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Abstract of the thesis 

 

Chapter1: Introduction 

The importance and updates in protein folding/unfolding research have been discussed in 

this section. Significance of studying the structure-function relationship of proteins 

through various experimental and theoretical approaches has also been presented. The 

importance of lectins in terms of classification, structure and function is given. The 

available information, recent developments in lectins with applications are summarised as 

the basis of studies undertaken in thesis. 

Chapter 2: Sugar binding studies of BPL and WFL 

Sugar binding studies of two novel medicinally important legume lectins from Bauhinia 

purpurea (BPL) and Wisteria floribunda (WFL) were performed. The Homology model 

of BPL was constructed to predict the three dimensional structure, locate the tryptophan 

residues and evaluate the environment therein. The three dimensional structure of BPL 

monomer with bound metal ions Ca2+ represented the typical legume lectin fold 

presenting the jelly roll motif. Model thus constructed was docked with sugars (GalNAc 

and T-antigen) to find out amino acid residues involved in sugar binding and their binding 

energies. The hydrogen bonds and hydrophobic interactions occurring between these 

sugars and the protein were studied and ligand interactions diagrams were generated. The 

docked pose of T-antigen (-8.313) showed two fold increase in docking score compared 

to GalNAc (-4.008). The binding constants Ka of BPL for GalNAc and T-antigen 

disaccharide (Galβ1-3GalNAcαO-Me) as determined by intrinsic fluorescence 

spectroscopy (in solution studies) were 5.0×103 M−1 and 1×104 M−1

 

, respectively. Thus, 

binding affinities determined by in silico and in solution studies correlate well. Sequence 

and structural alignments of BPL and WFL showed longer loop D in WFL making it 

more specific to LacdiNAc over GalNAc/Galβ 1-3 GalNac. 

Chapter 3: Structural and functional transitions studies of BPL and WFL 

 BPL and WFL possessing extended sugar binding site were investigated for functional 

and conformational transitions using biochemical and biophysical techniques as well as 

bioinformatical tools.  The results on the studies of the two unexplored lectins have been 
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presented together (In III sections) to get deeper understanding of the structural and 

functional elements responsible for similar or diverse properties.  

Section I deals with thermal transitions studies of BPL and WFL. Structural and 

functional transitions were monitored at different temperatures using biophysical 

techniques and hemagglutination assay. Detail investigations of aggregation were done by 

Molecular Dynamics simulations. Based on hemagglutination activity assay, BPL was 

functionally stable up to 40 °C whereas WFL is functionally stable upto 70 °C. CD scan 

for both the lectins showed peculiar alteration in the structure indicated by increase in the 

negative ellipticity at 212–215 nm and decrease in the positive ellipticity between 190 

and 200 nm showing conversion of atypical to typical beta sheet. BPL did not aggregate 

when heated upto 90 °C, while WFL got aggregated at 85 °C as indicated by increase in 

the light scattering intensity. Molecular dynamics simulation studies of WFL showed 

difference in RMSD and RMSF at 85 °C compared to that at 25°C. 

Section II comprises of chemical denaturation studies in presence of chaotropic 

agent GdnHCl which revealed multistate unfolding of lectins. Tryptophans in denatured 

BPL and WFL (GdnHCl 6.0 M) exhibited higher polar environment than at pH 8.0 due to 

unfolding. The far-UV CD spectra of BPL showed complete loss in structure in > 3M 

GdnHCl and which correlated well with functional loss of activity ( ≥ 3.0 M). Similar 

results were observed in WFL, complete loss in structure was observed in 5M GdnHCl. 

Overall it’s a multistate unfolding of protein. Substantial decrease in retention time (by 

1.2–1.8 min) due to increase in Stoke's radius in presence of 1.0 M GdnHCl was observed 

in size exclusion chromatography. SEC studies showed that dissociation and unfolding of 

the proteins occurred simultaneously.  

In Section III, detection and detailed characterization of acid induced molten 

globule like intermediates is discussed. At pH 1.0, both the lectins exhibited molten 

globule like structures, which were characterized further and were found to respond in a 

different way towards denaturants. 

Chapter 4: Anticancer activity of lectins from Bauhinia purpurea and Wisteria 

floribunda on Breast cancer MCF-7 cell lines 

MTT assay on human breast cancer cell line MCF-7 was performed to examine cytotoxic 

effect of BPL and WFL. These agglutinins caused remarkable concentration-dependent 

antiproliferative effect. The values were approximately 446 μgml-1 (2.2 μM) and 329 
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μgml-1

 

 (2.8 μM) for BPL and WFL, respectively. The level of LDH released from the 

cells significantly increased after 24 hr of exposure to 500 μg/ml of lectins against 

untreated cells. Intracellular ROS production was measured by DCFH oxidation in cells 

treated with lectin at a dosage of 500 μg/ml for 24 hr. There was a significant 2-3 fold 

increase in the ROS generation as compared to untreated cells. The BPL and WFL 500 

μg/ml treatment for 24 hr caused a significant (P<0.05) increase in caspase-3 activation 

compared to tamoxifen and control. The inhibitory effect of these lectins was shown to be 

a consequence of lectin cell surface binding and triggering S and G2 phase arrest revealed 

by flow-cytometry studies. Apoptotic signal is amplified by activation of caspase-3 

executing cell death.  

Summary and conclusion 

The study of protein folding started as a challenge in basic sciences and still motivates 

researchers for understanding protein- structure function relationship. To understand the 

structure function correlation, information comes from the primary structure i.e amino 

acid sequence and associated tertiary structure of protein. This chapter discusses 

highlights of thesis and summarises characteristics of two legume lectins under study. 

The biochemical, biophysical and in silico studies on both the GalNAc binding plant 

lectins described here not only confirm the applicability but also enhance our 

understanding of the lectin function and protein structure at molecular level.  Loss in cell 

viability and apoptosis of the cancer cells in presence of lectins suggests that both the 

lectins BPL and WFL may possibly have potential as an anticancer agent in future. 
 

 



 
Chapter 1 

Introduction 
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1. Introduction 

1.1 Protein Folding 

Protein folding is an active field of research comprising aspects of biochemistry, 

biology, chemistry, computer science and physics. Fundamental principles of protein 

folding apply in aiding genome research, in the understanding of disease pathologies and 

construction of new proteins with special functions [1]. Detailed pathways of folding are 

not known completely, advances have been made in the understanding of this complex 

process through experimental and theoretical approaches [2]. As proposed by Anfinsen 

[3] “the process by which proteins fold into their functional structures is dictated by the 

chemical blueprints encoded into their amino acid sequence.” 

The proteins are synthesized from amino acids at a high rate in hierarchical 

folding process in a living cell. Amino acid sequences readily fold into α-helices or β-

sheets, followed by different interactions between them to form stable structures and the 

process continues until complete polypeptide is folded [4]. Protein folding is initiated by a 

spontaneous collapse of the polypeptide into a compact state driven by non polar 

interactions among hydrophobic amino acids [5]. Tertiary structure of a protein is held 

together by four different bonds and interactions such as hydrogen bonds, hydrophobic 

and hydrophilic interactions, ionic bonds and disulphide bonds, if any (Fig.1A). 

Quaternary structure is the three-dimensional structure of a multi-subunit protein and the 

way in which subunits fit together by the non-covalent interactions and in some cases, 

disulfide bonds. 

From thermodynamic perspective, the folding process is a kind of free-energy 

funnel. The unfolded states have more number of conformations compared to native and 

have both high conformational entropy and free energy [2]. Very few intramolecular 

interactions that will exist in the native conformation are there in unfolded state. As 

folding proceeds, the thermodynamic path down the funnel reduces the number of species 

present, leading to decrease in entropy and free energy. Depressions on the sides of the 

free-energy funnel show semi-stable intermediates that can slow down the folding process 

[3, 5-6]. A single or a small set of native conformations are seen at the bottom of the 

funnel (Fig.1B). 
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Figure 1. Protein folding: A. Types of interactions involved in polypeptide chain 

formation (adapted from Pearson Education Inc., publishing as Benjamin Cummings) B. 

The thermodynamics of protein folding depicted as a free-energy funnel (adapted 

from https://www.learner.org/courses/physics/visual) 

 

1.1.1 Protein misfolding and aggregation 

A stringent quality control system in the cellular machinery ensures proper protein 

folding, trafficking and degradation [7]. Still, a number of proteins fail to reach or 

maintain their native conformation leading to protein misfolding. Misfolded proteins 

cannot be refolded by chaperones and are targeted to proteasome or lysosome for 

degradation [8]. The stability of a native protein depends on parameters viz temperature, 

pH, ionic strength, and solvent composition. The intramolecular bonds responsible for 

stability and integration of the protein are susceptible for dislocation. Perfectly folded 

proteins remain stable for long term in biological environment and interact specifically 

with their natural ligands. Misfolded or partially folded states usually aggregate as they 

are major kinetic traps in the folding pathway. These states normally show exposed 

hydrophobic amino acid residues and regions of unordered polypeptide backbone which 

are mainly buried in the native state. Similar to intramolecular folding, aggregation is 

association of two or more non-native protein molecules largely driven by hydrophobic 

forces resulting into the formation of amorphous structures (Fig.2). Aggregation can also 

lead to formation of highly ordered, fibrillar aggregates called amyloid, in which β-

strands run perpendicular to the long fibril axis (cross-β structure). Formation of amyloid 

fibrils is generally toxic to cells and may lead to the neurodegenerative diseases [6].  

https://www.learner.org/courses/physics/visual�
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Figure 2: Energy landscape of protein folding and misfolding 

http://www.ghrnet.org/index.php/jbmbr/article/viewFile/1027/1397/6798 

 

1.1.2 Diseases caused due to Protein misfolding  

Protein misfolding follows two pathophysiological pathways, (i) due to toxic aggregates, 

e.g. neurodegenerative diseases such as Alzheimer’s, Huntington’s or Parkinson’s 

disease; (ii) due to inappropriate folding, accelerated degradation or aggregation of 

proteins because of genetic variation [9-12]. In the second group of disorders, missense 

mutations typically lead to reduced folding, decreased proteolytic and thermal stability, 

enhanced protein degradation and aggregation, resulting into a non-functional phenotype 

[13]. The list of few diseases caused due to protein misfolding and amyloid aggregation 

has been summarized in Table 1. 

Table 1: Examples of human diseases associated with protein misfolding and 

amyloid aggregation (Modified from ref [11] and [14]) 

 

Disease Symptom Aggregating 

protein or peptide 

Structure of 

protein or 

peptide 

Alzheimer’s 

disease (AD) 

Memory loss Amyloid β peptide Intrinsically 

disordered 

Spongiform 

encephalopathies 

Impairment of brain 

function 

Prion protein Intrinsically 

disordered α-

helical 

http://www.ghrnet.org/index.php/jbmbr/article/viewFile/1027/1397/6798�
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(TSE) 

Parkinson’s disease 

(PD) 

Progressive movement 

disorder 

α-Synuclein Intrinsically 

disordered 

Amyotrophic 

lateral sclerosis 

(ALS) 

Motor neuron disease Superoxide 

dismutase 1 

β-sheet and Ig-

like 

Huntington’s 

disease (HD) 

Uncontrolled 

movement 

Huntingtin (polyQ) Most intrinsically 

disordered 

Light chain 

amyloidosis 

Plasma cell disorder Immunoglobulin 

light chains 

β-sheet and Ig-

like 

 

Hemodialysis-

related amyloidosis 

Deposition of amyloid 

fibrils consisting of β2-

microglobulin 

β2-microglobulin β-sheet and Ig-

like 

 

Type II diabetes Metabolic disorder, 

Increase in blood sugar 

Amylin Intrinsically 

disordered 

 

1.1.3 Studying folding/ unfolding transitions of proteins 

Knowledge of folding-unfolding transitions between native and denatured conformations 

serves in understanding biological function of the protein [15]. Protein folding involves 

collapse of disordered and extended polypeptide chain to form a globular compact 

protein. Estimation of molecular dimensions and core packing are vital elements of the 

folding process. Changes in the fluorescence of tryptophan or tyrosine or the extrinsic 

fluorophores such as 8-anilino-l-naphthalenesulphonate (ANS), are used as indirect 

probes which have numerous applications. Direct probes used in the study of accessibility 

of ionic fluorescence quenchers such as iodide or acrylamide have also been developed 

[16]. 

 Changing the composition of the system by the addition of co-solvents to the 

solution or by changing the thermodynamic state of the system (temperature, pressure, 

pH), equilibrium between the folded and the unfolded states can be shifted in any 

direction [17]. Urea and guanidium hydrochloride (GdnHCl) induce disorder and favour 
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the unfolded state of proteins, and are therefore known as denaturants/ chaotropes. 

Studies on solvent mediated structural and conformational transitions of proteins can 

provide insight into their stability, folding pathways, and intermolecular aggregation 

behaviour [18, 19]. 

Enthalpy, entropy and free energy are the thermodynamic state functions for 

protein folding. These thermodynamic properties can be used as tools to study protein 

conformational changes under different environmental conditions. Free energy of protein 

folding and protein denaturation is equal. Entropy is most important parameter as when a 

protein molecule is denatured it leads to increased randomness of system which is direct 

measure of entropy [20].  

Detailed understanding of protein-ligand interaction studies is beneficial for 

structure based drug design. One of the important aspects of interaction is relationship 

between structure of protein and binding thermodynamics [21]. Thermodynamics of 

protein-ligand interaction can be studied using techniques like steady state or time 

resolved fluorescence spectroscopy, surface plasmon resonance and isothermal titration 

calorimetry. 

1.1.4 Techniques to study protein folding 

Major advances in elucidating the mechanism of protein folding have been chiefly 

derived from the development of methods that can monitor fast transitions between 

structurally dynamic ensembles [22]. The experimental techniques for studying protein 

folding monitor the gradual unfolding or folding of proteins and observe conformational 

changes using standard noncrystallographic techniques like fluorescence and circular 

dichroism. The computational techniques for protein structure prediction are related to, 

but are distinct from experimental studies of protein folding [6, 23]. The use of novel 

methods of initiating refolding and combination of theoretical and experimental 

approaches has lead to an in depth understanding of several aspects of the folding 

process. Techniques have been listed in Table 2.  

Table 2: Techniques for studying protein folding. 

Technique Information content 

Intrinsic fluorescence 

[24] 

Environment of tryptophan and tyrosine (through 

measurement of intensity and λmax) 
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Far UV CD [25] Secondary-structure content, measures the difference in 

absorbance of right and left circularly polarzed light by a 

substance. 

Near UV CD [25] Packing of aromatic residues, measures the difference in 

absorbance of right and left circularly polarized light by 

a substance. 

Raman spectroscopy 

[26] 

Solvent accessibility, conformation of aromatic residues, 

observe vibrational, rotational, and other low-frequency 

modes in a system 

Infrared spectroscopy 

[27] 

Secondary-structure content, involves the interaction of 

infrared radiation with matter. 

ANS (1-anilino-8- 

napthalene sulfonic acid) 

binding [26] 

Exposure of aromatic surface area 

Fo¨rster resonance 

energy transfer [28] 

Molecular ruler, dependent on the distance between two 

fluorophores 

Fluorescence correlation 

spectroscopy [29] 

Diffusion time (and hence size and shape), a correlation 

analysis of fluctuation of the fluorescence intensity. 

Anisotropy [24] Correlation time measurements provide information 

about shape and size of molecule 

Small-angle X-ray 

scattering [30] 

Radius of gyration, elastic scattering of X-rays due to in-

homogeneities in the nm-range. 

Absorbance [31] Environment of chromophore 

Real-time NMR [32] Structural information via chemical shifts and 

measurement of NOEs (Nuclear Overhauser effects) 

Native-state hydrogen 

exchange [33] 

Global stability, detection of metastable states 

Protein engineering [34] Role of an individual residue in determining the rate of 

folding, stability of a species of interest 

Differential scanning 

Calorimetry(DSC) or 

Conformational energetics of protein, difference in the 

amount of heat required to increase the temperature of a 

https://en.wikipedia.org/wiki/Fluorescence�
https://en.wikipedia.org/wiki/Elastic_collision�
https://en.wikipedia.org/wiki/X-ray�
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Theoretical approach: New theoretical and computational approaches have emerged 

including various bioinformatics tools, multiple sequence alignments, structure-prediction 

web servers, physics-based force fields etc. These techniques are employed to match the 

experiments in providing an overall picture of the protein structure. The computational 

methods available for protein structure determination include homology modelling, fold 

recognition via threading, and ab initio methods [38]. Tremendous amount of sequence 

and structural data of proteins and modern experimental and bioinformatics methods have 

enhanced our understanding about the protein sequence→structure→dynamics→ function 

relationship [39]. This helps to understand the interaction of proteins with their substrate 

or other molecules such as ligands, which can become a drug candidate [40]. The main 

goal of ‘structure-based drug design’ is to predict the binding modes and affinities of 

different compounds upon interaction with the protein binding sites, and is achieved by 

‘docking’ approach. There are a number of programs written to carry out such analysis. In 

general, many conformations are generated for the small molecule (substrate or ligand), 

either prior to docking or during the docking routine. Each conformation is positioned in 

the active site in a variety of orientations, the combination of conformation and 

orientation is known as a "pose". Further, several such poses are selected and ranked by a 

scoring function to determine the best overall pose and the binding energy and affinity are 

calculated [38, 41]. The new frontiers now lye in the physics based modelling to predict 

conformational changes, understand protein motions, design synthetic proteins and 

improve protein modeling based on the laws of physics [42]. 

Molecular dynamics simulations: Molecular dynamics (MD) simulations imitate  the  

physical  motions  of  atoms  in  the  protein molecule  present  in  the  actual  

environment.  The interaction of atoms is  allowed to occur  for  a  certain  period  of  

time,  which    helps  to  compute their   trajectory   through   and   around   the   protein   

molecule. Simulation gives detail information about individual motion of atoms as a 

microcalorimetry [35] sample and reference is measured as a function of 

temperature 

Different scanning  

fluorimetry (DSF) [36] 

Thermophoresis gives melting temperature of protein 

Differential static light 

scattering (DSLS) [37] 

Temperature of aggregation of a protein 
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function of time.  Over the period, enormous alternative approaches to classical MD 

simulation have been developed e.g. Monte-Carlo sampling of conformational space, 

simulated annealing, hybrid Quantum Mechanics/Molecular Mechanics (QM/MM), 

steered MD, Brownian dynamics, coarse-grained dynamics,  normal   vibration   modes   

analysis,   molecular   docking   simulations and other non-dynamic methods. These 

methods have brought about brilliant applications and developments in biomolecular 

simulation. In  the past few years, few widely used MD simulation packages like NAMD, 

AMBER and GROMACS, have significantly improved their algorithmic sophistication  

and  parallel  performance, which can deliver  up  to  ~10-100  ns/day/workstation/cluster 

[43]. MD simulations are used to study protein aggregation and model the aggregate 

structures based on the assessment of sequence determinants of protein aggregation. The 

amino acid composition impacts aggregation propensity which is highly applicable to 

protein evolution, protein design, and the pathogenicity due to certain amino acid 

substitutions. The increased hydrophobic content in a peptide would lead to increased 

aggregation propensity [44, 45].  

 

 1.1.5 Structure-function relationship of proteins 

Understanding the relationships between protein structure and function is a primary focus 

in structural biology which has important consequences in biochemistry, genetics, 

molecular biology, bioinformatics and protein engineering. One  way  to  study this  

problem  is  to  understand  how  nature  has  re-constructed proteins for newer functions 

through evolutionary processes. This approach has potential to give information about 

important characteristics of protein structures and the definite mode in which they 

perform their functions. To understand the structure-function theory, vital structural 

information is dictated by the primary amino acid sequences and the tertiary structures. 

Understanding of the existing series of family folds and associated evolutionary 

relationships, latest research in investigation of the "protein universe" at the tertiary 

structural level have provided key features. Although tertiary structure database is small, 

the sequence databases are huge and compile the entire genome sequences of several 

bacteria, an archaeon and a microbial eukaryote.  Using  the  great  harmony  of  protein  

sequence  and  structural  data, computational  approaches  to  solve the  "structure-

function"  problem  can help  to  understand  the  associations  between protein structure 

and function.  
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Besides computational approach, one of the widely used approach is to subject the 

native and active conformation of a protein to various physicochemical stress conditions 

and monitor the changes occurring in its conformation and function at each step. 

Generally native proteins are marginally stable i.e. free energy gap between the folded 

and unfolded states in typical proteins under physiological conditions is rather small (20 

to 65 kJ/mol). Therefore, when the balance between the interactions involved in 

stabilizing or destabilizing particular structure is disturbed by harsh environment like 

extreme temperature, pH and chaotropes, it may lead to structural and functional 

alterations in protein [46]. When a protein loses its quaternary/tertiary/secondary 

structure, but not its primary sequence, it is considered to be denatured. Denatured 

proteins are generally non-functional. For some proteins, denaturation can be fully or 

partially reversed. Since the primary structure of the polypeptide is still intact, it may be 

able to re-fold into its functional form provided it is subjected to its normal condition, else 

denaturation is irreversible. It has long time ago been observed that some proteins can 

refold after denaturation even when kept alone in a test tube. Since this happens 

spontaneously, their amino acid sequence must contain all the information required for 

folding. However, not all proteins are able to fold/refold this way, how proteins normally 

fold in a cell seems to be complicated. Several proteins which do not fold by themselves 

are assisted by chaperones (chaperonins). In some cases, the structure of a protein remain 

stable, but the liabile active site tends to lose its geometry and hence the activity. 

Contrary to this, the active site may get unusually stabilized and highly active. A 

polypeptide can even adopt a more flexible conformation different from its functional 

native form, due to changes in environment [18, 47-48]. Exploring structure-function 

relationships of proteins can help in establishing the factors responsible for their stability.  

The present study uses a combination of various experimental and theoretical 

approaches to investigate the structural and functional transitions of two unexplored 

legume lectins. The following section gives details about basic information, structure and 

applications of lectin. 
 

1.2 Lectins 

Lectins are proteins of non immune origin with the ability to recognize and bind special 

sugars existing on cell surfaces [49]. Lectins are known to be ubiquitous, being present in 

most species like viruses, bacteria, fungi, invertebrates, vertebrates and plants. They can 

bind to the carbohydrate moieties on the surface of erythrocytes and agglutinate them 
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[50]. Due to their ability to agglutinate red blood cells they are also called as 

hemagglutinins.  
 

1.2.1Historical background 

The first evidence for hemagglutinin came in 1860, when S.W. Mitchell observed the 

agglutination of pigeon blood by the venom of the rattlesnake [51]. Later, first study 

focused on the origin of hemagglutination was H. Stillmark’s thesis in 1888, where the so 

called ricin from Ricinus communis was examined and named as phytohemagglutiunin 

[52]. 

Earlier lectins were detected and characterized in plants, further, numerous lectins 

from microorganisms (Staphylococcus aureus and Vibrio) and from animals (horseshoe 

crab, lobster) were isolated [53]. The first viral lectin identified in early 1950’s was 

influenza virus hemagglutinin. In 1980’s first lectin from protozoan and the first fungal 

lectin from common mushroom Agaricus bisporus were isolated. Historical timeline 

gives a glimpse of further development in lectinology (Fig.3). Today, lectins are known to 

be ubiquitous, present in most species [54]. 

About 42 lectins are available commercially (in Sigma-Aldrich/ Vector Labs, 

USA) for application in analytical and clinical industry. More than 40 reviews have been 

published on various aspects of lectins. Though lectins are studied since 130 years, they 

are still an attractive topic of research for the biologists. 

 
Figure 3: Timeline describing development of lectinology 

(GSA: Griffonia simplicifolia Agglutinin      WGA: Wheat Germ Agglutinin) 

1860

1888

1916

1950

1972

1980

1989

1993
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2000-
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now

• S. W. Mitchell observed 
the agglutination of pigeon 
blood by the venom of the 
rattlesnake

• H. Stillmark discovered
ricin

• Isolation of Concanavalin A 

• First viral lectin identified  
influenza virus 
hemagglutinin

• 3D stucture of con A
established by Xray
crystallography

• First Fungal and  
protozoan lectin isolated.
• Goldstein defined lectin

• Sharon determines lectin 
as cell recognition 
molecules

• Kim et.al shows GSA and
WGA induce apoptosis

• Structural analysis of 
lectin ligand complex

• Lectins as a tool to
understand glycomics

• Use of lectins as vaccines
for cancer and HIV
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1.2.2 Detection 

Hemagglutination using rabbit RBC’s is regularly used to detect the presence of lectins in 

any biological source [55]. The lectin should bind to the cells and form cross-bridges 

between them for agglutination to occur. The erythrocytes can be used directly or after 

treating with trypsin, pronase or neuraminidase [56]. A technique like enzyme multiplied 

assay has also been used [57]. 

 Figure 4: Scheme of 

hemagglutinating activity (HA) and 

inhibition of HA assays. A. The 

lectin sample induces 

hemagglutination due to lectin linkage 

to erythrocyte surface carbohydrate 

(ESC). B. HA inhibition occurs when 

lectin sample is incubated with 

carbohydrate prior to addition of erythrocytes; binding of a specific carbohydrate (SC) to 

lectin sites extinguish net formation. Adapted from ref [58]. 

1.2.3 Occurrence and Biological Role of Lectin 

1.2.3.1 Viral Lectins 

Influenza virus hemagglutinin (HA) is the best studied example of viral lectins. HA binds 

to cell surface receptors, and it mediates release of the viral genome into the cytoplasm 

through membrane fusion. Sialic acid is the essential component of the influenza virus 

receptor to which HA binds [59]. Other viral lectins include those from foot-and-mouth 

disease and HIV [56]. 

 

1.2.3.2 Fungal Lectins 

The first fungal lectins were isolated from fruiting bodies of mushrooms Agaricus 

campestris and Agaricus bisporus [60, 61]. Fungal lectins participate in formation of 

mycelium structures which help pathogenic fungi to penetrate into the host organism [62]. 

Later on, lectins were isolated from Grifolia, Ganoderma. Mushroom lectins have been 

studied from Lactarius delicious, Boletus edulis, Laetiporus sulphureus etc. The first 

fungal lectin of which the structure was solved was from Aleuria aurantia. 

 

 

A 

 

B 
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1.2.3.3 Bacterial Lectins 

Bacterial lectins occur generally in the form of sub microscopic, elongated, multisubunit 

protein appendages and known as pili (threads) or fimbriae (hairs). They interact with 

glycoprotein and glycolipid receptors on host cells [63]. The two classes are: (1) 

Adhesins, present on the surface of the bacteria helping them in adhering to the host 

surface leading to colonization, and (2) Toxins, secreted in the surrounding. 

 

1.2.3.4 Animal Lectins 

The first animal lectin activity was observed in snakes. Thrombolectin from Bothrops 

atrox was the first lectin isolated in pure form in 1980 [64]. Animal lectins belong to 

eight structurally different families are classified into intracellular and extracellular 

lectins. The intracellular lectin families are calnexin family, M-type, L-type and P-type 

which are responsible for functioning in trafficking, sorting and targeting through 

secretory pathway. On the other hand, the extracellular lectin families comprise of C-

type, R-type, siglecs and galectins which are secreted into the extracellular matrix or body 

fluids, they are involved in cell adhesion, migration, cell signalling and pathogenic 

interactions. 

 

1.2.3.5 Plant Lectins 

Plant lectins comprise largest group of lectins studied with respect to structural and 

functional aspects. First plant lectin to be reported was Ricin from castor bean plants in 

1888. Majority of plant lectins have been obtained from seeds. Some of the lectins from 

Sambucus, Allium, Sophora, Vicia etc. are localized in vegetative and storage tissues [65].  

Sumner and Howell first crystallized and then extensively studied Concanavalin A (Con 

A), a lectin from jack beans [66]. Structure-function studies and possible applications of 

lectins grew rapidly in last few years. They play role in defense against phytopathogens 

as well as against predators. Some lectins from plants like Phaseolus vulgaris (French 

bean), Ricinus communis (castor bean), Galanthus nivalis (snowdrop), Triticum vulgare 

(wheat) protect from herbivorous animals whereas Hevea brasiliensis (rubber tree), 

Urtica dioica (stinging nettle), Solanum tuberosum (potato) lectin have been shown to 

play  role in protection from fungal attack [67]. 

 

1.2.4 Classification of Lectins 
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Earlier, plant lectins used to be classified on basis of monosaccharide specificity into five 

groups. Lectins specific for (i) Mannose/Glucose (Man/Glu) (ii) Galactose/N-acetyl 

Galactosamine (Gal/GalNAc) (iii) Glucose/N-acetyl Glucosamine (Glc/GlcNAc) (iv) 

Fucose and (v) N-acetyl neuraminic acid were reported [65]. After several years of 

extensive and advance research; based on the transcriptome and biochemical analysis, 

now there are twelve families of plant lectins (Table 3) 

 

Table 3: Classification of lectin based on transcriptome and biochemical analysis 

(Ref: [68] and [69]) 

Lectin family Specificity Example/s 

Agaricus bisporus 

agglutinin 

T-antigen Marchantia polymorpha ABA 

Amaranthins T-antigen Amaranthus species 

Class V Chitinase High mannose N-glycans Robinia pseudoacacia 

chitinase-related agglutinin 

Cyanovirin family High mannose N-glycans Nostoc ellipsosporum 

EEA family        High mannose N-glycans Euonymus europaeus 

GNA family 

(Galanthus 

nivalis) 

Mannose and High mannose N-

glycans 

Tulip lectin (TxLC-I), G. nivalis 

lectin 

Proteins with 

hevein domains 

Chitin Potato lectin 

Jacalins Mannose and galactose lectins from other Artocarpus 

species 

Proteins with 

legume lectin 

domain 

Galactose, GalNAc, 

T-antigen 

Canavalia ensiformis, 

Phaseolus vulgaris, Glycine 

max 
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LysM domains           Chitin Arabidopsis thaliana, 

Pteris ryukyuensis 

Nictaba family                       Chitin Nicotiana tobacum agglutinin 

(Nictaba) 

Ricin-B family Galactose and GalNAc Ricinus communis agglutinin 

 

1.2.5 Lectin-Sugar Interactions 

Based on the amino acid sequences of lectins studied so far, it is inferred that the 

saccharide binding property of the lectins resides in a polypeptide sequence, named as 

“Carbohydrate-recognition domain” (CRD) [70]. Fine changes in the disposition of amino 

acid side chains near the sugar-binding sites dictate the differential binding of sugars to 

lectins [71]. Recognition events impose a stringent geometry upon both the ligand and the 

corresponding receptor, thus conferring unique sugar-specificities upon lectins. 

Carbohydrates can interact with lectins via hydrogen bonds, metal coordination bonds and 

van der Waal’s and hydrophobic interactions. Water molecules often act as bridges in 

these interactions. These forces involved in lectin-sugar interactions have been discussed 

below: 

1. Hydrogen bonding: The characteristic of the interaction of lectins and other 

carbohydrate-binding proteins with hydroxyl group of sugar is that the hydroxyl group 

(OH) acts simultaneously as a hydrogen-bond donor and acceptor [71]. Selectivity 

ultimately results from co-operative hydrogen bonding between the hydroxyl groups as 

well as amine and carboxyl groups of many carbohydrates (Fig.5A). Hydroxyl groups of 

sugars establish hydrogen bonds with the side chains of polar amino acids like aspartic 

acid, asparagines, glutamine, glutamic acid, serine and arginine, amine and carbonyl 

groups of backbone. The specificity towards a given sugar type is rendered to the protein 

by the typical stereochemical arrangement of the hydroxyl groups [72]. 

2. Apolar interactions: Clustering of three or more adjacent C-H groups due to the 

typical steric disposition of hydroxyl groups occurring in some sugars creates 

hydrophobic pockets on the sugar surface. These can establish apolar contacts with 

hydrophobic residues in proteins, especially the aromatic rings of tryptophan, tyrosine 

and phenyl alanine. The attractive forces are due to 1) entropy generating from the mutual 

protection of both apolar surfaces from the water and 2) the enthalpy of non-conventional 
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hydrogen bonds between the partially positively charged C-H groups and the quadrupole 

formed by the aromatic ring π-system [73]. In all the lectin-Gal complex structures, the 

apolar patch of the Gal β stacks against that of tryptophan or phenylalanine. This 

stacking arrangement implies that the Gal ring is parallel to the plane of the aromatic ring 

(Fig.5B) [74]. 

3. Other interactions: Besides above interactions, forces involved in the recognition of 

sachharides by their protein receptors include salt bridges between electrically charged 

residues of a few sugars, e.g. sialic acid, and amino acid residues with opposite charge. 

Other remarkable interaction involves the divalent cation coordination bridging particular 

sugar hydroxyls and negatively charged aspartates or glutamates. Example of this 

interaction is C-type family proteins which involve Ca2+

4. Extended binding: The term ‘extended site’ describes binding sites that interact 

specifically with more than one sugar residue to provide increased affinity, the feature 

also called as subsite multivalency. Lectins have increased selectivity towards a target 

through multiple binding by mechanism of additional binding in subsites and subunit 

multivalency [70]. The primary binding site is important in subsite binding for 

carbohydrate recognition, and secondary binding site helps in enhancing the affinity of 

the lectin for specific oligosaccharides. Although the legume lectins Lathyrus ochrus 

isolectin II (LOL II) and Con A are Man/Glc specific, they exhibit different 

oligosaccharide choices. LOL II has much higher affinity for oligosaccharides with 

additional α (1–6)-linked fucose residues unlike Con A. Another example is from 

Artocarpus genus where lectins from A. integrefolia, A. lakoocha and A. hirsuta have 

extended binding site for T-antigen [75]. In subunit multivalency, subunits of the same 

lectin contribute to binding by recognizing different chains or extensions in a branched 

oligosaccharide [76].  

 ions to recognize their 

carbohydrate ligands [72]. 

 

 

 

 

 

 

 

A 
B 
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Figure 5: Protein-carbohydrate interactions governing the recognition of chitobiose 

by hevein A. Dashed lines represent hydrogen bonds established between the sugar and 

polar residues of the protein (S19 and Y30), solid lines indicate CH-π interactions with 

the W21 indole ring. B. Stacking interaction between chitobiose and Tryptophan. 

 

1.2.6 Applications of Lectins 

Lectins have applications either in their soluble form or immobilized derivatives. They 

have huge functions in biochemistry and cell biology. Lectins are also useful in medical 

field e.g. in detection of cell surface alteration during cancer development. Multiple 

lectins have applications in biological research, both as agents and tools. The applications 

and mechanisms of action as biological agents are briefly listed below (Table 4). Lectins 

have now emerged as biological tool which are used as probes in various identification 

and detection kits. Some of the examples of lectins as biological tools are given below 

(Table 5). 

Table 4: Lectins as biological agents. (adapted from Dan et. al [77]) 

 

Activity Lectins Targets Mechanisms 

Anti-tumor Con A (from Jack 

beans) 

 

 

 

 

Mistletoe lectins 

Hepatoma(Mice-P) 

 

 

 

 

 

Pancreatic cancer 

(Mice-P), head and 

neck cancer 

(human-N), breast 

cancer (human-P) 

Binds with tumor cells 

in a mannose-specific 

manner 

and induces autophagy 

 

Induce apoptosis or 

inhibit 

protein synthesis 
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Anti-HIV BanLec(from banana) 

cyanovirin-N (from 

Nostocellipsosporum) 

 

 

 

 

Lectins(from leek, 

stinging 

nettle, and HHA) 

HIV virus (in vitro) 

 

 

 

 

 

 

SARS-CoV(in vitro) 

Bind to the 

glycosylated 

HIV-1 envelope 

protein 

(gp 120) and block 

cellular entry 

 

Interfere with the 

glycans 

on the spike during 

virus 

entry and virus release 

Anti-insect AJL (from Arisaema 

jacquemontii blume) 

 

 

 

 

MuBL and MuHL 

(respectively isolated 

from 

Myracrodruon 

urundeuva 

bark and heartwood, 

respectively) 

Bactrocera 

cucurbitae 

larvae 

 

 

 

Aedes aegypti 

Decreases the activity 

of acid phosphatase 

and 

alkaline phosphatase 

 

Increase larval 

mortality 
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Anti-fungal 

 

 

 

 

 

 

 

 Lectin from Curcuma 

amarissima Roscoe 

 

 

 

 

TEL (Talisia 

esculenta) 

Fusarium oxysporum, 

Exserohilum 

turicicum, 

and Colletotrichum 

cassiicola 

 

F. oxysporum, 

Colletotrichum 

lindemuthianum, and 

Saccharomyces 

cerevisiae 

 

Not explained 

 

 

 

 

Crosslinks chitin and 

prevents cell 

expansion at 

tip of the growing 

hyphae 

 

Anti-bacterial 

Ch-salectin (cloned 

from 

Crassostrea 

hongkongensis) 

 

 

 

 

HSL (H. scabra 

lectin) 

Escherichia coli, 

Vibrio 

alginolyticus, 

Bacilllus 

thuringiensis, and 

Staphylococcus 

aureus 

 

Staphylococcus sp., 

Serratia sp., Proteus 

sp., Proteus sp., etc. 

Binds to a sialic acid 

containing protein 

fetuin 

and inhibits the 

growth of 

bacteria 

 

Binds to the 

glycoconjugte 

moiety on the surface 

of 

bacteria and enhances 

the 

phagocytosis rate 
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   Table 5: Lectins as Biological tools. (adapted from Dan et. al [77]) 

 

Types of tools Representative Application Companies 

Lectins for 

histochemistry 

and 

cytochemistry 

Lectin from Ulex 

europaeus-Atto 

488 

conjugate (19337) 

 

WGA, Alexa 

FluorR _ 488 

Conjugate 

(W11261) 

 

 

Horseradish 

peroxidase 

(HRP)-conjugated  

Limax 

flavus lectin (LFA) 

(H-5101-1) 

 

DIG Glycan 

Differentiation 

Kit (11210238001) 

 

For the detection of α-L-

fucose by microscopy, flow 

cytometry and fluorescence 

in situ hybridization, etc. 

 

For the detection of  

N-acetyglucosamine and 

sialic acid residues by 

microscopy and 

flowcytometry 

 

For the detection of sialic 

acid (generic term for 

derivatives of 

N-acetylneuraminic acid 

and N-glycolylneuraminic 

acid) 

 

For differentiation between 

complex and high-mannose 

chains, differentiation 

between α(2,3) and α(2,6) 

linkage of terminal sialic 

acids, and identification of 

the 

core disaccharide 

Galβ(1,3)GalNAc of O-

glycans 

Sigma-

Aldrich 

 

 

 

 

Life  

Technologies 

 

 

EY 

Laboratories 

 

 

 

 

 

 

Roche 



Agrawal Sanskruthi B.                                  AcSIR                                       Ph.D. Thesis (2019) 
 

Chapter I: Introduction Page 26 
 

  

1.2.7 Recently solved structures of lectin 

In last few years, the number of lectin structures increased enormously, resulting in 

almost 1800 deposited structures of more than 470 different lectins (lectin 

3D http://glyco3d.cermav.cnrs.fr). Table below gives a brief account of the recently 

studied (last 5 yrs) lectins from various sources which are structurally diverse with 

different sugar specificity (Table 6). Most of the lectins have shown promising results as 

anticancer/ anti-HIV activity. 

Table 6: Recently released structures of lectins 

Sr.

No. 

Lectin source/ 

PDB ID./ Reference 

Specificity Fold Application/

effect 

Plant    

1 Jacalin-related lectin from 

Ananas comosus stem 

(AcmJRL)  6FLW [78] 

Mannose β-prism   

Columns for 

glycoprotein 

isolation 

 

 

 

 

 

 

Con A lectin resin 

(89804) 

 

 

Lentil Lectin-

Sepharose 4B 

(17-0444-01) 

For the isolation of 

glycoproteins containing 

alpha-linked mannose 

and terminal glucose 

residues 

 

For the purification of a 

number of glycoproteins 

and other carbohydrate 

containing molecules 

Thermo 

Scientific 

 

 

 

GE 

Healthcare 

Life Science 

Lectin 

microarrays 

 

PlexArrayR Lectin 

Array 

Kit I (BG-L-K001) 

 

Lectin Array 40 

(GA-Lectin-40) 

For glycoprotein screening 

(label free) 

 

 

For glycoprotein screening 

(fluorescence labeling) 

 

Plexera 

 

 

 

RayBiotech 

http://glyco3d.cermav.cnrs.fr/�
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2 Orysata  5XFH [79] High mannose- 

type glycans 

β-prism Insecticidal 

3 Canavalia bonariensis seeds 

5U3E [80] 

Mannose/Gluco

se 

Jelly roll 

motif 

Antiglioma 

effect 

4 Platypodium elegans seeds 

(PELa) 5U38 [81] 

High mannose- 

type glycans 

β-sandwich Nociceptive 

effect 

5 Dioclea lasiocarpa lectin 

(DLL) 5UUY [82] 

Mannose/Gluco

se 

Jelly roll 

motif 

vasodilator 

effect/ 

Antiglioma 

activity 

6 Wisteria floribunda ( Japanese 

wisteria)  5KXB [83] 

 

GalNAc, 

LacdiNAc 

Jelly roll 

motif 

Cancer 

glycomarker/

diagnosis 

7 Bauhinia forficta (Orchid tree)  

5T20 [84] 

 

GalNAc/Tn-

antigen 

Jelly roll 

motif 

Inhibit 

Melanoma 

cells 

8 Colocasia esculenta (Tarin) 

5T1X [85] 

Mannose β-prism II 

fold 

Mitogenic 

effect 

9 Momordica charantia (Bitter 

gourd) 4Z8S  [86] 

 

Galactose  insulinomime

tic  activity 

10 Centrolobium tomentosum 

(Arariba)  5EYX [87] 

Mannose/Gluco

se 

β-sandwich Inflammatory 

activity 

11 Vatairea macrocarpa 

(Amargo) 4XXA [88] 

GalNAc  Cancer 

diagnosis and 

prognosis 

12 Dioclea sclerocarpa  4NOT 

[89] 

 

Mannose  Jelly roll 

domain. 

Vasorelaxant 

effect 

13 Parkia biglobosa  4MQ0 [90] 

 

Mannose β-prism 

domain 

Antinocicepti

ve and anti-

inflammatory  

effect 
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14 Cymosema roseum 4MYE 

 

Mannose   

15 Canavalia boliviana (Jack 

beans)  4K20 [91] 

Mannose Canonical 

dimer 

α/β sandwich 

anti-

inflammatory  

effect 

16 Ipomoelin from sweet potato 

4DDN [92] 

Glucose/Manno

se 

Canonical β-

prism fold 

Defense 

against insect 

Human    

17 Galectin -2  5EWS [93] 

 

β-

galactoside/lacto

se 

Homodimer 

consists of β-

strands 

Apoptosis/ 

Cell signaling 

18 Intelectin-1 4WMQ [94] Glycan epitopes 

on microbes (β-

galpyranose) 

Homooligom

er (Highly 

twisted β-

sheet) 

Microbial 

survelliance 

19 langerin CRD 13 4N34 [95] 

 

High mannose 

structures  

  

Animal    

20 
Saxidomus purpuratus (SPL-2) 

6A7S [96] 

GalNAc/GlcNA

c 

  

21 Dario rerio galectin-1-L2  

6E20 [97] 

Galactose Dimer 

consisting of 

β-sheet 

Modulate 

1HNV 

attachment to 

epithelial 

cells 

22 Crenomytilus grayanus 5F8S 

[98] 

 

Galactose/Globo

triose 

β-trefoil fold Antifungal,an

tibacterial,ant

icancer 

activity 

23 Mytilus californianus  5VBK 

[99] 

Galactose β-trefoil fold Growth 

inhibition in 

microbes 
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24 Bothrops jararacuss 5F2Q    

25 Xenopus Embryonic Epidermal  

4WN0 [100] 

 

Galactofuranose barbell-

shaped dimer 

of trimers 

Opsonin for 

phagocytosis 

26 Carp FEL 4RUQ [101] 

 

GlcNAc β-propeller Role in 

innate 

immunity/ 

embryonic 

development 

Fungus    

27 Pholiota squarrosa (PhoSL) 

6A86 [102] 

GlcNAc Β-prism 

scaffold 

Biomarker/ 

diagnosis tool 

for cancer 

28 Aspergillus fumigatus (AFL) 

4UOU [103] 

Fucose β-propeller Role in 

pathogenicity 

29 Epithelial Adhesin 1 A domain 

(Epa1A) from Candida 

glabrata 4AF9 [104] 

Galβ 1-3 

GalNAc 

Antiparallel 

β-sandwich 

motif  

 

30 Rhizoctonia solani 4G9M 

[105] 

 

GalNAc β-trefoil fold Insecticidal 

activity 

31 Coprinopsis cinerea  4USP 

[106] 

 

GlcNAc(Fucα1,

3)β1,4GlcNAc 

β-trefoil fold Defense 

against 

predators 

32 Lyophyllum decastes 4NDS 

[107] 

α-galactosyl Unique fold 

with 

5antiparallel 

β sheet and 2 

α helices 

packed 

against each 

other 

Defense 

against 

predators, 

antitumor 

effect 

Bacteria    
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33 Kordia zhangzhouensis 6HTN 

[108] 

Fucose Beta-

propeller 

 

34 Photorhabdus asymbiotica 

(PHL) 5MXE [109] 

Fucose Beta-

propeller 

Role in 

pathogenicity 

35 Photorhabdus luminescene 

5C9L [110] 

Fucose Beta-

propeller 

Defense 

against 

nematodes 

36 Putative Fml fimbrial adhesin 

FmlD 5LNG[111] 

galactose β1-3 

N-

acetylgalactosa

mine 

β-sandwich Role in 

Urinary tract 

infection 

37 Psuedomonas 

 

aeruginosa LecB 

5A6Q [112] 

Fucosylated N-

glycans 

homotetrame

r with the 

four 

carbohydrate 

recognition 

domains 

(CRD) 

Virulence 

factor 

required for 

adhesion and 

bioflim 

formation 

38 

 

Pseudomonas aeruginosa LecA  

4CPB [113] 

Divalent 

galactose 

β-prism II 

fold 

Virulence 

factor 

involved in 

lung injury, 

mortality, 

and cellular 

invasion 

39 Burkholderia oklahomensis  

4GK9 [114] 

 

Manα (1-6)Man 

disaccharide 

unit 

β-barrel Anti-HIV 

activity 

40 Mycobacterium smegmatis  

4OIT [115] 

Mannose β-prism II 

fold 

 

41 Vibrio vulnificus 

Hemolysin/Cytolysin  4OWL 

[116] 

N-Acetyl-D-

Lactosamine 

Bound 

β-trefoil fold Role in 

Pathogenesis 
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42 

 

Psuedomonas fluorescens 

4FBO [117] 

α3,α6-

mannopentaose 

β-barrel Anti-HIV 

activity 

43 α3,α6-

mannopentaose 

Myxococcus Xanthus 4FBR 

[117] 

β-barrel Anti-HIV 

activity 

 

1.2.8 Legume lectins 

The most studied group of Plant lectins include those purified from Leguminosae family 

[118]. Previous studies have revealed that most of the legume lectins are dimers or 

tetramers of approx. 30 kDa. They are characterized by legume lectin fold which remains 

conserved in all the lectins. This fold is also called “Jelly roll motif” which is 

characterized by a six stranded nearly flat ‘back’ β-sheet, a seven stranded curved ‘front’ 

β-sheet and several loops that connect the sheets (Fig. 6A, 6B). Though all legume lectins 

are related at molecular level, they show variation in carbohydrate binding/specificity. For 

example, the legume lectin soybean (Glycine max) agglutinin (SBA, SBL) binds N-acetyl 

D-galactosamine/galactose; Concanavalin A (Canavalia ensiformis) lectin (ConA) binds 

glucose/ mannose and gorse (Ulex europaeus) lectin (UEA1) binds L-fucose. Recently 

studied other legume lectins from Chickpea, Bauhinia forficta, Sophora japonica, 

Amaranthus caudatus bind N- acetyl D-galactosamine/galactose whereas Dioclea 

lasiocarpa, Canavalia bonariensis, Dioclea sclerocarpa, Platypodium elegans bind 

mannose/Glucose. 

The seeds of leguminous plants are the richest sources of lectins [119]. Lectins, 

`natural mutants of the quaternary state' are the excellent model systems for studies of 

multisubunit proteins as well as for the significance of oligomerization on their stability 

and structural integrity [120, 121]. There are different modes of oligomerization in 

legume lectins like canonical, handshake, back to back, noncanonical interface and the 

unusual interfaces (Fig. 6C-E) [122]. 

 

1.2.8.1 GalNAc binding Sophora japonica lectin 

Sophora japonica (Family: Fabaceae), also known as Chinese Scholar Tree or Japanese 

Pagoda Tree is a leguminous plant. It has medical applications in the treatment of health 

disorders like uterine bleeding, haemorrhoids, chest congestion, constipation etc [123]. 
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The plant seed lectin is a tetrameric protein with molecular mass of 120 kDa, shows 

maximum stability at pH 8.5 in presence of Ca2+

Dioclea lasiocarpa lectin (DLL) is glucose/mannose specific lectin. It is a tetrameric 

protein with a molecular mass of 25 kDa [82]. Structural studies revealed DLL has a Jelly 

roll motif. The monomers are packed in a tetramer by two canonical dimers, both 

stabilized by noncovalent interactions (Fig. 6G). Each chain of the tetramer has a metal-

binding site and carbohydrate recognition domains of the same specificity. Docking 

studies have shown DLL binds more specifically to mannose. It has shown 

antiproliferative activity against various cancer cell lines. Further studies showed DLL is 

most effective on C6 glioma cells at small concentration. 

 ions and specificity towards N-acetyl D-

galactosamine (GalNAc) [124, 125]. Homology Model constructed by Yadav et. al 

showed a typical legume lectin monomer (Fig.6F). Secondary structure majorly 

comprises of Type III β turns. Further studies have shown that SJL has extended binding 

site for T-antigen [126]. 

 

1.2.8.2 Glucose/mannose binding Dioclea lasiocarpa lectin (PDB ID: 5UUY) 
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Figure 6: Typical legume lectin A. Schematic representation of a legume lectin subunit 

in terms of sheets B. Crystal Structure of the lectin from Concavalin A (PDB ID: 1DQ6) 

C. Canonical type interface in Con A, pea lectin D. Handshake interface of ECorL, WBA 

I E. Back-to-back interface of GS IV and PNA (1-4 and 2-3) F. Homology model 

constructed monomer of Sophora japonica G. Tetrameric crystal structure of Dioclea 

lasiocarpa lectin (DLL) (PDB ID: 5UUY).  

 

1.3 Objective of the present thesis 

The thesis work is based on the investigations of two N-acetylgalactosamine binding 

leguminous lectins from Bauhinia purpurea and Wisteria floribunda. Although few 

reports on applications and structural studies on these lectins are available, in solution and 

in silico functional and conformational transition investigations were limited. Functional 

and/or structural novelty of two GalNAc binding lectins was studied by monitoring the 

transitions under various denaturing and physicochemical stress conditions and checking 

anticancer activity of two lectins.  

Biochemical characterization and sugar binding studies were carried out using 

hemagglutination and its inhibition assays, respectively. Biophysical studies were 

performed by using fluorescence and circular dichroism (CD). The microenvironment of 

the tryptophan residue was studied by performing solute quenching experiments. 

Homology model of the Bauhinia purpurea lectin (BPL) was constructed. Protein ligand 

docking (in-silico) and sugar binding (in-solution) studies of the D-galactose and its 

derivatives to BPL were carried out to identify the amino acid residues involved and 

binding energies. Molecular dynamics thermal simulations were performed for Wisteria 

floribunda lectin (WFL) to study aggregation in detail. Acid induced molten globule like 

species were detected in both lectins which were characterized further in detail. 

Cytotoxic and antiproliferative effect of  BPL and WFL on MCF7 cell lines  was 

checked using MTT assay,  LDH leakage assay,  ROS assay and caspase 3 assay. Further 

cell cycle analysis was performed to check population of cells undergoing apoptosis. 
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Abstract 

Sugar binding studies of two novel medicinally important legume lectins from 

Bauhinia purpurea (BPL) and Wisteria floribunda (WFL) were carried out. The 

homology model of BPL was constructed to predict the three dimensional structure, 

locate the tryptophan residues and evaluate the environment therein. The three 

dimensional structure of BPL monomer with bound metal ions Ca2+ represented the 

typical legume lectin fold presenting the jelly roll motif. Model thus constructed was 

docked with sugars (GalNAc and T-antigen) to find out amino acid residues involved in 

sugar binding and their binding energies. The hydrogen bonds and hydrophobic 

interactions taking place between BPL and these sugars were studied and diagrams of 

ligand interactions were generated.  The docked pose of T-antigen (-8.313) showed two 

fold increase in docking score compared to GalNAc (-4.008). The binding constants ka of 

BPL for GalNAc and T-antigen disaccharide (Galβ1-3GalNAcαO-Me) as determined by 

intrinsic fluorescence spectroscopy (in solution studies) were 5.0×103 M−1and 1×104 M−1

 

, 

respectively. Thus, binding affinities determined by in silico and in solution studies 

correlate well. Sequence and structural alignments of BPL and WFL showed longer loop 

D in WFL making it more specific to LacdiNAc over GalNAc/Galβ 1–3 GalNAc. 

2.1 Introduction 

Being the specific sugar /oligosaccharide binding proteins, lectins are widely used to 

study role of cell surface carbohydrates, to isolate and characterize glycoconjugates and 

to detect sugar moieties on normal and tumor cell surfaces [1-4]. Cellular glycan binding 

property which confers antitumor property to lectins has drawn increasing attention of 

cancer biologists [1]. The broad range binding site architecture of lectins from 

minor/shallow grooves to deeper pockets provide extended binding site to sugars. The 

hydrogen bonds, hydroxyl groups and aromatic side chain stacking interactions contribute 

majorly to sugar binding [2]. Non-covalent interactions of lectins with sugars are highly 

specific and reversible [4]. They can also bind to free-floating glycans including 

monosaccharides. This glycan architecture is changed in transformed cells which can be 

detected by lectins. Hence, study of sugar binding to lectins is important [3, 4]. 

The two lectins selected for the present studies are from Bauhinia purpurea and 

Wisteria floribunda (Family: Fabaceae), leguminous plants commonly called as Camel 

foot's tree or Butterfly tree and Japanese wisteria, respectively. Bauhinia purpurea is used 

as antidysenteric, astringent and as a poison antidote [5]. Bauhinia purpurea lectin (BPL) 
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binds to T-antigen and has also showed elevated binding in metastatic urine [6-7]. 

Wisteria floribunda lectin (WFL) binds N-glycans terminating in β-linked N-

acetylgalactosaminides especially ones with LacdiNAc (β-D-GalNAc-[1→4]-DGlcNAc) 

termini, and to terminal galactose residues with lower affinity [8-10]. LacdiNAc is a 

cancer glycomarker associated with leukemia, prostate, pancreatic, ovarian, and liver 

cancers [9]. WFL is currently considered as the most prominent diagnostic lectin against 

cholongiocarcinoma. It is a malignant tumor arising from the epithelial lining of the 

intrahepatic biliary tract. With the help of lectin microarray profiling, Matsuda et. al have 

shown that WFL can differentiate between normal and carcinoma cells [11]. Thus, both 

the lectins have high medicinal value. 

The seed lectins from the plants Bauhinia purpurea and Wisteria floribunda are 

tetrameric proteins with molecular mass of 197 kDa and 116 kDa, respectively, show 

maximum stability at pH 8.0 and specificity towards N-acetyl D-galactosamine (GalNAc) 

[8, 12]. Molecular cloning of the Bauhinia purpurea lectin has been reported earlier [6], 

whereas cloning and crystal structure of Wisteria floribunda lectin has been recently 

reported [9, 13]. The lectins show 43% sequence identity to each other. 

The present chapter deals with in solution and in silico studies of sugar binding 

studies of Bauhinia purpurea and Wisteria floribunda lectin. Hemagglutination assay 

which is a routine method for detection of lectins was performed. Hemagglutination 

inhibition assay was done to check sugar binding specificity. Fluorescence titration 

studies were performed to determine sugar binding affinity of BPL to different sugars.  

SPR based sugar binding studies for WFL have been already reported where KD for 

GalNAcα-pNP was 92.4 μM, for LacdiNAcβ-pNP 5.45 μM, and for Galβ-pNP, 0.47 mM 

indicating high affinity for the respective saccharides [9]. 

Homology modelling, molecular docking studies of BPL and detailed 

investigation of differential sugar binding to both the lectins BPL and WFL were 

performed. In silco study provided information about three dimensional structures of 

protein, different secondary structural elements and geometry of sugar binding sight. 

Computational tools were used for construction, validation of model and to perform 

docking studies. 
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2.2 Materials and Methods 

2.2.1 Materials 

Bauhinia purpurea and Wisteria floribunda lectins were procured from Vector Labs, 

USA. Galactose and its derivatives like N-acetyl D-galactosamine, methyl α D-

galactopyranoside, methyl β D-galactopyranoside, 6-O methyl D-galactopyranose, 

lactose, melibiose, gal β 1-3 GalNAC β 1-OMe and other sugars like glucose were 

obtained from Sigma-Aldrich. All other chemicals used were of analytical grade. Buffers 

were prepared in Milli Q water. Rabbit blood for the hemagglutination assay was 

procured from animal house of the National Institute of Virology, Pune, India. 

 

2.2.2 Protein preparation 

BPL was dissolved in Tris HCl pH 8.5 (10 mM) buffered saline (150 mM) with CaCl2 

 

(1 

mM) and was stored at 4°C until further use. Buffer was filtered through 2 μm filter 

membrane before use. 

2.2.3 Protein Estimation 

Protein concentration was determined based on absorbance of solution at 280 and molar 

extinction coefficient (ε). (ε280 nm 0.1% for BPL 1.75, for WFL 0.89). 

 

2.2.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8% SDS-PAGE) 

Electrophoresis was carried out according to Laemmli’s protocol [14] with minor 

modifications. BPL sample (15 μg) was run on 8% SDS Gel. 

 

2.2.5 Matrix assisted laser desorption ionization -Time of flight (MALDI-TOF) 

The molecular mass of BPL was also determined by MALDI–TOF mass spectrometry 

using a Voyager DE-STR (Applied Biosystems) equipped with a 337 nm nitrogen laser. 5 

μl of the BPL (1 mg/ml) was mixed with 30 μl of sinapinic acid and spotted on MALDI 

target plate and analyzed. 

 

2.2.6 Erythrocyte preparation 

Rabbit erythrocytes were washed with PBS (Phosphate buffered saline, 20 mM potassium 

phosphate buffer, pH 7.2, containing 150 mM NaCl) and a 3% (v/v) suspension of 

erythrocyte was prepared in the same buffer. 
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2.2.7 Hemagglutination assay 

Hemagglutination assay was performed in tris buffer saline (pH 8.0 with Ca2+) using 

standard 96 well microtitre plates by the two-fold serial dilution method. A 50 μl aliquot 

of the erythrocytes suspension was mixed with 50 μl of serially diluted lectin and 

agglutination was examined visually after incubation for one hour. A unit of 

hemagglutination activity (U) is expressed as the reciprocal of the highest dilution (titre) 

of the lectin that showed complete agglutination. The specific activity of the lectin is 

defined as the number of hemagglutination units/mg of the protein. To study the effect of 

metal ions, the lectin was treated with CaCl2, MgCl2, MnSO4

 

 (effective concentration of 

1mM) and also with EDTA (1 mM) and hemagglutination assay was performed. 

2.2.8 Hemagglutination inhibition assays 

Hemagglutination inhibition assays were performed as described above except that 

serially diluted sugar solutions (25 μl from 0.5 M stock) were pre-incubated for 15 min at 

room temperature with 25 μl of the lectin. Erythrocyte suspension (50 μl) was then added, 

mixed and the plates were examined visually after one hour. 

 

2.2.9 Fluorescence based titration studies of sugar binding  

For titration experiment, stock solution of 5 mM T-antigen α O-Me and 5 mM GalNAC 

were used. Sugars were added in 3–10 µl aliquots to BPL solution (70 µg/ml). After 

mixing the solution well, the samples were excited at 295 nm and the emission was 

recorded from 310 to 400 nm on a Perkin Elmer LS-50B spectrofluorimeter. Slit widths 

of 7 nm each were set for excitation and emission monochromators and the spectra were 

recorded at 100 nm/min. The baseline was corrected by subtracting the signal produced 

by buffer solution. The fluorescence intensity at 338 nm (λmax of the lectin) was 

considered for further analysis. Corrections were also made to compensate the dilution 

effect upon addition of ligand to the lectin. The association constants (ka) were calculated 

according to the equation described by Chipman et al. [15].The abscissa intercept of the 

plot of log [C] against log{ (∆F) / (Fc− F∞) }, where [C] is the free ligand concentration, 

yielded ka

                 log [F

 value for lectin-ligand interaction according to the relationship: 

o−Fc/Fc−F∞]=log ka

                where F

 + log [C]     (1) 

c is the fluorescence intensity of the lectin at any point during the titration, F∞

 

 is 

the fluorescence intensity at saturation binding, [C] is the free ligand concentration. 
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2.2.9 Homology model construction and validation of BPL 

The homology model of BPL was generated using Schrodinger version 15.3. Model was 

further refined through energy minimization using prime suit of Schrodinger. The model 

was checked for quality on PDB sum and validated by Ramchandran plot [16]. The 

RMSD between model and template was calculated by the Carbon alpha fitting method 

from PyMOL 1.8.x (www.pymol.org) program. 

 

2.2.10 Docking studies of BPL 

The structures of all the ligands used in the present study were obtained from ZINC 

database (http://zinc.docking.org) and refined using LigPrep 3.7 suit of Schrödinger. 

Similarly, using Protein preparation utility, hydrogen atoms were added to the BPL model 

and restrained minimization was carried out. The processed receptor and ligand structures 

were docked using Glide 6.9. The binding site was defined as a grid box of innerbox 

dimension 10*10*10 Å. Receptor grid generation was followed by ligand docking where 

the ligand was docked flexibly using extra precision mode in Glide. Free energy of 

binding was roughly estimated using an empirical scoring function called GlideXPScore, 

which includes electrostatic, van der Waals interaction and other terms for rewarding or 

penalizing interactions that are known to influence ligand binding. Based on Glide score, 

the best docked complex was selected and was visualized with PyMOL 1.8.x. 

 

2.3 Result and Discussion 

 
In solution studies of sugar binding to BPL 

 
2.3.1 SDS PAGE and MALDI-TOF analysis of protein 

BPL has molecular mass of 197 kDa and is a homotetrameric protein (monomer of 34 

kDa) with 290 amino acids. Bahuinia purpurea lectin showed a single band in SDS-

PAGE with molecular mass of approximately 34 kDa and showed a single major peak of 

32,000 Da in MALDI. 
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Figure 1: A. SDS-PAGE analysis of BPL showed a single band. B. 32 kDa sharp peak 

was observed in MALDI analysis. 
 

2.3.2 Hemagglutination and hemagglutination inhibition assay 

Functional studies of BPL were carried out using hemagglutination assay in tris buffer 

saline (pH 8.0) with Ca2+. The hemagglutination titre was obtained to be 1280 U/ mg of 

protein. The activity remained stable in presence of Ca2+ (Table 1) as compared to other 

metal ions (Mg2+, Mn2+

Simple sugars like glucose and mannose did not show inhibition of the 

hemagglutinating activity of the lectin. Hemagglutination was inhibited by galactose and 

its derivatives like D-galactosamine, N-acetyl D-galactosamine, methyl α-D-

galactopyranoside, methyl β- D-galactopyranoside, 6-O methyl D-galactopyranose, 

lactose, melibiose, g al β 1-3 GalNAC β 1-OMe (Table 2). The minimum inhibitory 

concentration for galactose and N-acetyl galactosamine were found to be 120 μM and 

24.3 μM, respectively. T-antigen (Gal β 1-3 GalNAC β 1-OMe) showed high affinity to 

BPL with 1μM inhibitory concentration. 

 and EDTA).  

Table 1:  Effect of Metal ions on Bahuinia purpurea lectin hemagglutination activity 

 

 

 

 

 

 

 

 

 

Lectin + 

Metal ion/s 

(1 mM) 

Residual 

hemagglutination 

activity(%) 

Mn 50 2+ 

Mg 50 2+ 

Ca 100 2+ 

Control 100 

EDTA 50 

97

66

45

30

20

BPL

1        2        3
A B 
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Table 2: Hemagglutination activity inhibition by Bahuinia purpurea

 

 lectin in presence of      

               sugars. 

 

 

 

 

 

 

 

 

 

 

 

 

 

ND: Not detected 

2.3.3 Fluorescence based titration studies of sugar binding  

The titrations of BPL with GalNAc and T-antigen leading to fluorescence quenching  

were performed (Fig 2A, 2B). The value of F∞ was derived from the graph by plotting 

Fo/ΔF vs 1/C as shown in Figure 2C and 2D. The plot of log [ ΔF ⁄ ( Fc-F∞  )], versus log 

[C]  was used to calculate the binding constant ka and the values were,  5.0×103 M−1and 

1×104 M−1

 

, respectively (Fig 2E, 2F). 

 

 

 

 

 

 

 

 

 

 

Sugar Minimum inhibitory 

concentration (µM) 

Glucose ND 

Mannose ND 

Galactose 120 

N-acetyl galactosamine 24.3 

Methyl α- D galactopyranoside 1170 

Methyl β- D galactopyranoside 293 

6-O Methyl D galactopyranose 390 

Lactose 195 

Mellibiose 98 

Gal β 1-3 GalNAC β 1-OMe 1 

A B
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Figure 2: Sugar binding studies of BPL; The fluorescence change during titration of A. 

GalNAc B. T-antigen. C and D (F∞) is obtained from Y-intercept of plot Fo/ΔF versus 

1/C. E and F. A double log plot of log ( ΔF/ Fc-F∞) versus logC. The X-intercept of plot 

gives ka

 

 value for interaction between BPL and GalNAc/T-antigen, respectively. 

In silico studies of sugar binding 

The Homology model of Bauhinia purpurea lectin (BPL) was constructed to predict the 

three dimensional structure, locate the tryptophan residues and evaluate the environment 

therein. Model thus constructed was docked with sugars (GalNAc and T-antigen) to find 

out amino acid residues involved in sugar binding and their binding energies. The 

available structure of Wisteria floribunda lectin WFL (PDB ID: 5KXB) was aligned with 

modeled BPL to locate molecular and structural basis of difference in sugar binding. 

 

2.3.4. Model construction and validation 

Bauhinia purpurea seed lectin (BPL) sequence BLAST analysis exhibited 78% identity 

with Bauhinia forficata (PDB ID: 5T55) seed lectin sequence. Hence, homology model 

for BPL was built using the crystal structure of 5T55 with the help of the Schrodinger 

C 
D

 

E E 

C
 

F 
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suite. The 3D structure of BPL monomer with bound Ca2+

 

 metal ions displayed the 

typical legume lectin fold representing the jelly roll motif consisting of a six stranded 

nearly flat ‘back’ β-sheet, a seven stranded curved ‘front’ β-sheet and several loops that 

connect the sheets (Fig.3A) [17]. PDB sum analysis showed 3.8 % helix, 37.4 % sheets 

and 58.8 % turns and unordered structure (Fig.3B) [16]. Model validation with 

Ramachandran plot from PROCHECK showed 76.2 % residues in the most favored 

regions; 21.6 % in allowed regions and 0.4 % in the disallowed region, acceptable G 

Factor −0.44. RMSD of constructed model when superimposed to template was 0.735  

(Fig.3C). The ProSA analysis of the model showed a Z-score of −6.3 2 which was 

comparable to that of the template confirming the reliability of the constructed model of 

BPL (Fig.3D) [18]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B

Key: Helices labeled as H1, H2, H3,  ;  

Strands- sheets A, B in red ; 
Motifs: beta turn β; gamma turn γ;  
Beta hairpin  

C

Ps
i (

de
gr

ee
)

Phi (degree)

D

Zs
co

re

Number of residues



Agrawal Sanskruthi B.                                  AcSIR                                       Ph.D. Thesis (2019) 
 

Chapter 2: Sugar binding studies of BPL and WFL  Page 54 
 

 

Figure 3: A. Cartoon representation of BPL monomer constructed by Schrodinger using 

5T55 as template. The bound calcium ions are represented as spheres colored in light 

blue, helices in yellow color, cyan color for β-sheets, salmon color for turns, purple for 

sugar binding pocket (Fig drawn in Pymol). B. The ‘wiring diagram’ shows the secondary 

structure elements of protein (α-helices and β-sheets) together with various structural 

motifs such as β and γ-turns, and β-hairpins. C. Validation of Homology model by 

Ramchandran plot using PROCHECK and D. Zplot using PROSA analysis. 

 

2.3.5 Docking with ligands 

Yamamoto et al. (1992) reported nine amino acid sequence DTWPNTEWS (BP-9) as 

sugar binding region in Bauhinia purpurea lectin using affinity chromatography. This 

region from 135 to 143 amino acid residues remains conserved in many leguminous 

lectins [6]. To the predicted binding pocket of BPL, GalNAc and T-antigen were docked 

(Fig.4A). The hydrogen bonds and hydrophobic interactions forming between the sugars 

and BPL were studied and ligand interactions diagrams were generated (Fig. 4B, C, D 

and E). The residues involved in these interactions with docking score of ligands have 

been compiled in Table 3. Asp-93 is the common residue forming hydrogen bond. In spite 

of tryptophan being involved in sugar binding, no stacking interactions between the 

aromatic residue and pyranose ring were observed as mentioned by Asensio et al. [19]. 

The docked pose of T-antigen (−8.313) showed two fold increase in docking score 

compared to GalNAc (-4.008). The binding constants ka of BPL for GalNAc and T-

antigen disaccharide as determined by intrinsic fluorescence spectroscopy (in solution 

studies) were 5.0×103 M−1and 1×104 M−1

 

, respectively (Fig. 1E and F). Thus, binding 

affinities determined by in silico and in solution studies correlate well with each other. 

 

 

 

 

 

 

A 
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Figure 4: Docking studies; A. Sugar binding pocket of docked BPL showing the ligand 

molecule GalNAc (colored by element) and amino acid residues involved in formation of 

binding site. Detailed view of the binding region of BPL with ligands B. GalNAc C. T-

antigen showing interactions of the proton donor and other residues in and around the 

binding site represents H bond. Interactions between D. GalNAc (Nag 900) E. T-antigen 

(Tag 900) and the residues on the BPL generated by the LIGPLOT. Ligand bonds are 

shown in thick purple lines, while non-ligand bonds (i.e., belonging to those BPL residues 

to which the GalNAc is hydrogen-bonded) are shown with thin orange bonds. Hydrogen 

bonds are shown by green dashed lines with the bond length printed in the middle. 

Hydrophobic contacts between BPL and GalNAc are indicated by brick-red spoked arcs. 

Other atoms involved in hydrophobic contacts have spokes coming out of the individual 

atoms. 

B 

D E 

C 
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Table 3: Docking score, glide score and residues involved in sugar binding of BPL. 

Sugar (Ligand) GalNAc  Tantigen  

Dock sore -4.008 -8.313 

Emodel  -30.325 -58.481 

Ligand bound amino acids  

(Hydrogen bonds) 

Asp93, Trp137, Glu141 Asp93, Ile90, Pro138, 

Ser51, Gly111 

 

2.3.6 Detailed Structural investigation of differential sugar binding to BPL and 

WFL 

Sequence and structural alignments of BPL and WFL showed loop C of BPL comprising 

of nine conserved amino acids from 135 to 143 residues DTWPNTEWS (Fig.5A). 

Tryptophan at 137 is replaced by phenylalanine in WFL (PDB Id: 5KXB). Proline at 

position 138 in BPL makes loop C rigid. It can be noted that loop D of BPL is small 

comprising of 223–227 amino acid residues TGFNE whereas WFL loop D is longer with 

residues 214–223 GLSKDHVETH which makes it more specific to LacdiNAc over 

GalNAc/Galβ 1–3 GalNac (Fig.5B).  

Soga et al. have also shown that the length and composition of loop D of lectins 

are involved in determining the sugar-binding specificity [20]. Furthermore, WFL 

structure reported by Haji-Ghassemi et al. revealed a hydrophobic groove complementary 

to the GalNAc and, to a minor extent, to the GlcNAc sugar ring. The smaller hydrophobic 

surface area considerably increases the affinity for LacdiNAc over GalNAc. The strong 

affinity of WFL for LacdiNAc has also been reported using surface plasmon resonance 

where binding constant ka

 

 is reported to be 5.45 μM [9]. 

 

A 
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Figure 5A: Sequence alignment of BPL and WFL. BAA02049.1is Bauhinia purpurea 

lectin, BAZ95724.1 is Wisteria floribunda lectin. Highlighted residues form loop C and 

loop D, respectively in both the lectins. 

 

 
Figure 5B: Structural alignment of BPL and WFL with emphasis on loop C and D. Loop 

C of BPL and WFL are highlighted in yellow and magenta color, respectively. 

Tryptophan at 137 position of BPL is replaced by phenylalanine. Loop D of BPL and 

WFL are highlighted in light orange and red color, respectively. 

 

2.4 Conclusion 

 The homology model of Bauhinia purpurea lectin (BPL) was constructed to predict the 

three dimensional structure of BPL monomer which represented the typical legume lectin 

fold. Model thus constructed was docked with sugars (GalNAc and T-antigen) to find out 

amino acid residues involved in sugar binding and their binding energies. The docking 

score correlated well with binding constants determined via in solution studies. Longer 

loop D in the structure of WFL compared to that in BPL was found to be responsible for 

its specificity to LacdiNac (β-D-GalNAc-[1→4]-DGlcNAc) over Galβ1-3GalNAc. 

Detailed understanding of protein-ligand interaction is further beneficial for structure 

based drug design. 

 

 

 

 

 

 

B 
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Abstract 
Legume lectins from Bauhinia purpurea (BPL) and Wisteria floribunda (WFL) 

possessing extended sugar binding site were investigated for functional and 
conformational transitions using biochemical and biophysical techniques as well as 
bioinformatics tools.  BPL remained functionally stable up to 40 °C whereas, WFL 
remained stable upto 70 °C indicating the strength of the sugar binding site geometry. 
Far-UV CD spectra analysis of both the lectins showed intense but non-specific 
secondary structure in the range of 65-90 °C. WFL showed rapid aggregation above 80 
°C as indicated by light scattering intensity. Molecular dynamics simulation studies of 
WFL showed difference in RMSD and RMSF in the loop region at 85 °C compared to 
that at 25°C. The far-UV CD spectra of BPL showed complete loss in structure in >3M 
GdnHCl and which correlated well with functional loss of activity ( ≥3.0 M). Similar 
results were observed in WFL, complete loss in structure was observed in 5M GdnHCl. 
Overall it’s a multistate unfolding of the proteins. Decrease in retention time (by 1.2–1.8 
min) due to increase in Stoke's radius in presence of 1.0 M GdnHCl was observed in 
size exclusion chromatography. SEC studies showed that dissociation and unfolding of 
the proteins occurred simultaneously. At pH 1.0, both the lectins exhibited molten 
globule like structures, which were characterized further and were found to respond in a 
different way towards denaturants.  

 
3.1 Introduction 

Crucial correlation between structure and function of proteins is observed at 

molecular level. The biological function of a protein is determined by its three-

dimensional (3D) native structure, which in turn is encoded by sequence of amino acids 

[1]. Nascent polypeptide chain folds into native structure via intermediate steps known as 

molten globule state. They were first reported in cytochrome c where molten globule state 

was called as “thermodynamic state” clearly different both from the native and 

the denatured state [2-3]. This intermediate species has been found for several proteins in 

mild denaturing conditions, such as acidic or alkaline pH, high temperature, moderate 

concentrations of urea or guanidinium hydrochloride. Intermediate species acquiring 

majorly intact secondary and somewhat distorted tertiary structure with exposed 

hydrophobic residues is particularly called as a ‘‘molten-globule” like species [4]. They 

are more compact than the fully unfolded coil state, but much less than the folded state. 

Some functional molten globule has been reported earlier in proteins like Photoactive 

yellow protein (PYP), Clusterin and p53 [5-8]. One of the examples of functional molten 

globule in plant lectin is from the peanut [9]. 

https://en.wikipedia.org/wiki/Native_state�
https://en.wikipedia.org/wiki/Denatured_state�
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 The experimental techniques for studying protein folding monitor the gradual 

unfolding or refolding of proteins and observe conformational changes using standard 

non-crystallographic techniques like fluorescence and circular dichroism. The 

computational techniques for protein structure prediction are related to, but are distinct 

from experimental studies of protein folding [10, 11]. They help a lot in deducing a fine 

tuning of structure-function relationship. 

 In the present studies, we have tried to investigate the functional and/or structural 

novelty by monitoring the respective transitions of BPL and WFL under various 

denaturing and physicochemical stress conditions. Biophysical techniques like near- and 

far-UV circular dichroism (CD), fluorescence spectroscopy were employed for this 

purpose. Native and denatured states of BPL and WFL were studied with respect to the 

topology of tryptophan residues using time resolved fluorescence and solute quenching 

technique using steady state fluorescence. The results on the studies of the two 

unexplored lectins have been presented separately (In III sections) to get deeper 

understanding of the structural and functional elements responsible for similar or diverse 

properties. 

Section I deals with thermal transitions studies of BPL and WFL. Structural and 

Functional transitions were monitored at different temperatures using biophysical 

techniques and hemagglutination assay. Detail investigations of aggregation were done by 

Molecular dynamics simulations. 

Section II comprises of chemical denaturation studies in presence of chaotropic agent 

GdnHCl which revealed multistate unfolding of lectins. 

In Section III, detection and detailed characterization of acid induced molten globule like 

intermediates is discussed. 

3.2 Materials and Method 

3.2.1 Materials 

Bauhinia purpurea and Wisteria floribunda lectin were procured from Vector Labs, USA. 

Acrylamide, cesium chloride, potassium iodide and guanidine hydrochloride (GdnHCl), 

sodium dodecyl sulfate (SDS), 8-Anilinonaphthalene-1-sulfonic acid (ANS) and the 

chemicals, reagents, buffers used for unfolding studies were procured from Sigma-

Aldrich, USA. Buffers were prepared in Milli Q water. Rabbit blood for the 
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hemagglutination assay was procured from animal house of the National Institute of 

Virology, Pune, India. Buffers and GdnHCl solution were filtered through 2 μm filter 

membrane prior to use. 

3.2.2 Protein preparation 

BPL and WFL were dissolved in TBS (10 mM Tris HCl pH 8.0 buffered saline (150 mM 

NaCl) with CaCl2

3.2.3 Hemagglutination assay 

 (1 mM) in required concentration. Both lectins were stored at 4 °C 

until further use. Protein concentration was determined based on absorbance of solution at 

280 and molar extinction coefficient (ε). (ε280 nm 0.1% for BPL 1.75, for WFL 0.89). 

Hemagglutination assay was performed as discussed in Chapter 2, section 2.2.7 

 

3.2.4 Fluorescence measurements 

3.2.4.1 Steady state fluorescence studies 

Fluorescence measurements of BPL (70 μg/ml) and WFL (62 μg/ml) were carried out on 

a Perkin Elmer LS-50B spectrofluorimeter. Each sample was excited at 295 nm (1.0 cm 

cell path length) and emission was recorded from 310 to 400 nm. Slit widths of 7 nm each 

were set for excitation and emission monochromators and the spectra were recorded at 

100 nm/min. The baseline was corrected by subtracting the signal produced by buffer 

solution. 

 

3.2.4.2 Time-resolved fluorescence studies 

Lifetime measurements were carried out on an FLS-920 single photon counting 

spectrofluorimeter supplied by Edinburgh Instruments. A laser pico second pulsed light 

emitting diode (model EPLED-295) was used as the excitation source and a 

synchronization photomultiplier was used to detect the fluorescence. The diluted Ludox 

solution was used for measuring Instrument Response Function (IRF). The lectin (1 

mg/ml) was excited at 295 nm and emission was recorded at 330 nm. Slit widths of 10 nm 

each were used for the excitation and emission monochromators. The resultant decay 

curves were analyzed by a reconvolution fitting program supplied by Edinburgh 

instruments. 
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3.2.5 Circular dichroism (CD) spectroscopy 

CD spectra of both the lectins were recorded using a Jasco J-815-150S (Jasco, Tokyo, 

Japan) spectropolarimeter connected to a PTC343 Peltier unit circulating water bath at 28 

°C. Far-UV CD spectra was recorded in a rectangular quartz cell of 1mm path length in 

the range of 190–250 nm at a scan speed of 100 nm/min with a response time of 1 s and a 

slit width of 1 nm. BPL and WFL at a concentration of 290 μg/ml and 310 μg/ml, 

respectively were used for all the samples to monitor the secondary structure. Near UV 

CD spectra of BPL (900 μg/ml) and WFL (1.0 mg/ml) were collected to monitor tertiary 

structure in the wavelength range of 250–300 nm using a cell of path length 1.0 cm. Each 

spectrum was recorded as an average of three scanned spectra. Conformational transition 

studies of lectins were carried out by incubating BPL, WFL under conditions mentioned 

for respective time periods. All spectra were corrected for buffer contributions and 

observed values were converted to mean residue ellipticity (MRE) in deg.cm2

MRE=Mθ

/dmol 

defined as  

λ

Where M is the molecular weight of the protein, θ

/10dcr.  

λ

The relative content of various secondary structure elements was calculated by using 

CDPro software (http://lamar.colostate.edu/∼sreeram/CDPro/main.htm). Low NRMSD 

values were observed for analysis with CONTINLL. 

 is CD in millidegree, d is the path 

length in cm, c is the protein concentration in mg/ml, and r is the average number of 

amino acid residues in the protein. 

 

3.2.6 Thermal transition studies of BPL and WFL 

The samples were incubated at temperatures ranging from 25 to 95 °C with interval of 5 

°C for five minutes each. Fluorescence scans and CD measurements were recorded as 

described above. In a separate experiment, activity of the samples incubated at different 

temperatures was checked with suitable aliquots using hemagglutination assay. Light 

scattering was measured at excitation and emission wavelength of 400 nm and the 

excitation and emission slit widths set at 2.5 and 10 nm respectively, to follow the 

aggregation of the protein. 

The high resolution X-ray crystal structure of Wisteria floribunda lectin (5KXB) 

reported in the Protein Data Bank was taken as a starting point for the simulations. The 

crystal structure was set-up and simulations were carried out using standard tools in 

Gromacs version 5.1.4 [12]. The protein was inserted into a cubic water box with a 
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minimal distance of 13 Å between any protein atom and boundary of the box, with TIP3P 

water model as applied in CHARMM 36 force field [13]. The system was then subjected 

to energy minimization using steepest descent algorithm. Two separate stepwise NPT 

equilibrations were carried out for 2 ns, at temperatures 298 K and 358 K, respectively. 

Periodic boundary conditions were applied. System components were separately coupled 

to respective temperature baths at 298 K and 358 K with a coupling time constant of 0.5 

ps. A cut-off distance of 1.2 nm was used for van der Waals and short range electrostatic 

interactions. The Particle-Mesh Ewald (PME) method [14] was applied for long range 

electrostatic interactions. Isotropic pressure coupling was carried out using Parrinello-

Rahman barostat and the volume compressibility was chosen to be 4.5 x 10-5 bar-1 

 

[15]. 

Two production runs of 5KXB were performed for 150 ns for the said respective 

temperatures. 

3.2.7 Effect of guanidine hydrochloride on BPL and WFL 

For GdnHCl mediated denaturation, the denaturant was freshly prepared and pH was 

adjusted to 8.0 and the solution was filtered through a 0.22 μm syringe filter before use. 

The lectin samples BPL (290 μg/ml) and WFL (310 μg/ml) were incubated in 0.0–6.0M 

GdnHCl solution at pH 8.0 for 4 h, 8 h and 24 h. CD measurements were recorded as 

described above. For Fluorescence scans, concentration of lectin used were 70 μg/ml and 

62 μg/ml for BPL and WFL, respectively. All the spectra were corrected for respective 

blanks of GdnHCl buffer contributions. In a separate experiment, activity of each sample 

incubated under similar conditions was checked with suitable aliquots using 

hemagglutination assay. 

 

3.2.8 Size exclusion chromatography 

Dissociation of BPL and WFL in presence of Guanidine hydrochloride (GdnHCl) was 

monitored using WATERS High Performance Liquid Chromatography (HPLC) unit and 

WATERS gel filtration ProteinPak TM300SW (7.5×300 mm) column. 100 mM Phosphate 

buffer (with 0.15 M NaCl), pH 7.2 containing different concentrations (0–4.0 M) of 

GdnHCl served as the mobile phase. 50 μl protein sample (protein stock: 3.0 mg/ml) 

incubated in 0–4.0 M GdnHCl for one hour each was injected into the column. Flow rate 

was maintained at 0.5 ml/min and the elution profile was monitored at 280 nm. 
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3.2.9 Effect of pH on BPL and WFL: fluorescence, CD measurements and 

hemagglutinating activity 

To check the effect of pH on lectins, buffers (25 mM) used were glycine-HCl (pH 1.0-

3.0), sodium acetate (pH 4.0), citrate phosphate pH 5.0, sodium phosphate (pH 6.0-7.0), 

tris-HCl (pH 8.0-10.0) and glycine-NaOH (pH 11.0-12.0). The lectin samples were 

incubated in pH 1.0-12.0 buffers for 4 h, 8 h and 24 h to attain equilibrium. Intrinsic 

fluorescence and CD measurements of lectins at different pH were performed as 

described above. In a separate experiment, activity of each sample incubated was checked 

with suitable aliquots using hemagglutination assay. 

 

3.2.10 ANS-binding assay 

The intermediate states of denatured and native BPL and WFL under different pH and 

denaturant conditions were analyzed by allowing binding of the hydrophobic dye, 8-

anilinonaphthalene-1-sulfonic acid (ANS) to the protein. The final ANS concentration 

used was 50 μM, excitation wavelength was 375 nm, and the fluorescence emission was 

monitored between 400 and 550 nm. Reference spectrum of ANS in each buffer of 

respective pH and denaturant was subtracted from the spectrum of the sample. 

 

3.2.11 Solute quenching studies 

Solute quenching studies were performed for native lectins at pH 8.0, for acid induced 

molten globule at pH 1.0, and for denatured lectins in GdnHCl (6.0 M) by using a Perkin 

Elmer LS-50B spectrofluorimeter. The different quenchers like acrylamide (2.5 M) 

(neutral quencher), iodide (2.5 M), and cesium (2.5 M) (charged quenchers) were added 

to the lectin samples in small aliquots (3-5 μl) of quencher stocks, mixed thoroughly and 

fluorescence spectra were recorded after each addition. Iodide stock solution contained 

0.2 M sodium thiosulphate to prevent formation of tri-iodide (I−3

F

). Fluorescence 

intensities were corrected for volume changes before further analysis of quenching data. 

The steady-state fluorescence quenching data obtained with different quenchers were 

analyzed by Stern–Volmer (Eq. 1) and modified Stern–Volmer (Eq. 2) equations in order 

to obtain quantitative quenching parameters 

o/Fc = 1 + Ksv

F

 [Q] (1) 

o/ dF = fa-1 + 1/ [Kafa 

Where F

(Q)] (2) 

o and Fc are the relative fluorescence intensities in the absence and presence of 

the quencher, respectively, (Q) is the quencher concentration, Ksv is Stern-Volmer 
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quenching constant, ΔF= Fo-Fc is the change in fluorescence intensity at any point in the 

quenching titration, Ka is the quenching constant, and fa is the fraction of the total 

fluorophores accessible to the quencher. Equation (2) shows that the slope of a plot of 

Fo/dF versus 1/Q (modified Stern–Volmer plot) gives the value of (Kafa)-1 and its Y 

intercept gives the value of fa−1

 

. 

3.3 Results and Discussion 

 

Section I: Thermal transition studies  

3.3.1 Fluorescence studies of the native lectins 

3.3.1.1 Steady-state and lifetime fluorescence measurements of BPL and WFL 

Fluorescence spectroscopy has been extensively used to probe the structural changes in 

the proteins based on tryptophan emission spectra which is dependent on the electronic 

and dynamic properties of its environment [16]. Fluorescence studies have been 

extensively used to probe the structural changes in the proteins based on tryptophan 

emission spectra which is dependent on the electronic and dynamic properties of its 

environment [16]. The sequence and structure of BPL and WFL revealed the presence of 

6 and 4 tryptophans (trp), respectively. The native BPL and WFL showed maximum 

emission (λmax

 For finer analysis, the lifetimes of fluorescence emission decay of both the lectins 

were measured in nanosecond domain. After fitting into a bi-exponential curve (χ2 < 

1.097), it could be described by two decay components τ1 and τ2 with decay times (with 

contribution in fluorescence) of 2.65 ns (55.94%) and 0.68 ns (44.06%), respectively in 

BPL. In WFL, 3.34 ns (86.99%) and 0.42 ns (13.01%) (χ2 < 1.132) for τ1 and τ2, 

respectively were detected. Each Trp residue has two different lifetimes corresponding to 

different excited states 1La and 1Lb. Both lifetimes represent a media of the lifetimes of 

all the residues of the protein. Thus, in general BPL has all tryptophan residues more 

exposed than WFL if the lifetimes 2.65 ns and 3.34 ns, respectively are compared. This is 

) of intrinsic fluorescence at 338 nm and at 332 nm, respectively signifying 

most of the trp residues present in hydrophobic environment (Fig. 1A). The residues are 

highlighted in model structure of BPL and the available structure of WFL (Fig. 1B and 

C). Non polar environment for WFL trp residues seems to be more pronounced.  
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also corroborated by the red shift maximum emission wavelength of BPL in comparison 

with that of WFL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Fluorescence studies: A. Intrinsic fluorescence scans of BPL and WFL B. 

Tryptophan residues with their microenvironment charge density highlighted in BPL 

model and C. WFL (PDB ID:5KXB) (Trp in dark blue color, blue color on surface shows 

positive charge density, red color shows negative charge density [charge density varies 

according to the color intensity], label shows residues on the surface [Fig drawn in 

Pymol]) D. and E., time resolved Fluorescence spectra of native BPL and WFL (both 1 

mg/ml), respectively. 

 

A 

B C 

TRP-14

TRP-137
TRP-65
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3.3.1.2 Solute quenching studies 

Topological information about protein structure can be obtained from solute quenching of 

intrinsic tryptophan fluorescence. In the present work, acrylamide, the neutral quencher 

was found to be the most efficient (Table 1). Downward curvature was observed for ionic 

quencher KI in case of BPL (Fig. 1F, Fig.1G) indicating two populations of surface 

tryptophans; one readily accessible to the quencher. Low positive charge density around 

the surface tryptophan was indicated by Stern–Volmer constants (Ksv

 

). WFL showed 

overall very low positive and negative charge density around the surface tryptophan, 

residues highlighted near tryptophan in the structure conclude the same (Fig. 1B and 1C). 

The modified Stern-Volmer plot showed 65% accessibility of tryptophans indicating 

presence of hydrophobic core for both the lectins (Tables 1A and 1B). 

  

 

 

 

Figure 1F and G: Flourescence studies: Stern volmer plots for solute quenching with 

acrylamide, potassium iodide, cesium chloride for native BPL and WFL, respectively. 

Table 1A: Parameters of solute quenching of BPL 

 

 

 Native BPL BPL at PH 1.0 Denatured 

BPL 

Quencher Ksv1(M-1)Ksv2(M-1 f) Ka sv1(M-1)Ksv2(M-1 f) Ka sv(M-

1

f

) 
a 

Acrylamide 2.09               - 0.65 2.57               - 0.88 17.3 1.08 

Potassium 

iodide 

1.14               0.5 0.54 3.31             1.53 0.65 8.35 0.78 

F G 
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Table 1B: Parameters of solute quenching of WFL 

 

3.3.2 Thermal transitions of BPL and WFL 

Temperature is the most critical factor affecting protein structure. One of the ways to 

assess the structural and functional stability of a protein is by monitoring the thermal 

denaturation. Following thermal denaturation, some proteins may aggregate which is 

mostly irreversible [18]. Hence parameters like lectin activity, secondary structure 

transitions and light scattering property were monitored at different temperatures for both 

BPL and WFL. 

3.3.2.1 Functional stability 

Based on hemagglutination activity assay, BPL is functionally stable up to 40 °C whereas 

WFL is functionally stable upto 70 °C.  t1/2 

3.3.2.2 CD spectroscopic analysis  

of BPL activity is 57 °C whereas 80 °C for 

WFL, indicating WFL is functionally more thermostable as compared to BPL. The 

difference could be due to the stronger interactions in the binding site geometry of WFL. 

Complete loss in activity was observed at 70 °C for BPL and 85 °C for WFL (Fig. 2A and 

B). Thermal transitions in BPL were similar to that reported for Sophora japonica lectin 

[18]. 

Native BPL showed negative ellipticity minima at 228 nm and 215 nm and maxima at 

197 nm in far-UV CD spectrum representing presence of atypical β-sheet structure. The 

CONTINLL program of CDPro software was used to analyze the spectrum which showed 

the secondary structure elements as 4.1 % α-helix; 41.8 % β-sheets; 21.5 % turns and 32.7 

% unordered (Normalised root mean square deviation (NRMSD)=0.072). CDPro analysis 

 Native WFL WFL at PH 1.0 Denatured  WFL 

Quencher Ksv1(M-1 f) Ka sv1(M-1 f) Ka sv (M-1 f) a 

Acrylamide 0.74               0.65 1.13                0.63 6.7 0.89 

Potassium iodide 1.35               0.34 1.28 - 2.66 0.76 

Cesium chloride 0.40 0.23 0.5 - 0.9 1.4 
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values for BPL were in agreement with the PDB sum analysis mentioned in section 2.3.4 

for homology model showing protein is β sheet rich. WFL showed negative ellipticity 

minima at 225 nm and maxima at 200 nm, secondary structure composition as 5.2 % α-

helix; 39.2 % β-sheets; 21.2 % turns and 34.4 % unordered (NRMSD=0.077) (Fig 2C). 

PDBsum analysis for WFL structure (PDB Id: 5KXB) showed 46.6 % sheets, 5 % helix 

and 48.3 % turns and unordered structure which also was in agreement with the CDPro 

analysis.  

 When MRE at 215 nm was plotted against temperature, Tm of BPL was shown as 

70 °C which indicated that loss in function (40 °C) occurs much before the loss in 

structure of the protein. Both the lectins showed peculiar alteration in the structure 

indicated by increase in the negative ellipticity at 212-215 nm and decrease in the positive 

ellipticity between 190 and 200 nm (Fig. 2D and E). This apparently looked like 

conversion of atypical to typical beta sheet, there could be increase in the unordered 

structure also. Similar observations were made (increase in negative ellipticity on thermal 

denaturation) in case of Ariesaema curvatum lectin [19]. The alteration of WFL structure 

at 80 °C correlated well with complete loss of activity at 85 °C. t1/2

3.3.2.3 Light scattering studies 

 for MRE was 73 °C in  

case of BPL and 86 °C for WFL (Fig 2A, 2B). 

BPL did not aggregate when heated upto 90 °C, while WFL got aggregated at 85 °C as 

indicated by increase in the light scattering intensity (Fig. 2F, G). Secondary structure at 

this temperature as observed in far UV CD spectra seemed to be increased (Fig. 2E). 

There was no unfolding of the protein observed before aggregation as no red shift was 

observed in intrinsic fluorescence spectra (Fig 2H, I). Direct correlation of the 

aggregation propensity of the proteins with the structural elements has still not been 

unequivocally proved. To some extent, protein aggregation is related to local 

concentration of hydrophobic and hydrophilic residues in contagious blocks of sequence 

[20]. Thermal aggregation with concomitant loss in secondary structure (both at around 

50 °C) has been reported earlier for the lectins Amaranthus caudatus [21], Artocarpus 

hirsuta [22], Artocarpus integrifolia [23] and Cicer arientum [24]. These lectins showed 

progressive decrease in the hemagglutination activity as well as secondary structure 

around 45–55 °C. However, WFL gets aggregated above 80 °C and the rapid transitions 

lead to intense secondary structure. Thus, aggregation at much higher temperature with 
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pronounced secondary structure is the unusual thermal transition of WFL. This could be 

the soluble aggregation stage as no Thioflavin T or Congo red binding to the lectin was 

observed at higher temperature. In spite of the extensive denaturation studies on con A 

[25], pea seed [26], peanut [27] and soyabean lectin [28], very few studies are reported 

specifically on thermal denaturation. Investigations on Artocarpus hirsuta [15], 

Artocarpus integrifolia [23], Moringa oliefera [29], Sauromatum guttatum and Arisaema 

tortuosum [30], Ariesaema curvatum [19], Cicer arietinum [17], Sophora japonica [18] 

and Amaranthus caudatus [21] include thermal transitions in addition to chemical folding 

and refolding. Similar kind of work has been carried out on phloem lectin belonging to 

Cucurbitaceae family [31] and banana lectin [32] using CD and fluorescence 

spectroscopy and differential scanning calorimetry (DSC). 

 

 

 

Minima=225nm

Minima=215nm&228nm

A B 

C 

D E 
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Figure 2: Thermal transition studies; A. and B. Relative hemagglutination activity ( ), 

MRE ( ) at 212/215 nm as a function of temperature (25–90 °C) for BPL and WFL, 

respectively. C. Native Far-UV CD spectra of BPL and WFL. D and E. Far-UV CD 

spectra of BPL and WFL at different temperature (25–90 °C). F and G. Light scattering 

intensity scan, H and I. Intrinsic fluorescence scan of BPL and WFL incubated at 

respective temperature (25–90 °C) for 5 min. 

3.3.2.4 Molecular Dynamics (MD) Simulations 

MD simulations reveal thorough information on the fluctuations and conformational 

changes of proteins. To study complex and dynamic processes of protein unfolding, 

thermal-MD simulations can be performed [33]. MD simulations of WFL (PDB ID: 

5KXB) were performed using the Charmm 36 force field built-in GROMACS program. 

The structural variations were calculated with the help of Root Mean Square Deviation 

(RMSD) and Root-mean-square fluctuations (RMSF) of the lectin at two different 

temperatures. The simulations were run for 200 ns at 358 K as the aggregation in the 

protein was observed at this temperature. The results were compared with simulations at 

298 K for native protein. The RMSD of the evolving structure increased rapidly after 116 

F G 

H 
I 
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ns as compared to the native structure representing the initiation of aggregation of the 

protein (Fig.3A). The per-residue C-alpha atom fluctuations (RMSF) calculations 

revealed the region of 100-125 amino acids show major fluctuations which are present in 

loop regions of the protein (Fig.3B). Similar studies have been performed earlier for A. 

caudatus lectin where RMSD increased above 12 ns and RMSF were higher in loop 

region at 358K [21] . 

 

Figure 3: Structural parameters for conformation of WFL simulated for 200 ns: A. 

RMSD B. RMSF values for C-α atoms for respective temperatures, black line (298 K) 

and red line (358 K) 

Section II: Chemical denaturation studies  

3.3.3 GdnHCl induced denaturation of lectins 

The unfolding pathways of several proteins in presence of GdnHCl have been shown to 

be either a simple two-state (monophasic) or a multi-state process (multiphasic) involving 

structured or partially folded intermediates. In case of oligomeric proteins unfolding can 

be two ways: 1. Dissociation of oligomer to monomer and then monomers are unfolded. 

2. Simultaneous dissociation and unfolding. 

3.3.3.1 Functional stability 

Biological activity of the BPL and WFL incubated in GdnHCl (0.0–6.0 M) was checked 

by hemagglutination assay (Fig. 4A). The results indicated that both the lectins were 

stable in 2.0 M GdnHCl. D1/2 of GdnHCl denaturation were deduced to be 2.8 M. 

A B 



Agrawal Sanskruthi B.                                AcSIR                                         Ph.D. Thesis (2019) 
 

Chapter 3: Structural and functional transitions of BPL and WFL Page 75 
 

3.3.3.2 Fluorescence measurement  

In presence of 2.0-6.0 M GdnHCl, λmax of fluorescence showed gradual red shift from 

338 nm to 363 nm for BPL, while from 332 nm to 363 nm for WFL indicating increased 

polarity of tryptophan with progressive unfolding of protein (Fig. 4B, C). Intersubunit 

disulfide bonds in WFL could be preventing the dissociation of the subunits and 

contributing to the stability of the protein as indicated by higher D1/2   

 Quenching with KI showed higher positive charge density around surface 

tryptophan residues with K

for WFL (Fig. 4D). 

Loss in structure and function in 2.0-6.0 M GdnHCl was similar as seen in case of other 

lectins Artocarpus integrifolia [23] and Sophora Japonica [18]. Tryptophans in BPL and 

WFL denatured in GdnHCl (6.0 M) exhibited higher polar environment than in pH 8.0 

due to unfolding. 

sv 8.35 and 2.66 M-1

3.3.3.3 CD spectroscopic analysis 

 for BPL and WFL, respectively (Figs. 4E 

and 4F). However, the accessibility of tryptophans was not 100 % indicating some 

residual structure still remaining even after denaturation in 6.0 M GdnHCl. 

The far-UV CD spectra of BPL showed partial loss in structure in 3.0 M GdnHCl and 

complete loss in >3.0 M which correlated well with functional loss of activity ( ≥ 3.0 M). 

Similar results were observed in WFL, complete loss in structure was observed in 5.0 M 

GdnHCl (Fig 4G, 4H). Overall it’s a multistate unfolding of protein (Fig. 4I). Hence, 

there could be difference in the D1/2

3.3.3.4 Size exclusion chromatography (SEC) 

 values determined by fluorescence and CD 

spectroscopy. 

Retention times of BPL and WFL subjected to SEC in different concentrations of 

GdnHCl have been summarized in Table 3. Substantial decrease in retention time (by1.2–

1.8 min) due to increase in Stoke's radius in presence of 1.0 M GdnHCl was observed. 

With further increase in concentration of GdnHCl, the retention time still decreased. In 

case of BPL, as the tetramer is formed only with the non-covalent interactions between 

monomers, the native protein could be gradually dissociating and unfolding to dimer and 

subsequently to monomer. The secondary structure was stable in GdnHCl up to 2.0 M 

concentration as observed in far UV CD spectra (Fig. 4G and 4H). In presence of 3.0 M 

GdnHCl, a broad peak with indication of two species was observed which could be due to 
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mixture of dimer and monomer. In 4.0 M GdnHCl, the BPL showed single peak of 

unfolded monomer. Denaturation of WFL showed emergence of additional peak at and 

above 2.0 M GdnHCl. The protein may not be getting completely dissociated into 

monomers due to presence of disulfide bonds. Some amount of monomer could be 

formed during the disulfide exchanges in the dimers [20]. 
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Figure 4: GdnHCl induced denaturation of lectin; A. Relative hemagglutination 

activity of BPL and WFL as a function of the different concentration of GdnHCl (0–6.0 

M). B Shift in λmax

 

 of fluorescence BPL (70 μg/ml) and WFL (62 μg/ml) incubated in 

GdnHCl (0–6.0 M) for 24 h C and D. Fluorescence scans of BPL (70 μg/ml) and WFL 

(62 μg/ml) incubated in GdnHCl (0–6.0 M) for 24 h, respectively. E and F. Solute 

quenching studies of BPL (70 μg/ml) and WFL (62μg/ml) incubated in GdnHCl (0–6.0 

M) for 24 h, respectively. G and H. CD scans of BPL (0.29 mg/ml) and WFL (0.31 

mg/ml) at incubated in GdnHCl (0–6.0 M) for 24 h, respectively I. Mean residue 

ellipticity of BPL (0.29 mg/ml) and WFL (0.31 mg/ml) at 228 nm incubated in GdnHCl 

(0–6.0 M) for 24 h. 

 

 

I 
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Table 2: Summary of the size exclusion chromatography of BPL and WFL in 

GdnHCl. 

 

 

 

 

 

 

 

 

 

3.3.4. Transitions due to protonation and deprotonation 

. Changes in pH of the solution alter protein stability by altering hydrogen bond 

interactions and like-charge repulsion effects and various other mechanisms. 

Hemagglutination activity remained stable in the pH range of 6.0–8.0 (Fig 5A), whereas 

the secondary structure of BPL and WFL were found to be stable in wide range of pH 

(2.0–12.0) as observed in far-UV CD spectra (Figs. 5B and 5C). Gradual increase in 

protonation and deprotonation was observed as indicated by fluorescence scans of the 

lectins in different pH. The sugar binding ability of lectins was abolished due to 

protanation/ deprotanation but the major structure was retained. 

 

 

 

 

 

 

GdnHCl(M) 

 

                 BPL 

   Retention time (min) 

Peak 1               Peak 2 

               WFL 

    Retention time (min) 

  Peak 1            Peak 2 

0 16.15                       - 17.8                     - 

1 14.97                       - 16.00                   - 

2 15.60                       - 15.30                16.30 

3 13.30                   14.17 15.10                16.40 

4 14.80                        - 14.90                16.50 

A
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Figure 5: Studies of effect of pH on lectins A. Hemagglutination activity of BPL and 

WFL incubated in different pH buffers (2.0-12.0) for 24h. B and C. CD scan of BPL and 

WFL incubated in different pH buffers (2.0-12.0) for 24h.  D and E Fluorescence scan of 

BPL and WFL incubated in different pH buffers (2.0-12.0) for 24h, respectively. 

Section III: Characterization of molten globule like intermediate 

3.3.5 Detection and Characterization of molten globule like intermediate 

To investigate the non-native conformations of protein, 8-anilinonaphthalene-1-sulfonic 

acid (ANS) fluorescence has been extensively used [34]. ANS is an extrinsic fluorescence 

probe that binds to loosely packed solvent accessible hydrophobic cores of proteins. It 

specifically exhibits intense fluorescence upon interaction with hydrophobic patches of 

proteins. Due to change in conformation of the protein, hydrophobic amino acids were 

exposed to surface  which was seen in noticeable ANS binding to both the lectins BPL 

and WFL at pH 1.0 (Fig. 6A). Far UV CD spectra of both the lectins showed increase in  

B
 

C
 

D
 

E
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the secondary structure at pH 1.0 (Fig.6B). Near UV CD spectra in the wavelength range 

of 250–300 nm showed altered tertiary structure (Fig.6C). Shift in λmax of  fluorescence 

scan from 338 nm to 349 nm for BPL was observed due to exposure of tryptophan 

residues whereas no shift in λmax

 

 was observed in WFL (Fig.6D). The acid-induced state 

having compact secondary and altered tertiary structure with exposed hydrophobic amino 

acid residues is named as a ‘‘molten-globule”. Above results indicate that BPL and WFL 

exist in molten globule like intermediate form at pH 1.0. To characterize them further, the 

proteins were subjected to different denaturing conditions gradually and the changes were 

monitored as described for the native proteins. Acid induced intermediate states have 

been reported earlier in lectins from Sophora japonica [18], Amaranthus caudatus [21], 

Banana [32] and Artocarpus integrifolia [23]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Characterization of molten globule; A. Extrinsic fluorescence spectra of BPL 

(70 μg/ml) and WFL (62 μg/ml) in presence of ANS B. Far UV CD scans of BPL (0.29 

mg/ml) and WFL (0.31 mg/ml), C. Near UV CD scan of BPL (0.9 mg/ml) and WFL (1 

mg/ml) incubated at pH 1.0 and 8.0 for 24 h. D. Intrinsic fluorescence spectra of BPL (70 

μg/ml) and WFL (62 μg/ml) at pH 8.0 and pH 1.0. 

A B 

C D 
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3.3.5.1 Solute quenching studies at pH 1.0 

At pH 1.0, the surface tryptophans in BPL were observed (higher Ksv) in higher positive 

charge density confirming the altered conformation of the molten globule (Table 1A and 

1B). There was hardly any change in the microenvironment of molten globule of WFL 

(Fig. 7A and 7B). 

3.3.5.2 Effect of temperature on acid induced intermediate species 

Molten globule like intermediates of both the lectins are less stable compared to native 

protein as their thermal transitions started at lower temperature. For native BPL, transition 

was seen above 65 °C (Fig. 2D) and that at pH 1.0 was observed above 55 °C (Fig. 7C). 

For native WFL, transition was seen above 75 °C (Fig. 2E) and that at pH 1.0 was 

observed above 60 °C (Fig. 7D). No shift in λmax was observed in BPL at pH 1.0. 

Whereas, WFL showed shift in λmax

 

 from 332 nm to 365nm and unfolding was observed 

at 70 °C (Fig.7E, 7F). 
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Figure 7: Effect of temperature on Molten globule intermediate: A and B. Solute 

quenching studies of BPL and WFL incubated at pH 1.0. C. and D. Far UV-CD spectra of 

BPL (0.29 mg/ml) and WFL (0.31 mg/ml)  E and F. Intrinsic fluorescence scan of BPL 

and WFL at pH 1.0 incubated at temperatures (25–90 °C)   

3.3.6 Effect of GdnHCl 

Loss of structure in presence of 1.0 M- 6.0 M GdnHCl was observed in molten globule 

like forms of both the lectins. Red shift in the λmax

Unfolding transitions of molten globule species of both the lectins in presence of 

GdnHCl occur between 3.0 and 4.0 M, much similar to that observed in native BPL and 

WFL. 

 of fluorescence from 349 nm to 363 

nm in BPL, 330 to 368 in WFL was observed (Fig. 8A, 8B). Shift in negative ellipticity 

minima was monitored through Far-UV CD scans upto 24 h of incubation (Fig. 8C, 8D 

and 8E) 
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Figure 8: Effect of GdnHCl on molten globule intermediate: A and B. Intrinsic 

fluorescence scan of BPL and WFL at pH 1.0, C and D. CD scans of BPL and WFL at 

pH 1.0 E. MRE at 227 nm of BPL and at 225 nm of WFL at pH 1.0 incubated in GdnHCl 

(0–6.0 M) after 24 h, respectively. 

3.4 Conclusion 

Present studies have demonstrated systematic presentation of conformational and 

functional transitions of the two medicinally important legume lectins at molecular level. 

Detailed biochemical and biophysical characterization of the leguminous lectins from 

Bauhinia purpurea and Wisteria floribunda was performed. Fluorimetric characterization 

revealed different tryptophan microenvironment for both the lectins. These lectins were 

structurally stable in wide range of pH. BPL and WFL demonstrated multistate unfolding 

in presence of chemical denaturant whereas they behaved differently to thermal 

transitions. Lectins displayed formation of intermediate species at pH 1.0 which were 

further characterized as “molten globule like species”. Similar and differential transitions 

of BPL and WFL have been summarized in Fig. 9A and B. The studies showed complex 

C D 
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nature of protein. Although not proved unequivocally, plant lectins are proposed to be 

involved in defense mechanism. The lectins could be fulfilling this role due to the 

reasonable stability under harsh conditions. The above studies have provided valuable 

insights thereby offering perceptions into the molecular basis of their activity and 

stability. 

 

   

 

 

 

 

 

 

 

 Figure 9: Schematic representation of A. Similar (Chemical) B. Differential (Thermal) 

transitions in BPL and WFL. 
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Abstract 

The antiproliferative activity of two N-acetyl galactosamine specific lectins from 

Bauhinia purpurea and Wisteria floribunda was studied on MCF-7 Breast cancer cell 

lines. These agglutinins caused remarkable concentration-dependent antiproliferative 

effect on MCF-7 as determined using MTT assay. The values were approximately 446 

μgml-1 (2.2 μM) and 329 μgml-1

 

 (2.8 μM) for BPL and WFL, respectively. The inhibitory 

effect of these lectins was seen to be a consequence of binding of the lectin to cell surface 

and triggering S and G2 phase arrest revealed by flow cytometry studies. BPL and WFL 

induced apoptosis in MCF-7 cells associated with lactate dehydrogenase leakage, cell 

cycle arrest and reactive oxygen species generation. Apoptotic signal was observed to be 

amplified by activation of caspase-3 resulting in cell death. Therefore, these lectins could 

be called as a group of molecules possessing antitumor activity against breast cancer 

cells. 

4.1 Introduction 

Lectins, being saccharide binding specific proteins, are used as tools in the fields 

of cell biology, biochemistry, and immunology, as well as for therapeutic and diagnostic 

purposes in cancer research. Plant lectins as a bioactive principles received special 

attention in cancer prognosis because of their ability to activate various biological 

processes, such as cell agglutination and immune modulation. They also exhibit anti-viral 

and antimicrobial activities. Additionally, some lectins are able to recognize altered 

pattern of glycans on tumor cells and can differentiate them from normal cells [1]. Due to 

the specificity and selectivity properties of lectins they are known to induce cytotoxicity 

into tumor cells [2]. Among the major lectin families, significant amount of work has 

been done on legume and type 2 ribosome inactivating proteins (RIPs) due to their 

remarkable anti-neoplastic activity [3]. 

ConA by inducing apoptosis shows anti-tumor activity. The type 2 RIPs mistletoe 

lectins (MLs), trigger apoptosis through mitochondria/death receptor pathways [4]. One 

of the successful clinical translations of lectin used as diagnosis tools is Lens culinaris 

agglutinin (LCA). LCA, a plant lectin extracted from lentil seed, which bind specifically 

to α1-6 fucose, has been used to diagnose hepato cellular carcinoma (HCC). Lectins have 

also been investigated for their potential in ovarian cancer diagnosis [5]. Amaranthus 

caudatus agglutinin (ACA), Artocarpus integrifolia agglutinin (AIA), Arachis hypogea 

agglutinin (AHA), Vicia villosa lectin (VVL), Griffonia simplicifolia agglutinin I (GSA I) 
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and Ulex europaeus agglutinin I (UEA I) are a group of lectins that recognize Thomsen-

Friedenreich (T) antigen, Thomsen-nouvelle (Tn) and sialyl-Thomsen Friedenreich 

antigen. Glycine max agglutinin (GMA) could potentially be used for ovarian cancer 

diagnosis. Ricin (RCA), one of the first discovered lectins, is an ideal example of how 

lectins can both specifically target and induce cell death [6]. 

Furthermore, to distinguish metastatic from non metastatic breast cancer patients, 

Fry et al. designed lectin microarrays consisting of 45 lectins with different binding 

preferences. Serum and urine samples were then analyzed for binding differences. 

Bauhinia purpurea lectin (BPL) showed significantly higher binding in metastatic 

compared to non-metastatic urines samples [7]. Moreover, WFL binds to LacdiNAc 

which is a cancer glycomarker associated with leukemia, prostate, pancreatic, ovarian, 

and liver cancers [8]. WFL is currently considered as the most prominent diagnostic lectin 

against cholongiocarcinoma [9]. 

In the present study, we have tried to characterize two legume lectins, BPL and 

WFL for the antiproliferative and apoptosis activity. 

 

4.2 Materials and Methods 

4.2.1 Lectins 

Bauhinia purpurea lectin (BPL) and Wisteria floribunda lectin (WFL) were procured 

from Vector Labs, USA. 

 

4.2 .2 Cell Line and Culture Conditions 

Human breast cancer cell line (MCF-7) was procured from the National Centre for Cell 

Science (NCCS), Pune, India. These cells were grown and maintained in a high glucose 

concentration (4.5 g/L) Dulbecco’s modified eagle medium (DMEM) supplemented with 

10 % fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin in a 

humidified CO2

 

 incubator at 37°C. Cells were counted using a haemocytometer and 

plated for 24 hr before the addition of lectin. 

4.2.3. Antiproliferative effect of lectins on human cancer cell line 

MTT assay 

Tetrazolium derivative reduction assay (Sigma) was used to determine cell viability after 

cell-lectin incubation. As living cells respire, their mitochondrial dehydrogenases reduce 

yellow MTT (3-[4, 5- dimethylthiazol-2-yl]-2, 5-biphenyl tetrazolium bromide) to yield 
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purple crystals. The intensity of the coloured product formed, due to the formation of the 

formazon crystals, is directly proportional to the number of live cells in each sample. 

MTT cell count is similar to a direct cell count and it is an important method for studies 

of cell viability [10].  

Cells were plated in a 96-well plate at a density of 5,000–7,000 cells per well and 

grown overnight in 10 % fetal bovine serum (FBS). After 24 hr, cells were replenished 

with fresh media. Then 100 μl of different concentrations of the lectin (100-500 μg/ml) 

were added to wells in triplicate. Cells were incubated with the lectin for 24 h after which 

20 μl of MTT dye (5 mg/ml) was added to each well followed by further incubation for 4 

h. Before read-out, precipitates of formazon crystal formed were dissolved in 200 μl of 

dimethyl sulphoxide (DMSO) using a shaker for 15 min. All steps after MTT additions 

were performed in the dark. Absorbance was measured at 550 nm. The cell % inhibition 

was calculated using the following formula: 

        Cell proliferation inhibition (%) = [1- (As/Ac)] x 100 

where: As – absorbance of sample; Ac – absorbance of control. 

 

4.2.4. Lactate dehydrogenase leakage assay 

To assess the cell membrane integrity, lactate dehydrogenase (LDH) cytotoxicity assay 

kit (Sigma-Aldrich USA) was employed. The assay takes the advantage of LDH 

measurement as released from the damaged cells into the medium [11]. Briefly, to the 

plated cells (1×104 

The LDH leakage (% of positive control) is expressed as the percentage of 

cells per well), 100-500 μg/ml lectin was added and re-incubated for 

24 hr. By adding 1 % triton to the control cells, positive control was prepared at 45 min 

prior to the centrifugation. Following centrifugation at 3000 x g for 5 min, 100 μl of the 

supernatant of each well was transferred to a new culture plate and absorbance was read 

at 490 nm. 

(ODtest- ODblank)/(ODpositive- ODblank

Where OD

), 

test is the optical density of lectin exposed cells, OD positive is the optical 

density of the positive control cells and ODblank

 

 is the optical density of the wells without 

cells. 

4.2.5. Reactive Oxygen Species Assay (ROS Assay) 

The ROS assay was performed using a kit of Sigma-Aldrich (USA) employing 2′,  7′- 

dichloro dihydro fluorescin diacetate (DCFH-DA) as a dye. Briefly, MCF-7 cells (1×106 
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cells per well) were treated either with 100-500 μg/ml lectin, tamoxifen or DMSO as a 

control. The 24 hr incubated cells having cell density of 1 X106 cells per well were 

washed with 200 μl phosphate buffer saline (PBS). To each well, 100 μl of 1X dye was 

added and incubated at 37 °C for 30 min in dark. Thereafter, cells were washed with PBS 

for about 3-4 times and lectin with different concentrations was introduced. In addition, 

positive controls were maintained containing 200 mM H2O2

The ROS level is expressed as the ratio of (F

. The DCFH oxidation 

induced fluorescence in the cells was read at 480 and 530 nm for excitation and emission 

wavelengths respectively. At every 5 min, data points were measured for 30 min.  

test- Fblank)/ (Fcontrol-Fblank

Where F

), 

test is the fluorescence intensity of the cells exposed to lectin or the positive 

control, Fcontrol is the fluorescence intensity of the control cells, and Fblank

 

 is the 

fluorescence intensity of the wells without cells. 

4.2.6. Assay of Caspase-3 Activity 

The caspase-3 activity in the cell lysate was determined following manufacturer’s 

instructions given in the kit(Sigma-Aldrich USA) [12]. Briefly, MCF-7 cells (1×106 cells 

per well) were treated either with 100-500 μg/ml lectin, tamoxifen or DMSO as a control. 

After 24 hr incubation at 37° C in a humidified 5 % CO2

 

 incubator, 100 μl of caspase-3 

reagent was added to each well containing 100 μl of blank, negative control cells, or 

treated cells in culture medium. After mixing the contents of wells using a plate shaker 

for 30 seconds, plates were incubated at room temperature for 2 hr and luminescence was 

measured. 

4.2.7 Cell Cycle Analysis 

MCF-7 cells (5×105 per well) in a six well plate were incubated (37 °C, 5 % CO2) with 

80 μg/ml of purified lectin and DMSO as a control vehicle suspended in media for 24 hr. 

Following trypsinzation, the washed cells were centrifuged at 2000 x g for 10 min and the 

pellet was resuspended in 0.5 ml PBS. By adding 1.2 ml of 70 % cold ethanol for 2 hr and 

the fixed cells were washed with PBS and subsequently centrifuged at 2000 x g for 10 

min. To the suspending cells (0.3 ml in PBS), 20 mg/ml RNAase was added and 

incubated for 1 hr. Thereafter, propidium iodide (0.5 mg/ml) was added and cells were 

incubated at 4 °C for 30 min. The cell cycle parameters were studied using Beckman 

Coulter flow cytometer. The spectrum was recorded with an excitation wavelength of 488 

nm and emission at 670 nm [13]. 
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4.3 Results 

4.3.1 MTT assay 

MTT assay on human breast cancer cell line MCF-7 was performed to examine 

cytotoxic effect of BPL and WFL. A standard anticancer drug tamoxifen was used as a 

positive control. The results on the survival of MCF-7 cells treated with the lectin and 

tamoxifen after 24 hr are expressed depicting that the response of MCF-7 cancer cells 

against lectin/tamoxifen is dose dependent with increased cytotoxicity. MCF-7 cells 

retained 35-38.5 % viability with 500 μg/ml of the lectins after 24 hr incubation, while the 

untreated cell showed only 5 % decrease in growth thereby retaining 95 % viability 

(Fig.1) indicating that the lectin exhibits significantly higher toxicity towards cancer cells. 

The cell viability of the cancer cells for lectins compared to the tamoxifen suggests that 

both the lectins BPL and WFL may possibly have potential as an anticancer agent.  

 A.BPL 

 
B.WFL 
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                                                     D. 

 

 

 

 

 

 

 

 

 

Figure 1:  Morphological changes and microscopic analysis of MCF-7 cells after 24 

hr treatment with lectins (100-500 μg/ml), A. BPL B. WFL C. tamoxifen (positive 

control) and DMSO (as a control) D. Cell viability.  

 

4.3.2 LDH Release Assay 

LDH activity in cell culture is an important indicator for cytotoxicity. LDH is an intra 

cellular enzyme, leaking out of cells to cell culture medium, relates to unhealthy 

condition such as loss of cell membrane integrity. The level of LDH released from the 

cells significantly increased after 24 hr of exposure to 100-500 μg/ml of lectins as 

compared to untreated cells (Fig.2) The pattern of LDH released from MCF-7 cells 

treated with lectin suggest that the cytotoxic effect of the lectin is concentration 

dependent. The percentage of LDH released from MCF-7 cells after 24 hr of exposure to 

500 μg/ml lectins were 76.62 % for BPL, 80.7 % for WFL while with tamoxifen it was 

98.0 %. 

  

 

C. Tamoxifen 

 

A 
B 
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Figure 2: The levels of LDH released into the medium from untreated control and 

lectins treated MCF-7 cells for 24 hr. A. 100-500 μg/ml B. At 500 μg/ml concentration 

of BPL and WFL, Values are mean ±SD (n=3) 

 

4.3.3 ROS Generation  

The reactive oxygen species (ROS) released on cell metabolism plays critical role in 

mediating cytotoxicity that contribute to cell cycle arrest leading to cellular apoptosis. 

The effect of lectin treatment on ROS generation in MCF-7 cells was therefore studied 

(Fig. 3). Intracellular ROS production was measured by DCFH oxidation in cells treated 

with lectin at a dosage of 100-500 μg/ml for 24 hr. There was 2.5-2.7 times fold change in 

DCF fluorescence of lectin treated cells at 500 μg/ml concentration of BPL and WFL 

indicating significant increase in the ROS generation as compared to control (tamoxifen 

treatment). It can be predicted that lectins at said concentration exhibited pro-oxidant 

activity through enhancement of intracellular ROS and are capable of modulating the 

redox state of MCF-7 cells. 

 

 

Figure 3: ROS production induced by lectins on MCF-7 cells for 24hr. A. 100-500 

μg/ml B. At 500 μg/ml concentration of BPL and WFL Values are mean ± SD (n=3) 

 

4.3.4 Caspase 3 activity assay 

Caspase-3 plays a central role in the caspase cascade showing characteristics of apoptotic 

pathway. The initiation and activation of caspases is studied in mitochondrial dependent 

apoptosis. The BPL and WFL at 500 μg/ml treatment for 24 hr caused a significant 

(P<0.05) increase in caspase-3 activation compared to tamoxifen and control (Fig. 4). 

 

 

A B 
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 Figure 4: Effects of lectins on Caspase-3 activity of MCF-7 cells. A. 100-500 μg/ml B.  

At 500 μg/ml concentration of BPL and WFL Values are mean ± SD (n=3) 

 

4.3.5 Cell Cycle Assay 

The effect of lectins on cell cycle progression using propidium iodide staining was 

analyzed. Untreated control cells showed all phases of the cell cycle; G0/G1, S and 

G2/M. Effect of both BPL and WFL on MCF-7 cells appeared similar at 500 μg/ml 

concentration arresting the cells at S and G2 phase with substantial decline of cell 

numbers. The percentage of lectin and tamoxifen treated cells partitioned between 

different phases of cell cycle is presented in Figure 5.  BPL and WFL treatment resulted 

into decreased cell population leading to 12 and 16 % cell proportion, respectively 

damaged by apoptosis.  

 

                                                                   

 

 

 

 

 

 

 

 

 

 

 

 

A B 

A 



Agrawal Sanskruthi B.                                   AcSIR                                      Ph.D. Thesis (2019) 
 

Chapter 4: Anticancer activity of BPL and WFL on Breast cancer MCF-7 cell lines                Page 97 
 

 

 
Figure 5: Induction of cell cycle arrest and apoptosis in lectin treated MCF-7 cells. 

Cell cycle analysis output of MCF-7 A. cells after 24 hr of incubation with BPL, WFL 

(500 μg/ml). Proportion of MCF-7  B. Cells in apoptosis, G1, S, G2 and apoptosis phases 

after 24 hr of treatment with lectin.  

 

4.4 Discussion: 

Numerous anticancer agents from natural sources including plants, animals, 

microbes and marine organisms have been obtained. Lectins, have gained more attention 

in identification of cancer and degree of metastasis due to the property of selectivity and 

specificity. Several reports are available on apoptotic and cytotoxic activity of lectins on 

tumor cells. In previous study, we have shown that both the lectins from Bauhinia 

purpurea and Wisteria floribunda bind to T-antigen (Gal β1-3 GalNAc) which is over 

expressed in cancer cells; WFL has extended binding to LacdiNAc which is also a 

glycomarker [16]. In the present study, we have investigated potential anticancer property 

of BPL and WFL. MCF-7 cell lines are flat and spread before treatment. However, on 

treatment with lectins and tamoxifen, significant changes in the cell structure were 

observed in microscopic images. Lectin treated cells showed cell shrinkage, membrane 

breakage with few cells detached from the plate and coming out in the medium as floating 

cells. LDH is a reliable and accurate marker of cytotoxicity. The cytotoxic agents exert 

damage to cell membranes and permit intracellular LDH molecules to leak into culture 

medium. Cell membrane integrity associated with necrosis is thus reflected by LDH 

leakage [17]. In the present study, the LDH leakage increased significantly in high dose 

of lectin compared to the control cells.  

Reactive oxygen species (ROS) such as superoxide and hydrogen peroxide are 

continuously produced during metabolism. ROS generation is often counterbalanced by 

the action of antioxidant enzymes and other redox molecules. However, excess ROS can 

B 



Agrawal Sanskruthi B.                                   AcSIR                                      Ph.D. Thesis (2019) 
 

Chapter 4: Anticancer activity of BPL and WFL on Breast cancer MCF-7 cell lines                Page 98 
 

lead to cellular injury in the form of damaged DNA, lipids and proteins [18]. In the 

present studies, significant increase in ROS was observed with treatment with lectins.  

Caspases belong to cysteine proteases family. Caspase-3 plays an important role 

in apoptosis. Signaling from cell death receptors or mitochondria activate caspases. The 

occurrence of apoptosis is correlated to increase in caspase 3 activity [19]. Previously, in 

case of two chitotriose specific lectins, Singh et al. (2016) demonstrated the mechanism 

of cell death leading to apoptosis is through caspase-3 activity [20].  

Flow cytometric analysis showed the lectin induced cell cycle arrest and apoptosis 

in MCF-7 cells. The proposed mechanism for the interconnection between cell cycle 

regulation and apoptosis rely on the up-regulation of p21 upon treatment with therapeutic 

agents [21]. The induction of cell cycle arrest leading to apoptosis is a common 

mechanism through which studies on a number of anticancer drugs inhibiting tumor 

growth can be undertaken. In this study, we found that BPL and WFL arrest S and G2-

phase of cell cycle at 500 μg/ml concentration. This dose resulted in 12-16 % apoptosis in 

the cell density. Moreover, as a hallmark of apoptosis, fragmentation could be observed in 

lectin treated MCF-7 cells. Our results correlate well to similar studies carried out earlier 

in case of chickpea lectin [14]. 

The plant lectins show differential cytotoxic impact on cancer cell lines. Several 

earlier reports describe lectin induced apoptosis through caspase activity in different 

cancer cell lines [15]. Moreno-Celis et al (2017) examined the cytotoxic effects of tepary 

bean lectins on colon cancer cells for its apoptotic activity. This lectin exhibited anti-

proliferative and pro-apoptotic properties associated with the reduction of signal 

transduction pathway protein Akt and rise in caspase 3 activity, however not to p53 

activation [22]. Estrada-Martínez et al. (2017) reviewed the efficacy of plant lectins as a 

modern tool against digestive system cancers [23]. Some of the in vitro studies described 

preferential attachment of certain lectins to the cancer cell [24]. Wheat germ agglutinin 

has displayed a feature of daunorubicin anti-resistant liposomes demonstrating anticancer 

efficacy in treatment of drug-resistant breast cancer [25]. Such studies may open up new 

vista to force plant lectins as a tool to increase the effectiveness of anticancer therapies.  
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Summary and Conclusion 

 

The study of protein folding started as a challenge in basic sciences and still 
motivates researchers for understanding structure-function relationship. To understand the 
the correlation, information is rendered by the primary structure i.e amino acid sequence 
and associated tertiary structure of protein. Development and advancement of classical 
techniques have accelerated the research in this field. Due to their different carbohydrate 
binding specificity, lectins from different sources i.e plants, animals, microorganisms 
have been studied for stability, folding/unfolding transitions and different applications. 

In the present study, we have characterized two N-acetyl galactosamine binding 
lectins; 1. Bauhinia purpurea seed lectin and 2. Wisteria floribunda seed lectin, for their 
functional and conformational dynamics. We even have tried to investigate their effect on 
MCF-7 breast cancer cell lines. 

The highlights of the study are: 

Seed lectin from Bauhinia purpurea (BPL) 

 
• BPL homology model showed a Jelly roll motif 
• It was functionally stable in presence of chaotropic agent indicating 

structural rigidity of the protein 
• Higher affinity of BPL towards T-antigen specifies the extended binding site 

and application in cancer studies 
• Structural rearrangements over the wide temperature range and no 

aggregation  reflect complex structure of the protein 
• BPL formed a molten-globule like structure at pH 1.0 
• It showed cytotoxicity towards breast cancer cell lines MCF-7 

Lectin from Wisteria floribunda 

• Detailed investigation of sugar binding to WFL showed higher affinity and 
extended binding site for LacdiNAc over T-antigen. 

• WFL showed simultaneous unfolding and aggregation at 80 °C 
• It formed a molten-globule like structure at pH 1.0 
• It showed cytotoxicity towards breast cancer cell lines MCF-7 

Comparative analysis of the conformational changes taking place in both the lectins is 
summarised below in Table 1: 
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Table 1:  Comparison of the conformational changes in both the lectins BPL and 
WFL. 

 

Our basic understanding of structure and function in detail has provided valuable insights 
into molecular basis of activity and stability. The cytotoxicity studies have further paved 
way for the use of these lectins in cancer diagnosis and treatment. 

Lectin Bauhinia purpurea 

 

Wisteria floribunda 

Secondary structure β-sheet rich 

Specificity N-acetylgalactosamine 

T-antigen disaccharide 

N-acetylgalactosamine 

T-antigen disaccharide 

LacdiNAc 

Thermal 

stability   

Activity 50 °C 75 °C 

Structure 70 °C 80 °C 

Stability in 

pH 

Activity 8.0 

Structure Stable in pH 6.0-8.0 alteration in structure at acidic (2.0-

4.0)and basic pH(10.0-12.0) 

Stability in 

GdnHCl  

Activity 2M upto 24 hrs 

Structure 2M upto 24 hrs 

Thermal aggregation Not observed At 85 °C 

Molten Globule At pH 1.0 
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A B S T R A C T

Two novel medicinally important legume lectins from Bauhinia purpurea (BPL) and Wisteria floribunda (WFL)
possessing extended sugar binding site were investigated for functional and conformational transitions using
biochemical and biophysical techniques as well as bioinformatical tools. Homology model of BPL was con-
structed using the Schrodinger suite and docked with N-acetyl galactosamine and T-antigen disaccharide (Galβ1-
3GalNAcαO-Me). The longer loop D in the structure of WFL compared to that in BPL was found to be responsible
for its specificity to LacdiNac (β-D-GalNAc-[1→ 4]-DGlcNAc) over Galβ1-3GalNAc. BPL remained functionally
stable up to 40 °C whereas WFL remained stable upto 70 °C indicating the strength of the sugar binding site
geometry. Both the lectins showed intense but non-specific secondary structure in the range of 65–90 °C. WFL
showed rapid aggregation above 80 °C as indicated by light scattering intensity. The lectins showed simultaneous
dissociation and multistate unfolding in the vicinity of GdnHCl. At pH 1.0, both the lectins exhibited molten
globule like structures, which were characterized further and were found to respond in a different way towards
denaturants. The results have provided valuable insights into the molecular basis of the activity and stability of
the two lectins.

1. Introduction

Proteins fold with different energies and with enormous combina-
tions of secondary structural elements which is dictated by the primary
sequence. Accurately folded protein governs its functional life.
Principles of protein folding have applications in the understanding of
different pathologies, in the design of novel proteins with special
functions [1]. In order to understand and appreciate the contributions
of protein folding on function and stability of a protein, biophysical
characterizations of the partially folded and unfolded state of the pro-
tein is important. Due to the emergence of computational biology, the
advancement of biophysical techniques now, seems to have shifted
protein folding field from hypothesis driven to data mining [2].

Lectins are the proteins conferred with carbohydrate binding
property. Apart from their applications in cell biology as well as in
medical field and extensive research in investigating the biological role,
lectins are still an interesting topic for the structure-function studies at
molecular level. The two lectins selected for the present studies are
from Bauhinia purpurea and Wisteria floribunda (Family: Fabaceae), le-
guminous plants commonly called as Camel foot's tree or Butterfly tree

and Japanese wisteria, respectively. Bauhinia purpurea is used as anti-
dysenteric, astringent and as a poison antidote [3]. Bauhinia purpurea
lectin (BPL) binds to T-antigen and has also displayed elevated binding
in metastatic urine [4,5]. Wisteria floribunda lectin (WFL) binds N-gly-
cans terminating in β-linked N-acetylgalactosaminides particularly ones
with LacdiNAc (β-D-GalNAc-[1→ 4]-DGlcNAc) termini, and to terminal
galactose residues with lower affinity [6–8]. LacdiNAc is a cancer gly-
comarker associated with leukemia, prostate, pancreatic, ovarian, and
liver cancers [7]. WFL is currently considered as the most prominent
diagnostic lectin against cholongiocarcinoma [9]. Thus, both the lectins
have high medicinal values.

The seed lectins from the plants Bauhinia purpurea and Wisteria
floribunda are tetrameric proteins with molecular mass of 197 kDa and
116 kDa, respectively, show maximum stability at pH 8.0 and specifi-
city towards N-acetyl D-galactosamine (GalNAc) [6,10]. Molecular
cloning of the Bauhinia purpurea lectin has been reported earlier [4],
whereas cloning and crystal structure of Wisteria floribunda lectin has
been recently reported [7,11]. The lectins show 43% sequence identity.
We have tried to investigate the functional and/or structural novelty by
monitoring the respective transitions of these two lectins under various
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