,000 g to pellet the bacterial cells. The pellet was resuspended in 100 μL of GTE 

buffer by vigorous pipetting, 200 μL of Solution II was added, mixed by inversion till 

the solution becomes clear, normally for 2-3 min. The cell lysate was neutralized by 

addition of 150 μL of Solution III mixed well and incubated on ice for 5 min. The cell 

debris was removed by centrifugation for 10 min at 12,000 g at 4 ºC. The supernatant 

was transferred to another microfuge tube, RNase A was added to a final concentration 

of 20 μg/mL (Sambrook et al. 1989) and incubated at 37 ºC for 20 min. Equal volume 

of chloroform:isoamyl alcohol (24:1) was added, vortexed for 2 min and centrifuged for 

10 min at 12, 000 g at room temperature. The upper aqueous layer was transferred to a 

clean tube, 1/10th volume sodium acetate and one volume absolute ethanol was added 

with gentle mixing and kept at -20 ºC for 1-2 h. The sample was centrifuged at 12,000 g 

for 10 min at 4 ºC. The pellet was washed thrice with 70% ethanol and dried under 

vacuum. The dried pellet was dissolved in 40 μL of deionized water and 40 μL of 

PEG/NaCl solution (20% PEG 8000 in 2.5 M NaCl) was added. The mixture was 

incubated on ice for 20 min and the plasmid DNA pelleted out by centrifugation at 

12,000 g for 15 min at 4 ºC. The supernatant was aspirated carefully, the pellet washed 

with 70% ethanol and air-dried. The dried pellet was resuspended in 20 μL deionized 

water and stored at -20 ºC. 

4.3.3.6 Sequencing 

DNA sequencing was performed with the ABI Prism Big-Dye Terminator Cycle 

Sequencing Kit on the ABI Prism 3730 DNA analyzer (Applied Biosystems) at 

Genomebio Biotech Pvt. Ltd., Pune, Maharastra, India. 

4.3.3.7 Cryopreservation of bacterial culture  

Bacterial culture harboring plasmid with target gene was preserved for further use in 

glycerol at ultra low temperature. In a microfuge tube (1.5 mL) culture with 20% sterile 

glycerol were mixed thoroughly by pipeting and frozen in liquid nitrogen and stored at -

80 oC. The stocks were revived periodically (~6 months) and fresh stocks were prepared. 

4.4 Rapid amplification of cDNA ends (RACE)  

Generally, using reverse transcription PCR, either partial cDNA fragments (both 5’ and 

3’ ends missing) or cDNA with full 5’end missing are amplified from total cDNA. If a 

partial cDNA sequence is known, unknown sequences to the 5’ and 3’ of the known 

sequence can be reverse transcribed from RNA, amplified by PCR using RACE. 

SMART RACE cDNA Amplification Kit (BD Biosciences, Clontech, USA) was used to 
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perform RACE and the reactions were set up as per the manufacturer’s guidelines with 

minor modifications. RACE PCR was used to isolate full-length WsUGT gene which 

was further cloned in pGEM-T Easy vector and sequenced. 

4.5 Full-length genes ORF amplification by PCR  

The sequence information of 5’and 3’ RACE PCR product clones were used for 

designing of primers from start and stop codon to obtain full-length of the genes. PCR 

was performed with Hi-fidelity pfx Taq DNA polymerase (Invitrogen) by using cDNA 

as a template. Full-length amplicons of WsUGT were cloned in pGEM-T Easy vector 

and sequenced. 

4.6 Phylogenetic tree construction 

Nucleotide and amino acid sequence analysis was done using software pDRAW 32, 

ClustalX 2.0 and online bioinformatics analysis facility available at www.justbio.com, 

www.expasy.org and www.ncbi.nlm.nih.gov. Various physical and chemical parameters 

of proteins were predicted by using ExPasy tool ProtParam 

(http://web.expasy.org/protparam/). Multiple sequence alignments of the amino acid 

sequences were carried out with the ClustalW 2.0 program 

(http://www.ebi.ac.uk/clustalw/). The evolutionary history was inferred using the 

Neighbor-Joining method (Saitou and Nei 1987). The bootstrap consensus tree inferred 

from 500 replicates is taken to represent the evolutionary history of the taxa analyzed 

(Felsenstein 1985). Branches corresponding to partitions reproduced in less than 50% 

bootstrap replicates are collapsed. The evolutionary distances were computed using the 

Poisson correction method (Zuckerkandl and Pauling 1965) and are in the units of the 

number of amino acid substitutions per site. All positions containing gaps and missing 

data were eliminated from the dataset (Complete deletion option). Phylogenetic analysis 

was conducted in MEGA4.0.2 (Tamura et al. 2007). 
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5.0 Results and discussion  

5.1 Total RNA isolation and cDNA synthesis  

Total RNA was isolated from aerial part of W. somnifera plant and cDNA synthesis was 

done using protocol as mentioned above in materials and methods. 

 

Fig. 2.1 Total RNA isolated from W. somnifera leaf (Lanes 1 & 2) resolved on 1% 

denaturing agarose gel 

5.2 PCR based approach for the isolation of glycosyltransferase gene  

5.2.1 Multiple sequence alignment of glycosyltransferase genes  

Nucleotide sequences of glycosyltransferases (GTs) [Nicotiana tabacum (Accession 

No.U32644) and Lycium barbarum (AB360626)] available at NCBI GenBank database 

were aligned using Clustal W program. Among several set of primers, two 

oligonucleotide primers (Fig. 2.2, Red colour), were synthesized and used to amplify a 

partial fragment of glycosyltransferase. 

CLUSTAL 2.1 multiple sequence alignment 
Nicotiana       ATGGGTCAGCTCCATATTTTCTTCTTTCCTGTGATGGCTCATGGCCACATGATTCCTACA 60 
L.barbarum      ATGGGTCAGCTCCATTTTTTCCTCTTTCCCATGATGGCTCAAGGCCACATGATTCCTACA 60 
                ***************:***** ******* .**********:****************** 

Nicotiana       CTAGACATGGCGAAGCTCTTTGCTTCACGTGGTGTTAAGGCCACTATAATCACAACCCCA120 
L.barbarum      CTTGACATGGCCAAGCTCATCGCTTCTCGTGGTGTTAAGGCCACTATAATCACTACCCCT120 
                **:******** ******:* *****:**************************:*****: 

Nicotiana       CTCAATGAATTCGTTTTCTCCAAAGCTATTCAAAGAAACAAGCATTTGGGTATCGAAATC180 
L.barbarum      CTCAATGAATCCGTTTTCTCCAAAGCAATTCAAAGAAACAAACAGTTGGGTATCGAAATC180 
                ********** ***************:**************.** *************** 

Nicotiana       GAAATC------CGTTTGATCAAATTCCCAGCTGTTGAAAACGGCTTACCTGAAGAATGC234 
L.barbarum      GAAATCGAAATCCGTTTGATAAAATTCCCAGCTTTGGAGAATGACTTGCCTGAAGATTGC240 
                ******      ********.************ * **.** *.***.********:*** 

Nicotiana       GAACGCCTCGATCAAATCCCTTCAGATGAGAAGCTCCCAAACTTTTTCAAAGCTGTAGCT294 
L.barbarum      GAGCGACTTGATCTCATCCCTACTGAAGCCCATCTTCCCAACTTCTTCAAAGCTGCAGCT300 
                **.**.** ****:.******:*:**:*. .* ** **.***** ********** **** 

Nicotiana       ATGATGCAAGAACCACTAGAACAGCTTATTGAAGAATGTCGCCCCGATTGTCTTATTTCA354 
L.barbarum      ATGATGCAAGAACCATTAGAGCAGCTAATTCAAGAATGTCGCCCTGATTGTCTTGTTTCT360 
                *************** ****.*****:*** ************* *********.****: 
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Nicotiana       GATATGTTCCTTCCTTGGACTACTGATACTGCAGCAAAATTTAACATTCCAAGAATAGTC414 
L.barbarum      GATATGTTCCTTCCTTGGACAACTGATACTGCAGCTAAATTTAACATTCCAAGAATTGTT420 
                ********************:**************:********************:**  

Nicotiana       TTTCATGGCACAAGCTTCTTTGCTCTTTGTGTTGAGAATAGCGTCAGGCTAAATAAGCCT474 
L.barbarum      TTCCATGGTACAAACTACTTTGCCCTTTGTGTTGGAGACAGTATGAGGCGTAATAAGCCT480 
                ** ***** ****.**:****** **********...* ** .* **** :********* 

Nicotiana       TTCAAGAATGTGTCCTCAGATTCTGAAACTTTTGTTGTACCGGATTTGCCTCACGAAATT534 
L.barbarum      TTCAAGAATGTCTCATCTGATTCTGAAACTTTTGTTGTACCGAATTTACCTCATGAAATC540 
                *********** **.**:************************.****.***** *****  

Nicotiana       AAGCTGACCAGAACCCAGGTGTCTCCGTTTGAGCGATCTGGGGAAGAGACGGCTATGACC594 
L.barbarum      AAGCTGACTAGAACTCAGGTGTCTCCGTTTGAGCAATCGGATGAAGAGTCAGTTATGTCT600 
                ******** ***** *******************.*** *. ******:*.* ****:*  

Nicotiana       CGGATGATAAAAACAGTCAGGGAATCAGATTCAAAGAGCTATGGAGTTGTTTTCAACAGT654 
L.barbarum      CGTGTGCTAAAAGAAGTCAGGGAATCGGATTTGAAGAGCTATGGAGTTATCTTCAACAGC660 
                ** .**.*****..************.**** .***************.* ********  

Nicotiana       TTCTATGAGCTTGAAACAGATTATGTTGAGCATTATACTAAGGTGCTGGGTAGAAGAGCT714 
L.barbarum      TTCTATGAACTTGAACCAGATTATGTTGAACATTATACCAAGGTTCTGGGTAGAAAATCT720 
                ********.******.*************.******** ***** **********.* ** 

Nicotiana       TGGGCTATTGGCCCTCTATCGATGTGCAACAGGGACATTGAAGATAAAGCTGAAAGAGGA774 
L.barbarum      TGGGATATTGGCCCGCTTTCATTGTGCAACAGGGACATCGAAGATAAAGTTGAAAGAGGG780 
                ****.********* **:**.:**************** ********** *********. 

Nicotiana       AAGAAATCCTCTATTGATAAACACGAGTGCTTGAAATGGCTTGATTCGAAGAAACCAAGT834 
L.barbarum      AAGAAATCCTCTATTGATAAACACGAGTGCTTGAAATGGCTTGATTCAAAGAAATCAAGT840 
                ***********************************************.****** ***** 

Nicotiana       TCCGTCGTTTACATTTGTTTTGGAAGCGTAGCGAATTTCACTGCATCACAACTGCACGAA894 
L.barbarum      TCCATCGTTTACATTTGCTTTGGAAGTGTTGCAATTTTCACTGCATCCCAAATGCAAGAA900 
                ***.************* ******** **:**.*:************.***.****.*** 
 
Nicotiana       CTTGCTATGGGAGTTGAAGCTTCCGGACAAGAATTCATTTGGGTTGTTAGAACAGAACTA954 
L.barbarum      CTTGCTATGGGACTTGAAGTTTCTGGACAAGATTTCATTTGGGCTGTTAGAACAG-----955 
                ************ ****** *** ********:********** ***********      

Nicotiana       GACAACGAAGATTGGTTGCCTGAAGGATTCGAGGAAAGAACGAAAGAGAAAGGTTTAATA 1014 
L.barbarum      -ACAACGAAGAGTGGCTGCCTGAAGGATTCGAGGAAAGAACGAAAGAAAAAGGATTAATA 1014 
                 ********** *** *******************************.*****:****** 

Nicotiana       ATAAGAGGATGGGCACCCCAAGTACTAATTCTTGATCACGAATCTGTGGGAGCTTTTGTT 1074 
L.barbarum      ATAAGAGGATGGGCACCCCAATTGCTAATTCTTGATCACCAAGCTGTAGGAGCTTTCGTT 1074 
                ********************* *.*************** ** ****.******** *** 

Nicotiana       ACACATTGTGGTTGGAATTCAACACTAGAAGGAGTTTCAGGAGGGGTTCCAATGGTAACA 1134 
L.barbarum      ACTCATTGTGGATGGAATTCAACGCTAGAAGGAATATCAGCAGGGGTGCCAATGGTGACG 1134 
                **:********:***********.*********.*:**** ****** ********.**. 

Nicotiana       TGGCCTGTATTTGCTGAGCAATTTTTCAATGAGAAGTTAGTGACTGAGGTTTTGAAAACT 1194 
L.barbarum      TGGCCTTTGTTTGCTGAGCAATTTTTTAATGAAAAGTTGGTGACTGAAGTTTTGAGAAAT 1194 
                ****** *.***************** *****.*****.********.*******.**.* 

Nicotiana       GGAGCTGGTGTTGGTTCGATACAATGGAAGAGATCAGCTAGTGAAGGAGTGAAAAGAGAA 1254 
L.barbarum      GGGGTTGGTGTTGGTTCAGTGCAATGGCAGGCAACAGCTTGTGAAGGAGTGAAAAGAGAA 1254 
                **.* ************..*.******.**. *:*****:******************** 

Nicotiana       GCAATAGCTAAGGCAATAAAGAGAGTAATGGTGAGTGAAGAAGCAGATGGATTCAGAAAC 1314 
L.barbarum      GAAATAGCTAAAGCAATAAGGAGAGTAATGGTG---GATGAAGCAAAGGAATTCAGAAAC 1311 
                *.*********.*******.*************   **:******.* *.********** 

Nicotiana       AGAGCTAAAGCGTATAAGGAGATGGCAAGAAAGGCTATTGAAGAAGGAGGGTCATCTTAC 1374 
L.barbarum      AGAGCTAAAGAGTACAAGGAAATGGCTAAGAAGGCTGTTGACGAGGGAGGATCATCTTAC 1371 
                **********.*** *****.*****:*..******.****.**.*****.********* 

Nicotiana       ACTGGATTGACTACTTTGTTGGAAGATATAAGTACATATAGTTCCACTGGTCATTAA 1431 
L.barbarum      ACTGGTTTGACTACTTTGCTGAAAGATATAAGTACGTATAGTTTTACAAGTGATTAG 1428 
                *****:************ **.*************.*******  **:.** ****. 

Fig. 2.2 Nucleotide sequence alignment of glycosyltransferases (GTs) of Nicotiana 

tabacum (Accession No.U32644) and Lycium barbarum (AB360626). Highlighted 

regions were considered for primer synthesis 

5.2.2 PCR amplification of partial cDNA fragment of GT genes from W. somnifera  

Among the several set of primers one primer set, i.e. SB F1/R1 (section 5.2.1) was used 

to amplify ~800 bp fragment of GT (Fig. 2.4 A) gene using first strand cDNA as a 

template.  
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The fragment is cloned in pGEM-T easy vector (Fig. 2.3) and confirmed by restriction 

analysis (Fig. 2.4 B). This partial amplicon will be referred to as WsUGT in the 

subsequent discussion. 

5.2.2.1 Primers used for PCR amplification  

SBF1: 5´ATG ATG CAA GAA CCA CTA GA 3´ 
SBR1: 5´ GTT GAA TTC CAA CCA CA 3´ 

 

Fig. 2.3 Map of pGEM -T® Easy Vector 

 

Fig. 2.4 (A) PCR amplification product of ~800 bp (SB F1/R1) fragment separated on 

1% agarose gel. Lane 1-5: Amplified product and lane M- Medium range DNA ruler (B) 

Restriction digestion with EcoRI. Lane 1 & 2- Showing vector backbone (~3 kb) 

pGEM-T Easy and release of insert (~800 bp), Lane M- Medium range DNA ruler 
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5.2.3 WsUGT partial nucleotide sequence  

After confirmation by restriction digestion with EcoRI, one of the positive clones was 

sequenced (Fig. 2.5) and it revealed that WsUGT fragment was 797 bp showing 

maximum homology with other plant GTs.  

    1 ATGATGCAAG AACCACTAGA GCAGTTATTC AAGAAGTCGC CCCAATTGTC 
   51 TGGTTTTTGA CATGTTTCTT TCCTTGGACA ACTGACACTG CTGCCAAATT 
  101 TAACATACCA AGAATTGTTT TCCACGGCAC AAGCTATTTT TGCCCTCTCT 
  151 GCCGTAGACA GCCTCAGGCT TAATAAGCCT TTCAAGAATG TTTCCTCTGA 
  201 TTTTGAAACT TTTGTGGTAC CGAACTTGCC GCATGAAATC AAGTTGTTCA 
  251 GATCGATGTT GTCTCCATTT GAGCAATTTG ATGAAGAGTC AGTTATGTCT 
  301 CAGATGGTAA AAGCTGTCAG GGATGCGGAT TCAAAGAGTT ATGGAGTTAT 
  351 CTTCAACAGC TTCTATGAGC TTGAACCAGA TTATGTGGAA CATTATACCA 
  401 AGGTTCTGGG CAGAAAAAAT TGGGCTATTG GCCCTCTTTC CCTGTGCAAC 
  451 AGGGACATTG AAGATAAAGC TGAAAGAGGG AAGAAATCCT CTATCGATAA 
  501 ACACGAATGT TTAAAATGGC TTGATTCAAA GAAATCAAGT TCCATTGTTT 
  551 ACGTTTGTTT TGGAAGTGTA GCAAATTTCA CCACATCGCA GTTGCAAGAA 
  601 CTTGCTTTGG GACTTGAAGC TTCTGGACAA GATTTCATTT GGGTTGTTAG 
  651 AACAGACAAT GAAGATTGGT TGCCTAAAGG ATTCGAGGAA AGGACGAAAG 
  701 GAATAGGATT AATCATAAGA GGATGGGCAC CCCAAGTGCT GATTCTTGAT 
  751 CACGAATCTG TTGGAGCTTT TGTGACTCAT TGTGGTTGGA ATTCAAC 
Fig. 2.5 797 bp partial WsUGT nucleotide sequence. Forward and reverse primers are 

highlighted in red colour. Gene specific forward & reverse primer are highlighted in 

green & yellow respectively 

5.3 Rapid amplification of cDNA ends (RACE)  

RACE is an important tool to obtain the UTRs (Un-Translated Regions) of a particular 

gene and is also useful to obtain full-length gene. The limitation of RACE PCR is partial 

sequence of the gene must be known to design gene specific primers. Based on the 

sequence information from partial fragment of WsUGT, primers for 5’ RACE and 

3’RACE were designed (Fig. 2.5 highlighted in green & yellow color).  

5.3.1 Primers for 5’ RACE and 3’ RACE 

SACR – AAG CCT GAG GCT GTC TAC GGC  
SACNR- GAG GCT GTC TAC GGC AGA GAG 
FLONF- AAT TGG GCT ATT GGC CCG CTT TCC CTG TGC AAC 
FLONNF- GCT TGA CTC AAA GAA ACC AAG TTC CAT TGT 

Primers supplied with kit:  

Name Sequence 5’-3’ 
SMART II™ A 
Oligonucleotide  

AAGCAGTGGTATCAACGCAGAGTACGCGGG 

3'-RACE CDS Primer A  AAGCAGTGGTATCAACGCAGAGTAC (T)30V N  
5'-RACE CDS Primer A 
(5'-CDS)  

(T)25V N  

10X universal Primer A 
Mix (UPM)  

Long:CTAATACGACTCACTATAGGGCAAGCAGTGGT
ATCAACGCAGAGT  
Short: CTAATACGACTCACTATAGGGC  

Nested universal Primer 
(NUP)  

AAGCAGTGGTATCAACGCAGAGT  
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5.3.2  5’ RACE PCR  

In order to get the 5’ region of WsUGT gene, 5’ Rapid amplification of cDNA ends 

(RACE) PCR was performed as per manual instructions. Primary PCR was done with 

SACR & 5’ UPM primers and 5’RACE ready cDNA as a template. The primary PCR 

product was diluted (1:50) and used as a template for secondary PCR with primers 

SACNR and NUP. Approximately 500 bp secondary PCR product (Fig. 2.6 A) was 

cloned in pGEM-T Easy vector, confirmed by EcoRI digestion (Fig. 2.6 B) and 

sequenced (Fig.  2.7). 

 

Fig. 5.6 (A) 1.5% agarose gel showing ~ 500 bp amplification (Lane1-4), Lane M- 1.0 

kb DNA ruler (B) Restriction digestion with EcoRI. Lane 1 showing vector backbone 

(~3 kb) and of inserts (~ 500 bp), Lane M- Low range DNA ruler 

The sequencing analysis of 5’ RACE product revealed that it contains 13 bp UTR 

region, which is shown in red and the start codon (ATG) is highlighted in green color 

(Fig. 2.7).  

    1 AAGCAGTGGT ATCAACGCAG AGTGAAAAAG AGATTCATGG GTCAGCTCCA 
   51 TATTTTCTTC TTTCCCATGA TGGCTCAAGG TCACATGATT CCTACACTAG 
  101 ACATGGCCAA GCTCGTCGCT TCTCGTGGTG TGAAAGCCAC TATAATCACT 
  151 ACCCCTCTCA ATGAATCTGT TTTCTCCAAA GTTATTCAAA GAAACAAGAA 
  201 TTTGGGGATC CGATTAATCA AATTCCCAGC TGTGGAGAAC GACTTGCCAG 
  251 AAGATTGCGA GCGTCTTGAT CTCATTCCTT CTGATGACAA ACTCCCAAAC 
  301 TTCTTCAAAG CTGCAGCTAC GATGCAAGAA TCACTAGAGC AGCTTATTCA 
  351 AGAATGTCGC CCCAATTGTC TGGTTTCTGA CATGTTCTTT CCTTGGACAA 
  401 CTGACACTGC TGCCAAATTT AACATACCAA GAATTGTTTT CCACGGCACA 
  451 GGCTATTTTG CCCTCTCTGC CGTAGACAGC CTCAGGCTT  
  
Fig. 2.7 Sequence analysis of 5’ RACE PCR product of WsUGT gene. Underlined- 5’ 

NUP sequence; 5’ UTR (13 bp) shown in red colour; Start codon (ATG) highlighted 

with green. 

5.3.3 3’RACE  

To isolate 3’ end and UTR of the gene two steps RACE PCR was done as per manual 

instruction. Primary PCR was done with gene specific primer FLONF and UPM.  



 

Som

Th

wit

A) 

2.8

Fig

Lan

dig

(~9

Seq

(10

und

  
 51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801

Fig

gre

 

mesh Singh  

e primary PC

th primers F

which was 

8 B) and sequ

g. 2.8 (A) 1%

ne M- Mediu

gestion with 

900 bp), Lan

quencing of

01 bp) high

derlined) (Fi

1 AATTGGG
1 AGCTGAA
1 GGCTTGA
1 GTAGCAA
1 AGCTTCT
1 GGTTGCC
1 AGAGGAT
1 TTTTGTG
1 GTGTGCC
1 AAGTTGG
1 ATGGAAG
1 CAATAAA
1 GCTAAAG
1 TTCTTAC
1 CCACAAG
1 TCTAATA
1 TCAATGG

g. 2.9 Nucle

een, 3’UTR i

                   

CR product 

LONNF and

cloned in p

uencing (Fig

% agarose g

um range DN

EcoRI. Lan

ne M- Mediu

f 3’RACE c

hlighted in 

ig. 2.9). 

GCTA TTGGC
AAGA GGGAA
ACTC AAAGA
AATT TCACC
TGGA CAAGA
CTAA AGGAT
TGGG CACCC
GACT CATTG
CACT GGTAA
GTAA CTGAG
GAGA TCCGC
AGAG AGTAA
GCGT ATAAG
CAGT GGATT
GTCA TTAAT
AAAA GTTGC
GTGG AAATT

eotide seque

in red and po

          Ph. D

was diluted

d NUP. Nest

GEM-T Eas

g. 2.9). 

gel showing 

NA ruler, La

ne 1- showin

um range DN

clone showe

turquoise c

CCCGCT TT
AGAAAT CCT
AAACCA AGT
CACATC ACA
ATTTCA TTT
TTCGAG GAA
CCAAGT GCT
GTGGAT GGA
ACATGG CCA
GATTAT GAG
CTAGCG AAG
ATGATG AGT
GGAAAT GGC
TGACTA CTT
TTTAGT AGT
CACAGG GAA
T 

ence of 3’ 

olyadenylati

D thesis       

d (1:50) and u

ted PCR yie

sy vector, co

amplificatio

ane 1& 2- ~ 

ng vector ba

NA ruler  

d stop codo

color, putati

TCCCTGTGC 
TCTATCGA 
TTCCATTG 
AGTTGCAA 
TGGGTTGT 
AAGAACTA 
TGACTCTT 
AATTCAAC 
AGTGTTTG 
GAACTGGC 
GGAGTGAA 
TGAAGAAG 
CAAGACAG 
TTGCTACA 
TGATTGAA
AAGCGGGC 

RACE clon

ion site is in 

                Un

used as a tem

lded an amp

onfirmed by 

on of ~ 900 b

900 bp 3’ R

ackbone (~3

on (TAA, gr

ive polyaden

AACAGGGAT
TAAACACGA
TTTACGTTT
GAACTTGCT
TAGAACATA
AAGGAAAAG
GATCACGAA
TCTAGAAGG
CGGAACAAT
GCTGGCGTT
ACGAGAAGC
CAGAAGGAT
GCTATTGAA
AGATATAAG
AAAACACGT
CAAATAGCC

ne. Stop cod

green under

University of P

mplate for s

plicon of ~90

restriction d

bp 3’ RACE

RACE PCR (

3 kb) and re

reen highlig

nylation sit

TA TTGAAG
AA TGTTTAA
TG TTTTGGA
TT TGGGACT
AC AATGAAG
GG ATTAATC
AT CTGTTGG
GA ATATCAG
TT TTTGAAT
TG GTTCAGT
CG ATTGCAA
TT CAGAAAT
AG AAGGAGG
GT TCATATA
TA TGATTTC
CC CATTTTT

don (TAA) 

rlined. 

Pune 

econdary PC

00 bp (Fig. 2

digestion (F

E PCR produ

(B) Restricti

elease of ins

ghted) 3’ UT

te (Green a

GATAA 
AAAT 
AAGT 
TTGA 
GATT 
CATA 
GAGC 
GCAG 
TGAG 
TGCA 
AATG 
TAGA 
GATC 
AGCT 
CTAT 
TTTC 

highlighted 

36

CR 

2.8 

Fig. 

uct 

ion 

ert 

TR 

and 

in 



 

Somesh Singh                               Ph. D thesis                        University of Pune   37 
 

 

5.4 Amplification of full-length WsUGT cDNA from W. somnifera 

On the basis of 5’ and 3’ RACE sequence information, primers were designed from start 

and stop codon to amplify the ORF of WsUGT gene as a single PCR product. 

WSfullF:  5´ ATGGGTCAGCTCCATATTTTCTTC 3´ 

WSfullR: 5´ TTAATGACCAGTGGAACTATATGTACT 3´ 

PCR was performed with primers WSfull F/R and cDNA as a template with high fidelity 

Taq DNA polymerase. Approximately 1.4 kb amplicon was cloned in pGEM-T Easy 

vector and confirmed by restriction digestion (Fig. 2.10 A) and sequencing (Fig. 2.10 

B). 

 

Fig. 2.10 (A) 1% agarose gel showing ~ 1.4 kb amplification (Lane 1-3), Lane M- 1.0 

kb DNA ruler (B) Restriction digestion with EcoRI. Lane 1 & 2- Showing vector 

backbone (~3 kb) and release of insert (~1.4 kb), Lane M- 1.0 kb DNA ruler 

Nucleotide sequence of WsUGT (FJ654696) 

     1 ATGGGTCAGC TCCATATTTT CTTCTTTCCC ATGATGGCTC AAGGTCACAT 
    51 GATTCCTACA CTAGACATGG CCAAGCTCGT CGCTTCTCGT GGTGTGAAAG 
   101 CCACTATAAT CACTACCCCT CTCAATGAAT CTGTTTTCTC CAAAGTTATT 
   151 CAAAGAAACA AGAATTTGGG GATCCGATTA ATCAAATTCC CAGCTGTGGA 
   201 GAACGACTTG CCAGAAGATT GCGAGCGTCT TGATCTCATT CCTTCTGATG 
   251 ACAAACTCCC AAACTTCTTC AAAGCTGCAG CTACGATGCA AGAATCACTA 
   301 GAGCAGCTTA TTCAAGAATG TCGCCCCAAT TGTCTGGTTT CTGACATGTT 
   351 CTTTCCTTGG ACAACTGACA CTGCTGCCAA ATTTAACATA CCAAGAATTG 
   401 TTTTCCACGG CACAGGCTAT TTTGCCCTCT CTGCCGTAGA CAGCCTCAGG 
   451 CTTAATAAGC CTTTCAAGAA TGTCTCCTCT GATTCTGAAA CTTTTGTGGT 
   501 ACCGAATTTG CCGCATGAAA TCAAGCTGAC CAGATCGAAG TTGTCTCCAT 
   551 TTGAGCAATC TGATGAAGAG TCAGTTATGT CTCAGATGGT AAAAGCTGTC 
   601 AGGGATGCGG ATTCAAAGAG CTATGGAGTT ATCTTCAACA GCTTCTATGA 
   651 GCTTGAACCA GATTATGTGG AACATTATAC CAAGGTTCTG GGTAGAAAAA 
   701 ATTGGGCTAT TGGCCCGCTT TCCCTGTGCA ACAGGGACAT TGAAGATAAA 
   751 GCTGAAAGAG GGAAGAAATC CTCTATCGAT AAACACGAAT GTTTAAAATG 
   801 GATTGATTCA AAGAAATCAA GTTCCATTGT TTACGTTTGT TTTGGAAGTG 
   851 TAGCAAATTT CACCACATCG CAGTTGCAAG AACTTGCTTT GGGACTTGAA 
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   901 GCTTCTGGAC AAGATTTCAT TTGGGTTGTT AGAACAGACA ATGAAGATTG 
   951 GTTGCCTAAA GGATTCGAGG AAAGGACGAA AGGAAAAGGA TTAATCATAA 
  1001 GAGGATGGGC ACCCCAAGTG CTGATTCTTG ATCACGAATC TGTTGGAGCT 
  1051 TTTGTGACTC ATTGTGGATG GAATTCAACG CTAGAAGGAA TATCAGCAGG 
  1101 CGTGCCACTG GTAACATGGC CAGTGTTTGC GGAACAATTT TTGAATGAGA 
  1151 AGTTGGTAAC TGAGATTATG AGAACTGGGG CTGCCGTTGG TTCAGTGCAA 
  1201 TGGAAGAGAT CTGCTAGTGA AGGAGTGAAA AGAGAAGCGA TTGCAAATGC 
  1251 AATAAAGAGA GTAATGGTGA GTGAAGAAGC AGAAGGATTC AGAAATAGAG 
  1301 CTAAAGCGTA TAAGGAATTG GCAAGACAAG CTATTGAAGA AGGAGGATCT 
  1351 TCTTACAGTG GATTGACTAC TTTGCTACAA GATATAAGTA CATATAGTTC 
  1401 CACTGGTCAT TAA 
 
Deduced Amino acid sequence of WsUGT (FJ654696) 

        10         20         30         40         50         60  
MGQLHIFFFP MMAQGHMIPT LDMAKLVASR GVKATIITTP LNESVFSKVI QRNKNLGIRL  
 
        70         80         90        100        110        120  
IKFPAVENDL PEDCERLDLI PSDDKLPNFF KAAATMQESL EQLIQECRPN CLVSDMFFPW  
 
       130        140        150        160        170        180  
TTDTAAKFNI PRIVFHGTGY FALSAVDSLR LNKPFKNVSS DSETFVVPNL PHEIKLTRSK  
 
       190        200        210        220        230        240  
LSPFEQSDEE SVMSQMVKAV RDADSKSYGV IFNSFYELEP DYVEHYTKVL GRKNWAIGPL  
 
       250        260        270        280        290        300  
SLCNRDIEDK AERGKKSSID KHECLKWIDS KKSSSIVYVC FGSVANFTTS QLQELALGLE  
 
       310        320        330        340        350        360  
ASGQDFIWVV RTDNEDWLPK GFEERTKGKG LIIRGWAPQV LILDHESVGA FVTHCGWNST  
 
       370        380        390        400        410        420  
LEGISAGVPL VTWPVFAEQF LNEKLVTEIM RTGAAVGSVQ WKRSASEGVK REAIANAIKR  
       430        440        450        460        470  
VMVSEEAEGF RNRAKAYKEL ARQAIEEGGS SYSGLTTLLQ DISTYSSTGH  

Fig. 2.11 Nucleotide and deduced amino acid sequences of WsUGT 

5.5 Characterization of WsUGT 

The full length cDNA sequence of WsUGT has been submitted to NCBI GenBank 

database under accession no.FJ654696. The WsUGT sequence contains a 1413 bp open-

reading frame, which codes for a protein of 470 amino acids (Fig. 2.11). The sequence 

analysis shows that RACE amplification has been well extended downstream to the stop 

codon (TAA) and yielded a 101 bp 3’UTR. Also it shows 13 bp 5` UTR region. The 

‘AATAA’ signal sequence was present in the 3’UTR (Fig. 2.11) which is present in 

most eukaryotes and forms a complex with U4 SnRNP for primary cleavage site 

selection in pre- mRNA. 

5.5.1 Amino acid analysis 

The deduced amino acid sequence of WsUGT shared 93.1%, 92.5% and 91.0% 

similarity and identities of 85.5%, 85.5% and 82.6% with Nicotiana tabacum (U32643), 

Lycium barberum (AB360612) and Lycium barberum (AB360626) respectively.  
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The calculated molecular mass and predicted pI value of WsUGT were 51.81 kDa and 

6.07 respectively. According to the glycosyltransferase nomenclature guidelines 

(Mackenzie et al. 2005), the systematic name of the W. somnifera glycosyltransferase 

(WsUGT) is UGT73A16 and used in following chapters. 

Analysis of the deduced amino acid sequence showed it contained conserved PSPG box 

(44 amino acid), which is found in all plant glycosyltransferases genes (highlighted in 

yellow color) and participate in binding of donor substrate. Most conserved region of 

PSPG box i.e, HCGWNS (Fig. 2.11 highlighted & underlined) is also present in the 

sequence. 

5.5.2 Multiple sequence alignment of UGT73A16 with other plant 

glycosyltransferases and CDD search 

The amino acid sequence of UGT73A16 was aligned with UDP-glucose: 

glycosyltransferase of Lycium barberum (AB360612 & AB360626) and immediate-

early salicylate-induced glycosyltransferase of Nicotiana tabacum (U32643) given 

below in Fig. 2.12 A. Conserved domain database search on NCBI server showed 

specific hits with UDP- glucose glycosyltransferase of GT-B type superfamily. The 

members of this family share a common GT-B topology, one of the two protein 

topologies observed for nucleotide-sugar-dependent glycosyltransferases. GT-B proteins 

have distinct N- and C- terminal domains each containing a typical Rossmann fold. The 

two domains have high structural homology despite minimal sequence homology. The 

large cleft that separates the two domains includes the catalytic center and permits a 

high degree of flexibility. The conserved domains of WsUGT (Fig. 2.12 B) are shown 

below. 

CLUSTAL 2.0.11 multiple sequence alignment 
withania        MGQLHIFFFPMMAQGHMIPTLDMAKLVASRGVKATIITTPLNESVFSKVIQRNKNLG--- 57 
Nicotiana       MGQLHFFFFPVMAHGHMIPTLDMAKLVASRGVKATIITTPLNESVFSKSIQRNKHLGIEI 60 
Lycium10        MGQLHFFLFPMMAQGHMIPTLDMAKLIASRGVKATIITTPLNESVFSKAIQRNKQLGIEI 60 
Lycium12        MGQLHFFLFPMMAQGHMIPTLDMAKLIASRGVKATIITTPLNESVFSKAIQRNKQLGIEI 60 
                *****:*:**:**:************:********************* *****:**    

withania        ---IRLIKFPAVENDLPEDCERLDLIPSDDKLPNFFKAAATMQESLEQLIQECRPNCLVS 114 
Nicotiana       --EIRLIKFPAVENGLPEECERLDLIPSDDKLPNFFKAVAMMQEPLEQLIEECRPNCLVS 118 
Lycium10        EIEIRLIKFPALENDLPEDCERLDLIPTEAHLPNFFKAAAMMQEPLEQLIQECRPDCLVS 120 
Lycium12        EIEIRLIKFPALENDLPEDCERLDLIPTEAHLPNFFKAAAMMQEPLEQLIQECRPDCLVS 120 
                   ********:**.***:********:: :*******.* ***.*****:****:**** 
 
withania        DMFFPWTTDTAAKFNIPRIVFHGTGYFALSAVDSLRLNKPFKNVSSDSETFVVPNLPHEI 174 
Nicotiana       DMFLPWTTDTAAKFNMPRIVFHGTSFFALCVENSIRLNKPFKNVSSDSETFVVPNLPHEI 178 
Lycium10        DMFLPWTTDTAAKFNIPRIVFHGTNYFALCVGDSMRRNKPFKNVSSDSETFVVPNLPHEI 180 
Lycium12        DMFLPWTTDTAAKFNIPRIVFHGTNYFALCVGDSMRRNKPFKNVSSDSETFVVPNLPHEI 180 
                ***:***********:********.:***.. :*:* *********************** 

withania        KLTRSKLSPFEQSDEESVMSQMVKAVRDADSKSYGVIFNSFYELEPDYVEHYTKVLGRKN 234 
Nicotiana       KLTRTQLSPFEQSGEETTMTRMIKSVRESDSKSYGVIFNSFNELEHDYVEHYTKVLGRRA 238 
Lycium10        KLTRTQVSPFEQSDEESVMSRVLKEVRESDLKSYGVIFNSFYELEPDYVEHYTKVMGRKS 240 
Lycium12        KLTRTQVSPFEQSDEESVMSRVLKEVRESDLKSYGVIFNSFYELEPDYVEHYTKVLGRKS 240 
                ****:::******.**:.*::::* **::* ********** *** *********:**:  
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Fig. 2.13 Kyte-Doolittle Hydropathy plot 

5.5.4 Phylogenetic tree analysis 

The function and specificity of UGT73A16 cannot be fully predicted based on the 

sequence information alone, thus a Phylogenetic tree was constructed for the 

UGT73A16 along with the different UGTs by means of the Neighbor-joining method 

(Fig. 2.14). However, the phylogenetic tree of flavonoid UGTs divided in to three 

clusters; the cluster I contained flavonoid 7-O-glycosyltransferase, However, cluster I 

also contains glycosyltransferase that are capable of salicylic acid induced 

glycosyltransferase (Accession number: AAK28303) and UDP glucose: flavonoid 3-O-

glucoside 7-O-glucosyltransferase (Accession number: Q9ZQ95). Cluster II composed 

of UGTs displaying diverse regioselectivity and Cluster III consisted of flavonoid 3-O-

glycosyltransferase. UGT73A16 was most similar to cluster I, with strong correlation 

for its regioselectivity.  Phylogenetic analysis suggests that the UGT73A16 has diverse 

specificity and have the potential to glycosylate a wide range of flavonoids including 

chalcone. 
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(Accession number: Q9ZQ95), Glycine 7GT (Accession number: AB292164), Brassica 

GT (Accession number: A62529), Citrus GT (Accession number: AB033758), Iris 5GT 

(Accession number: AB113664), Nicotiana GT (Accession number: AB072919), 

Petunia 5GT (Accession number: AB027455 ), Torentia 5GT (Accession number: 

AB076698), Perilla 5GT (Accession number: AB013596), Hordeum 3GT (Accession 

number: X15694), Zea 3GT (Accession number: AY167672), Malus 3GT (Accession 

number: AF117267), Arabidopsis 3GT (Accession number: AAM91139), Vigna 3GaT 

(Accession number: AB009370), Petunia 3GT (Accession number: AB027454), 

Gentiana 3GT (Accession number: D85186), Forsythia 3GT (Accession number: 

AF127218), Perilla 3GT (Accession number: BAA19659)   

6.0 Conclusions  

 UGT glycosyltransferase gene was isolated from Withania somnifera (WsUGT) 

using PCR based approach and submitted to NCBI gene bank (FJ654696). 

 WsUGT gene contains 1527 bp nucleotide sequence with 13 bp of 5’ UTR and 

101 bp of 3’ UTR region and 3’ UTR region contains a specific polyadenylation 

signal sequence AATAA. 

 The WsUGT gene showed 87% identity at nucleotide level and 86% identity at 

amino acid level with the UDP-glucose: glycosyltransferases gene from Lycium 

barbarum.  

 Analysis of deduced amino acid sequence of WsUGT gene showed the 

conserved 44 amino acids domain called as PSPG box which is found to be 

present in all the plant glycosyltransferase genes. 

 Phylogenetic analysis revealed that WsUGT gene is evolutionarily most similar 

to UDP glucose: glycosyltransferases from Lycium barbarum of Lamiaceae 

family.  

 According to the glycosyltransferase nomenclature guidelines, the systematic 

name of the W. somnifera (WsUGT) glycosyltransferase is UGT73A16 and to be 

further used in following chapters. 
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1.0 Summary 

This chapter deals with cloning of full-length cDNA (UGT73A16) into the expression 

vector pET 30b (+) and its over-expression in E. coli BL21 (DE3). The recombinant 

UGT73A16 was purified by affinity chromatography using Ni-NTA agarose beads in 

denatured conditions and analyzed on SDS-PAGE. All the conditions were optimized 

(IPTG 0.08 mM, temperature 22 oC and time 20 h) to express the recombinant 

UGT73A16 in soluble form. The recombinant protein was purified from lysate using 

affinity chromatography and further used for enzyme assay. The enzyme assay was done 

using UDP-glucose, UDP-galactose and UDP-glucuronic acid as a donor substrate and 

flavonoids as acceptor substrate. Product identification was done by hypsochromic shift, 

HPLC and LC-MS method. HPLC analysis and hypsochromic shift indicated that 

UGT73A16 transfers a glucose molecule to several different flavonoids but no activity 

with UDP-galactose. Analysis of reaction products also showed that glycosylation of 

substrates occurred on the 7- and 3- hydroxyl group of the aglycon. Recombinant 

UGT73A16 also displayed regiospecific glucosyl transfer activity towards 3- hydroxy 

flavone (chemically synthesized), which is the backbone of all flavonols, not found 

naturally. This section also covers the kinetic parameters of recombinant UGT73A16 

(Wild) proteins. Based on kinetic parameters, UGT73A16 showed more catalytic 

efficiency towards naringenin followed by genistein and baicalein. The present study 

generates essential knowledge and molecular as well as biochemical tools that will allow 

the verification of UGT73A16 in glycosylation. 

2.0 Introduction 

Till date, various flavonoid UGT genes have been cloned and characterized (Hirotani. 

et al. 2000; Kim et al. 2006; Kramer et al. 2003; Willits et al. 2004). Characterized 

UGTs include ones that glycosylate secondary metabolite such as flavonoids, alkaloids, 

terpenoids and tannins. One of the most widely studied classes of plant glycosides is the 

large and heterogenic group of polyphenols. Till date an overwhelming number of 

polyphenolic glycosides including flavonoid glycosides have been identified. 

Flavonoids are an important group of polyphenolic natural product. They are typical 

phytochemicals having an impact on human (Cornwell et al. 2004; Usha et al. 2005) 

and are synthesized via the phenylpropanoid pathway. A wide range of different 

biological activities, including antibacterial, antithrombotic, vasodilatory, anti-

inflammatory, and anti-carcinogenic effects mediated by different mechanism, are 

associated with flavonoid compounds (Middleton et al. 2000). In vitro studies indicate 
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considerable difference in the anti-oxidative potential of different flavonoid subgroups, 

depending upon their chemical structure, bioavailability, distribution, and metabolism 

(Rice-Evans et al. 1996). In previous chapter (Chapter 2) isolation, cloning and 

characterization of gene encoding UGT73A16 from W. somnifera were described. This 

chapter deals with heterologous expression of UGT73A16 gene in E. coli, its 

purification and functional characterization. 

3. 0 Materials 

3.1 Preparation of Glasswares and plasticwares  

The details of Glassware and plastic ware used in this experiment have been described 

previously in chapter 2 (section 3.1 & 3.2). 

3.1 Chemicals  

PCR primers were synthesized from MWG, Bangalore. PCR buffer and Taq-DNA 

polymerase was from Bangalore Genei, India. dNTPs were from Sigma. AccuTaq-LA 

DNA polymerase (Invitrogen). Agarose was from Bioworld (USA), Gel elution kit was 

from Axygen, USA. Restriction enzymes, T4 DNA ligase and RNase were from 

Promega (USA).  Chemicals were purchased from Sigma-Aldrich (USA), Bioworld 

(USA), Merck, SD fine chemicals, Hi-Media. All the solvents of analytical and HPLC 

grade were purchased from HiMedia, Qualigens fine chemicals and E-Merck 

Laboratories, India. The Sucrose and glucose were obtained from Hi- Media. Bacto-

Agar for microbial work was obtained from DIFCO laboratories, USA. UDP- glucose, 

UDP- galactose, UDP-glucuronic acid, naringenin, diadzein, genistein, apigenin, 

catechin, myricetin, isorhamnetin, luteolin, hesperetin, kaempferol and all the respective 

glycosides were also obtained from Sigma-Aldrich (USA) and Chromadex (USA).  

3.3 Vector and bacterial strains 

Table 3A.0  

Vector Source Features 

pGEM-T Easy Promega T/A cloning vector 

pET-30 (b+) Novagen Expression vector 

 
Bacterial 
Strains 

Source Genotype 

E. coli XL-10 
gold 

Stratagene Tetr Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 
endA1 supE44 thi-1 recA1 gyrA96 relA1 lac 
Hte [F´ proAB lacIqZΔM15 Tn10 (Tetr) Amy 
Camr] 
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XL1-Blue MRF´ 
strain 

Stratagene Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 
supE44 thi-1 recA1 gyrA96relA1 lac [F´ proAB 
lacIqZΔM15 Tn10 (Tetr)] 

E. coli. BL21 
(DE3) 

Stratagene E. coli B F-ompT hsdS(rB–mB–) dcm+Tetr 
gal λ(DE3) endA Hte  

 

 

3.4 Equipments used during study 

Table 3A.1 

S. No  Equipment  Make 
1  Balances  Contech/Sartorious  
2  Water bath  Fisher Scientific/Julabo  
3  Dry Bath  Eppendorf/Banglore Genei  
4  Incubator/shaker  New Brunswick  
5  Centrifuge  Sorvall/Haereus/Eppendorf/Sigma  
6  Gel Documentation system  Bio-Rad  
7  Thermo Cycler PCR machine BioRad/Stratagene  
8  Spectrophotometer  Perkin Elmer Lambda 650  
9  Power pack  Bio-Rad  
10  Agarose Gel Electrophoresis Units  Bangalore Genei/Bio-Rad  
11  Protein Gel Electrophoresis Units  GE life science  
12  pH-Meter  Microset  
13  Water purification system  Millipore Unit (Milli RO/Milli Q)  
14  Microwave oven  Electrolux  
15  Fridge/ Deep freezer  Vestfrost/Leonard/Godrej  
16  Magnetic rotator  REMI  
17  Laminar Air Flow  Microfilt India  
18  HPLC  Perkin Elmer  
19  LC-MS  Waters  
20  Sonicator  Misonix-XL-2000  
21  NanoVue  GE life science  

3.5 Buffers and solutions 

3.5.1 Buffers and solutions for agarose gel electrophoresis and plasmid isolation 

Buffer solution and media used for agarose gel electrophoresis, bacterial studies and 

plasmid isolation respectively were previously described in chapter 2 (section 3.7.1, 

3.7.2 & 3.7.4). 
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3.5.2 Stock solutions for bacterial transformation and selection 

Table 3A.2  

Name Components Preparation and Storage 
IPTG solution  200 mg/mL in SMQ  Filter sterilization and stored at -20 ºC  
X-Gal (5-
bromo-4chloro 
-3-indolyl-β-
D- galactoside)  

20 mg/mL in Dimethyl 
formamide (DMF)  

Light sensitive, covered & stored at -20 ºC 

Ampicillin  100 mg/mL in SMQ  Filter sterilization and stored at -20 ºC  
Tetracycline  12.5 mg/mL in 70% 

ethanol  
Filter sterilization and stored at -20 ºC  

Kanamycin 100 mg/mL in SMQ Filter sterilization and stored at -20 ºC 
 

3.5.3 Buffers and solutions for protein extraction and purification  

3.5.3.1 Buffers used for purification of protein from inclusion body 

Table 3A.3 

Name Components Preparation and 
storage 

Lysis buffer  50 mM Tris-HCl (pH 8.0) 
1 mM EDTA 
150 mM NaCl 
0.5% TritonX-100 
0.7 mM DTT  
0.1 mM PMSF (Freshly added) 
10 mM MgSO4 

Lysozyme 100 μg/mL (Added freshly)  

Stored at 4 ºC  

Sonication 
buffer  

100 mM Tris HCl (pH 8.0)  
50 mM Glycine  

Stored at 4 ºC  

Dispersion 
buffer  

100 mM Tris-HCl (pH 8.0) 
50 mM Glycine  
8 M Urea  

Stored at 4 ºC  

Binding buffer  50 mM Tris (pH 8.0) 
300 mM NaCl 
20 mM imidazole  

pH adjusted by adding 
concentrated HCl and 
stored at 4 ºC  

Wash buffer  50 mM Tris (pH 8.0) 
300 mM NaCl  
50 mM imidazole  

pH adjusted by adding 
concentrated HCl and 
stored at 4 ºC 

Elution buffer  50 mM Tris (pH 8.0) 
300 mM NaCl 
300 mM imidazole  

pH adjusted by adding 
concentrated HCl and 
stored at 4 ºC 
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3.5.3.2 Buffers used for purification of protein from lysate 

Table 3A.4 

Name Components Preparation and storage 

Lysis buffer  50 mM Tris-HCl (pH 8.0)  
1 mM EDTA  
150 mM NaCl  
0.5% TritonX-100  
0.7 mM DTT  
0.1 mM PMSF (Freshly added)  
10 mM MgSO4  
Lysozyme 100 μg/mL (Added 
freshly)  

Stored at 4 ºC  

Binding buffer  50 mM Tris (pH 8.0)  
300 mM NaCl 
20 mM imidazole  

pH adjusted by adding 
concentrated HCl and stored 
at 4 ºC 

Wash buffer  50 mM Tris (pH 8.0)  
300 mM NaCl  
50 mM imidazole  

pH adjusted by adding 
concentrated HCl and stored 
at 4 ºC 

Elution buffer  50 mM Tris (pH 8.0)  
300 mM NaCl  
300 mM imidazole  

pH adjusted by adding 
concentrated HCl and stored 
at 4 ºC 

3.5.4 Buffers and solutions for protein gel electrophoresis (SDS-PAGE) and 

staining 

Table 3A.5 

Name Component Preparation 
and storage 

Monomer 
solution  

29.2% acrylamide  
0.8% bis-acrylamide in water  

Stored at 4 ºC 
(in darkness)  

Stacking gel  Distilled water 2.76 mL  
1 M Tris-HCl (pH 6.8) 0.50 mL  
Acrylamide/bis 30% 0.65 mL  
10% SDS 
0.04 mL 10% (w/v)  
APS 0.04 mL  
TEMED 4 .0 μL  

Freshly 
prepared  

Separating gel 
(10%)  

Distilled water 3.162 mL  
1.5 M Tris-HCl (pH 8.8) 2.0 mL Acrylamide/Bis 
30% 2.67 mL  
10% SDS ( SDS-PAGE) 0.08 mL 10% (w/v) APS  
0.08 mL TEMED 8.0 μL  

Freshly 
prepared 

2x Protein 
loading buffer  

Distilled water 2.7 mL  
0.5 M Tris-HCl (pH 6.8) 1.0 mL Glycerol 2.0 mL  
10% SDS( SDS-PAGE)  
3.3 mL β-Mercaptoethanol 0.5 mL 0.5% 
Bromophenol blue 0.5 mL  

Stored at 4 ºC  

10x SDS- Tris base 15.1 g  Stored at 4 ºC 
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electrode 
buffer  

Glycine 94.0 g  
SDS 0.5 g Adjust pH-8.3 And make-up the volume 
up to 500 mL. 

Dilute 1:10 
before use  

Staining 
solution 
(Coomassie)  

Coomassie-blue R 250, 0.25 g in Methanol 40 mL 
Acetic acid, 10 mL  
Make-up volume up to 100 mL  

Stored at RT 
(in brown 
bottle)  

Destaining 
solution  

Methanol, 40 ml 
 Acetic acid, 10 mL  
Make- up volume up to 100 mL 

Freshly 
prepared  

Silver staining 
Fixer solution I  40% Methanol (40 mL) 

 10% acetic acid (10 mL)  
Make-up volume up to 100 mL 

Store at RT  

Fixer solution II  50% Ethanol  Freshly 
prepared  

Sensitizing 
solution  

0.2% Na2S2O3  Store at RT  

Silver solution  0.2% silver nitrate (0.6 g)  
0.01 % formaldehyde (225 μL) Make-up volume 
up to 300 mL 

Prepared 
freshly in 
darkness  

Developing 
solution  

6% Na2CO3 (18 g)  
0.02% formaldehyde (450 μL) Make-up volume 
up to 300 mL 

Prepared 
freshly  

Stop solution  1.5% Na2EDTA (4.5 g)  
Make-up volume up to 300 mL 

Store at RT  

 

3.6 Substrates and standards used for enzyme assay 

The activity of the UGT73A16 was measured using various acceptor and donor 

substrates and their comparison with specific standards. The list of acceptors, donors 

and standards are given in Table 3A.6 and 3A.7. 

Table 3A.6 List of acceptor substrates 

Acceptor Manufacturer Acceptor Manufacturer 

Apigenin Sigma Naringenin Sigma 

Daidzein Sigma  Catechin Sigma 

Genistein Sigma  Hesperetin Sigma 

BiochaninA Sigma  Myricetin Sigma 

Kaempferol Sigma  Quercetin Sigma 

Isorhamnetin Sigma  Luteolin Sigma 

3-hydroxy 

flavone 
Sigma 

2' hydroxy chalcone 

(NEIST-28) 

Synthesized from 

north-east university 
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Table 3A.7 List of donor substrates and standard used in HPLC 

Donor 

substrate 
Manufacturer Standards Manufacturer 

UDP-Glucose Sigma Genistein 7-O-glucoside Chromadex (USA) 

UDP- 

glucuronic acid 
Sigma Naringenin 7-O-glucoside Chromadex (USA) 

UDP-Galactose Sigma 
Naringenin 4`-O-glucoside Chromadex (USA) 

Kaempferol 3-O-glucoside Chromadex (USA) 

  Apigenin 7-O-glucoside Chromadex (USA) 

  BiochaninA 7-O-glucoside Chromadex (USA) 

  Diadzein 7-O-glucoside Chromadex (USA) 

  
Isorhamnetin 3-O-

glucoside 
Chromadex (USA) 

 

4. 0 Methods 

4.1 Expression and purification of Recombinant UGT73A16 

4.1.1 Directional cloning of UGT73A16 in expression vector [pET 30 b (+)] 

Appropriate restriction sites (NdeI and XhoI) were introduced by PCR in UGT73A16 

ORF and cloned in pGEM-T Easy vector. Inserts were excised from pGEM-T Easy 

(Fig. 3A.1 A) clone plasmids using restriction enzymes NdeI and XhoI and ligated into 

pET 30b (+) vector (Fig. 3A.1 B). Ligation mixtures were used to transform in E. coli 

XL-10 and plasmids were isolated and confirmed by digestion. Plasmids were mobilized 

into the expression cells E. coli BL21 (DE3) strain. 
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4.1.2 Heterologous expression in E. coli  

Heterologous expression of UGT73A16 gene was attempted in E. coli BL21 (DE3) host 

cells. The transformants were grown at 37 ºC in Luria–Bertani medium containing 

kanamycin (50 μg/mL). A single isolated bacterial colony from freshly streaked plates 

(grown on LB agar medium containing 50 μg/mL kanamycin) was used to inoculate 5 

mL liquid LB medium containing the same concentrations of the antibiotic. Culture was 

grown overnight with shaking at 200 rpm at 37 °C. One mL aliquot of the culture was 

used to inoculate 100 mL liquid LB containing 50 μg/mL kanamycin. Once the cultures 

reached A600 0.4 - 0.6, recombinant protein expression was induced by the addition of 1 

mM isopropyl β-D-thiogalactopyranoside (IPTG), and the culture was grown for 4 to 6 h 

at 37 °C with shaking at 200 rpm. Cells were harvested by centrifugation at 6,000 rpm 

for 10 min at 4 °C. Pellets were resuspended in 6.25 mL lysis buffer and cells disruption 

was done by MISONIX at 70% amplitude for 5 min. MgSO4 (10 mM) and lysozyme 

(100 μg/mL) was added to the disrupted cells and kept at 37 oC for 20 min. It was 

centrifuged at 10,000 rpm for 10 min at 4 oC and supernatant was saved as lysate and 

pellet was resuspended in 2 mL sonication buffer. Suspension was again sonicated for 1 

min at 70% amplitude to disrupt the inclusion bodies and the disrupted inclusion bodies 

were dissolved in 3 mL of dispersion buffer and an aliquot of 20 μL was checked on 

SDS PAGE to check heterologous expression of the proteins.  

4.1.3 Affinity purification of recombinant UGT73A16 from inclusion bodies 

Polyhistidine-tags are often used for affinity purification of polyhistidine-tagged 

recombinant proteins that are expressed in E. coli or other prokaryotic expression 

systems. This affinity matrix contains bound metal ion nickel, to which the poly 

histidine-tag binds with micro molar affinity. The column(s) and buffers were 

equilibrated to room temperature. The Ni+ beads column was equilibrated with binding 

buffer for 30 min, followed by addition of recombinant protein dissolved in dispersion 

buffer. The column was kept at 4 ºC for 1 h for binding of recombinant protein to Ni+ 

beads on dancing shaker. After 1 h, beads were allowed to settle down and flow through 

was collected. Column was then washed with 6-8 bed volume of washing buffer, until 

OD280 reaches to baseline. The washing stringency may be increase by increasing 

imidazole concentration and 6×His-tagged proteins are usually eluted with 4 aliquots (1 

mL each) of 300 mM imidazole. Protein elution was monitored by measuring the 

absorbance at 280 nm of collected fractions. The eluted protein was separated and 

analyzed by SDS-PAGE. The gel was stained with coomassie blue and protein 

concentration was determined by Bradford (Bio-Rad) method using BSA as standard. 



 

Somesh Singh                               Ph. D thesis                        University of Pune   53 
 

4.1.4 Polyacrylamide gel electrophoresis (PAGE)  

PAGE system is the widely used electrophoresis system for protein separations 

(Laemmli 1970). The resolution in a Laemmeli gel is excellent because the treated 

peptides are stacked in a stacking gel before entering the separating gel.  

4.1.4.1 Preparation of the separating gel  

A vertical slab gel (GE Healthcare, Sweden) was assembled using 1.5 mm spacers. In a 

side armed vacuum flask, 10% separating gel solution was made as mentioned in section 

3.5.4, except for the addition of ammonium persulfate and TEMED. The solution was 

degassed by applying vacuum while stirring on a magnetic stirrer. TEMED and 

ammonium persulfate were added, and mixed gently without generating bubbles. The 

solution was pipetted into the gel cassette leaving 1.5 cm from the top unfilled. The gel 

solution was overlaid with water saturated n-butanol to remove trapped air bubbles and 

to layer evenly across the entire surface. When a sharp liquid-gel inter-surface was 

observed after the gel polymerization, the slab was tilted to pour off the solution.  

4.1.4.2 Preparation of the stacking gel  

Stacking gel solution was prepared as given in section 3.5.4, excluding ammonium per 

sulfate and TEMED. As in the separating gel, this solution was degassed. TEMED and 

ammonium per sulfate were added, mixed and overlaid on the separating gel. A comb 

was inserted taking care not to trap air bubbles beneath the comb teeth. The gel was left 

to polymerize.  

4.1.4.3 Preparation of the sample  

Equal parts of the protein sample and the loading buffer were mixed in a micro-

centrifuge tube and kept in a boiling water bath for 3-5 min for SDS-PAGE. Then the 

samples were centrifuged at 10,000 rpm for 2 min, supernatant collected and used for 

electrophoresis. Gel was run at room temperature at constant ampere 20 mA or 80 V. 

The protein samples for native PAGE were mixed with native dye and gel was run at 80 

V at low temperature ranging from 4-10 ºC. 

4.1.4.4 Loading of samples and running the polyacrylamide gel 

 After polymerization of polyacrylamide gel, wells were flushed with distilled water and 

drained off completely. The wells were filled with tank buffer and the samples under 

laid using a syringe. Lower and upper buffer chambers were filled with tank buffer. 

Voltage was set between 70-80 units. The run was stopped when the dye reached the 

bottom of the polyacrylamide gel. 
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4.1.4.5 Coomassie blue staining of the gel  

Coomassie blue staining solution: 45 mL Methanol, 10 mL acetic acid, 45 mL de-

ionized water and 0.25% Coomassie blue (R 250). After running the gel it was 

transferred directly to a gel staining box (Tarsons, India) containing Coomassie blue 

staining solution and was kept for 2-3 h at room temperature on dancing shaker. 

Staining solution was poured off and de-staining solution was poured in. De-staining 

step was repeated two-three times till clear bands appeared.  

4.1.4.6 Silver staining of the gel  

Protein separated on SDS or native PAGE, was transferred to the fixer solution for 1 h. 

This was followed by 2 x 20 min washes in 50% ethanol. The gel was transferred to 

sodium thiosulfate solution for 1 min and rinsed thrice with deionized H2O (20 s each). 

The gel was silver stained (HCHO was added to the solution just before use) for 20 min 

with intermittent shaking in dark. The gel was then rinsed thrice with deionized H2O (20 

s each) and transferred to the developer till the bands developed. The gel was washed 

with deionized H2O and stored in fixer. 

4.1.4 Optimization of UGT73A16 expression in E. coli  

Expression of soluble protein was optimized for different IPTG concentration (for 

induction), temperature (to grow the culture after induction) and duration of induction. 

Both IPTG concentration and temperature were reduced to increase expression of 

soluble protein. 

4.1.5 Purification of protein from cell lysate  

Cell lysate obtained as given above in section 4.1.2 was utilized to purify protein in 

native form. Resins and buffers were used in purification of protein from cell lysate are 

given above in section 3.5.3.2. Purification was performed as described in above section 

but all the protocols were performed at 4 °C to rescue the purified protein in active form. 

The eluted protein was separated and analyzed by SDS-PAGE. The gel was stained with 

coomassie blue stain and silver stain. The protein concentration was determined by 

Bradford (Bio-Rad) method using BSA as the standard. 

4.2 UGT73A16 enzyme assay and product identification 

The reaction mixture (200 μL) consisted of 400 μM glucose donor (UDP-glucose, UDP- 

galactose and UDP- glucuronic acid), 100 μM substrate, 0.1 M Tris-HCl buffer (pH 8.0) 

and 40 μg of purified UGT73A16. The reaction was incubated at 37 oC for 3 hours. The 

reaction was terminated and extracted twice by the addition of equal volume of ethyl 

acetate and evaporated to dryness. The dried reaction product was dissolved in methanol 

and analyzed by HPLC, hypsochromic shift and LC-MS. 
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Table 3A.8 Mobile phase system for each substrate 

Compound/UV 
Absorbance 

Step Time (Min)
Acetonotrile  

(%) 
 SMQ 

(0.1% TFA) 

Apigenin 
(320 nm) 

1 5.0 10 90 
2 5.0 40 60 
3 5.0 70 30 
4 5.0 90 10 

Daidzein 
(295 nm) 

1 5.0 10 90 
2 5.0 30 70 
3 5.0 60 40 
4 5.0 90 10 

Genistein 
(262 nm) 

1 5.0 10 90 
2 5.0 30 70 
3 5.0 60 40 
4 5.0 90 10 

Kaempferol 
(320 nm) 

1 5.0 10 90 
2 5.0 30 70 
3 5.0 75 25 
4 5.0 95 05 

Isorhamnetin 
(320 nm) 

1 5.0 10 90 
2 5.0 35 65 
3 5.0 65 35 
4 5.0 90 10 

Naringenin 
(280 nm) 

1 5.0 20 80 
2 5.0 40 60 
3 5.0 70 30 
4 5.0 90 10 

BiochaninA 
(260 nm) 

1 5.0 10 90 
2 5.0 30 70 
3 5.0 70 30 
4 5.0 90 10 

Baicalein 
(260 nm) 

1 5.0 10 90 
2 5.0 35 65 
3 5.0 70 30 
4 5.0 90 10 

3-hydroxy flavone 
(320 nm) 

1 5.0 40 60 
2 5.0 60 40 
3 5.0 90 10 
4 5.0 95 05 

2’-hydroxy chalcone 
(355 nm) 

1 5.0 30 70 
2 5.0 50 50 
3 5.0 70 30 
4 10.0 90 10 
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4.3 Kinetic studies of UGT73A16 

The Km and Vmax values of UGT73A16 for naringenin, genistein and baicalein were 

determined at pH 8.0 and 37 °C by fitting the initial velocity data of Michelis-Menten 

equation using nonlinear regression analysis. Substrates were used at a saturating 

concentration with constant enzyme concentration. The reaction for UDP- 

glycosyltransferase (naringenin and genistein) contained 12 µg of purified UGT73A16, 

100 mM Tris-Cl (pH 8.0), 100 µM of UDP- glucose and 2 µM -18 µM of substrates. In 

case of baicalein, reaction contained 40 µg of purified UGT73A16, 100 mM Tris-Cl (pH 

8.0), 400 µM of UDP- glucuronic acid and 10 µM -100 µM of substrates. To determine 

the standard graph Michelis-Menten plot, peak area of HPLC chromatograms were 

calculated.  Concentration of substrates and standards were considered on X-axis and 

peak area on Y-axis and graphs were plotted using Origin 6.1 software. 

5.0 Results and discussion 

5.1 Cloning of UGT73A16 gene in pET 30b (+) vector 

5.1.1 Incorporation of restriction sites and directional cloning of UGT73A16 gene 

in pET-30b (+) 

The cloned sequence of UGT73A16 in pGEM-T Easy was used as template using gene 

specific primers WSfullF and WSfullR to incorporate the NdeI site at the 5’ end and 

XhoI site at 3’ end of the gene. Approximately, 1.4 kb (1413 bp UGT73A16 ORF + NdeI 

and XhoI restriction sites) amplicon was cloned in pGEM-T Easy vector. The above 

clone of UGT73A16 gene in pGEM-T Easy vector was restriction digested with NdeI 

and XhoI restriction enzymes and ~1.4 kb fragment was ligated into pET-30b (+) vector 

(Fig. 3A.1 B) flanked with same restriction sites. Ligation mixture was transformed into 

E. coli XL10 competent cells and plated on LB-agar plate (kanamycin 50 μg/mL). E. 

coli colonies having recombinant plasmids were screened by colony PCR with T7 

promoter and T7 terminator primers (Fig. 3A.4 A). Plasmids were isolated from colony 

PCR positive clones and digested with NdeI and XhoI to confirm the integration of 

UGT73A16 gene fragment in pET-30b (+) vector (Fig. 3A.4 B). Further sequencing was 

done for confirmation of integration of the UGT73A16 gene along with restriction sites. 

The sequence was translated using proteomic tools for checking in frame translation up 

to 6x HIS tag. 
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Fig. 3A.3 Vector map of pET-30b (+) 

 

Fig. 3A.4 (A) Colony PCR showing ~ 1.4 kb UGT73A16 gene (additional amplification 

is due to presence of sequences between T7 Prom/Term) in recombinant colonies; Lane 

M: Low range DNA ruler, lane 1 & 4 are positive clones (B) Restriction analysis of 

recombinant pET 30b (+) with NdeI and XhoI: lane 1 & 2 recombinant vector releasing 

~1.4 kb UGT73A16 gene and ~5.4 kb vector backbone, lane M: Medium range DNA 

ruler 

5.2 Recombinant UGT73A16 protein expression and purification  

E. coli BL 21 (DE3) cells transformed with recombinant pET 30b (+) plasmid was 

screened for over-expression of UGT73A16 protein. The E. coli BL21 (DE3) cells 

harboring recombinant plasmid were grown O/N in 5 mL LB (Kanamycin 30 μg/mL) 

tubes. The above primary culture was re-innoculated in fresh 50 mL LB (Kanamycin 50 
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baicalein showed the activity with UDP- glucose but not with the UDP- galactose. In 

case of baicalein, it showed the activity only with UDP- glucuronic acid.  

Table 3A.9 Substrate specificity of UGT73A16 with different substrate 

Group of 

compounds 

Donor 

Substrate 

Acceptor 

substrate 

Structure UGT73A16 

Flavonols UDP-Glucose 3-Hydroxy 

flavone 

 +Ve 

UDP-Glucose Kaempferol  +Ve 

UDP-Glucose Isorhamnetin  +Ve 

UDP-Glucose Naringenin  +Ve 

Iso-

Flavones 

UDP-Glucose Daidzein  +Ve 

UDP-Glucose Genistein  +Ve 

UDP-Glucose BiochaninA  +Ve 

Flavones UDP-Glucose Apigenin  +Ve 

UDP-

Glucuronic acid

Baicalein  +Ve 

Chalcone UDP-glucose 2' hydroxy 

chalcone 

(NEIST28) 

 +Ve 
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5.4.2 Identification of kaempferol 

The retention time of the reaction product from kaempferol was 9.5 min (Fig. 3A.8 A) 

similar to the authentic compound corresponding to kaempferol 3-O-glucoside (Fig. 

3A.8 B). The reaction product showed ~18 nm hypsochromic shift (Fig. 3A.8 D) as 

compared to original substrate (13.5 min retention time), which suggested that 

glycosylation occurs at C-3 hydroxyl group of original compound. 

 

 

Fig. 3A.8 (A) HPLC chromatogram: UGT73A16 assay of kaempferol: Single 

reaction product, kaempferol 3-O-glucoside (B) Standard: kaempferol 3-O-glucoside; 

(C) Substrate: Kaemferol; (D) Hypsochromic shift: kaempferol substrate in yellow, 

kaempferol 3-O-glucoside standard in blue and UGT73A16 reaction product in orange 

color 
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Fig. 3A.10 (A) HPLC chromatogram: UGT73A16 assay mixture of daidzein: single 

reaction product, daidzein 7-O-glucoside (B) Standard: daidzein 7-O-glucoside (C) 

Substrate: daidzein (D) Hypsochromic shift: daidzein substrate, daidzein 7-O-

glucoside standard and UGT73A16 reaction product shown in yellow, blue and orange 

color respectively 

5.4.5 Identification of 3-hydroxy flavone 

In case of 3- hydroxy flavone (3-HF), which has the single OH group at the C-3 position 

of B-ring, a  new peak at 6.3 min retention time on HPLC was observed  (Fig. 3A.11 A) 

and further analyzed on LC-MS (Fig. 3A.11 B). The LC-MS analysis showed the mass 

of unused substrate with the majority of hydrogen ion (m/z 239.198 [M+1] +) and the 

reaction product with majority of sodium ion (m/z 423.386 [M+23] +). Increase in the 

mass of substrate by 162 Da with sodium ion suggested that glycosylation reaction 

occurred at 3- OH group of 3HF. 

 



 

Somesh Singh                               Ph. D thesis                        University of Pune   66 
 

 

Fig. 3A.11 (A) HPLC chromatogram: UGT73A16 assay mixture of 3HF: single 

reaction product, 3-hydroxy flavone glucoside. (B) LC-MS data of 3HF substrate and 

their reaction product 

5.4.6 Identification of apigenin 

On HPLC based analysis, apigenin substrate had 12.5 min retention time. The assay of 

apigenin generated a new peak with 10.4 min retention time (Fig. 3A.12 A), which was 

similar to authentic compound, apigenin 7-O-glucoside (Fig. 3A.12 B). HPLC analysis 

showed that the reactions of UGT73A16 with apigenin yielded a single mono-

glycosylated product. 
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Fig. 3A.12 (A) HPLC chromatogram: UGT73A16 assay mixture of apigenin: single 

reaction product, apigenin 7-O-glucoside (B) Standard: apigenin 7-O-glucoside (C) 

Substrate: apigenin 

5.4.7 Identification of genistein 

HPLC analysis showed that the reaction of UGT73A16 with genistein yielded a single 

mono-glycosylated product (Fig. 3A.13 A). The retention time of the reaction product 

from genistein was 11.2 min and it was similar to the authentic compound 

corresponding to genistein 7-O-glucoside (Fig. 3A.13 B). The lack of hypsochromic 

shift between substrate (15.2 min retention time) and product suggested that 

glycosylation occurred at hydroxyl group of C-7 (Fig. 3A.13 D) 
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Fig. 3A.13 (A) HPLC chromatogram: UGT73A16 assay mixture of genistein: single 

reaction product, genistein 7-O-glucoside (B) Standard: genistein 7-O-glucoside (C) 

Substrate: genistein (D) Hypsochromic shift: genistein 7-O-glucoside standard, 

genistein substrate and UGT73A16 reaction product shown in yellow, blue and orange 

color respectively 

5.4.8 Identification of isorhamnetin 

The retention time of the reaction product from isorhamnetin was 9.5 min (Fig. 3A.14 

A) and it was similar to authentic compound corresponding to isorhamnetin 3-O-

glucoside (Fig. 3A.14 B), which suggested that glycosylation occurs at C-3 hydroxyl 

group of original compound. The reaction product showed the ~17 nm hypsochromic 

shift (Fig. 3A.14 D) as compared to original substrate (13.8 min retention time), which 

suggested that glycosylation occurs at C-3 hydroxyl group of original compound. 
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Fig. 3A.14 (A) HPLC chromatogram: UGT73A16 assay mixture of isorhamnetin: 

single reaction product, isorhamnetin 3-O-glucoside (B) Standard: isorhamnetin 3-O-

glucoside (C) Substrate: isorhamnetin (D) Hypsochromic shift: isorhamnetin substrate 

and UGT73A16 reaction product shown in blue and yellow color respectively. 

5.4.9 Identification of Baicalein 

Baicalein reaction generated a new peak with 9.9 min (Fig. 3A.15 A) retention time and 

it was similar to authentic compound corresponding baicalein 7-O-glucuronide (Fig. 

3A.15 B), which suggested that glycosylation occurs at C-7 hydroxyl group of substrate. 
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Fig. 3A.16 (A) HPLC chromatogram: UGT73A16 assay mixture of 2' hydroxy 

chalcone: single reaction product, chalcone 2'-O-glucoside (B) Substrate: 2' hydroxy 

chalcone 

5.5 Kinetic studies of UGT73A16 

5.5.1 Kinetic parameters of naringenin and genistein 

To determine the initial velocity of UGT73A16, the assays were performed under steady 

state conditions using the standard assay system with various substrate concentrations. 

For naringenin and genistein the standard reaction mixture (200 μL) consisted of 100 

μM UDP-glucose, 100 mM Tris-Cl (pH 8.0), 2 µM -18 µM of substrates and 12 μg of 

purified UGT73A16. The reaction was incubated at 37 ºC for 3 h and products were 

extracted twice with ethyl acetate and evaporated to dryness. All the reaction products 

were dissolved in equal volume of methanol and analyzed on reverse- phased HPLC on 

a C18 column. The known concentration of genistein 7-O-glucoside (Fig. 3A.17 A) and 

naringenin 7-O-glucoside (Fig. 3A.18 A) were used to plot a standard graph. The 

apparent Km and Vmax values for genistein and naringenin were determined by fitting the 

initial velocity data to the Michaelis-Menten equation using nonlinear regression 

analysis (Fig. 3A.17 B & Fig. 3A.18 B). The Km and Vmax values (Table 3A.10) of 

UGT73A16 for naringenin and genistein were determined at pH 8.0 and 37°C. 

According to kcat/Km ratio which reflects the enzyme catalytic efficiency, UGT73A16 
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 Enzyme assay was done using UDP-glucose and UDP-glucuronic acid as donor 

and genistein, daidzein, apigenin, naringenin, kaempferol, biochanin A, 

baicalein, 3-hydroxy flavone and 2' hydroxy chalcone as acceptor substrate. 

 Product identification was done by high performance liquid chromatography 

(HPLC), hypsochromic shift and LC-MS. 

 Kinetic parameters showed that UGT73A16 used genistein most efficiently and 

high enzymatic affinity was observed towards naringenin. 
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1.0 Summary 

Plant secondary metabolites glucosides are very difficult to isolate or chemically 

synthesize in pure form because of low yield. Thus simple approaches for the production 

of such glucosides would be highly beneficial. In this regards we explored UGT73A16 

of Withania somnifera as whole cell catalyst in E. coli. We used flavonoids (genistein, 

apigenin, kaempferol, naringenin, biochaninA and daidzein) as substrates for this study 

because flavonoids and their glucosides have important medicinal properties and they 

provide a complex structure for regioselective glycosylation. Approximate 21 mg/L to 

22 mg/L of either apigenin 7-O-glucoside or naringenin 7-O-glucoside was produced 

after feeding apigenin or naringenin to E. coli expressing UGT73A16. More than 95% 

of the glucosides products were released into the medium, facilitating their isolation. 

2.0 Introduction 

Plant derived glucosides have attracted great attention due to their widespread 

applications.  The isolation and purification of significant amount of specific flavonoid 

glucosides from plant source is time consuming since plants contain wide and variable 

spectra of glucosides with different types of sugar attachment (Harborne and Baxter 

1999). On the other hand chemical synthesis of specific glucoside is notoriously 

complicated. The flavonols aglycone has five potential glycosylation sites and to 

synthesize any single monoglucoside, four other hydroxyl groups must be blocked 

(Bouktaib et al. 2002; Li et al. 2002). Thus the sequential blocking and deblocking of 

the hydroxyl groups for regioselective glycosylation is also time consuming and 

complicated process and presence of some impurity also found (Bouktaib et al. 2002). 

The purpose of this study was to explore the utility of plant UGTs as regioselective 

biocatalyst. Nucleotide activated sugar is the essential component in small molecule 

glycosylation. One of the major problems for large scale application of glycosylation is 

the provision of UDP-glucose to the in vitro system. Although different approaches 

including chemical method (Kretzschmar and Stahl 1988), enzymatic synthesis 

(Bulter and Elling 1999) and regeneration using UDP-glucose pyrophosphorylase and 

pyrophosphatase for synthesis of nucleoside diphosphate sugars (Heidlas et al. 1992; 

Wong et al. 1992) have been reported, these approaches are either laborious, difficult or 

require sugar phosphates; phosphoenolpyruvate and 5’ triphosphate and therefore 

involve high cost. Since UDP-glucose is a natural intermediate in cell wall synthesis in 

bacterial cells, using glycosyltransferases engineered in bacteria to synthesize small 

molecule glucosides should be an efficient system to overcome the difficulty associated 
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with the preparation of nucleotide sugars. Similar studies on production of flavonoid 

glucosides in E. coli have recently been reported (Lim et al. 2004; Willits et al. 2004; 

Xian et al. 2008). Our recent research on UDP-glucose: glycosyltransferase 

(UGT73A16) of W. somnifera offers a new possibility of exploring regioselective 

glycosylation of genistein, apigenin, daidzein, naringenin, kaempferol and biochaninA. 

Here we report the production of milligram quantities of the 7-O-glucoside of iso-

flavones (genistein, daidzein and biochaninA), flavones (apigenin), flavanone 

(naringenin) and 3-O-glucoside of flavonols (kaempferol) in E. coli cultures expressing 

UGT73A16. 

3.0  Materials 

3.1 Preparation of Glasswares and plasticwares  

The details of glasswares and plasticwares have been described previously in chapter 2. 

3.2 Chemicals  

All the aglycones, iso-flavones (genistein, daidzein and biochaninA), flavones 

(apigenin), flavanone (naringenin) and flavonols (kaempferol) were purchased from 

sigma (Sigma, USA) and their glucosides were purchased from chromadex 

(www.chromadex.com). The protein expression vector pET 30 b (+) and E. coli strain 

BL21 (DE3) were purchased from Novagen (Novagen, USA). All the solvents of 

analytical and HPLC grade were purchased from HiMedia, Qualigens fine chemicals 

and E-Merck Laboratories, India. 

4.0 Methods 

4.1 UGT73A16 as whole cell biocatalyst  

E. coli BL21 (DE3) strains carrying the recombinant UGT73A16 construct were grown 

in 50 ml Luria-Bertani (LB) medium at 37 oC until OD600 reached 0.6-0.7. IPTG was 

then added to the cultures to a final concentration of 0.08 mM.  E. coli culture harboring 

empty vector pET 30 b (+) was used as a control. At the same time 100 µM of each 

substrates; genistein (27.02 mg/L), daidzein (25.4 mg/L), biochaninA (28.4 mg/L), 

apigenin (27.02 mg/L), naringenin (27.2 mg/L) and kaempferol (28.6 mg/L) dissolved in 

dimethyl sulfoxide (DMSO) were  then added to the induced cultures. After an 

appropriate incubation time (12 h, 16 h, 20 h, 24 h and 48 h) at 22 oC; cultures were 

centrifuged at 5000×g for 10 min to obtain the supernatant fraction and cell pellet 

fraction. The cell pellet was resuspended in ethyl acetate to extract aglycone and its 

glucosides and centrifuged at 10,000×g for 5 min to remove the cell debris and the 

supernatant fraction was also used for ethyl acetate extraction. 
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4.2 HPLC analysis of glycosylated products  

Both the supernatant and cell fractions were evaporated to dryness and dissolved in 

methanol for high performance liquid chromatography (HPLC) analysis. Reverse phase 

HPLC analysis was carried out on a Perkin Elmer system equipped with a diode array 

detector (DAD) as given in chapter 3A (Section 4.2.3). 

5.0 Results and discussions 

5.1 Production of glucosides using UGT73A16 as biocatalysts in E. coli 

UGT73A16 is a flavonoid glycosyltransferase from W. somnifera, which can transfer 

glucose from uridine diphosphate (UDP)-glucose to aglycone substrates (genistein, 

daidzein, biochaninA, apigenin, naringenin and kaempferol) to produce its glucoside in 

vitro (Chapter 3A). To investigate the production of glucosides by recombinant E. coli 

in vivo, we incubated induced cell cultures of E. coli BL21 (DE3) carrying the 

recombinant UGT73A16 with equal concentration of each substrates  for different times. 

The medium and cell pellet were extracted with ethyl acetate and products were 

analyzed by HPLC. More than 95% of glucoside products were released into the 

medium extract than the cell pellet extract (Table 3B.1). The expected glucosides were 

produced and could be detected in the culture medium after 12 h (Fig. 3B.1, Table 

3B.0).  

Table 3B.0 Glucoside synthesis in E. coli in LB medium (100 µM of each substrate) 

Glucoside LB medium (mg/L) 

12 h 16 h 20 h 24 h 48 h % Rate of 

conversion 

(24 h) 

Genistein 7-

O-glucoside 

5.4±0.1 6.83±0.07 11.45±0.5 14.73±0.1 16.21±0.3 54.51 

Apigenin 7-

O-glucoside 

2.96±0.13 5.59±0.1 10.15±0.05 21.52±0.2 21.71±0.21 79.64 

Kaempferol 

3-O-glucoside 

1.52±0.08 2.80±0.1 5.39±0.19 14.38±0.48 14.47±0.49 50.27 

Naringenin 7-

O-glucoside 

8.8±0.6 15.21±0.11 18.14±0.06 21.83±0.07 22.5±0.32 80.25 

BiochaninA 

7-O-glucoside 

1.02±0.18 4.6±0.1 9.58±0.08 14.26±0.31 10.68±0.52 50.21 

Daidzein 7-O-

glucoside 

1.22±0.08 3.34±0.07 5.62±0.08 7.32±0.12 6.88±0.01 28.59 
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Throughout a time course of 24 h, the bulk of aglycone was converted to its specific 

glucoside and the glucoside product yield was about 7-21 mg/L culture medium with 

conversion rates from 28% to 80%. Most of the conversion happens during first 24 h, 

later conversion up to 48 h are very slow (Table 3B.0, Fig. 3B.1). 

 

Fig. 3B.1 Production of glucosides; Time course showing levels of different glucosides 

in culture medium of engineered E. coli expressing UGT73A16 fed with different 

substrates 

Table 3B.1 Comparison of glucoside products extracted from engineered E. coli cell 

pellet and medium at 24 h 

Glucoside Glucoside into 

medium (mg/L) 

Glucoside into cell 

pellet (mg/L) 

Genistein 7-O-glucoside 14.73±0.1 1.12±0.4 

Apigenin 7-O-glucoside 21.52±0.2 1.32±0.3 

Kaempferol 3-O-glucoside 14.38±0.48 1.38±0.12 

Naringenin 7-O-glucoside 21.83±0.07 1.68±0.1 

BiochaninA 7-O-glucoside 14.26±0.31 1.06±0.2 

Daidzein 7-O-glucoside 7.32±0.12 Not detectable 
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6.0 Conclusions 

 Recombinant UGT73A16 of Withania somnifera used as whole cell biocatalyst 

in E. coli using endogenously produced UDP-glucose as donor. 

 Genistein, apigenin, kaempferol, naringenin, biochaninA and daidzeinn used as 

substrates for this study. 

  Approximate 21 mg/L to 22 mg/L of either apigenin 7-O-glucoside or 

naringenin 7-O-glucosides were produced after feeding apigenin or naringenin to 

E. coli expressing UGT73A16.  

 More than 95% of the glucosides products were released into the medium, 

facilitating their isolation. 

 Result data showed that most of the conversion happens during first 24 h, later 

conversion up to 48 h are very slow. 
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1.0 Summary 

The glycosyltransferase UGT73A16 from Withania somnifera catalyzes glycosylation of 

the (iso) flavonoids, flavonols, flavonone and flavone. It transfers sugar molecule to 

hydroxyl groups of (iso) flavonoids, flavonols, flavonone and flavone with 3-hydroxyl 

and 7-hydroxyl group as the major product. It is well known from previous studies that 

the amino acid residues of glycosyltransferases are responsible for sugar donor and 

acceptor binding sites, which are located in the N and C-terminal ends respectively, as 

determined by modeling and docking studies. In this chapter modeling and docking 

studies of UGT73A16 was carried out to know the key residues involved in substrate 

recognition. A three-dimensional model of UGT73A16 was constructed based on the 

available crystal structures of plant UGTs. The PDB ID, 2PQ6 and 3HBJ from 

Medicago truncatula and 2VG8 from Arabidopsis thaliana were used as templates to 

construct the 3D structure of UGT73A16. The modeled structures were analysed by 

various tools such as Ramachandran plot, ERRAT analysis and ProSAII. The resulted 

models were assessed by various tools and the final refined model revealed GT-B type 

fold. Modeled UGT73A16 was docked with UDP-glucose, UDP-glucuronic acid, 

kaempferol, naringenin, daidzein, genistein and baicalein.  The protein-ligand 

interactions showed that His 16, Asp 22, Ile 50, Asp 246, Lys 255, Ser 283, Trp 336, 

Ala 337, Gln 339, Val 340, Trp 357, Asn 358 and Glu 362 amino acid residues may be 

important for catalytic function. 

2.0 Introduction 

Glycosyltransferases have been grouped into more than 94 families based on sequence 

similarity. Plant UGTs are characterized by a highly conserved signature putative 

secondary plant glycosyltransferase (PSPG) motif (Hughes and Hughes 1994), close to 

the C-terminal end of amino acid sequence. This PSPG box consists of approximate 44 

amino acids residues and might also define the binding of the activated sugar donors. 

There are several highly conserved amino acid motifs within this box including 

WAPQV and HCGWNS, which are highly conserved across phyla. These PSPG motifs 

have the low levels of sequence identity, especially within acceptor binding region, and 

this aspect may be crucial to account for the recognition of vast variety of acceptors and 

the synthesis of the large number of glycosides. 

The relationship between primary amino acid sequence, substrate specificity and product 

regioselectivity of plant UGTs is complex and remains to be determined. The 3D 

glycosyltransferase database (http://www.cermav.cnrs.fr/glyco3d/) holds crystal 
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These studies also unveil the role of UGT signature motif in substrate recognition and 

the catalytic activity of enzyme. Until now only two folds have been observed for GTs: 

fold GT-A, consisting of one α/β/α sandwich domain and characterized by presence of 

divalent cation in the binding site while GT-B fold has two such domains.  

Here, we report the structural analysis of a new UGT, UGT73A16 from Withania 

somnifera. Donor and acceptor substrates screening using bioinformatics analysis 

showed that it has close resemblance towards UDP-glucose, UDP-glucuronic acid, 

flavonoids, iso-flavonoids, flavones and flavonone. The structure analysis of 

UGT73A16 will provide a basis for understanding the complex and often overlapping 

substrate specificity and regiospecificity within the plant UGT superfamily. 

3.0 Materials and methods 

3.1 Sequence analysis, alignment and secondary structure prediction 

Glycosyltransferase protein sequence of W. somnifera, UGT73A16 (NCBI GenBank 

Accession No. FJ654696) was retrieved from NCBI GenBank database 

(http://www.ncbi.nlm.nih.gov). Blast algorithm against protein data bank (PDB) was 

used to carry out the sequence homology searches. The sequence and 3D structures of 

template proteins were extracted from PDB database (Berman et al. 2000). Multiple 

alignments of the amino acid sequences were carried out with clustal W1.8 program 

(http://www.ebi.ac.uk/clustalw/). Conserved domain in UGT73A16 was detected using 

Conserved Domain Database search tool (CDD) on NCBI server 

(http://www.ncbi.nlm.nih.gov/structure/cdd/wrpsb.cgi). The PSIPRED V.3 programme 

was used to predict secondary structure of UGT73A16 amino acid residues (McGuffin 

et al. 2000). 

3.2 Comparative modeling of UGT73A16 

An X-ray crystal structure of M. Trunctulla glycosyltransferase (PDB code: 2PQ6 and 

3HBJ) and A. thaliana (PDB code: 2VG8) were used as a templates (Mondolo et al. 

2009; L. Li. et al. 2007) to build three dimensional model of UGT73A16. UGT73A16 

homology models were generated using software Modeller 9v10 (Sali and Blundell 

1993). Out of 50 models generated, the model with the lowest DOPE scores was taken 

as the final model and energy minimization was done with Chimera 1.6.2 

(www.ucsf.edu). 

3.3 Model evaluation 

Stereochemical analyses of the UGT73A16 homology model was carried out using 

Ramachandran plot obtained from PROCHEK (Laskowski et al. 1996), overall quality 

factor by ERRAT analysis (Colovos and Yeates 1993) and Z-score from ProSAII 
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(Sippl 1993). Superimposition and calculation of the root mean square deviations 

(RMSD) between model and template was made by 1.6.2 chimera software using the 

carbon alpha fitting method. Diagrammatic representations of the structures were made 

using PyMOL 1.3 software (DeLano 2002). 

3.4 Docking studies of UGT73A16 model with acceptor and donor substrates 

The structure data files (SDF) of the acceptor and donor substrates were obtained from 

Pub Chem Database. The structures were converted to PDB format using PyMOL 

software. The UGT73A16 structure and substrate ligands were prepared using 

AutoDock Tools v.1.5.2 software (Sanner 1999). Molecular docking was performed 

using Autodock vina 1.1.2 software (Trott and Olson 2010). The interactions of the 

ligands with UGT73A16 were visualized and figures were formed using PyMOL 1.3. 

The lowest binding energy conformation in the first cluster was considered as the most 

favourable docking pose. Hydrogen bonds, bond lengths and close contacts between 

enzyme active site and substrate atoms were analyzed. 

4.0 Results and discussions 

4.1 Model construction 

The secondary structure prediction run at the PSIPRED server showed that the 

UGT73A16 consists of 40% α-helix (17 helices; 189 residues), 10% extended-beta (11 

strands; 47 residues) and 50% random coil (28 coils; 234 residues) configuration (Fig. 

4.2).  

Homology modeling relies on establishing an evolutionary relationship between the 

sequence of a protein of interest and other members of the protein family whose 

structures have been solved experimentally by X-ray crystallography or NMR. 

UGT73A16 amino acid sequence alignment with available protein sequences showed a 

significant percentage of identity with Medicago truncatula flavonoid 3-O-

glucosyltransferase (3HBJ A: 34%), Medicago truncatula UDP-glucuronosyl/UDP-

glucosyltransferase (2PQ6 A: 32% identity), Arabidopsis thaliana hydroquinone 

glucosyltransferase (2VG8: 31%). These proteins were selected as templates for the 

modeling. In general, sequence identities of 30% are enough to construct the 3D model 

of target proteins through homology modeling.  

Due to low sequence identity SALIGN was employed to construct multiple structure 

alignments of templates. The 3D models of UGT73A16 were generated by aligning the 

target sequence with this multiple structures-based alignment. 
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Fig. 4.2 Secondary structure prediction of UGT73A16 predicted by PSIPRED server 

4.2 Validation of modeled UGT73A16 

A total 50 models were generated with template 3HBJ, 2PQ6 and 2VG8 and their 

discrete optimized protein energy (DOPE) were calculated. The model No. 9 

(UGT73A16.B99990009.pdb) having lowest DOPE score (-53072.312) was considered 

as the best model of the UGT73A16 followed by energy minimization. Structural 

analysis of modeled UGT73A16 was performed by PROCHEK, ERRAT and ProSAII. 
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4.2.1 Ramachandran plot analysis 

Ramachandran plot provided by the program PROCHECK, assured very good 

confidence for the predicted protein with 87.1% residues in most favoured region, 

12.4% in additional allowed region, 0.5% in generously allowed region and 0.0% in 

disallowed region (Fig. 4.3 and Table 4.0).  

Table 4.0 Ramachandran plot statistics 

Plot statistics No. of residues % 

Residues in most favoured regions [A,B,L]  365  87.1%  

Residues in additional allowed regions [a,b,1,p]  52  12.4%  

Residues in generously allowed regions [~a, ~b, ~1, ~p] 2  0.5% 

Residues in disallowed regions  0   

Number of non-glycine and non-proline residues  419  100.0% 

Number of end-residues (excl. Gly and Pro)  2   

Number of glycine residues (Shown as triangles)  29   

Number of proline residues  20   

Total number of residues  470   
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Fig. 4.3 Ramachandran plot (PROCHEK) showing the dihedral angles Psi and Phi of 

amino acid residues, in which residues lie in most favoured regions are in red curves 

(ABL) and additional allowed regions are [a, b, l, p] in dark yellow curves 
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Fig. 4.5 (A) The plan of Z-Score shows spot of Z-score's value of protein determined by 

NMR (represented in dark blue colour) and by X-ray (represented in light blue colour) 

using ProSAII program. The black dot represents Z-Score of the model; (B) Energy plot 

obtained from ProSAII. 

4.2.4 Superimposition of modeled UGT73A16 

RMSD is used to make a quantitative comparison between modeled 3D structure and 

template, which revealed high similarity in topology and overall fold of the model with 

templates. The RMSD value of alpha carbon (Cα) of the modeled UGT73A16 was 

calculated by superimposition with templates 2PQ6, 2VG8 and 3HBJ on chimera (Fig. 

4.6) and it was found to be 0.771 Å, 0.958 Å and 1.221 Å respectively.  
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Fig. 4.6 (A) Homology model of UGT73A16 represented in ribbon diagram. (B) 

Superimposition of 3D structure of UGT73A16 (pink) and M. truncatula UDP-

glucuronosyl/UDP-glucosyltransferase (2PQ6: green). (C) Superimposition of 3D 

structure of UGT73A16 (pink) and Arabidopsis thaliana hydroquinone 

glucosyltransferase (2VG8: Dark cyan). (D) Superimposition of 3D structure of 

UGT73A16 (pink) and Medicago truncatula flavonoid 3-O-glucosyltransferase (3HBJ: 

Yellow). 

4.3 Molecular interactions of ligands with modeled UGT73A16 

4.3.1 Docking of kaempferol and UDP-glucose with UGT73A16 

Kaempferol substrate molecule and UDP-Glucose molecule was docked to the 

UGT73A16 binding sites by Autodock vina. The structure of the model takes a GT-B-

fold conformation comprising two distinct domains of the N- and C-terminal parts, 

which form a deep cleft accommodating the sugar donor and sugar acceptor substrates 



 

Somesh Singh                               Ph. D thesis                        University of Pune   90 
 

(Fig. 4.7). The sugar acceptor is positioned interacting with the amino acid residues in 

the N-terminal domain while the sugar donor mainly interacts with the residues in the C-

terminal region. 

 

Fig. 4.7 Binding pocket of the kaempferol (pink) and UDP-glucose (dark orange) 

The interaction energy of kaempferol with UGT73A16 was -7.5 kcal/mol. Receptor 

ligand interactions are observed in PyMOL. Amino acid residues in the active site for 

substrate binding comprise Asp 22, Lys 255, Trp 336, Ala 337, Gln 339 and Glu 362. 

Asp 22 (OD2) interacts with 3-OH group of kaempferol and UDP-glucose, Lys 255 (O) 

and Glu 362 (CD) interacts with 4'OH group and 4-O group of kaempferol respectively. 

Trp 336 (NE1), Ala 337 (O) and Gln 339 (H) interact with 7-OH group of kaempferol 

and UDP-glucose (Fig. 4.8). All the hydrogen bond distances between UGT73A16 and 

kaempferol complex were observed within the range of 2.1 Å to 2.7 Å.  

The interaction of Asp 22, Trp 336, Ala 337 and Glu 339 with 3-OH and 7-OH group  of 

kaempferol strongly suggested that reaction product can be either kaempferol 3-O-

glucoside or kaempferol 7-O-glucoside. The interaction energy of UDP-glucose with 

UGT73A16 was -8.6 kcal/mol. In the template, active sites for UDP-Glucose comprise 

Asp 246, Lys 255, Ser 257, Tyr 278, Trp 336, Ala337, Gln 339, Val 340, Asn 358 and 

Glu 362. All the hydrogen bond distances between UGT73A16 and UDP-Glucose 

complex were observed within the range of 1.8 Å to 3.1 Å (Fig. 4.8). 
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Fig. 4.8 Interaction of catalytic residues of UGT73A16 with substrate kaempferol (pink) 

and UDP-glucose (blue). Hydrogen bonding interactions are indicated by black dashed 

lines. 

4.3.2 Docking of naringenin and UDP-glucose with UGT73A16 

The interaction energy of naringenin with UGT73A16 was -8.6 kcal/mol. The important 

amino acid residues in the active site for substrate binding comprise Asp 246, Trp 336, 

Gln 339 and Asn 358. Asp 246 (OD2) interacts with 5-OH and Asn 358 (HD21) 

interacts with 7-OH group of naringenin. Trp 336 (HE1) and Gln 339 (H) interact with 

4'-OH group of naringenin (Fig. 4.10). All the hydrogen bond distances between 

UGT73A16 and naringenin complex were observed within the range of 1.9 Å to 2.4 Å.  

The interactions of Trp 336 and Gln 339 with 4'-OH group of naringenin as well as 

UDP-glucose and interactions of Asn 358 with 7-OH group of naringenin as well UDP-

glucose suggesting that glycosylated product can be either naringenin 7-O-glucoside or 

naringenin 4'-O-glucoside or both. 
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Fig 4.9 Binding pocket of the naringenin (pink) and UDP-glucose (blue) 

 

Fig. 4.10 Interaction of catalytic residues of UGT73A16 with substrate naringenin 

(pink) and UDP-glucose (blue). Hydrogen bonding interactions are indicated by black 

dashed lines. 

4.3.3 Docking of daidzein and UDP-glucose with UGT73A16 

The interaction energy of daidzein with UGT73A16 was -8.2 kcal/mol. In the template, 

active site for substrate binding comprises Glu 362. Glu 362 (CD) interacts with 7-OH 
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group of daidzein as well as UDP-glucose (Fig. 4.12). These interactions of UDP-

glucose and daidzein with Glu 362 suggested that reaction product can be daidzein 7-O-

glucoside.  The other active amino residues Asp 255, Ser 257, Trp 336, Ala 337, Gln 

339, Val 340 and Asn 358 interact only with UDP-glucose. All the hydrogen bond 

distances between UGT73A16 and daidzein complex were observed within the range of 

2.1 Å to 2.4 Å.  

 

Fig 4.11 Binding pocket of the daidzein (green) and UDP-glucose (purple) 

 

Fig. 4.12 Interaction of catalytic residues of UGT73A16 with daidzein (pink) and UDP-

glucose (purple). Hydrogen bonding interactions are indicated by black dashed lines 
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4.3.4 Docking of genistein and UDP-glucose with UGT73A16 

The interaction energy of genistein with UGT73A16 was -8.5 kcal/mol. In the template, 

active site for substrate binding comprises Asp 246, Lys 255 and Asn 358. Asn 358 

(HD21) interacts with 4'-OH group of genistein and UDP-glucose. On the other hand 

Lys 255 (HZ3) and Lys 255 (HZ2) interact with 7-OH group of genistein and UDP-

glucose respectively. These results showed that reaction product can be either genistein 

7-O-glucoside or genistein 4'-O-glucoside or both (Fig. 4.13 and Fig. 4.14). 

 

Fig. 4.13 Binding pocket of the genistein (pink) and UDP-glucose (purple) 

 

Fig. 4.14 Interaction of catalytic residues of UGT73A16 with genistein (pink) and UDP-

glucose (purple). Hydrogen bonding interactions are indicated by black dashed lines 
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4.3. Docking of baicalein and UDP-glucuronic acid with UGT73A16 

The interaction energy of baicalein with UGT73A16 was -9.0 kcal/mol. In the template, 

active sites for substrate binding comprise His 16, His 354 and Asn 358. HE2 of His 16 

interacts with 1-O, HE2 (His 354) interacts with 5-OH group and H of Asn 358 interacts 

with 7-OH group of baicalein molecule (Fig. 4.15). All the hydrogen bond distances 

between UGT73A16 and baicalein complex were observed within the range of 2.0 Å to 

2.3 Å.  

 

Fig 4.15 Binding pocket of the baicalein (pink) and UDP-glucuronic acid (green) 

The interaction energy of UDP-glucuronic acid (UDPGA) with UGT73A16 was -8.9 

kcal/mol. In the template, active site for UDP-Glucuronic acid comprises Asp 246, Lys 

255, Ser 257, Val 340 and Asn 358. All the hydrogen bond distances between 

UGT73A16 and UDP-Glucuronic acid complex were observed within the range of 2.0 Å 

to 3.3 Å (Fig. 4.16). Asn 358 (H) interacts with 7-OH group of baicalein and UDP-

glucuronic acid. This interaction suggested that reaction product can be baicalin 

(baicalein 7-O-glucuronide). 
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Fig. 4.16 Interaction of catalytic residues of UGT73A16 with baicalein (pink) and UDP-

glucuronic acid (green). Hydrogen bonding interactions are indicated by black dashed 

lines 

5.0 Conclusions 

 Out of 50, one of the best model was chosen based on DOPE score, 

ERRAT plot and Z-score. 

 RMSD value of modeled UGT73A16 showed that the overall 

conformation of the model was very similar to the template 2PQ6 and 

found to be 0.771 A0. 

 A homology modelling and docking study of UGT73A16 was done to 

validate the experimental data on substrate specificity. Homology model 

of UGT73A16 showed 87.1% residues in the most favourable region.  

 Docking studies of modeled UGT73A16 was done with UDP-glucose 

and UDP-glucuronic acid as donor and kaempferol, naringenin, daidzein, 

genistein and baicalein as acceptor substrates 

 Docking interactions of substrates and modeled UGT73A16 imply that 

baicalein and UDP-glucuronic acid are more specific to modeled 

UGT73A16.  

 



 

 

 

Chapter 5 
Mutational analysis of Withania 

somnifera glycosyltransferase 
(UGT73A16) 
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1.0 Summary 

A glycosyltransferse UGT73A16 from Withania somnifera catalyzes the glycosylation 

of flavonols, isoflavonoids, isoflavone and flavonone.  A 3D structure analysis based 

mutations were carried out to explore the roles of amino acids involved in substrate 

binding region. Mutations were done on acceptor and donor binding region of 

recombinant UGT73A16. All of the mutations were confirmed by sequencing and 

mutant proteins were heterologously expressed and purified as given in chapter 3A. The 

purified mutant (H16E, Y216H, Q379H, Q339A, W357G, A337C and S359A) proteins 

were incubated with all the acceptor and donor substrate as shown in chapter 3A (Table 

3A.9). Product determination showed that mutant proteins exhibit the activity with 

baicalein and it also exhibited very low activity (not detectable) with kaempferol. 

Substitution mutant Q339A and A337C exhibited 6-7 fold and 2-3 fold more catalytic 

efficiency respectively with baicalein than the wild type enzyme. Other mutants H16E 

and Y216H showed nearly equal activity as with wild enzyme. The Q379H mutant 

showed large loss in enzyme activity. Our results demonstrate that Gln 339, Ala 337 and 

Gln379 may play an important role in enzyme activity.  

2.0 Introduction 

Glycosylation reaction is catalyzed by a super family of enzymes, UDP-

sugar:glycosyltransferase (UGT), and is classified based on the UDP-sugar donor that is 

transferred, for example, glucosylation (UDP-glucose), rhamnosylation (UDP 

rhamnose), and glucuronosylation (UDP-glucuronic acid [UDPGA]) (Ross et al. 2001; 

Lim and Bowles 2004). Generally glucose is the most common sugar moiety in 

naturally occuring flavonoid glucosides. However, specific plant lineages have 

characteristic flavonoids conjugated with specific sugar moieties as their specialized 

metabolites. Flavonoid 7-O-glucuronide is commonly observed with flavonoid 7-O-

glucoside in plants within the lamiales order, such as Perilla frutescens (dietary herb), 

Antirrhinium majus (snapdragon flower) and Scutellaria baicalensis (Hirotani et al. 

1998; Harborne and Baxter 1999; Yamazaki et al. 2003; Wortley et al. 2005). 

Baicalin is a flavone 7-O-glucuronide which has anti-allergic, anti-viral, anti- 

inflammatory and intestinal α-glucosidase inhibitory properties (Nishioka et al. 1998; 

Gao et al. 1999; Chou et al. 2003) and produced by glucuronosylation of  baicalein. 

 In nature baicalein is often glycosylated on one or more of the three hydroxyl groups to 

increase its solubility, stability and bioability. The position of conjugation has a 

significant impact on its biological activity and potential health benefits for humans.  
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The relationship between the degree of amino acid sequence identity and substrate 

specificity of the GTs is highly complex and this also applies to the plant UGTs. Highly 

diverging UGTs are often observed to share the same substrates. This may be illustrated 

by two Dorotheanthus bellidiformis UGTs, UGT73A5 and UGT71F2. These two UGTs 

show only 20% amino acid sequence identity (Vogt 2002) but glycosylate the same set 

of acceptor molecules (Vogt et al. 1997; Vogt et al. 1999). In some cases though, 

phylogenetically closely related UGTs also show distinct regiospecific differences 

towards a common acceptor. This is the case for the two A. thaliana UGTs, AtUGT74F1 

and AtUGT74F2 that share the 82% amino acid sequence identity and glycosylate the 

phenolic hydroxyl group of 2-hydroxy benzoic acid. In addition, AtUGT74F2 is able to 

catalyze the formation of a glucose ester with this acceptor while AtUGT74F1 is not 

(Lim et al. 2002; Lim 2005). Deduction of substrate specificity not only involves 

specificity towards the sugar acceptor but also the UDP-sugar donor. 

Different sugars may be used by UGTs within the same phylogenetically defined 

families and subfamilies. The prediction of substrate specificity based on Phylogenetic 

analyses will certainly improve as more biochemical data on the substrate preferences of 

UGTs within each subgroup becomes available (Lim et al. 2003a; Vogt and Jones 

2000). However, for the time being it is evident that substrate specificity cannot be 

ascribed based on primary sequence analysis alone (Modolo et al. 2007).  

Bioinformatics tools for accurate prediction of sequence features important for defining 

the substrate specificity of a particular UGT have not yet been developed enough. 

Substrate specificity of UGT73A16 cannot be predicted by phylogenetic tree analysis 

and amino acid sequence alone. From all of these points of view structure-based 

mutagenesis of UGT73A16 was carried out to explore the roles of amino acids involved 

in substrate binding. 

3.0 Materials and methods 

3.1 Site-directed mutagenesis 

The details of chemicals, solvents and buffers have been given in chapter 3A (Section 

3.0). Site directed mutagenesis was performed using the Quick change lightening multi 

site- directed mutagenesis kit (Stratagene). The UGT73A16 plasmid cloned into pET 30 

b (+) vector with a hexa-histidine tag was used as template. Synthetic oligonucleotides 

used for mutagenesis are listed in Table 5.0. All of the mutation reactions are performed 

by manufacturer's protocol and confirmed by sequencing. 
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Table 5.0 Primers used for introducing amino acid changes into UGT73A16 

A & D represents the mutation in flavonoid acceptor site (A) and sugar donor site (D) 

respectively. 

Mutatio
n 

Site Primer Sequences 

H16E 
(CAC-
GAG) 

A Sense-5'CCCATGATGGCTCAAGGTGAGATGATTCCTACA 
CTAGAC-3' 
Antisense-5'GTCTAGTGTAGGAATCATCTCACCTTGAGC 
CATCATGGG-3' 

Y216H 
(CAA-
CGC) 

A Sense- 5'TGGAGTTATCTTCAACAGCTTCGCTGAGCTTG 
AACCAGATTATGTG-3' 
Antisense- 5'CACATAATCTGGTTCAAGCTCAGCGAAGTG 
TTGAAGATAACTCCA-3' 

Q379H 
(CAA-
CAC) 

D Sense- 5'-GGCCAGTGTTTGCGGAACACTTTTTGAATGAA 
AGTTGG-3' 
Antisense-5'-CCAACTTTCATTCAAAAAGTGTTCCGCAAA 
CACTGGCC-3' 

Q339A 
(CAA-
GCA) 

D  Sense-5'-CATAAGAGGATGGGCACCCGCAGTGCTGAT 
TCTTGATCAC-3' 
Antisense-
5'GTGATCAAGAATCAGCACTGCGGGTGCCCATCCTCTT
ATG-3' 

W357G 
(TGG-
GGG) 

D  Sense-5'GCTTTTGTGACTCATTGTGGAGGGAATTCAA 
CGCTAGA-3' 
Antisense-5'TCTAGCGTTGAATTCCCTCCACAATGAGTC 
ACAAAAGC-3 

A337C 
(GCA-
TGC) 

D  Sense-5'-AGGATTAATCATAAGAGGATGGTGCCCCCA 
AGTGCTGATTCTTGATC-3' 
Antisense-5'GATCAAGAATCAGCACTTGGGGGCACCA 
TCCTCTTATGATTAATCCT-3' 

S359A 
(TCA-
GCA) 

D  Sense- 5'-GTGACTCATTGTGGATGGAATGCAACGC 
TAGAAGGAAT-3' 
Antisense- 5'-ATTCCTTCTAGCGTTGCATTCCATCCACA 
ATGAGTCAC-3' 

  

3.2 Expression and Purification of recombinant wild type (UGT73A16) and mutant 

enzymes 

E. coli BL21 (DE3) cells harboring the wild type (UGT73A16) and mutated constructs 

were cultured in LB media at 37  ºC until A600 reached 0.6-0.8. For induction IPTG was 

added to a final concentration of 0.08 mM and cultures were incubated at 22 ºC for 20 h.  
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Wild type and mutated proteins were purified as given in previous chapter 3A (Section 

4.1.5). Protein concentration was determined with Bradford reagent using bovine serum 

albumin as standard. 

3.3 Kinetic study of mutants with wild type UGT73A16 

The Km and Vmax values of UGT73A16 for baicalein was determined at pH 8.0 and 37°C 

by fitting the initial velocity data of Michaelis-Menten equation using nonlinear 

regression analysis. Substrates were used at a saturating concentration with constant 

enzyme concentration. The baicalein reaction contained 40 µg of purified UGT73A16, 

100 mM Tris-Cl (pH 8.0), 400 µM of UDP- glucuronic acid and 10 µM -100 µM of 

baicalein. Reaction was kept at 37  ºC for 3 h and the extraction was performed twice by 

equal volume of ethyl acetate. Peak area of HPLC chromatogram was calculated to 

determine the standard graph (Baicalein 7-O-glucuronide) and Michaelis-Menten plot of 

wild type and mutants. Concentration of substrates and standards was considered on X-

axis and peak area on Y-axis and graph was plotted using Graph Pad Prism 5.0 software. 

4.0 Results and discussion 

4.1 Kinetic parameter of wild type and mutants with baicalein 

To determine the initial velocity of UGT73A16, the assays were performed under steady 

state conditions using the standard assay system with various substrate concentrations. 

The known concentration of baicalein 7-O-glucuronide (Fig. 5.1 A) was used to plot a 

standard graph. The apparent Km and Vmax values for baicalein with all mutants (Table 

5.1 & 5.2) were determined by fitting the initial velocity data to the Michaelis-Menten 

equation using nonlinear regression analysis. 
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Fig. 5.1 Michaelis-Menten plot wild type UGT73A16 and mutants (A) Baicalein 7-O-

glucuronide standard plot (B) Wild UGT73A16 (C) H16E, (D) Y216A, (E) A337C, (F) 

Q339A (G) W357G, (H) S359A, (I) Q379H. 

 

 



 

Somesh Singh                               Ph. D thesis                        University of Pune   102 
 

 

4.1 Effects of mutation of acceptor binding pocket residues on enzyme activity 

Under in vitro condition wild type UGT73A16 catalyzes the formation of baicalein 7-O-

glucuronide (Baicalin) using baicalein as acceptor and UDP-glucuronic acid as donor. 

To investigate the structural basis for the substrate specificity and product 

regioselectivity of UGT73A16, each of amino acid side chains of the residues around 

the acceptor binding pockets were independently altered by site-directed mutagenesis 

(Table 5.1).  

SDS-PAGE analysis confirmed that a single band of correct molecular weight was seen 

in the purified preparations of each mutant (H16E and Y216H). Mutant H16E showed 

21% of more activity than the wild type UGT73A16. On the other hand Y216H retained 

approximately 98% of wild type activity. Kinetic analysis indicated that H16E and  

Y216H exhibited approximately 1.2 fold increased and equal catalytic efficiency 

respectively  as compared with wild type UGT73A16 (Table 5.1). 

Table 5.1 Kinetic parameter for wild type and mutant (Acceptor binding site) enzymes 

with baicalein as acceptor and UDP-glucuronic acid as donor 

 

Substrate  K
m

 

(µM)  
V

max
 (nkat/mg) V

max
/K

m
 K

cat 
( sec-1)  K

cat
/K

m
 

(µM
-1

/sec
-1

) 

Baicalein(Wild) 47.08 21.50 0.45 1.11 0.023

H16E  119.4 66.46 0.55 3.45 0.028

Y216H 125.7 56.69 0.45 2.94 0.023

 

4.2 Effects of mutation of donor binding pocket residues on enzyme activity 

To investigate the roles of amino acid residues around the sugar binding pocket in sugar 

donor specificity and enzyme activity with baicalein as acceptor and UDP-glucuronic 

acid as donor, site directed mutagenesis was used to alter the side chains of those residue 

with close contacts to the sugar moiety (Table 5.2).  
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Table 5.2 Kinetic parameter for wild type and mutant (Donor binding region) enzymes 

with baicalein as acceptor and UDP-glucuronic acid as donor 

Substrate  Km (µM)  Vmax 

(nkat/mg)  

Vmax/Km  Kcat ( sec-1)  Kcat/Km 

(µM-1/sec-1) 

Baicalein(Wild) 47.08 21.50 0.45 1.11 0.023 

A337C  116.8 135.09 1.15 7.022 0.060 

Q339A 42.39 126.0 2.97 6.55 0.156 

W357G 71.43 15.44 0.216 .802 0.011 

S359A 208.1 69.33 0.33 3.60 0.017 

Q379H 188.8 30.95 0.17 1.60 0.008 

  

As shown in Table 5.2 mutant Q339A exhibited 6-7 fold more activity than the wild 

type enzyme with UDP-glucuronic acid. A337C also exhibited 2-3 fold more activity 

than the wild type but less than Q339A. In case of W357G and Q379H the large loss of 

activity was observed as compare to wild type. It means W357G and Q379H may play 

an important role in enzyme activity.  

5.0 Conclusions 

 SDS-PAGE analysis confirmed that a single band of correct molecular weight 

was seen in the purified preparations of each mutant. 

 Mutation at acceptor binding region (H16E and Y216H) showed approximate 

equal activity with wild type UGT73A16. 

 Mutant Q339A and A337C exhibited 6-7 fold and 2-3 fold more activity than 

wild type UGT73A16. 

 Mutation at donor binding region (W357G and Q379H) exhibit large loss of 

activity. 
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Summary of thesis 

Most of the flavonoids found in plants exist as glycosides; these secondary metabolites 

undergo several modification reactions, including glycosylation. Glycosylation of 

flavonoids is mediated by family-1 UDP-glycosyltransferases (UGT) and has a wide 

range of effects on flavonoids like solubility, stability and bioavailability. Glycosylation 

use UDP- sugars, such as UDP- glucose as the glucosyl donor and polyphenols, 

terpenoids, alkaloids and cyanohydrins as acceptors. Till date, there are no reports on 

functionally characterized flavonoid glycosyltransferases from Withania somnifera.  

A PCR based approach was used to isolate the full length of glycosyltransferase gene 

from W. somnifera. Primers were designed on the basis of sequence information 

available in NCBI GenBank database. PCR was done with different set of primers, using 

cDNA as a template. Initially, a partial fragment was cloned into pGEMT-Easy vector 

and sequenced. Sequence analysis was done with BLAST (NCBI) programme, which 

were showing significant similarity with reported glycosyltransferase genes from other 

plants. Gene specific primers were designed and Rapid Amplification of cDNA Ends 

(RACE) PCR was performed to isolate full-length cNDA clones. According to obtained 

sequence information from 3´ RACE and 5´ RACE, WSfullF and WSfullR was 

designed to obtain open reading frame. The open reading frame of 1413 bp encoded 470 

amino acid residues with a calculated molecular mass of ~ 52 kDa. In addition, a 13 bp 

5´ untranslated region and a 101 bp 3´ untranslated region exist in the isolated gene. The 

full length sequence reported in this thesis has been deposited in the NCBI GenBank 

database [Accession number FJ654696]. According to the glycosyltransferase 

nomenclature guidelines, the systematic name of the W. somnifera glycosyltransferase is 

UGT73A16. The translated protein sequence of UGT73A16 was used to construct a 

phylogenetic tree using bootstrapping (MEGA 4.0) with the known plant 

glycosyltransferases (GTs) deposited in NCBI Gen Bank database using Neighbor-

joining method. Phylogenetic analysis suggests that the UGT73A16 was most similar to 

glycosyltransferase capable of flavonoid 7-O-glycosyltransferase, salicylic acid induced 

glycosyltransferase (Accession number: AAK28303) and UDP glucose: flavonoid 3-O-

glucoside 7-O-glucosyltransferase (Accession number: Q9ZQ95). 

The open reading frame of UGT73A16 was cloned into pET 30b (+) expression vector 

and transformed into E. coli BL21 (DE3) strain. The over expressed recombinant 

UGT73A16 was purified by affinity chromatography using Ni-NTA agarose beads in 

denatured conditions and analyzed on SDS-PAGE. The resulting molecular weight of 

the purified recombinant UGT73A16 was approximately ~ 52 kDa.  
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All the conditions were optimized (Induction 0.08 mM IPTG, Temperature 22 oC and 

Time 20 h) to express the recombinant UGT73A16 in soluble form. The recombinant 

protein was eluted from lysate using affinity chromatography and further used for 

enzyme assay. The enzyme assay was done using UDP-glucose and UDP-glucuronic 

acid as a donor substrate and flavonoids (Naringenin, kaempferol, isorhamnetin, 3 

hydroxy flavones, daidzein, genistein, biochaninA and baicalein) as acceptor substrate. 

Product identification was done by hypsochromic shift, HPLC and LC-MS methods. 

HPLC analysis and hypsochromic shift indicated that UGT73A16 transfers a glucose 

molecule to several different flavonoids. Analysis of reaction products also show that 

glycosylation of substrates occurred on the 7- and 3- hydroxyl group of the aglycon. 

Recombinant UGT73A16 also displayed regiospecificity glucosyl transfer activity 

towards 3- hydroxy flavone (chemically synthesized), which is the backbone of all 

flavonols, not found naturally. Kinetic parameters of UGT73A16 show more catalytic 

efficiency towards naringenin followed by genistein and baicalein. The present study 

generates essential knowledge and molecular as well as biochemical tools that allows 

the verification of UGT73A16 in glycosylation. 

Plant secondary glucosides are very difficult to isolate or to chemically synthesize in 

pure form because of low yield. Thus the simple approaches for enhanced production of 

such glucosides would be highly beneficial. In this regards we explored UGT73A16 of 

W. somnifera as whole cell catalyst in E. coli. We used flavonoids (genistein, apigenin, 

kaempferol, naringenin, biochaninA and daidzein) and endogenous UDP-glucose as 

substrates for this study because flavonoids and their glucosides have important 

medicinal properties and they provide a complex structure for regioselective 

glycosylation. Approximate 21 mg/L to 22 mg/L of either apigenin 7-O-glucoside or 

naringenin 7-O-glucoside was produced after feeding apigenin or naringenin to E. coli 

expressing UGT73A16. More than 95% of the glucosides products were released into 

the medium, facilitating their isolation. Due to its broad range of substrate and low 

regioselectivity, UGT73A16 may be an attractive enzyme for engineering flavonoid 

diversity. It will also be interesting to determine if UGT73A16 can glycosylate other 

structurally related and chemically synthesized compounds, because it glycosylated the 

3-hydroxy flavone, which is a chemically synthesized compounds not found naturally. 

The enzyme assay analysis suggested that the glycosyltransferase UGT73A16 from W. 

somnifera catalyzes glycosylation of the (iso) flavonoids, flavonols, flavonone and 

flavone. It transfer sugar molecule to hydroxyl group of (iso) flavonoids, flavonols, 

flavonone and flavone with 3-hydroxyl and 7-hydroxyl group as the major product.  
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It is well known from previous study that the amino acid residues of 

glycosyltransferases are responsible for sugar donor and acceptor binding sites, which 

are located in the N and C terminal respectively as determined by modeling and docking 

studies.  

The secondary structure prediction run at the PSIPRED server showed that the 

UGT73A16 consists of 40% α-helix (17 helices; 189 residues), 10% extended-beta (11 

strands; 47 residues) and 50% random coil (28 coils; 234 residues) configuration. 

UGT73A16 amino acid sequence alignment with available protein sequences showed a 

significant percentage of identity with Medicago truncatula flavonoid 3-O-

glucosyltransferase (3HBJ A: 34%), Medicago truncatula UDP-glucuronosyl/UDP-

glucosyltransferase (2PQ6 A: 32% identity) Arabidopsis thaliana hydroquinone 

glucosyltransferase (2VG8: 31%). These proteins were selected as templates for the 

modeling. A three dimensional model of UGT73A16 was constructed by MODELLER 

9v9 software using 2PQ6, 2VG8 and 3HBJ as template. The modeled UGT73A16 

structure was analysed by various tools such as DOPE score, Ramachandran plot, 

ERRAT analysis and ProSAII. The energy minimization of modeled UGT73A16 was 

done by Chimera 1.6.2 software. The RMSD value of alpha carbon (Cα) of the modeled 

UGT73A16 was calculated by superimposition with templates 2PQ6, 2VG8 and 3HBJ 

on chimera and it was found to be 0.771 Å, 0.958 Å and 1.221 Å respectively. The 

resulted model was assessed by various tools and the final refined model revealed GT-B 

type fold.  

The structure data files (SDF) of the acceptor and donor substrates were obtained from 

Pub Chem Database and converted to PDB format using PyMOL software. The 

UGT73A16 structure and substrate ligands were prepared using AutoDock Tools v.1.5.2 

software. Molecular docking was performed using Autodock vina 1.1.2 software. The 

interactions of the ligands with UGT73A16 were visualized and figures were formed 

using PyMOL 1.3. The lowest binding energy conformation in the first cluster was 

considered as the most favorable docking pose. Modeled UGT73A16 was docked with 

UDP-glucose, UDP-glucuronic acid, kaempferol, naringenin, daidzein, genistein and 

baicalein.  The protein-ligand interactions showed that His 16, Asp 22, Ile 50, Asp 246, 

Lys 255, Ser 283, Trp 336, Ala 337, Gln 339, Val 340, Trp 357, Asn 358 and Glu 362 

amino acid residues may be important for catalytic function.  

A three dimensional structure analysis based mutations were carried out to explore the 

roles of amino acids involved in substrate binding region. Mutations were done on 

acceptor and donor binding region of recombinant UGT73A16.  
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All of the mutations were confirmed by sequencing. All of the mutants were 

heterologously expressed and purified using Ni-NTA. The purified mutants (H16E, 

Y216H, Q379H, Q339A, W357G, A337C and S359A) were incubated with all of the 

acceptor (Kaempferol, naringenin, genistein, daidzein and baicalein) and donor substrate 

(UDP-glucose and UDP-glucuronic acid).  

Product determination showed that mutants exhibit the activity with baicalein and it also 

exhibited very low activity (not detectable) with kaempferol. Substitution of The Q339A 

and A337C mutant exhibited 6-7 fold and 2-3 fold more catalytic efficiency respectively 

with baicalein than the wild type enzyme. Other mutants H16E and Y216H showed 

almost equal activity as with wild type. The Q379H mutant showed large loss in enzyme 

activity. Our results point out that Gln 339, Ala 337 and Gln379 may be key residues 

and play an important role in enzyme activity.  
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Shuban K. Rawala, Bashir M. Khana* (Molecular Biology Reports, (2013) 40: 1351-

1363). 

2. In Silico mutagenesis and Docking studies of active site residues suggest altered 

substrate specificity and possible physiological role of Cinnamoyl CoA Reductase 1 (Ll-

CCRH1). 

Prashant Dhanajirao Sonawane, Krunal Patel, Rishi Vishwakarma, Somesh Singh, 

Bashir Mohammad Khan. Bioinformation (Accepted, Feb 2013) 

3. Molecular cloning and characterization of two differentially expressed cellulose 

synthase gene isoforms in Leucaena leucocephala: A pulp yielding tree species. 

 Rishi K. Vishwakarma, Sameer Srivastava, Somesh Singh., B. M. Khan* 

(Advances in Bioscience and Biotechnology, 2012, 3, 92-100). 

4. Molecular Cloning, Biochemical Characterization, and differential expression studies 

of Acetyl-CoA C-Acetyltransferase gene (AACT) from Brahmi (Bacopa monniera). 

 Rishi K. Vishwakarma; Ruby; Somesh Singh, Prashant D. Sonawane, Sameer 

Srivastava, Uma Kumari, R J Sanosh Kumar and Bashir M. Khan. Plant Molecular 

Biology Reporter (Accepted, 2 Nov 2012). 

5. Molecular characterization of farnesyl pyrophosphate synthase from Bacopa 

monniera comparative modeling and docking studies. 

Rishi K. Vishwakarma, Krunal Patel, Prashant D. Sonawane, Somesh Singh, Ruby, 

Uma Kumari, D. C. Agarwal and Bashir M. Khan. Bioinformation 2012, 8 (22): 1075-

1081. 

6. High frequency regeneration of Leucaena leucocephala –A leguminous pulpwood 

tree species 

by: Noor Shaik, Manish Arha, A. Nookaraju, Sushim Gupta, Sameer Srivastava, Arun 

Yadav, Pallavi Kulkarni, O. Abhilash, Rishi Vishwakarma, Somesh Singh, Rajeshri 

Tatkare, Kannan Chinnathambi, Shuban Rawal, Bashir Khan 
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Physiology and Molecular Biology of Plants, Vol. 15, No. 4 (1 October 2009), pp. 

311-318. 

7. Functional characterization of a flavonoid glycosyltransferase gene from Withania 

somnifera and production of plant specific glucosides utilizing genetically engineered E. 

coli. 

Somesh Singh, Rishi K. Vishwakarma, Santosh R.J. Prashant Sonawane, B. M. Khan. 

Applied Biochemistry and Biotechnology (Under review). 

8. Molecular and docking studies of UGT73A16 glycosyltransferase from Withania 

somnifera 

Somesh Singh, Krunal patel, Prashant Sonawane, Rishi K. Vishwakarma, B. M. Khan. 

Journal of Molecular Modeling (Communicated). 

Book Chapter 

1. “Genetic Engineering of phenylpropanoid pathway in Leucaena leucocephala” has 

been published online January 2012 in the book "Genetic Engineering- Basics, New 

Applications and Responsibilities", ISBN 978-953-307-671-3. INTECH-OPEN 

ACCESS PUBLISHER. 

List of posters/Abstract 

1. cDNA Cloning And Heterologous Expression of a  Family 1 Glycosyl  transferase 

From Withania somnifera. 

Authors:  Somesh Singh, R.J.Santosh, Ruby, Rishi K. Vishwakarma, Sameena Almas, 

*Dr.B.M.Khan, Presented in National Symposium at IHBT Palampur. 

2. Molecular study of glycosylation of polyphenolic compounds from Withania   

somnifera and its application on human health 

Authors: Somesh Singh, R.J.Santosh, Ruby, Rishi K. Vishwakarma, *Dr.B.M.Khan,  

Presented and received Best Poster award in INSA Platinum jubilee international 

symposium 2009 on Research in molecular medicine based on natural resources and 

traditional knowledge at National chemical laboratory, pune, Maharashtra. 

3. Glycosyltransferase involved in flavonol glycoside biosynthesis in Withania 

somnifera 

Authors: Somesh Singh, R.J.Santosh Kumar, Rishi K. Vishwakarma, Ruby, Poonam 

Sharma, *Dr.B.M.Khan 
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Presented in International Symposium on Aromatic and Medicinal plants (AROMED) 

on 2010 at Central Institute of Medicinal and Aromatic Plants (CIMAP), Lucknow. 

4. Heterologous expression of Family 1 Glycosyltransferase involved in flavonol 

glycoside biosynthesis in Withania somnifera 

Authors: Somesh Singh, R.J.Santosh Kumar, Rishi K. Vishwakarma, Ruby, Poonam 

Sharma, *Dr.B.M.Khan 

Presented in Science day at national chemical laboratory on 2010 
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