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Abstract 

This project presented a strategy to investigate natural product binders of protein 

targets based on their molecular weights. The molecular weight of the binders was 

determined from non-covalent protein-natural product complexes, detected by native 

mass spectrometry screening of natural product libraries including extracts, fractions 

and pure compounds. Human (Homo sapiens) calcium binding protein S100A4 (apo 

and calcium bound forms), mouse (Mus musculus) T cell/transmembrane, Ig, and mucin 

(TIM) protein 3 and human T-cell immunoreceptor with Ig and ITIM domains precursor 

protein (TIGIT) were investigated in this project.  

For functional association analysis of the proteins, protein-protein interaction 

(PPI) networks were constructed. The PPI network of S100A4 demonstrated that it is an 

important target in different types of cancers, such as breast cancer, colorectal cancer, 

bladder cancer, esophageal cancer, non-small cell lung cancer, gastric cancer, 

medulloblastoma, pancreatic cancer, prostate cancer, thyroid cancer and colon cancer. It 

is also a potential target in osteoarthritis, rheumatoid arthritis, pannus formation and 

joint destruction. TIM3 has functional association in regulatory immune processes, such 

as regulation of autoimmunity and anti-tumour immunity. TIGIT is an important target 

in autoimmune diseases caused by viral, bacterial and protozoal infections, and 

macrophage-mediated inflammatory diseases. It is a good target for the development of 

immuno-oncology combination therapies.  

SiteMap program was used for structure-based identification of druggable binding 

sites in S100A4 (apo state), S100A4-Ca
2+

 (calcium bound state), TIM3 and TIGIT. 

SiteMap scoring function, Dscore defines ‘druggability’ as a quantitative estimation of 

binding sites. Based on Dscore, 6 druggable binding sites were identified in apo S100A4, 

6 sites in calcium bound S100A4 (S100A4-Ca
2+

), 2 sites in TIM3 and 5 sites in TIGIT. 

The druggability of a binding site was estimated as the sum of contributions from the 

pocket enclosure, pocket size, and the balance between hydrophobic and hydrophilic 

character of the binding site. The results showed that size and enclosure of a pocket has 

direct and proportional correlation to druggability. However, the influence of pocket 

enclosure on druggability was less significant than that of pocket size. The druggability 

of a binding site was found highly correlated to hydrophobicity of the pockets.  

 Electrospray ionization Fourier transform mass spectrometer (ESI-FTMS) was 

used for direct screening of natural products. Molecular weights of hits were determined 
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from protein-natural product complexes. Based on molecular weight, natural product 

binders were classified in three chemical subspaces, such as drug-like compounds with 

molecular weight <500 Da (RO5), lead-like compounds with molecular weight <300 Da 

(RO3), and beyond the ‘rule of 5’ (bRO5) for the compounds with molecular weight > 

500 Da.  

In this project, natural product extracts and fractions were screened against four 

proteins including S100A4, S100A4-Ca
2+

, TIM3 and TIGIT. Considering the molecular 

weight as identifier, natural products were categorised as unique hits (binding to one 

protein) and common hits (binding to more than one protein). A hit detected in multiple 

extracts or fractions could be the same compound or different compounds with the same 

mass. For classification, the hits with identical molecular weight, detected in different 

biota were considered as the same compound.  

In native MS screening of extracts, 75 unique hits were detected in 86 extracts, 

obtained from 42 genera. Some unique hits were detected in multiple extracts. Twelve 

unique hits were lead-like (MW<300 Da), 36 hits were drug-(MW<500 Da) and 41 hits 

were beyond the rule of five (MW>500 Da). Eight unique hits were detected binding to 

S100A4, 38 hits to S100A4-Ca
2+

, 22 hits to TIM3 to and 21 hits to TIGIT. Eighteen 

common hits were detected in 73 extracts, obtained from 37 genera. Among them, 1 

common hit was lead-like, 6 hits were drug-like and 12 hits were beyond the rule of 

five. Ten common hits showed binding to S100A4, 11 hits to S100A4-Ca
2+

, 11 hits to 

TIM3 and 12 hits to TIGIT. 

In fraction screening, 46 hits were detected in the extracts, from 15 genera. The 

highest number of hits was detected in fraction 3 (16 hits) and the lowest number of hits 

was from fraction 5 (5 hits). Six hits were detected in fraction 1, 11 hits from fraction 2, 

and 9 hits were from fraction 4. Twenty-three unique hits were detected in 24 extracts, 

obtained from 11 genera. Among them, 1 unique hit was lead-like, 13 hits were drug-

like and 9 hits were beyond the rule of five. Four unique hits were detected to bind to 

S100A4, 4 hits to S100A4-Ca
2+

, 7 hits to TIM3 and 8 hits to TIGIT. Fourteen common 

hits were detected in 24 extracts, obtained from 11 genera. Among them, 4 common hits 

were drug-like and 10 hits were beyond the rule of five.  

The active extracts were analysed by liquid chromatography high resolution mass 

spectrometry. Common hits from different biota showed similar or the same retention 

time in a C18 column. Molecular formula analysis showed that a common hit from 

different biota possesses the same molecular formula. Following mass-guided isolation 

and NMR-guided structure elucidation, the common hits, NP_564, NP_358, NP_594, 
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NP_376, NP_434, NP_592 and NP_610 were identified as apigenin 6-C--D-glucoside 

8-C--L-arabinoside, sweroside, 4',5-dihroxy-7-methoxyflavanone-6-C-rutinoside, 

loganin acid, 6-C-glucosylnaringenin, biochanin A 7-O-rutinoside and quercetin 3-O-

rutinoside, respectively.  

Schrödinger extra precision docking, Glide-XP was used for molecular docking of 

protein-natural product complexes. Binding mode of the common hits in druggable 

binding sites of the proteins varied with the structural features of the compounds and 

binding pockets. Binding affinity of four flavonoid glycosides (structural analogues) to 

the proteins were estimated from the standard state free energy of complex formation. 

All of the compounds showed the highest affinity to TIGIT and the lowest affinity to 

S100A4-Ca
2+

. S100A4-Ca
2+

 and TIM3 showed similar affinity for the compounds.  

For rapid detection of selective natural product binders, a combined screening 

strategy including structure-based homology search by Spot-ligand 2 and native mass 

spectrometry by ESI-FTMS were used. NP_204 ([2-(5-methoxy-1H-indole-3-

yl)ethyl](methyl)amine) showed selective binding to S100A4, NP_217 (4-hydroxy-1-

(1H-indol-3-yl)-3-methylbutan-1-one) to S100A4-Ca
2+

 and NP_162 (3-(1-

methylpyrrolidin-2-yl)pyridine) to TIGIT.  
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Chapter 1 

Introduction 

1.1 Protein as therapeutic target 

In the early 20th century, the receptor theory of drug action revolutionized the idea 

of drug discovery and development. According to this theory, drugs are required to 

interact with biological entities, such as proteins and nucleic acids (RNA or DNA) 

(Lahlou, 2013). The vast majority of approved drugs target proteins and act by 

modulating their functions either in the human host or in pathogens and parasites 

(Ranganathan & Garg, 2009). Some important classes of protein targets are G protein-

coupled receptors (GPCRs), ion channels, kinases and proteases (Bull & Doig, 2015). 

Therefore, libraries of small-molecules can be used to target disease related proteins. 

Potential target selection is an important step in drug discovery and design. 

Biomedical data mining from different sources including publications, patent 

information, gene expression data, proteomics data, transgenic phenotyping and 

compound profiling data helps in identifying and selecting a potential drug target. Based 

on the number of disease-related genes, the pharmaceutical industry estimated 5,000–

10,000 possible drug targets (Hopkins & Groom, 2002). Bioinformatics is a powerful 

tool for selection of protein targets by elucidating genetic associations of diseases, 

which utilizes available data in various biomedical databases (Christopher, 2000; Tyers 

& Mann, 2003). 

A good protein target should have the ability to interact with putative drug 

molecules and produce biological effects that can be measured by in vitro and in vivo 

methods. Some proteins with known substrates and identified binding sites for the 

substrates can be targeted to develop small molecule inhibitors of the proteins such as 

kinases or proteases. However, there are some other proteins that do not have any 

substrate and elicit their functions by interacting with other proteins. In the last two 

decades, more than 40 protein-protein interactions have been targeted using synthetic 

small molecules and a number of inhibitors have entered into clinical phases (Arkin, 

Tang, & Wells, 2014). 
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1.2 Protein-protein interaction and functional association of proteins 

 Proteins play a central role in cellular processes. For example, proteins catalyse 

reactions in metabolism, replication, translation and transcription. The Human Genome 

Project identified around 25,000 genes that encode protein expression, which are 

essential for physiological functions (Collins & McKusick, 2001; Consortium, 2004). 

Whole genome sequencing has improved the understanding of biological functions and 

molecular mechanisms of cellular processes (Mesri, 2014). Most proteins exert their 

functions as a member of complex interaction systems. The protein-protein interaction 

is a key element of signalling pathways in cells and the functions of a protein are related 

to its involvement in various cellular processes or signalling pathways (Marcotte, 2000; 

O'Connor, Adams, & Fairman, 2010). Therefore, analyses of protein-protein 

interactions of a protein can elucidate its functional association, particularly in different 

diseases.  

The methods for protein-protein interaction (PPI) analysis can be divided into 

three major classes – in vitro, in vivo and in silico methods (Rao, Srinivas, Sujini, & 

Kumar, 2014). In vitro PPI detection includes purification and analysis of the protein-

protein complexes from cell lysates by affinity chromatography, tandem affinity 

purification-mass spectrometry, co-immunoprecipitation, protein microarrays, protein-

fragment complementation, phage-display, X-ray crystallography and NMR 

spectroscopy etc. In vivo methods of PPI detection includes yeast two-hybrid and 

synthetic lethality assay. In silico methods include prediction of protein-protein 

interaction by using different algorithms that combine genomic information, such as 

gene neighbourhood, gene fusion, gene expression and phylogenetic tree/profile and co-

expression of genes. Gene neighbourhood from the chromosomal proximity of their 

encoding genes can be used to predict protein-protein interactions and functional 

association of a protein (Korbel, Jensen, Von Mering, & Bork, 2004; Lathe, Snel, & 

Bork, 2000). Gene fusion and gene duplication have been proven to create additional 

functions, while maintaining their original functions (Long, 2000). Prediction of 

protein-protein interactions also includes phylogenetic similarity analysis. Phylogenetic 

tree similarity of two interacting protein families can predict functional associations 

between them (Marcotte, Pellegrini, Thompson, Yeates, & Eisenberg, 1999; Muley & 

Ranjan, 2013). In orthologous methods of prediction, the algorithms systematically 

transfer the protein-protein interactions from one organism to others (Rao et al., 2014; 

Walhout & Vidal, 2001). Protein-protein interactions can also be predicted by 
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comparing expression similarity of genes in various physiological conditions (Jansen, 

Greenbaum, & Gerstein, 2002). The in vitro and in vivo experimental data and in silico 

prediction of protein-protein interactions can be combined to investigate genome-wide 

protein-protein interactions by using different algorithms and databases (Zahiri, Hannon 

Bozorgmehr, & Masoudi-Nejad, 2013). 

Protein-protein interaction databases are classified into 4 major classes, such as 

interaction, metamining, predictive interactions and pathway databases. Some examples 

of interaction databases are DroID, InnateDB, MINT, BIND, DIP, IntAct, MPIDB, 

MatrixDB, BioGRID and HPRD.  Pathway databases include KEEG, Reactome, INOH, 

NetPath, MoleculePages and PID. Metamining databases include PathwayCommbns, 

ConcensusPartDB, APID, PINA, MiMI, UniHI. Predictive interaction databases include 

Scansite, STITCH, HAPPI and STRING (Klingström & Plewczynski, 2010). Among 

predictive interaction databases, STRING provides a unique platform to access a large 

dataset of both experimentally verified and de novo predicted PPIs. It also combines 

known interaction data from other databases, such as BIND, BioGRID, DIP, IntAct 

MINT, HPRD, PID, Reactome, KEGG and EcoCyc (Szklarczyk et al., 2014). 

1.3 Structure-based druggability analysis  

Protein-ligand complex formation is binding of a small molecule into a protein 

binding site, which requires recognition of three-dimensional spaces between them (Du 

et al., 2016; Mannhold, Kubinyi, Folkers, Böhm, & Schneider, 2006). In most cases, the 

entire protein is considered as a target. However, protein-ligand binding is localized at a 

binding site of the protein and binding ability of a protein is dependent on druggability 

of the binding site (Wang, Liu, Luo, Deng, & Hu, 2015). NMR-based screening results 

showed that 90% of ligand binding sites were on the surface of proteins and the 

characteristics of binding sites were important for molecular recognition in protein-

ligand complex formation (Hajduk, Huth, & Fesik, 2005). Therefore, structure-based 

identification of binding sites and druggability analysis of a protein target provide 

valuable information on capability of a protein binding small molecules and thus, save 

unnecessary expenses and efforts on un-druggable proteins. 

For identification of protein binding sites, a number of methods are currently 

available, such as prediction from the sequence of a protein, structure-based virtual 

docking and three-dimensional space mapping (Ruppert, Welch, & Jain, 1997). For 

structure-based druggability analysis, a number of computer programs are available. 

Schrödinger SiteMap is a widely used program for protein binding site analysis. It was 
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first validated by a large-scale test, in which 86% of known binding sites of 538 

proteins (PDBbind targets) were accurately identified as top-ranked sites (Halgren, 

2009). In a comparison between SiteMap and fpocket on a nonredundant druggability 

dataset (NRDD), both tools showed similar performance (Schmidtke & Barril, 2010). 

SiteMap is an energy-based method and fpocket is a geometry-based method. In another 

comparison among four pocket prediction algorithms including two geometry-based 

methods, SiteFinder and fpocket and two energy-based methods, PocketFinder and 

SiteMap, the results showed that all the algorithms performed well on holo structures 

and SiteMap outperformed the other programs in terms of retrieving actual binding 

sites. For apo structures, PocketFinder performed the best of all and SiteMap did the 

best in ranking/scoring function. Geometry-based algorithms, SiteFinder and fpocket 

have advantages on calculation time. In contrast, the energy-based methods are much 

more useful in accurately predicting sub-pockets and in detail analysis of the pockets 

(Gianti, Messick, Lieberman, & Zauhar, 2016; Schmidtke & Barril, 2010).  

1.4 Molecular recognition in protein-drug interactions 

Proteins form covalent or non-covalent complexes with the interacting molecules 

in their flexible three-dimensional spaces. Therefore, appropriate conformation is vital 

for the proteins to participate in cellular functions. Upon binding to a small molecule, 

conformational changes of a therapeutically important protein can alter their 

participation in cellular functions (Alberts, Johnson, & Lewis, 2002; Newton, 1995). 

Though covalently bound drugs have been proven successful in various therapies, they 

show possible off-target binding, which increases the risk of toxicity, such as with 

acetaminophen and aspirin. Acetaminophen and its metabolites result in hepatotoxicity. 

Aspirin is hepatotoxic and nephrotoxic. A non-covalent protein-drug complex is formed 

by means of ionic bonds, hydrophobic interaction, hydrogen bonds, van der Waals force 

or dipole-dipole interactions (Bjorkman, 1998; Ermondi & Caron, 2006; Hughes, Rees, 

Kalindjian, & Philpott, 2011; Meijer & van der Sluijs, 1989; Nelson & Pearson, 1990). 

Small molecules non-covalently bound to protein targets are desired in drug discovery 

and design.   

1.5 Biophysical methods to study intact protein-ligand complex 

At present, a number of biophysical methods are available to study intact protein-

ligand complexes, such as X-ray crystallography, nuclear magnetic resonance (NMR) 

spectroscopy, surface plasmon resonance (SPR) spectroscopy, isothermal titration 
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calorimetry (ITC) and mass spectrometry. X-ray crystallography is used to determine 

macromolecular complex structures, such as protein-protein and protein-ligand 

complexes. Crystallographic structure reveals the binding features of covalent and non-

covalent complexes. It offers quantitative analysis of protein-ligand binding, binding 

mode and stoichiometry. However, crystal development requires large amount of 

protein to get 3D structure by X-ray diffraction (Palmer & Niwa, 2003; Takeda, 2007). 

Recent development of cryo-crystallography (Macchi, 2012) or co-crystallography 

(McRee, 1999) provide stable crystal and enriched structural data. For crystallization of 

protein-ligand complexes, the purity of samples and complete amino acid sequence of 

proteins are the prerequisites. Supersaturating (100-1000%) during crystal growth may 

result in amorphous precipitation (Ladd & Palmer, 2013). An important limitation of X-

ray crystallography is that not all proteins can be crystallized due to inherent mobility of 

protein molecules. The presence of water in crystals negatively affects X-ray diffraction 

data. The X-ray diffraction data collection and statistical analysis of several chemical 

parameters, such as atomic positions, planarity of peptide bonds, bond lengths, bond 

angles and torsion angles determines the quality of model structures. Recently, the 

errors associated with several structures were evaluated and concluded that the accuracy 

of X-ray crystal structures has been widely over-estimated (Acharya & Lloyd, 2005). 

Hence, nuclear magnetic resonance (NMR) experiments are needed for validation and 

differentiation of artefacts in X-ray crystallography (Brünger, 1992). 

NMR spectroscopy is another tool  to detect protein-ligand interactions in solution 

that mimics the physiological conditions (Hajduk, Meadows, & Fesik, 1999). NMR also 

provides binding site information and quantifies the affinity and stoichiometry of 

protein-ligand interaction (Liang, Woodward, & Edelsbrunner, 1998; Pellecchia, Sem, 

& Wüthrich, 2002). However, proteins with multiple domains are not suitable to study 

in NMR. It requires higher concentrations of protein (approximately 1 mM) and several 

weeks to acquire complete structural data (Wüthrich, 1989). Protein-ligand interaction 

study by NMR spectroscopy requires micro molar range concentration of proteins and  

the ligand-to-protein ratio vary with the size of the proteins (Cala, Guillière, & Krimm, 

2014). 

Surface plasmon resonance spectroscopy (SPR) is one of the commonly used 

techniques to investigate protein-ligand complexes (Cooper, 2003). SPR requires small 

amount of protein. However, immobilisation of target proteins is the main drawback in 

SPR. For example, conformation changes by surface interaction alters the binding 
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properties of proteins (Erba & Zenobi, 2011; O'Shannessy, Brigham-Burke, & Peck, 

1992). Determination of binding affinity by SPR is still debated because of 

immobilization of target proteins or ligands affects their diffusion properties and thus, 

changes thermodynamics and kinetics of binding (Myszka, 1997). 

Isothermal titration calorimetry (ITC) is generally used to measure the heat of a 

reaction (Freire, Mayorga, & Straume, 1990). It should be highlighted that ITC is the 

only technique that can estimate individual contributions of entropy and enthalpy in 

protein-ligand binding from a single experiment, in addition to binding constants and 

stoichiometry. Enthalpy calculation is useful in lead discovery and optimisation 

(Ladbury, Klebe, & Freire, 2010). However, throughputs of traditional ITC instruments 

and high sample consumption have precluded its use as a primary screening tool. 

Advanced ITC instruments with automation are able to measure a series of samples 

(Garbett & Chaires, 2012; Torres, Recht, Coyle, Bruce, & Williams, 2010). Moreover, 

microscale technology with parallel measurement of samples increased the sensitivity of 

detection and throughputs of ITC screening (Ahmad, Towe, Wolf, Mertens, & 

Lerchner, 2010; Garbett & Chaires, 2012; Lerchner et al., 2006; Torres et al., 2004; 

Wonhee, Warren, Blake, & Michael, 2009; Zhang & Tadigadapa, 2004). 

Miniaturization of ITC instruments by microfabrication and nanofabrication 

technologies allowed a decrease in thermal time constant and reduced sample 

measurement time (Recht et al., 2008; Rechta et al., 2009; Torres et al., 2004). 

However, miniaturization also has some limitations, such as substantial heat loss and 

low sensitivity of detection. For example, in a chip calorimeter system sample volume is 

small and surface-to-volume ratio of the samples large, which makes the thermal 

chamber insulation challenging to prevent heat loss by conduction, convection, 

radiation, and evaporation (Lee, Lee, & Koh, 2012; Torres et al., 2010). 

Mass spectrometry screening of ligand libraries using electrospray ionization has 

been reported to detect protein-ligand (Gao et al., 1996; Wigger, Nawrocki, Watson, 

Eyler, & Benner, 1997; Xueheng Cheng et al., 1995) and RNA-ligand interactions 

(Hofstadler et al., 1999; Sannes-Lowery, Drader, Griffey, & Hofstadler, 2000). Native 

MS equipped with electrospray ionization was first reported in 2008 to detect non-

covalent protein ligand complexes in natural product extracts (Vu, Pham, & Quinn, 

2008) and provides a tool for rapid screening. Native MS screening of natural products 

was applied to detect nanomolar to millimolar affinity binders (Maresca et al., 2009; 

Yang et al., 2016). Vu and colleagues reported detection of natural product inhibitors of 
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human carbonic anhydrase (hCA) with inhibition constants (KI’s) in a range of 80 

nM−5.9 µM for hCA I and 60 nM−9.2 µM for hCA II (Maresca et al., 2009). A natural 

product inhibitor of PfRab11a, arborside E, was detected by native MS. The 

dissociation constant between arborside E, and PfRab11a was found to be 1.96 ± 0.21 

µM (Yang et al., 2016).  

A mass spectrometer is comprised of at least one ion source, a mass analyser, a 

detector and a recorder such as computer (Figure 1.1) (Hoffmann & Stroobant, 2007). 

There are several ionization techniques available for sample introduction either directly 

or by using additional auto-samplers. Depending on the methods of ionization and 

nature of sample, gas chromatography, liquid chromatography or capillary 

electrophoresis can be joined to the mass spectrometer. Mass analyser and detector are 

kept at very low pressure (in high vacuum) by using differential pumps (Figure 1.1). 

The compartments are connected by lenses with very small orifices (called skimmers or 

cones) between them. To transfer the ions from the source to mass analyser through the 

orifices, a transfer optics system is used, which is comprised of focusing lenses or 

multipole lenses (Hoffmann & Stroobant, 2007).  

 

Figure 1.1:  A schematic diagram showing basic parts of a mass spectrometer. Inside ion 

source, the gas-phase ions are produced at atmospheric pressure. The ions are accelerated to a 

mass analyser, where they are separated according to their mass-to-charge (m/z) ratio. A 

detector ‘counts’ the ions and a data processing system, such as a computer and suitable 

software produce mass spectra as a function of absolute intensity (y-axis) and m/z (x-axis). 

Mass spectrometers with different types of mass analysers have been developed 

and successfully used to study protein and protein-ligand complexes. Fourier transform 

ion cyclotron resonance (FT-ICR) mass spectrometer is a versatile instrument with high 

accuracy of detection. In native mass spectrometry by using electrospray ionization, 
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proteins can be studied under physiological conditions in an aqueous volatile buffer at 

pH 6-8. During ESI-MS, the gas phase ions are produced by protonation 

(+ESI)/deprotonation (−ESI) of acidic/basic residues resulting multiple charged ions. 

In folded proteins fewer residues are exposed to solvent for protonation/deprotonation 

than unfolded/denatured proteins (Banerjee & Mazumdar, 2012). Thus,  in native ESI-

MS, the folded proteins are transferred from solution into the gas phase ions, carrying 

less distribution of charge states compared to unfolded or denatured proteins (El-Aneed, 

Cohen, & Banoub, 2009).  

ESI-MS has several advantages over other analytical techniques to study native 

protein and intact protein-ligand complexes. It does not require modifications of protein 

targets or compound libraries. It requires around one minute to accomplish sample 

introduction, data acquisition, mass analysis and spectral interpretation. Protein 

consumption is very low in ESI-MS. Introduction of nano-ESI reduces sample 

consumption and increases sensitivity. ESI-MS allows analysis of mixtures of 

compounds and proteins, and binding equilibria in single injection. The binding site of a 

protein-ligand complex can be identified by using advanced stages of ESI-MS (MSn) 

(Qi, Geib, & Volmer, 2015). ESI-MS is also applicable to study protein-protein 

complexes, protein-metal ion, protein-nucleic acid complexes (Banerjee & Mazumdar, 

2012; Hofstadler & Sannes-Lowery, 2006; Kitova, El-Hawiet, Schnier, & Klassen, 

2012). 

1.6 Applications of ESI-MS to study protein-ligand complexes 

Applications of ESI-MS to study protein-ligand complexes are exemplified in 

following discussion based on previously reported works. For example, three potential 

inhibitors of protein tyrosine phosphate (PTP1b) were identified from a library of 19 

compounds, by using ESI-MS (Table 1.1). The kinase domain expressed in Escherochia 

coli (37 kD) was used at a constant concentration of 3 µM and the small molecules were 

used at a concentration of 50 µM. (Ockey & Gadek, 2004). 
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Table 1.1.  Potential inhibitors of PTP1b  

Comp. Stoichiometry Kd (µM) IC50 (µM) 

1 

 

1:1 25 60 

2 
 

1:1 100 >300 

3 
 

1:1 150 >300 

Comp. = Compound 

Binding affinities of protein-ligand complexes can be determined by titration 

experiments. In titration experiments, the protein concentration is kept constant and 

ligand concentration is increased gradually until saturation of binding is achieved. A 

titration curve is developed from which dissociation constants (Kd) of protein-ligand 

binding at equilibrium are determined. (Guan et al., 2015). For example, a novel 

inhibitor of stromelysin (MMP-3) was developed based on structure activity 

relationship analysis and native MS was used for affinity analysis of protein-fragment 

binding (Ockey et al., 2004). Binding affinity analysis results of ESI-MS were 

comparable to NMR results (Table 1.2). 

ESI-MS is applicable for competition studies of the compounds that bind to the 

same binding site on a protein target. The complexes correspond to 1:1 (P:L) binding 

are considered as specific and the complexes correspond to 1:n (n>1) are non-specific 

binding. For example, competitive and non-competitive binding of biphenyl 

hydroxamic acids to stromelysin were determined by ESI-MS titration experiments. In 

the case of competitive binding, fragments simultaneously mixed with protein only 

form binary (Pr + L1 and Pr + L2) complexes. For example, in an ESI-MS experiment 

binding of compound 2 (Table 1.2) and compound 12 (Table 1.3) to stromelysin was 

found to be competitive; the peaks corresponding to each compound bound to the 

protein were detected. In contrast, fragments that showed two binary complexes and a 

ternary complex (Pr + L1 + L2) are non-competitive. For example, compound 2 and 23 

(Table 1.4) showed non-competitive binding to stromelysin; peaks corresponding to 

each compound bound to the protein and both compounds simultaneously bound to the 

protein (a ternary complex) were detected (Ockey et al., 2004). Thus, ESI-MS 
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experiments applicable to distinguish completive and non-competitive binding of ligand 

to a protein. 

Table 1.2.  ESI-MS and NMR study of known inhibitors of stromelysin  

Comp. Kd (µM) by MS Kd (µM) by NMR 

1 
 

223±0.15 160±0.15 

2 
 

300±0.06 170±0.06 

3 
 

20±0.003 20±0.01 

4 
 

460±0.11 480±0.27 

5 
 

10,000 17,000 

6 

 

23±0.29  

7 

 

8±1.1  

Comp. = Compound 

Another application of ESI-MS is to analyse compound libraries. For example, 

dissociation constants determined by ESI-MS revealed that electronic differences of 

different substitutes and geometric orientations influence binding affinities. Binding 

affinities of p-methoxybenzamides to stromelysin is higher than p–cyanobenzamides 

(Table 1.3). Deletion of CN and addition of CH3 (13 & 19) did not improve the binding 

strength. However, replacing the CH3 (17) by OCH3 (13) increased the binding affinity. 

Aliphatic ring substitution (9) increased binding affinity, compared to that of aromatic 

ring (10) substitution. In compound 12, possible orientation of 4'-methyl is directed to 

hydrophobic pocket of stromelysin, which resulted in higher affinity binding of this 
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compound than un-substituted one (10) (Ockey et al., 2004). Thus, ESI-MS is 

applicable to study structure activity relationship. 

Table 1.3.  ESI-MS study of amide inhibitors of stromelysin  

 
Comp. R1 R2 R3 Kd (µM) 

8 OCH3 H Bn 190 

9 OCH3 H Cyclohexyl 230 

10 OCH3 H Ph 435 

11 OCH3 H (CH2)2Ph  

12 OCH3 H p-Tolyl 30 

13 CN H Ph >10,000 

14 CN H (CH2)2Ph 300 

15 CN H Bn  

16 H OCH3 p-Tolyl 220 

17 CH3 H Ph 310 

18 n-Propyl H Ph  

19 H CH3 Ph >101,000 

Comp. = Compound 

 

Table 1.4.  ESI-MS study of reverse-amide inhibitors of stromelysin 

 
Comp. R1 R2 R3 Kd (µM) 

20 OCH3 H Bn  

21 OCH3 H p-Tolyl 370 

22 CN H Ph  

23 CN H Bn  

Comp. = Compound 

ESI-MS is also applicable for design and synthesis of linked fragments. 

Stoichiometry and binding affinity analysis by ESI-MS allows optimization of fragment 
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based lead compounds. For example, an MMP-3 inhibitor (29) was identified by ESI-

MS from a library of fragments, which was designed based on ESI-MS study of known 

inhibitors and synthetic amide libraries (Table 1.5) (Ockey et al., 2004). 

Table 1.5.  ESI-MS study of linked fragment library 

 

Comp. R1 R2 R3 Kd (µM) Stoichiometry 

24 OCH3 CONH H  2:1 

25 OCH3 CH2CONHOH H  2:1 

26 OCH3 H CH2CONHOH  2:1 

27 OCH3 H (CH2)2CONHOH 250 2:1 

28 OCH3 (CH2)3CONHOH H 200 1:1 

29 CH3 H CONHOH  2:1 

30 CH3 CH2CONHOH H  2:1 

31 CH3 H CH2CONHOH  2:1 

Comp. = Compound 

1.7 Detection of native protein and intact protein-ligand complex in gas phase 

Electrospray is a soft ionization technique, in which multiple charged ions are 

produced in atmospheric pressure by applying electric potential. John Fenn, the leading 

developer of this method, described its implications in biochemical, biomedical and 

pharmacological research in his Nobel Prize lecture, 2002 (Fenn & Shamamian, 2004). 

However, the concept of electrospray was also used in other fields before its 

introduction in mass spectrometry. The theory of charge droplet formation in cone jet 

model, ‘Electrostatic Spraying of Liquids’ was developed for its application in aerosol 

science (M Cloupeau & Prunet-Foch, 1989). Ionization of analyte molecules in the gas 

phase is the first prerequisite in mass spectroscopic technique, particularly in the study 

of proteins and protein-ligand complexes (Fenn, Mann, Meng, Wong, & Whitehouse, 

1989; Hoffmann & Stroobant, 2007). In ESI, analytes present in solution are 

transformed into the gas phase ions (Paul & Verkerk, 2009). A minute flow of sample 

solution is directly passed through a fine capillary tube (sample inlet) and an electric 

potential is applied at spraying nozzle in which positive potential is applied for positive 
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ESI mode and negative potential for negative ESI mode. The positive and negative ions 

are produced by protonation and de-protonation of analyte molecules, respectively 

(Kelly, Vestling, Fenselau, & Smith, 1992; Manisali, Chen, & Schneider, 2006). Under 

optimum conditions ESI can generate non-fragmented ions. In native mass 

spectrometry, the peaks in ESI-MS spectrum are from intact molecular ions and the 

highest peak is considered as base peak (Chapman, Gallagher, Barton, Curtis, & 

Derrick, 1992; Covey, Bonner, Shushan, Henion, & Boyd, 1988; Mann, Meng, & Fenn, 

1989).  

1.7.1 Protein preparation for native MS  

Native mass spectrometry of protein requires suitable buffer solution for sample 

preparation that maintains the native state and facilitates the transfer of protein 

molecules from solution into the gas phase (Heck & van den Heuvel, 2004). Proteins 

are commonly stored in a buffer solution consisting of salts, detergents, chelating agents 

and other components which are required to stabilize the protein structure. These non-

volatile buffer components can form stable adducts with protein molecules and 

adversely affect ionization by electrospray, resulting in no signal or low resolution 

spectra. To get good spectra, ESI-MS requires transfer of protein molecules from the 

non-volatile buffer solution into a volatile buffer solution. Aqueous ammonium acetate 

and ammonium bicarbonate solution at a pH of 6 to 8 are commonly used for native MS 

by ESI (Heck & van den Heuvel, 2004; Sterling, Batchelor, Wemmer, & Williams, 

2010; Vu et al., 2008). The optimum concentration of volatile buffers reduce protein 

adducts that are formed by other salts, present in solution (Lemaire, Marie, Serani, & 

Laprévote, 2001; Sterling et al., 2010; Ugwu & Apte, 2004).  

Buffer’s heat of ionization is an important factor to maintain the native 

conformation of protein in solution, especially when the protein denaturation is 

associated with protonation of solvent accessible residues (Ugwu & Apte, 2004). 

Buffer’s heat of ionization is inversely correlated to denaturation temperature of the 

proteins (Petrosian & Makhatadze, 2000). The pH of buffer solution is also important to 

maintain native conformation of proteins in solution. The binding between protein and 

ligand varies with the pH of buffer solution. At a given pH, observed enthalpy (ΔHobs) 

of protein-ligand binding process is the sum of ionization enthalpy of buffer (ΔHb) 

components in solution and buffer effect (ΔHion) (equation 1.1). Proteins in solution 

exist in different structural states, such as protonated or as aggregates that are expected 

to have different affinities for the ligand. Protein-ligand interactions alter enthalpy-
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entropy compensation, heat capacity and the state of a free protein in solution. Enthalpy 

change of sample solution is an important consideration to determine the binding 

affinity and stoichiometry of protein-ligand complexes (Bolen & Slightom, 1990; 

Bradshaw & Waksman, 1998; Jung, Bowden, Cooper, & Perham, 2002; Petrosian & 

Makhatadze, 2000; Ugwu & Apte, 2004). 

∆𝐻%&' = 	∆𝐻& + 𝑛 ∆𝐻+%, (1.1) 

During electrospray process, volatile buffer components are easily evaporated and 

final charges on protein molecules are formed by protonation/deprotonation of acidic or 

basic sites on the surface. The presence of salts increases conductivity of a protein 

solution, which facilitates the electrospray of the solution and ionization of protein 

molecules. Under an applied electric field water undergoes redox reaction and charged 

water molecules add charges to the protein molecules by neutralizing some ionized 

residues and protonating acidic residues or amide groups (Banerjee & Mazumdar, 2012; 

Felitsyn, Peschke, & Kebarle, 2002; Iavarone, Udekwu, & Williams, 2004; Verkerk & 

Kebarle, 2005).  

1.7.2 Chemistry of globular protein charging 

Ammonium acetate is a standard buffer for protein preparation in native mass 

spectrometry. It is considered as the best buffer due to its ability to protonate the basic 

side chains at the surface of the protein. Due to its volatile nature, the salt is easily 

evaporated at atmospheric pressure providing clear spectra with multiple charges on the 

proteins. Ammonium acetate interacts with protein molecules in different ways. 

Ammonium ions form adducts with ionized acidic sites on the protein surface, while 

acetate ions form adducts with ionized basic sites resulting the following products 

(equation 1.2) (Felitsyn et al., 2002; Sterling et al., 2010; Verkerk & Kebarle, 2005).  

(𝑁𝐻/0 − 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝑂𝑂;) =;> 0 + 	𝐶𝐻/𝐶𝑂𝑂;	 + 	𝑁𝐻30	 =

(𝐶𝐻/𝐶𝑂𝑂𝐻/𝑁 − 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝑂𝑂𝑁𝐻3) =;> 0  
(1.2) 

However, as ammonium acetate passes through heated capillary and nozzle 

skimmer, its collision with background gas and solvent vapour leads to evaporation of 

volatile acetic acid and ammonia by proton transfer. Transfer of protons between 

protonated basic residues and de-protonated acid resides neutralizes the ionized (basic 

and acidic) side chains on the surface of the proteins (equation 1.3), which ensures clear 

mass spectra with exact mass of the proteins (Banerjee & Mazumdar, 2012; Verkerk & 

Kebarle, 2005). 
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(𝐶𝐻/𝐶𝑂𝑂𝐻/𝑁 − 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝑂𝑂𝑁𝐻3) =;> 0	 =

𝐶𝐻/𝐶𝑂𝑂𝐻 + (𝐻2𝑁 − 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝐻2𝐶𝑂𝑂𝐻) =;> 0 + 	𝑁𝐻/  
(1.3) 

In high voltage capillary, the solvent undergoes an electrochemical reaction that 

produces an electron flow to or from the metal capillary. Oxidation and reduction of 

solvent occurs in positive and negative ion mode, respectively. In positive ion mode, 

electrolysis process at the positive electrode produces excess of H3O+. Evaporation of 

ammonium acetate is faster than that of water, and excess H3O+ ions on the surface of 

protein droplet add charges to protein molecules by neutralizing the ionized acidic 

residues (equation 1.4) or protonation of neutral basic residues (equation 1.5)/amide 

groups (equation 1.6), on the backbone (Felitsyn et al., 2002; Verkerk & Kebarle, 

2005). 

(𝑁𝐻/0 − 	 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝐻2𝐶𝑂𝑂;) =;> 0 + 	𝐻/𝑂0 =

(𝑁𝐻/0 − 	 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝐻2𝐶𝑂𝑂𝐻)=0 + 	𝐻2𝑂  
(1.4) 

(𝑁𝐻2 − 	 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝐻2𝐶𝑂𝑂;) =;> 0 + 	𝐻/𝑂0 =

(𝑁𝐻/0 − 	 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝐻2𝐶𝑂𝑂;)=0 + 	𝐻2𝑂  
(1.5) 

(𝑁𝐻2 − 	 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝐻2𝐶𝑂𝑂;) =;> 0 + 	𝐻/𝑂0 =

(𝑁𝐻2 − 	 𝐶𝐻2 3 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 + 𝐻 − 𝐶𝐻2𝐶𝑂𝑂;)=0 + 	𝐻2𝑂  
(1.6) 

During desolvation near the gas phase condition, the basic and acidic sites that 

have been ionized in solution are neutralized by the counter ions (equation 1.7 and 1.8) 

(Felitsyn et al., 2002). 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝑂𝑂;	 + 	𝑁𝐻30	 = 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝐶𝑂𝑂𝐻𝑁𝐻/ (1.7) 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑁𝐻/0	 + 	𝐶𝑂𝑂;	 = 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑁𝐻2𝐻𝐶𝑂𝑂𝐻 (1.8) 

The basic residues with amino group can form the most stable proton-bridged 

adducts (equation 1.9), from which transfer of a proton results in protonation of side 

chains (equation 1.10),  in later stage of desolvation (Felitsyn et al., 2002).  

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑁𝐻2 + 𝑁𝐻30 = 	𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑁𝐻2 − 𝐻 − 𝑁𝐻/0 (1.9) 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑁𝐻2 − 𝐻 − 𝑁𝐻/0 = 	𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑁𝐻/0 +	𝑁𝐻/ (1.10) 

The energy required for complete desolvation may lead to charge loss by proton 

transfer (equation 1.10) or by coulombic repulsion between the charges (equation 1.11) 

(Felitsyn et al., 2002): 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑁𝐻2 − 𝐻 − 𝑁𝐻/0 = 	𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑁𝐻2 +	𝑁𝐻30 (1.11) 
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1.7.3 Transfer of solution phase protein into gas phase ions  

The charge residue model (CRM) is a well explained and highly accepted theory 

to describe the mechanism of gas phase ion formation of globular proteins, such as 

natively folded proteins. CRM was first postulated in 1968 to describe the molecular 

beams of macro ions, which was later proved and elaborated to describe electrospray 

ionization of non-denatured globular proteins (Dole et al., 2003; Fernandez De la Mora, 

2000). In ESI, the gas phase ion formation is a complex process including a series of 

events (Breuker & McLafferty, 2008). The mechanism of ESI process can be divided 

into five major steps – a. formation of charged droplets at the capillary tip, b. solvent 

evaporation and formation of progeny and nano-droplets, c. charge orientation in nano-

droplets, d. desolvation and gas phase ion stabilization and e. unfolding and refolding of 

protein ions in the gas phase (Banerjee & Mazumdar, 2012; Fernandez De la Mora, 

2000; Hoffmann & Stroobant, 2007). 

1.7.4 Formation of cone jet and charged droplets at ESI capillary tip  

The electrospray device is a special type of electrolytic cell between spraying 

nozzle and counter electrode (Figure 1.2). However, ionization by electrospray is not 

the same as in solution phase electrolysis. Here, the gas phase ions move through 

positively or negatively charged droplets, and later as positive or negative ions. Under 

an applied electric field, the polar solvents in protein solution, such as water, methanol 

or acetonitrile, easily undergo electrochemical reactions. The extent of redox reaction 

and supply of ions in solution depends on the applied potential difference between the 

nebulizer and counter-electrode (Banerjee & Mazumdar, 2012; Blades, Ikonomou, & 

Kebarle, 1991; Cech & Enke, 2001; Michel Cloupeau & Prunet-Foch, 1994; Cole, 

2011; Diehl & Karst, 2002; Paul & Verkerk, 2010).  

An electric double layer at the meniscus of protein solution is formed by applied 

electric field (~106	𝑉	𝑚;>) between tip of the capillary and counter-electrode. The 

counter electrode is a plate with an orifice, which allows the gas phase ions to move 

towards mass analyzer and detector (Cole, 2011; Hoffmann & Stroobant, 2007). In the 

presence of trace amount of electrolytes, protein solution becomes sufficiently 

conductive. The capillary voltage repels the charges of same polarity downwards into 

the liquid. Induced dipoles are also developed with the same downfield orientation 

(Arkin et al., 2014; Covey et al., 1988). 
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Figure 1.2:   A schematic presentation of major events in positive ESI. The formation of a 

‘Taylor cone’ at the tip of the spray nozzle is followed by charged parent droplets formation. 

Solvent evaporation results in shrinkage of the droplets. At the Rayleigh limit, parent droplets 

are broken into small progeny droplets by Coulomb fission. After last Coulomb fission, 

desolvation of progeny droplets produces the gas phase ions. The applied potential between 

spraying nozzle and counter electrode directs the gas phase ions through an orifice at the center 

of counter electrode. 

In positive ESI, capillary voltage drives the positive ions towards the liquid 

surface, at the tip of spraying nozzle. In negative ESI, the negative ions are accumulated 

at the liquid surface. Thus, accumulation of the same charges (positive or negative) at 

the liquid meniscus drives the opposite charges away from the surface of the liquid. The 

net downfield forces, created in these processes energize the liquid (protein solution) to 

form a cone-like meniscus, called a ‘Taylor cone’ (David, 1986; Hoffmann & Edmond, 

2000; Hoffmann & Stroobant, 2007; Taylor, 1964; Wilm & Mann, 1994).  

In a Taylor cone, the surface tension of liquid jet opposes the surface expansion. 

When the applied potential is high enough to overcome the surface tension, due to 

surface expansion a fine jet arises from the cone tip. The surface of the liquid jet is 

charged by excess ions. The cone jet diameter is dependent on the conductivity and flow 

rate of the liquid. Under the applied potential, the electric components penetrate tangent 

to the surface of the liquid. The net effects on surface charges create a driving force in 

liquid resulting in a downstream acceleration of liquid jet. The length of the jet changes 

with the viscosity, resistivity and flow rate of the liquid. Liquid with high conductivity 
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forms fine jets but results in low flow rates. In case of low conductive liquid, 

spontaneous fine jets are not possible. The liquid jet eventually breaks up into small 

droplets. Average size of the droplets is approximately 1.5 µm, which is dependent on 

the jet diameter. The droplets are approximately of same size and have an average 

charge of ~10;>3 C, which is equal to the charge of ~50,000 singly charged ions. The 

charged droplets are directed towards oppositely charged counter-electrode. Thus, a 

flow of positively charged (positive ESI) or negatively charged (negative ESI) droplets 

is formed from the nozzle tip. In addition, much smaller ‘satellite’ droplets are also 

formed with little role in gas-phase ion generation (Cole, 2011; Paul & Tang, 1993; 

Wilm & Mann, 1994) 

1.7.5 Formation of progeny and nano-droplets  

To describe CRM of droplets formation, several assumptions are made, such as – 

a. charged droplets are formed by the last coulomb fission and contain only one protein 

molecule, b. charges on protein molecules are obtained from the surface of droplets, c. 

proteins are spherical and the density of a protein droplet is equal to that of a water 

droplet of the same size, d. at the Rayleigh limit, the size of charged water droplets and 

protein droplets are equivalent and e. the final gas phase ions are formed by desolvation 

of nano-droplets, generated by the last Coulomb fission (Dole et al., 2003; Fenn, 1993; 

Fernandez De la Mora, 2000; Paul & Peschke, 2000; Tolić et al., 1997; Wilm, 2011) 

The surface tension of charged droplets maintains their spherical shape and the 

charges (positive/negative) are distributed on the surface of the droplets. The repulsion 

force between the same charges tends to breakdown the droplets, which is encountered 

by the surface tension (Cole, 2011; Fenn, 1993; Paul & Peschke, 2000; Paul & Tang, 

1993). While the charged droplets are passing through the heated capillary, the solvent 

evaporation results in size shrinkage and increases the surface charges (Rayleigh, 1882). 

The energy requires for solvent evaporation is consumed from the surrounding air and 

the applied electric field enhances water evaporation from the charged droplets (Bing, 

Xiao, Yuan, & Min, 2014). Molecular dynamic simulation revealed that the spherical 

liquid droplets in electric field are deformed into long cylindrical shape, even at a low 

electric field of 0.4 𝑉	𝑛𝑚;>. Directional arrangement of water molecules is destroyed, 

which in turn decreases the coordination number of water molecules in a sphere of 0.35 

nm (the standard length of hydrogen bond between water molecules). Thus, the 

interaction between water molecules is decreased by the applied electric field, which 

facilitates water evaporation. In addition, average kinetic energy of water molecules is 
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increased by the applied electric field (Bing et al., 2014; Swope, Andersen, Berens, & 

Wilson, 1982; Znamenskiy, Marginean, & Vertes, 2003). However, the applied 

potential higher than 5000 eV can induce fragmentation, such as in collision induced 

dissociation by ESI-MS (Schneider, Douglas, & Chen, 2001). Hence, optimization of 

instrumental conditions is required to maintain the native structure of proteins and intact 

protein-ligand complexes (Loo, 2000; Vu et al., 2008; Yang et al., 2016).  

As the parent droplets become smaller, the repulsion forces between the same 

charges increases and at a definite radius of the droplet (Rayleigh limit) the net 

repulsion force overcomes the cohesive force by surface tension. After the Rayleigh 

limit, due to Coulomb instability smaller progeny droplets are generated from the parent 

droplets by Coulomb fission. The charged droplets can also polarize each other, which 

leads to deformations of the droplets and induced Coulomb fission occurs before the 

Rayleigh limit (Breuker & McLafferty, 2008; Znamenskiy et al., 2003). Progeny 

droplets retain average 2-5% of mass and 15-25% of charge of the parent droplets 

(Hoffmann & Edmond, 2000; Hoffmann & Stroobant, 2007). In progeny droplets, 

solvent evaporation and Coulomb fission continue up to a certain nano-size of the 

droplets, in which only one protein molecule and buffer components are present 

(Banerjee & Mazumdar, 2012). 

In high concentration, proteins can form polymeric conformations during progeny 

droplet formation. To prevent polymerization, protein samples are generally prepared at 

a concentration of less than 50 µM (Konijnenberg, Butterer, & Sobott, 2013). In 

electrospray process of a protein and ligand mixture, excess ligands induce non-specific 

interactions, which adversely affects the gas phase ionization and thus the quality of 

acquired spectra (Jaquillard, Saab, Schoentgen, & Cadene, 2012).  

At a concentration of 1 pmol/µL a droplet of 200 nm in diameter contains an 

average number of protein molecules less than one. Ionization rate is independent of 

nature and mass of the protein. The ion flow is influenced by the speed of droplet 

formation and solvent evaporation. During electrospray process, protein molecules are 

cooled by latent heat of solvent evaporation, and are stable under optimum conditions 

(Wilm, 2011). 

Volatile buffer components, such as ammonium, acetate or bicarbonate continue 

to evaporate readily and the percentage of water increases with time (nano seconds). 

Thus, in a nano-droplet, a monolayer of water covers the protein molecule and excess 

ions at the surface of the droplets contribute to the charges (Figure 1.3) (Gross, 2004). 
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1.7.6 Charge orientation in nano-droplets and origin of charges in gas phase ions    

In a nano-droplet, charged protein molecule is at the centre and surrounded by 

ionic species (salts) and water dipoles (Figure 1.3). The position of salts within the 

droplets depends on the type of ions, for example Na+ prefers interior and alkylated 

ammonium ions (NH4
+) tends to be closer to periphery. In nano-droplets excess charges 

accumulates on the surface, while excess ions are oriented inside (Figure 1.3) 

(Konermann, Ahadi, Rodriguez, & Vahidi, 2012). 

The stability limit of Coulomb fission of water droplets at the Rayleigh limit 

determines the charge states of a protein in the gas phase ions (Banerjee & Mazumdar, 

2012; Fernandez De la Mora, 2000; Heck & van den Heuvel, 2004). The charge of a 

droplet, Z can be expressed by the equation 1.12.   

𝑍D =
8𝜋

𝑒 𝛾𝜀I𝑅/
>
2
 (1.12) 

Where, γ is the surface tension of a water droplet, ε0 is the electrical permittivity 

of vacuum, e is the elementary charge and R is radius of the droplet. A shortened 

equation can be derived by considering that the radius of a globular protein is directly 

correlated to its molecular weight, and the density of liquid is equal to water (Heck & 

van den Heuvel, 2004).  

𝑍D = 0.0078	𝑀>/2 (1.13) 

The protein molecules in the gas phase ions are overall neutral. The charged nano-

droplets transfer their charges (Z) onto the protein molecules. The nano-droplets are 

formed by the last Coulomb fission at the Rayleigh limit. A nano droplet contains only 

one protein molecule and thus, the charge of a protein ion (ZP) in the gas phase is very 

close to the charge of a droplet at the Rayleigh limit (ZR) (Carbeck et al., 1998; Kebarle, 

2000).  

𝑍O 	≈ 	𝑍D (1.14) 

In the solution phase, the overall charge of a protein molecule is mostly dependent 

on the chemical properties including the number ionizable groups, their types and 

ionization constants, and the pH of protein solution. In the gas phase, the extent of 

charging and range of charge state distribution of a protein are dependent on available 

basic/acidic groups and their protonation/deprotonation. Molecular surface area of a 

protein molecule and Coulombic explosion between the charged species on the surface 

determine the net charge of ionized protein species in the gas phase (Carbeck et al., 

1998; Grandori, 2003a; Winston & Fitzgerald, 1997). 
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Figure 1.3:  A schematic presentation illustrating charge orientation in nano-droplets and 

in the gas phase ions. The protein molecule is deep in the centre of the droplet and water 

dipoles surround the protein, which is induced by the interaction of NH4
+ and water molecules. 

Thus, the ion-induced dipole-dipole interactions transfer the charges from the interior onto the 

surface of nano-droplets (Konermann et al., 2012). 

1.7.7 Evaporation of buffer components and water 

The evolution of intact gas phase ions from the native protein structure inside a 

charged nano-droplet by electrospray includes a series of stepwise events (Breuker & 

McLafferty, 2008). In ESI process, desolvation of a protein molecule includes side 

chain collapse, unfolding and refolding to obtain stable gaseous structures (Figure 1.4). 

In nano-droplets, the protein molecule is buried deep in the centre of the droplet 

and water molecules are closer to the surface. Evaporation of water molecules starts 

with the breaking of non-covalent bonds between water molecules and the protein 

molecule, as well as between adjacent water molecules. These processes make use of 

internal energy of the system. Usually, the evaporation of water starts with a single 

molecule but evaporation of dimers may also happen. Only a limited fraction of water 

(10-50%) evaporates under energy conservation conditions (Steinberg, Breuker, Elber, 

& Gerber, 2007) and the water molecules trapped into the core of the protein molecule 

does not play a specific role in folded native structure (Rhee, Sorin, Jayachandran, 

Lindahl, & Pande, 2004). The water molecules inside a protein molecule are of two 

types: ‘permanently internal’ and ‘temporarily associated’ water. Permanent water 

molecules remain inside from the beginning or enter from the bulk solution. 

‘Temporarily associated’ water molecules can diffuse in and out of the protein cavities 

(Kandt, Schlitter, & Gerwert, 2004; Miao & Baudry, 2011; Rhee et al., 2004; Tarek & 

Tobias, 2002). Water molecules inside the protein molecule also exchange the locations 
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(Miao & Baudry, 2011) and establish a hydrogen bond network with the protein 

molecule resulting in a slow relaxation of the protein structure (Tarek & Tobias, 2002). 

The early loss of water molecules leads to rapid cooling of the droplet system up 

to ~100 K during the first picoseconds and the remaining water molecules are ‘frozen’ 

on the surface. The total system expands due to repositioning of water molecules, away 

from the surface of the protein. The water molecules aggregate around the charged sites 

and stabilize the charges (Figure 1.4 B). Incomplete desolvation may happen due to the 

cooling effect of water evaporation (Steinberg et al., 2007). A certain potential, equal to 

the threshold value of cone-jet formation, is required to overcome strong hydration and 

complete evaporation of water molecules (Adams & Babcock, 1998; Hoffmann & 

Edmond, 2000; Paul & Verkerk, 2009; Smith, Flagan, & Beauchamp, 2002). 

 

Figure 1.4:  Desolvation dynamics of gas phase ion formation from nano-droplets. In (A), 

the figure is showing native protein, surrounded by a uniform monolayer of water. Expansion 

and rearrangement of water molecules takes 200 picoseconds. After 400 picoseconds of initial 

water loss, due to subsequent cooling effect the rest of water molecules aggregate around the 

charged sites away from protein surface. Thus, the solution structure is maintained (B). Full 

desolvation occurs almost instantaneously (C) and charged side chains form salt links between 

opposite charges or ionic hydrogen bonds with backbone (D). These electrostatic interactions 

between positively and negatively charged sites results in cross-linking interactions on the 

protein surface and thereby stabilizing the native folding. Loss of hydrophobic interactions (E) 

and dissociation of electrostatic bonds (F) occur in the next few milliseconds. Reorientation of 

side chains and formation of new bonds (G) usually takes a very short time (0 to 20 

picoseconds).   

As electrospray ionization is conducted at atmospheric temperature, energy is 

supplied throughout the process (Steinberg et al., 2007). The applied electric field 

increases the average kinetic energy and therefore, evaporation of water molecules 

(Bing et al., 2014). In contrast, the cooling effect of water evaporation decreases the rate 

of evaporation (Breuker & McLafferty, 2008; Cole, 2011). In ESI, the energy exchange 
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process may be too slow due to full desolvation of the protein ions, before entering the 

mass analyser. Hence, additional heating is allowed in atmospheric region by counter 

flow of heated dry gas and in first vacuum stage, such as the heated capillary inlet. 

Complete desolvation of protein or protein complexes is possible by impact desolvation 

of electro-sprayed micro-droplets (IDEM) technique. Impact energies (~50%) above the 

cohesive force of water can completely dehydrate protein droplets, while maintaining 

minimum thickness of hydration shell to preserve folded structure of proteins in the gas 

phase ions (Thirumuruganandham & Urbassek, 2010). 

1.7.8 Unfolding and refolding of protein ions in gas phase ions 

At the end of desolvation, charged side chains form salt links between opposite 

charges or ionic hydrogen bonds with backbone. Thus, a cross-linked interaction 

network is formed on the surface of protein molecule, and thereby stabilizing the native 

structure of the protein (Figure 1.4). These interactions and cooling effect of solvent 

evaporation produce transiently stable protein ions with identical backbone folding. 

Molecular dynamic results showed that for a few milliseconds native structure remains 

the same and in next few milliseconds loss of hydrophobic interactions and dissociation 

of electrostatic bonds occur. Analysis of fragmentation by native electron capture 

dissociation (NECD) revealed that the temperature and pressure in inlet capillary affect 

stability of the gas phase ions. In case of the dimer of a protein, proton transfer occurs 

between two monomer chains and one chain unfolds faster than the other (Breuker, 

2006; Breuker & McLafferty, 2003, 2005, 2008; Gabelica & Pauw, 2005).  

Further unfolding occurs due to the loss of hydrophobic interactions and 

dissociation of electrostatic bonds (Figure 1.4). The open protein structure forms new 

non-covalent bonds, and refolding of the gas phase ions results in a variety of new 

conformers, more compact with local energy minima (Breuker & McLafferty, 2008). 

After unfolding, due to ion activation by collision with background gas folded protein 

structures in the gaseous environment may not be formed immediately. The surface of 

protein molecule is compensated by the cooling effect of solvent evaporation and 

adiabatic expansion (Gabelica & Pauw, 2005). Under optimum experimental conditions 

the folded structure of a protein molecule is maintained by newly formed electrostatic 

interactions on the surface of the protein (Figure 1.4) (Breuker & McLafferty, 2008). In 

suitable conditions, the protein-ligand or protein-protein complexes form some 

additional electrostatic interactions between the partners and stabilize the complexes in 

the gas phase ions. The electrostatic interactions between the partners of a complex 
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increase stability of the gas phase ions. Adduct formation improves native-like structure 

of proteins in the gas phase ions (Freeke, Bush, Robinson, & Ruotolo, 2012). In the gas 

phase ions, refolding is either a single-step or multi-step process and the protein 

structure does not necessarily return to the same degree of folding as in native state 

(Breuker & McLafferty, 2008).  

1.7.9 Gas phase ion chemistry 

According to the conformation-dependent neutralization theory (CDNT), charged 

residues in the core of a protein molecule are neutralized by the interactions between 

two oppositely charged nearby residues. Polar residues form intra-molecular hydrogen 

bonds or ion pairs with counter ions or remain as surface-exposed free residues to 

absorb/release protons, forming positively/negatively charged ions (Grandori, 2003b; 

Šamalikova & Grandori, 2003; Šamalikova, Matečko, Müller, & Grandori, 2004; 

Steinberg, Elber, McLafferty, Gerber, & Breuker, 2008). For example, the formation of 

ionic hydrogen bonds between protonated lysine and amide oxygen of tyrosine onto the 

protein surface takes a very short time (0-20 ps). The structural rearrangements after 

desolvation mostly involves charged side chains on the surface of protein (Figure 1.5) 

(Steinberg et al., 2008).          

 

Figure 1.5:   A mechanism of new bond formation during desolvation. After evaporation of 

water, an amide bond is formed in a gas phase peptide ion. 

Though protein molecules are ionized in buffer solution, in ESI process, after 

desolvation the charged sites are neutralized. The final charges on the protein molecule 

are the result of protonation/deprotonation. In positive ion mode, protonation neutralizes 

the acidic groups (RCOO;) and protein molecules in the gas phase are charged by 

protonation of surface exposed basic groups, such as N-terminal amines. In negative 

ionization mode, deprotonation of the basic residues neutralizes them and surface-

exposed acidic groups carry negative charges in the gas phase ions (Prakash & 
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Mazumdar, 2005). After desolvation, immediate formation of new bonds results in 

refolding of the protein molecules into near native state (Figure 1.4) (Murariu, 2013). 

In protein complexes, the hydrophobicity of interacting partners (protein/ligand) 

influences the solution phase binding, however, it does not affect protein complex 

stability in the gas phase ions (Breuker & McLafferty, 2008). Covalent or non-covalent 

binding of small molecule to a protein results in a more compact structure of the 

complex than that of a free protein. Non-covalent complexes are more compact than 

covalent complexes (Rajabi & Douglas, 2013). 

In conclusion, ESI transfers protein or protein-ligand complexes from solution 

into the gas phase ions through a series of events, starting from Taylor cone-jet 

formation, Coulomb fission and nano-droplets formation, and desolvation of buffer and 

water, which is followed by unfolding and refolding of protein molecules. MD and 

cryogenic ion mobility-mass spectrometry (cryo-IM-MS) study showed that 

conformational re-orientation and inter/intramolecular interactions determine the final 

structure of the protein molecules in the gas phase ions (Kim, Wagner, Wooding, 

Clemmer, & Russell, 2017). The overall structural change in protein molecules upon 

desolvation is very small. Folded protein molecules are structurally more stable in the 

gas phase ions than in solution (Breuker & McLafferty, 2008; Steinberg et al., 2007).  

1.8 Molecular weight determination of hits in native MS screening  

In mass spectrometer, acquired spectra are processed as a function of absolute 

intensity (y-axis) and mass-to-charge values (m/z, x-axis). The molecular weight of a 

small molecule binding to a protein can be calculated from the m/z value of protein-

ligand complexes. A hit can be detected by comparing the protein spectrum (control) 

and the sample (protein plus extract/fraction/compound) spectrum (Figure 1.6). In ESI-

MS spectra, the complex ([PL]Z+) peak appears next to the protein peak ([P]Z+), which 

are observed as corresponding m/z values (El-Aneed et al., 2009; Hoffmann & 

Stroobant, 2007).  
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Figure 1.6:  Hit detection and molecular weight determination in ESI-FTMS screening. In 

(B), the spectrum shows only protein peak, [P]Z+ and in (A), the spectrum shows protein peak, 

[P]Z+ and protein-ligand complex peak ([PL]Z+). Here, Z+ is charge state of the protein in 

positive ionization mode. Molecular weight (MW) of the ligand (hit) is calculated from the mass 

difference (Δm/z × Z). 

The mass-to-charge value of a protein-ligand complex is expressed by the 

equation 1.15. 

𝐶	 = 	
𝑀T 	+ 	𝑍𝐻

+
+	𝑀U

𝑍  1.15 

𝐶 = 	𝑃 +
𝑀U

𝑍  1.16 

 

Where, C is m/z value of the complex, Mp is the molecular weight of the protein; Z 

is the charge, ML is molecular weight of the ligand and 𝑃 is m/z value of the protein. 

Then, 

𝑀U = 𝐶 − 𝑃 ×𝑍 1.17 

1.9 Molecular docking of protein-ligand complexes 

Molecular docking is a widely used approach to study protein-ligand binding by 

computer simulation methods. Protein–ligand docking methods are divided into three 

major classes – a. rigid body docking, b. semi-flexible or flexible-ligand docking and c. 

flexible receptor docking (Halperin, Ma, Wolfson, & Nussinov, 2002). The structures of 
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the protein and ligands are developed by X-ray crystallography or from nuclear 

magnetic resonance (NMR) structures, or computationally generated structures. 

In rigid body docking, a fixed ligand conformation is docked into a fixed receptor 

(protein) conformation. The basis of these methods is finding of a binding pocket in a 

receptor that is complementary to the geometry of the ligand. For example, DOCK is a 

rigid docking program that uses clique search algorithm (Muegge & Rarey, 2001). 

Another program FlexX uses geometric hashing and pose clustering algorithm to dock 

different binding poses into a fixed receptor (Rarey, Kramer, Lengauer, & Klebe, 1996). 

In semi-flexible method of docking, internal bond rotations of the ligand is 

allowed during docking. The MolSoft LLC’s Internal Coordinate Mechanics (ICM) 

program is a Monte Carlo-like search program that search for the fitting space of a 

flexible ligand into a force field generated by the receptor (Perola, Walters, & 

Charifson, 2004). Another program, Glide (Grid-based ligand docking) is a pose 

filtering approach of docking. In Glide docking, a large number of poses (minimal-

energy ligand structures) of the ligand is generated and clustered. Each cluster is docked 

into a force field representing the protein binding pocket. A few hundred candidates are 

selected and subjected to energy minimization, under Van der Waals and electrostatic 

forces. Finally, a few structures (~10) are selected and a randomized optimization of 

peripheral torsional angles is performed. The resulting structures are prioritized by 

scoring function (Friesner et al., 2004; Friesner et al., 2006).  

The randomized search methods are commonly used in protein-ligand docking. 

For example, the docking program GOLD uses a genetic algorithm that perform random 

search for binding pocket on the receptor (protein) and looks for good docked 

conformations of a flexible ligand (Jones, Willett, Glen, Leach, & Taylor, 1997). 

AutoDock uses another genetic algorithm (Lamarckian genetic algorithm) that is 

alternative to GOLD, and includes additional energy minimization steps (Morris et al., 

1998).  

In flexible receptor docking, partial flexibility of a receptor is allowed. For 

instance, the docking programs FlexE and SPECITOPE use flexible receptor docking 

methods (Clauben, Buning, Rarey, & Lengauer, 2001; Teodoro & Kavraki, 2003).  

In the end of docking search, a numerical scoring function is required to rank the 

ligand poses that are docked into the receptor. The docking programs use two different 

kinds of scoring functions to guide the search for binding pockets and ranking the 

docking results. Three common approaches are commonly used for scoring functions – 
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a. force-field-based potential functions, b. empirical functions and c. knowledge-based 

or statistical functions (Bohm & Stahl, 2002).  

1.10 Natural Products in drug discovery   

Through the ages, natural products from plants, animals and microorganisms have 

been reliable sources of drugs for the treatment of various diseases. Many useful drugs 

have been developed based on ancient medicines, particularly from plant sources 

(Gordon M. Cragg, 2013; Alan L. Harvey, 2008). More than 45% of today’s bestselling 

drugs are obtained from natural products or their derivatives (Lahlou, 2013). In 

traditional medicines, plant products play a predominant role in primary health care. 

The value of plants in traditional medicines and drug discovery can be exemplified by 

globally used drugs that were discovered from plant species. In a review (Fabricant & 

Farnsworth, 2001), Daniel Fabricant and Norman Farnsworth described 122 drugs that 

were obtained from 94 plant species. Therapeutic applications of these drugs are 

identical or related to the enthnomedical uses of the plants. For example, chromolyn 

was developed based on khellin isolated from Ammi visnaga (L.) Lam. (Gordon M. 

Cragg, 2013). 

 
Metformin and other bis-guanidine antidiabetic drugs were inspired by galegine 

from Galega officinalis L. Papaver somniferum is a source of commonly used analgesic 

drugs morphine and codeine, and anti-hypertensive drug verapamil (Gordon M. Cragg, 

2013). 
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Quinine, isolated from the bark of Cinchona formed the basis of commonly used 

antimalarial drugs chloroquine and mefloquine (Gordon M. Cragg, 2013). 

 
The role of plants in drug discovery and development can be exemplified by an 

antihypertensive drug reserpine, which was isolated from Rauwolfia serpentina. 

Ephedrine isolated from Ephedra sinica is a lead compound for anti-asthma agents 

salbutamol and salmeterol (Gordon M. Cragg, 2013). 

 

 
Plants are a great source of anticancer drugs, such as vinca alkaloids from 

Catharanthus roseus. Paclitaxel, a well-known plant-derived anticancer agent was 

discovered in the leaves of Taxus species. Docetaxel, 7-epipaclitaxel and cabazitaxel 

were developed from paclitaxel (Berg, 2003; Gordon M. Cragg, 2013).  

O

HO

HO

N
H

Morphine

O

HO

O

N
HH

Codeine

N

O
N

HO
H

NCl

HN
N

N

FF
F

N
H

H
HO

F

F
F

Quinine Chloroquine

Mefloquine



 
 

30 

 
A number of marketed drugs that act by modulating protein functions were 

derived from natural products. Taxol and its semisynthetic derivatives bind to β-subunit 

of tubulin and stabilize the interactions between tubulin heterodimer. During mitosis, 

microtubules are required to polymerize and depolymerize alternatively. Thus, these 

drugs obstruct the cell cycle by stabilizing microtubule polymerization (Berg, 2003). 

From 1981 to 2002, 60% of new anti-cancer drugs and 75% of anti-infective 

drugs were derived from the nature. Twenty-three new drugs, entered the market 

between 2001 and 2005 were discovered from the natural sources. However, due to an 

advancement of combinatorial synthetic chemistry libraries of synthetic compounds, 

most of the large pharmaceutical companies decreased natural product research 

expenditure. This was mainly due to the unavailability of high throughput screening 

methods. The advancement of new technologies enabled rationalized and timesaving 

screening of natural products for lead discovery. In last few years, a significant number 

of natural product-derived drugs have been introduced into market (Amirkia & 

Heinrich, 2015).  
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Recent technical and instrumental advancements in natural product research offer 

better opportunities to explore natural products to identify novel natural products and 

scaffolds for future drugs, which can be used for the development of new chemical 

libraries (Alan L. Harvey, 2008). 

1.11 Exploration of natural products – reasonably expedient 

Natural products are biosynthesized within their sources, generally by the 

enzymatic reactions and hence, NPs have capability to recognize the binding pockets in 

therapeutically targeted proteins. The crystallographic structures of enzyme-substrate 

complexes showed that biosynthetic enzymes are ‘structurally and evolutionarily 

unique’ and biosynthesis of natural products requires selective binding of enzymes with 

the precursors or intermediates. X-ray crystallographic study revealed that molecular 

recognition patterns of natural products into biosynthetic enzymes and a protein target 

are comparable (Figure 1.7). Natural products libraries such as extracts, fractions or 

pure compounds are excellent sources of small molecule binders of protein targets 

(Camp, Davis, Campitelli, Ebdon, & Quinn, 2011; Ferrari, Pellati, & Costi, 2013; Jez, 

Bowman, Dixon, & Noel, 2000; Jez & Noel, 2002). 

 

Figure 1.7:  A diagram representing interactions of natural products with biosynthetic and 

therapeutically targeted proteins. Binding of natural products to protein can alter their 

functions by inhibition of protein-ligand or protein-protein interactions or by changing active 

confirmation. 

1.12 Chemical spaces and drug-like natural products  

Natural product libraries show a wide-ranging diversity in pharmacophore and 

stereochemistry, which are important features to obtain hits. Pre-filtering approach of 
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screening libraries for drug- or lead-likeliness can be applied for natural product 

libraries (Alan L Harvey, Edrada-Ebel, & Quinn, 2015). The drug-like compounds from 

natural resources can be categorised into four major groups - a. large (>50 residues) 

peptides or proteins, isolated from an organism or cell line, or produced by applying 

biotechnological techniques, b. natural products (NPs) without any structural 

modification, semi-synthetic NPs and synthetic compounds based on NP template 

(Newman & Cragg, 2016). In most cases, original NPs require extensive structural 

modification and optimization to develop the lead compounds into drug candidates. 

Compared to synthetic compounds, NPs cover a wider range of chemical space and 

allow easy scaffold modifications. Overall, natural products provide scaffold diversity, 

enantioselectivity, frequent appearance of novel motifs (Camp et al., 2011; Ganesan, 

2008). 

For in vivo analysis, cell membrane permeability of natural products is an 

important consideration. Lipinski and colleagues analysed the physicochemical 

properties of 2000 drugs and drew an inference with some criteria for membrane 

permeable drugs. Bioavailability of a compound is mainly dependent on partition 

coefficient, log P. The compounds with molecular weight < 500 Da, lipophilicity < 5 

(based on water octanol partition coefficient, log P) are more drug-like. The drug-

likeliness of small molecules is also dependent on the number of hydrogen bond donors 

and acceptors. Lipinski concluded that drug molecules having hydrogen bond donor 

groups less than 5 and hydrogen bond acceptor less than 10 are within the 90-percentile 

value of drug-likeliness. These criteria apply only for the small molecules that pass 

through the cell membrane by passive diffusion. The drugs actively transported through 

the cell membrane are exceptions of these rules (Lipinski, 2000, 2004; Lipinski, 

Lombardo, Dominy, & Feeney, 2012).  

Some ‘drug-like’ molecules may fail oral bioavailability, whereas some ‘un-drug 

like’ molecules may pass it. A quantitative estimate of drug-likeliness (QED) of 771 

approved drugs by Hopkins and co-workers showed that most of the oral drugs pass 

Lipinski’s rule. In addition to the Lipinski’s criteria, they also considered the number of 

aromatic rings and rotatable bonds in the molecules, hydrophobicity and number of 

groups related to toxicity (Bickerton, Paolini, Besnard, Muresan, & Hopkins, 2012). 

Based on physicochemical properties several chemical space descriptors are applied in 

drug discovery research, such as the ‘rule of 3’ (RO3), ‘rule of 5’ (RO5) and beyond the 

‘rule of 5’ (bRO5) (Doak, Over, Giordanetto, & Kihlberg, 2014). 
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1.13 Research plan and project description 

1.13.1 Target protein selection 

This project started with functional association and structure-based druggability 

analysis of selected protein targets. Three proteins were investigated, namely human 

(Homo sapiens) S100 calcium binding protein A4 (S100A4), mouse (Mus musculus) T 

cell immunoglobulin and mucin-domain containing-3 (TIM3) and human T cell 

immunoreceptor with Ig with ITIM domains (TIGIT). These proteins do not have any 

enzymatic functions and elicit their cellular functions by interacting with other proteins. 

STRING program was used for functional association analysis of target proteins by 

constructing protein-protein interaction networks. The protein-protein interaction (PPI) 

networks included predicted PPIs and experimentally determined PPIs. PPIs were 

predicted based on genomic context of the proteins. The networks described the relation 

of the proteins in various diseases. 

Schrödinger SiteMap was used to identify druggable binding sites from crystal 

structures of the proteins and to analyse druggability of the binding sites. Several 

druggable binding sites were identified in the proteins. Druggability analysis results 

demonstrated that the proteins have binding sites with possible affinity binding to small 

molecules.   

1.13.2 Preparation of natural product extracts and fractions 

This project aimed to screen orally bioavailable natural products (log P <5) 

against apo and calcium bound S100A4 (S100A4-Ca2+), TIM3 and TIGIT. For the 

preparation of extracts a total of 2728 plant biota were randomly selected from 

NatureBank housed at the Griffith Institute for Drug Discovery 

(www.griffith.edu.au/gridd). NatureBank is a collection of over 63,000 biota samples 

from plants and marine invertebrates that were collected from tropical Queensland, 

Tasmania, China, Malaysia and Papua New Guinea. The extraction methods included 

maceration and solid phase extraction. Freeze-dried plant materials were sequentially 

extracted with n-hexane, dichloromethane and methanol. Dichloromethane and 

methanol extracts were subjected to solid phase extraction to remove the compounds 

with log P >5. After screening of extracts, reverse-phase high performance liquid 

chromatography was used for fractionation of positive extracts, which provided second 

step log P filtering. Five fractions were collected from a C18 column by using a 

gradient solvent system of methanol-water plus 0.1% trifluoroacetic acid (TFA). Thus, 
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lead-like enhanced extracts and fractions were prepared, which contained natural 

products with log P <5.  

1.13.3 Native mass spectrometry screening of extracts and fractions 

A one extract-one protein strategy was used to screen 2728 lead-like enhanced 

extracts against four proteins, 682 extracts for each protein. The proteins were prepared 

in 10 mM aqueous ammonium acetate buffer at pH 6.8. For fraction screening, 150 

fractions from 30 positive extracts were selected to screen against the proteins. Each 

fraction was screened against the proteins. The hits were identified by comparing 

protein spectrum and protein plus extract/fraction spectrum. The molecular weights of 

hits were determined from protein-natural product complexes, detected in native MS 

screening. Molecular weight of hits was considered as a discriminator, which offered 

the possibility to map chemical space of natural product binders. Based on their 

molecular weights, natural product binders were classified in three subspaces, a. drug-

like compounds with molecular weight <500 Da (RO5), b. lead-like compounds with 

molecular weight <300 Da (RO3) and c. beyond the ‘rule of 5’ (bRO5) with molecular 

weight > 500 Da. The hits were classified as common and unique hits based on the 

molecular weight IDs. Unique hits showed binding to only one protein and common hits 

showed binding to more than one protein.  

1.13.4 LC-HRMS analysis of positive extracts   

The positive extracts were analysed by liquid chromatography high resolution 

mass spectrometry (LC-HRMS) using positive electrospray ionization mode. In HRMS 

spectra, natural product binders were detected as their parent ions ([M+H]n+) 

corresponding to the molecular weights, detected in extracts and fractions. The retention 

time analysis of the compounds in LC showed that a common hit, detected in different 

biota have similar/the same retention time in C18 column. Molecular formulae analysis 

by HR-MS demonstrated that a common hit from different biota have the same 

molecular formulae. Based on LC-HRMS profile, 7 common hits, NP_564, NP_358, 

NP_594, NP_376, NP_434, NP_592 and NP_610 were selected for large scale isolation 

and structure elucidation.  

1.13.5 Mass guided isolation and structure elucidation of natural products  

For large scale isolation, freeze-dried plant materials were sequentially extracted 

by n-hexane, dichloromethane and methanol. Reverse-phase C18 columns were used for 

high performance liquid chromatography. Liquid chromatography low resolution mass 
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spectrometry (LR-LCMS) and time of flight mass spectrometry (TOF-MS) were used to 

analyse the extracts and fractions. NMR spectroscopy was used for the purity analysis 

of fractions. For NMR structure elucidation, 1D and 2D spectra were acquired in 

dimethyl sulfoxide-d6 and pyridine-d5. 

1.13.6 Molecular docking of protein-natural product complexes 

The common hits showed binding to all four proteins including apo and calcium 

bound S100A4, TIM3 and TIGIT. NP_594, NP_358, NP_564 and NP_376 were docked 

into druggable binding sites of the proteins to analyse the binding modes and affinity of 

binding. The equilibrium constants (Keq) of protein-natural product interactions were 

estimated from the standard state free energy (ΔG°) of binding. In ESI-MS screening 

several flavonoid glycosides were detected as common hits, showing binding affinity to 

all of the proteins. Four analogues of apigenin glucosides were investigated against 

S100A4, S100A4-Ca2+, TIM3 and TIGIT to analyse the structure affinity relationships. 

1.13.7 Virtual screening by structure-based homology search method 

A library of natural products with log P <5 was screened against S100A4, 

S100A4-Ca2+, TIM3 and TIGIT. Spot-ligand 2 program was used for virtual screening 

of the proteins. Spot-ligand 2 worked based on pairwise structure based homology 

search method, SPaline. For each protein, it generated a list of top 20 compounds with 

possible binding affinity. Thus, Spot-ligand 2 provided a preliminary list of 80 

compounds. After structure similarity analysis, 18 compounds were selected to screen 

against all four proteins by native MS.  

1.13.8 Native mass spectrometry screening of compounds         

For native MS screening, the proteins and compounds were incubated at a molar 

concentration ratio of 1:10 ([P]:[L]). To find selective natural product binders, each 

compound was screened against all four proteins.  

1.14 Aims of the project 

The research plan was divided into the following five major aims that were 

pursued in this project:  

Aim 1: Rational selection of protein targets – Chapter 2 

1. Construction of protein-protein interaction networks and functional 

association analysis of the proteins.  
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2. Structure-based binding site identification and druggability analysis of the 

proteins.   

Aim 2: Screening for hits - Chapter 3 

1. Preparation of lead-like enhanced extracts (LLE) and lead-like enhanced 

fractions (LLEF). 

2. Native mass spectrometry screening of LLE and LLEF against apo and 

calcium bound S100A4, TIM3 and TIGIT.  

3. Protein-natural product complex detection and molecular weight 

determination of the natural product binders (hits). 

4. Classification of hits in different chemical subspaces and identification of 

common and unique hits based on the molecular weight information. 

Aim 3: Isolation and structure elucidation of natural product binders - Chapter 4 

1. Liquid chromatography and high-resolution mass spectrometry analysis of 

positive biota.  

2. Selection of common hits for structure determination.   

3. Mass-guided isolation and purification of common hits including NP_564, 

NP_358, NP_594, NP_376, NP_434, NP_592 and NP_610. 

4. Nuclear magnetic resonance structure elucidation of the natural products. 

Aim 4: Binding modes and affinity analysis of common hits - Chapter 5 

1. Molecular docking and binding mode analysis of common hits into the 

druggable binding sites of S100A4, S100A4-Ca2+, TIM3 and TIGIT. 

2. Estimation of the standard state free energy of binding by applying semi 

empirical force field with charge based desolvation in AutoDock Vina, and 

affinity analysis i.e. determination of the equilibrium constants (K) of 

protein-ligand binding.  

Aim 5: Combined in silico and native mass spectrometry screening of natural 

products - Chapter 6 

1. Structure-based homology search and virtual screening of natural products 

by SPOT-Ligand 2. 

2. Native mass spectrometry screening of the selected compounds by ESI-

FTMS. 
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Figure 1.8:  Project plan to probe protein-natural product interactions based on molecular 

weight information from native MS screening. Here, NP = Natural product, P-NP = protein-

natural product complex and LSI = large-scale isolation. Protein-protein interaction networks 

were constructed to determine the relation of protein targets in different diseases. Structure-

based druggability analysis demonstrated the ability of selected proteins binding to small 

molecules. The preparation of extracts and fractions included solid phase extraction and reverse-

phase high performance liquid chromatography, respectively. Electrospray ionization Fourier 

transform mass spectrometry (ESI-FTMS) was used for direct screening of extracts and 

fractions, and selected compounds from in silico screening. Large-scale extraction and 

fractionation by chromatographic methods were applied for isolation and purification of natural 

product binders. NMR spectra of purified compounds were used for structure elucidation. The 

binding modes and affinity of protein-natural product complexes were analysed by molecular 

docking. 

1.15 Conclusion  

The thesis exemplifies the advantages of molecular weight information, such as – 

a. to classify hits in different chemical subspaces, b. to distinguish common and unique 

hits binding to the proteins. The common hits were investigated to probe protein-natural 

product interactions. Based on the molecular weight of natural product binders, the 

following assumptions were made and investigated:  
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1. The presence of common secondary metabolites in different biota is related to 

their taxonomical classes and common biosynthetic pathways. (Chapter 3) 

2. Natural products with identical molecular weight may have the same chemical 

structure. (Chapter 4) 

3. Natural products commonly binding to different proteins may have similar 

patterns of molecular recognition. (Chapter 5)    

4. As part of the evolutionary processes, do different biota produce similar or the 

same compound(s) for common purposes? (Chapter 3) 

 

Figure 1.9:  Protein-natural products interaction pattern in common hits. In a common hit, 

the natural product (NP) from different biota (biota 1, 2 & 3) binds with more than one protein 

(protein 1 & 2).  

5. Structurally similar compounds may have common/similar binding modes and 

similar binding affinities. (Chapter 5) 
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Chapter 2 

Retrospective Analysis of Functional Associations and 

Druggability of S100A4, TIM3 and TIGIT 

2.1 Introduction 

This chapter includes construction of protein-protein interaction (PPI) networks to 

analyse functional association of protein targets and structure based druggability 

analysis to find druggable binding sites in the proteins. STRING version 10.0 was used 

for prediction of protein-protein interactions and construction of PPI networks 

(Szklarczyk et al., 2014). STRING database is accessible via its web portal 

(http://string-db.org ) to investigate the proteins of interest. The SiteMap program in 

Schrödinger suite 2015 was used to identify druggable binding sites (SiteMap, 2015). 

Proteins have different types of functional connection with each other, such as 

formation of protein-protein complexes, participating in various metabolic pathways 

and other perplexing regulatory interactions, as well. These functional associations are 

integrated into protein-protein interaction networks, in STRING database. The networks 

offer a unique opportunity to visualize a genome-wide collection of functional links 

including gene neighbourhood, gene fusion, co-expression and phylogenetic relations. 

The networks also include sequence and domain alignments, and experimentally 

determined interactions (Szklarczyk et al., 2014). 

SiteMap is an energy-based detection method of protein binding sites (SiteMap, 

2015). All possible binding sites in each protein were identified by SiteMap. Then, 

druggability of the binding sites were analysed in terms of Dscore values. Based on the 

predicted Dscore values, the binding sites were classified into 3 categories – a. druggable 

binding sites with Dscore >0.98, b. difficult druggable sites with Dscore 0.83 to 0.98 and c. 

undruggable sites with Dscore <0.83 (SiteMap, 2015).  

2.2 Proteins 

For functional association analysis, three proteins were investigated - human 

(Homo sapiens) calcium binding protein S100A4, mouse (Mus musculus) T 

cell/transmembrane, Ig, and mucin (TIM) protein 3 and human T-cell immunoreceptor 

with Ig and ITIM domains precursor protein (TIGIT). 
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2.3 Methods of protein-protein interaction prediction 

Protein-protein interaction (PPI) networks were constructed to identify genome-

wide functional connections of the proteins. Individual proteins were mapped into a 

functional association network that included both known and predicted PPIs of the 

query protein and interactor proteins. Gene neighbourhood, gene fusion, co-expression, 

homology and phylogenetic profiling methods were applied in predicting the PPIs. The 

experimental data and text mining information from literatures were also included in the 

networks. PPI networks were consisting of direct associations, such as direct biding or 

functionally linked proteins, and indirect associations, such as binding between 

interactor proteins or functionally linked interactor proteins. Some examples of 

functional links are – two proteins sharing a substrate in a metabolic pathway, 

regulation by the same transcription factors, or participating in a particular cell 

signalling pathway (Figure 2.1). This information has been collected in STRING 

database through compiling experimental repositories, curated pathway databases, 

literature-mining resources, and computational predictions, based on genomic and 

structural information.  

 

Figure 2.1. A schematic presentation showing the types of association in protein-

protein interaction networks. Interactor protein 1, 2 and 3 have direct association (pink lines) 

with the query protein, while interactor protein 5 and 4 have indirect associations (green lines). 

2.4 Top-down approach of protein-protein interaction network construction 

In STRING database, a protein name/gene name was used to search for possible 

interactions of the protein within a specific organism. ‘Active interaction sources’ of the 

database include text-mining, experiments, databases, co-expression, neighbourhood, 

gene fusion and co-occurrence. Network construction parameters, such as ‘Confidence 

level of prediction’ was set-up at 0.150, ‘Maximum numbers of interactors’ was set-up 

at 100 for the both ‘1st shell’ and ‘2nd shell’ of network mapping. Network enrichments 
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and interaction data were downloaded from STRING web portal and exported to 

Microsoft Excel. 

At first, a redundant interaction network within an organism (human or mouse) 

was created to find maximum possible interactions between the query protein and 

interactor proteins. Types of associations, such as indirect or direct (Figure 2.1) were 

distinguished, and PPIs were scaled-up based on the confidence level (scores) of 

prediction. The final PPI networks included direct associations between the query 

protein and interactor proteins and PPI with confidence scores >0.400. Thus, a protein-

protein interaction network for each protein was constructed by a top-down approach, 

which included the following steps (Figure 2.2):  

1. Exclusion of indirect associations: The protein-protein interactions, in which 

the query proteins were not directly linked to the interactor proteins, were 

excluded. 

2. Scaling-up of confidence score: The protein-protein interactions with 

confidence scores <0.400 were excluded. 

3. Final network in STRING: The query protein and its directly associated 

interactor proteins with confidence scores of PPI ≥0.400 were taken into a 

multiple proteins list and searched for the interactions within an organism.   

 

Figure 2.2. Top-down approach for construction and analysis of protein-protein 

interaction networks. Here, PPIs = refers to protein-protein interactions. 

Protein-protein interaction data, prediction scores and false discovery rates were 

estimated by STRING program. In network mapping, maximum 100 interactors in both 

1st and 2nd shell were allowed to cover a wide-range of protein-protein interactions. The 

estimated false discovery rates (FDR) of PPI prediction were <0.01.  

A network visualization program, Cytoscape (Smoot, Ono, Ruscheinski, Wang, & 

Ideker, 2011) was used for visualization, analysis and scale-up of the network. Network 
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statistics of PPI networks, such as average node degree, clustering coefficient and 

network diameter are summarized in Table 2.1.  

 General topological parameters of protein-protein interaction 

networks 

Protein Number of 
nodes 

Number of 
edges 

Average node 
degree 

Clustering 
coefficient 

Redundant network statistics (≥0.150*) 

S100A4 201 6145 61.1 0.672 

TIM3 201 9294 92.5 0.735 

TIGIT 149 2379 31.9 0.694 

Non-redundant network statistics (≥0.150*) 

S100A4 123 1148 18.7 0.652 

TIM3 127 2821 44.4 0.706 

TIGIT 48 256 10.7 0.754 

Non-redundant network statistics (≥0.400*) 

S100A4 52 216 8.47 0.771 

TIM3 42 562 26.8 0.883 

TIGIT 8 21 5.25 0.771 
* Confidence level of prediction 

2.5 Analysis of functional associations 

The network enrichments of PPI interaction networks were downloaded from the 

output window in STRING web portal. Network enrichments and annotations described 

the roles of protein-protein interactions in various biological processes, Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) pathways, and molecular functions 

(binding, activation or inhibition) and subcellular location(s) of the interaction. In 

addition to prediction of PPI, STRING consortium also integrated other protein 

databases, such as Pfam (www.pfam.xfam.org) and InterPro (www.ebi.ac.uk/interpro). 

Annotations and enrichments from Pfam and InterPro described domain alignments and 

sequence classes of proteins, respectively. The edges of PPI network on STRING portal 

provided direct links to literature references, which were followed-up for available 

experimental data.  

2.5.1 General observations 

S100A4 PPI network included 1 interaction that was predicted by co-expression 

method (Figure 2.3 A). Homology method of prediction identified 4 interactors of 
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S100A4 – S100A1, S100A3, S100B and S100P (Figure 2.3 A). These proteins belong 

to S100 protein family. In TIM3 PPI network, 35 interactions were predicted by co-

expression method (Figure 2.3 B). No interaction for TIGIT was predicted by co-

expression method (Figure 2.3 C). For TIM3 and TIGIT, no interactions were predicted 

by homology method. Based on available information in different databases and 

published peer-reviewed experimental results, a number of protein-protein interactions 

were included in the networks. Thus, by integrating genomic and structural information, 

51 interactor proteins of S100A4, 41 interactor proteins of TIM3 and 7 interactor 

proteins of TIGIT were identified. The interactor proteins are functionally associated 

with the query proteins (Figure 2.3). 

 

Figure 2.3. PPI networks showing interaction between the query proteins and their 

interactor proteins. In (A), the figure shows 4 PPIs of S100A4 that were predicted by 

homology (orange nodes), 1 by co-expression (accent nodes) and 46 from experimentally 

determined reports and literature search (white nodes). 6 PPIs of TIM3 were from 

experimentally determined reports and literature search and 35 PPIs by co-expression method of 

prediction (B).7 PPIs of TIGIT were from experimentally determined reports and literature 

search (C). 

 

A B 

C 
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2.5.2 Functional associations of S100A4 

From PPI network of S100A4, it was observed that the query protein and the 

interactor proteins are involved in 14 Gene Ontology (GO) biological processes. Amigo 

gene ontology annotation showed that in Homo sapiens S100A4 is involved in – 1. 

collagen catabolic process (GO.0030574), 2. extracellular matrix disassembly 

(GO.0022617), 3. positive regulation of catenin import into nucleus (GO.0035413), 4. 

positive regulation of protein oligomerization (GO.0032461 ), 5. positive regulation of 

biological process (GO.0048518), 6. gastrulation (GO.0007369), 7. endoderm 

development (GO.0007492), 8. proteolysis (GO.0006508), 9. enzyme linked receptor 

protein signalling pathway (GO.0007167), 10. positive regulation of macromolecule 

metabolic process (GO.0010604), 11. positive regulation of cellular process 

(GO.0048522), 12. regulation of proteolysis (GO.0030162), 13. cellular response to 

amino acid stimulus (GO.0071230) and 14. actin filament-based movement 

(GO.0030048). 

 

Figure 2.4. PPI of S100A4 in different types of cancers. Such as bladder cancer (A), 

melanoma (B), non-small cell lung cancer (C) prostate cancer (D), pancreatic cancer (E),  

glioma (F), endometrial cancer (G), thyroid cancer (H), chronic myeloid leukaemia (I) and 

colorectal cancer (J). 
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From KEGG pathway enrichment it was observed that S100A4 and its interactor 

proteins are involved in 21 cellular pathways. For example, adherens junction 

(hsa.04520), estrogen signalling pathway (hsa.04915), FoxO signaling pathway 

(hsa.04068), tight junction (hsa.04530), endocytosis (hsa.04144), GnRH signaling 

pathway (hsa.04912), regulation of actin cytoskeleton (hsa.04810), cell cycle 

(hsa.04110). 	

S100A4 and its interactor proteins are also involved in cancer pathogenesis, such 

as bladder cancer (hsa.05219, Figure 2.4 A), melanoma (hsa.05218, Figure 2.4 B), non-

small cell lung cancer (hsa.05223, Figure 2.4 C), prostate cancer (has.05215, Figure 2.4 

D), pancreatic cancer (hsa.05212, Figure 2.4 E), glioma (hsa.05214, Figure 2.4 F), 

endometrial cancer (hsa.05213, Figure 2.5 G), thyroid cancer (hsa.05216, Figure 2.4 H), 

chronic myeloid leukaemia (has.05220 , Figure 2.4 I) and colorectal cancer (hsa.04110, 

Figure 2.4 J).	

 

Figure 2.5.  Molecular mechanisms of protein-protein interaction between S100A4 and 

its interactor proteins. S100A4 interacts with other proteins by direct binding (green circles), 

regulating (yellow circles) or inhibiting expression (red circles). Some PPIs of S100A4 are ion 

dependent (blue circles). However, in some PPIs, mechanisms of interactions are unknown 

(white circles). 

From PPI network, 32 molecular functions of S100A4 were identified. For 

example, S100A4 binds with a number of proteins including ACTA1, AKTIP, ANXA2, 

AREG, AREGB, CDH1, CIITA, DDX17, EGF, EGFR, HBEGF, IGBP1, MDM2, 

METAP2, MMP11, MMP13, MMP2, MMP3, MMP9, MYH10, MYH2, MYH4, 
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MYH9, NFAT5, NOV, PSMA1, S100A1, S100A7, S100A8, S100B, S100P, SDF4, 

SELENBP1, SMAD2, SMAD3, SNRPF, TOM1L2, TP53, TPM2, UBC, UNK) and 

receptors (AREG, AREGB, DDX17, EGF, HBEGF, NOV, S100A7, S100A8, S100B, 

SMAD2, SMAD3 and TP53 (Figure 2.5).  

S100A4 regulates the expression of CDH1 and inhibits CIITA functions. Ion 

binding of S100A4 plays an important role in the interactions with other proteins. PPI 

network showed that interactions of S100A4 and ACTA1, CDH1, CIITA, DDX17, 

EGF, EGFR, HBEGF, MDM2, METAP2, MMP11, MMP13, MMP2, MMP3, MMP9, 

MYH10, MYH2, MYH4, MYH9, NOV, PGLYRP1, S100A1, S100A7, S100A8, 

S100B, S100P, SDF4, SMAD2, SNAI1, TP53, UNK. ANXA2, METAP2 and PCCA 

are ion mediated. For example, the binding of S100A4 to ANXA2, S100B, S100P and 

Myosin proteins are calcium dependent (Figure 2.5).   

Some interactor proteins of S100A4 are associated with enzymatic functions, such 

as – 1. peptidase activity (GO.0070011), acting on L-amino acid peptides by METAP2, 

MMP1, MMP11, MMP13, MMP2, MMP3, MMP9, and PSMA1, 2. actin-dependent 

ATPase activity (GO.0030898) by MYH10, MYH9. Some interactor proteins of 

S100A4 are growth factors (GO.0008083), such as AREG, AREGB, EGF, and HBEGF. 

SMAD2 and SMAD3 are two interactors of S100A4, which are involved in activating 

transcription factor binding (GO.0033613), phosphatase binding (GO.0019902), 

ubiquitin protein ligase binding (GO.0031625) and pathway-specific cytoplasmic 

mediator activity (GO.0030618). 

S100A4 is distributed in intracellular and extracellular spaces including nucleus, 

membrane bounded vesicle, membrane bounded and non-membrane-bounded organelle, 

extracellular exosome, muscle myosin complex and cell projection. S100A4 and its 

interactor proteins share intercellular and extracellular spaces to participate in different 

cellular processes. From S100A4 PPI network it was observed that 50 PPI are 

intracellular and 31 PPI extracellular, including some common interaction in both sides 

of the plasma membrane. In S100A4 PPI network, six major classes of proteins were 

observed to interact with S100A4 (Figure 2.6). 
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Figure 2.6. Major classes of proteins from S100A4 PPI network. PPIs of S100A4 are 

distributed in intracellular and extracellular spaces. 

Thus, protein-protein interaction network of S100A4 showed the interactor 

proteins and their functional associations in various cellular processes.      

2.5.3 Functional associations of TIM3 

From protein-protein interaction network of TIM3, it was observed that the 

protein and its interactor proteins are associated with 117 biological processes in mouse. 

Here, some of them are exemplified, such as positive regulation of innate immune 

processes (GO.0002684), negative regulation of adaptive immune responses 

(GO.0002823), positive regulation of immunoglobulin production (GO.0002639), 

positive regulation of immunoglobulin mediated immune responses (GO.0002891) and 

positive regulation of immune response-regulating cell surface receptor signalling 

pathway (GO.0002768) in mouse. Some of the interactor proteins are involved in 

positive regulation of leukocyte differentiation (GO.1902107), positive regulation of 

lymphocyte differentiation (GO.0045619), proliferation (GO.0050670) and activation 

(GO.0051251), and positive regulation of T cell activation (GO.0050870) 

differentiation (GO.0045582) and activation (GO.0042102).  

Analysis of TIM3 PPI network revealed that TIM3 interactor proteins are 

involved in cell adhesion, cell-cell adhesion, B cell activation, regulation of responses to 

different stimuli. The protein, Il7r and Ptprc negatively regulate T cell-mediated 
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cytotoxicity. As part of the immune system, Bag6, Ctss and Fcgr3 are involved in 

antigen processing and presentation of peptide antigen.  

The KEGG pathway enrichment of TIM3 network showed that the interactor 

proteins participate in 9 different cellular pathways in mouse including T cell receptor 

signalling pathway (has.04660), osteoclast differentiation (has.04380), natural killer 

cell-mediated cytotoxicity (has.04650), primary immunodeficiency (has.04650), Jak-

STAT signalling pathway (has.04630), leishmaniosis (has.05140), tuberculosis 

(has.05152), B cell receptor signalling pathway (has.04662) and Fc Gamma R-mediated 

phagocytosis (has.04666). Molecular function enrichment from TIM3 PPI network 

showed that the binding of TIM3 and Hck, Lck, Bag6 and Itk is through SH2 domain 

(Figure 2.7).  

  

Figure 2.7. Protein-protein interactions of TIM3 in mouse. TIM3 binds with protein 

Hck, Lck, Bag6 and Itk through SH2 domain (green circles).  

PPI interaction network of TIM3 showed that the interactor proteins of TIM3 are 

also involved into a number of molecular functions. Here, some of their interactions are 

exemplified, such as SH3 domain binding, glycoprotein binding, glycolipid binding, 

kinase binding, carbohydrate and carbohydrate derivative binding, enzyme binding, 

heparin binding, glycosaminoglycan binding, sulphur compound binding and lipid 

binding. The macromolecular interactions of TIM3 and its interactor proteins play a 

vital role in a number of cellular activities, such as protein tyrosine kinase activity, 

phosphatase activity, molecular transducer activity, phosphoric ester hydrolase activity, 
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cytokine receptor activity, hydrolase activity, immunoglobulin receptor activity, 

GTPase regulator activity, AMP-dependent protein kinase inhibitor activity, kinase 

regulator activity and G protein-coupled receptor activity. 

From PPI network of TIM3, it was observed that the interaction of TIM3 and a 

heterothallic ligand CEACAM1 is required in regulation of autoimmunity and anti-

tumour immunity by T-cell inhibition. 

Thus, protein-protein interaction network of TIM3 showed the interactor proteins 

and their functional associations in various cellular processes.      

2.5.4 Functional association of TIGIT 

The PPI network of human TIGIT demonstrated that it binds with a number of 

cell adhesion molecules including CD226, PVR, PVRL1, PVRL2 and PVRL3, at cell-

cell adherens junction or on the cell surface or as an integral component of the 

membrane. TIGIT interactor proteins, CD226, CRTAM, PVR and PVRL2 are involved 

in positive regulation of natural killer cell mediated cytotoxicity, against tumour cells. 

PVR, PVRL1, PVRL2 and PVRL3 are involved in assembly or disassembly of adherens 

junction, whose cytoplasmic face of plasma membrane is linked to the actin filaments. 

PVR and PVRL2 are susceptible to mediate T-cell cytotoxicity and viral entry into host 

cells. CD226 and PVRL2 positively regulate immunoglobulin mediated immune 

response. 

Thus, protein-protein interaction network of TIGIT showed the interactor proteins 

and their functional associations in various cellular processes.      

2.5.5 PPI from experimental reports and text-mining 

In addition to prediction of protein-protein interactions, the STRING program 

searched for experimentally determined PPIs that have been published in peer reviewed 

reports. The PPI networks provided access to those reports on a single platform, 

STRING web portal.  

2.5.5.1 Reported functional associations and related PPI of S100A4 

S100 proteins, S100A4 and S100B disrupt TP53 oligomerization and subcellular 

localization (Fernandez-Fernandez, Veprintsev, & Fersht, 2005). Binding of S100 

proteins and TP53 were identified by a number of protein-protein interaction analysis 

methods (Chen et al., 2001; Grigorian et al., 2001; Klingelhofer J, 2009; Orre et al., 

2013; van Dieck, Lum, Teufel, & Fersht, 2010). Binding mode analysis showed that 

TP53 binding to S100A4 and S100B are different. The binding modes of TP53 to 
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S100A1 and S100A2 were similar to that of S100B, while S100A6 and S100A11 

binding to TP53 showed similarity to S100A4 binding. Binding of S100 proteins affects 

the tumour suppression function of TP53 (Fernandez-Fernandez et al., 2005; Ji, Huang, 

Jiang, Ni, & Xiao, 2014). 

An anti-tumour triterpene, β-hydroxy-12-oleanen-27-oic acid (ATA) was found to 

downregulate S100A4 gene. In an experiment, it was observed that interaction between 

S100A4 and TP53 was increased, after inhibition of MDM2 dependent TP53 

degradation by Nutlin-3A (Orre et al., 2013). S100A4 interacts with the N-terminal 

domain of MDM2 (van Dieck et al., 2010) in a complicated manner. TP53 is a tumour 

suppressor and MDM2 is a negative regulator of TP53. Thus, the protein-protein 

interaction between S100A4 and TP53 play an important role in different types of 

cancers.     

S100A4 protein-protein interaction map showed that MYH2, MYH4, MYH9 and 

MYH10 interact with S100A4 to promote cell motility. The binding of S100A4 and 

myosin IIA was determined by using a number of in vitro assays (Ford, Silver, Kachar, 

Sellers, & Zain, 1997; Malashkevich et al., 2010). An X-ray crystal structure showed 

that in the presence of calcium ions, S100A4 and MYH9 form a complex (1:2) by an 

asymmetric mode of binding (Chunyi, Harper, Puddick, Wang, & McMahon, 2012). 

The interaction of S100A4 with other myosin members, such as MYH10 and MYH4 

were identified by in vitro assays (Ford et al., 1997). Thus, PPI network revealed that 

cell migration and metastatic functions of S100A4 are Ca2+ dependent. 

S100A4 has a number of identified cytoskeletal protein partners including non-

muscle TPMs and MYHs (Ramagopal et al., 2013). S100A4 PPI network included two 

tropomyosin proteins, TPM2 and TPM3. TPM proteins are reported to regulate the 

functions of membrane associated actin filament in both muscle and non-muscle cells 

(Dube et al., 2017). In fibroblast cells, S100A4 colonizes with non-muscle TPMs in 

microfilament bundles to regulate the cell motility (Takenaga et al., 1994). 

S100A1 and S100A4 are two members of S100 protein family with 60% of 

positive alignments, determined by conditional compositional score matrix adjustment 

method in protein blast (https://blast.ncbi.nlm.nih.gov/blast). The binding of S100A4 

and S100A1 was confirmed by several in vitro and in vivo assay methods (Liu et al., 

1999; Rual et al., 2005). The members of S100 protein family including S100A1, 

S100A2, S100A4, S1008, S100A9 and S100B are upregulated in arthritis (Yammani, 

2012). S100A1 and S100A4 are downregulated in oral cancer (Tyszkiewicz et al., 

2014). Therefore, S100A4 is an important target of arthritis and cancers.  
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S100 proteins enhance the growth factor receptor-mediated signals. Extracellular 

interaction of S100A4 with epidermal growth factors and their receptors, such as EGF, 

HBEGF, EGFR, AREG and AREGB were confirmed by several experimental methods 

(Klingelhofer et al., 2009; Petschnigg et al., 2014). Extracellular S100A4 has higher 

affinity to amphiregulin (AREG) and S100A4/AREG interaction increases the 

downstream signals for embryonic fibroblast proliferation. Interaction of S100A4 with 

EGFR ligands enhances EGFR/ErbB2 receptor signalling and cell proliferation 

(Petschnigg et al., 2014). Inhibition of S100A4/EGF binding adversely affects the cell 

proliferation in A431 cell line (Cho, Chou, & Yu, 2016). S100B is another member of 

S100 calcium binding protein, which has 67% sequence similarity to S100A4. S100B 

increases fibroblast growth factor receptor mediated signals by interacting with 

fibroblast growth factor (Donato et al., 2013). The regulatory functions of S100 proteins 

on cellular migration and invasion were established by both cell culture and animal 

models. Two mechanisms were postulated to explain their regulatory functions – a. 

intracellular interactions with the components of cytoskeleton including actin/myosin 

filaments, intermediate filaments and microtubules and b. extracellular interactions 

including different cell surface receptors, sRAGE and integrin (Gross, Sin, Barraclough, 

& Rudland, 2014).  

S100A4 PPI network demonstrated that matrix metalloproteinase (MMP) family 

proteins interact with S100A4 in different intracellular and extracellular spaces. The 

MMP proteins are able to degrade extracellular matrix. In normal physiological 

processes, MMP proteins are involved in embryonic development, reproduction and 

tissue remodelling. MMP proteins also promote cancer progression, invasion and 

metastasis (DeLassus, Cho, Park, & Eliceiri, 2008). S100A4 functions as a mediator of 

epithelial-mesenchymal transition (EMT), fibrosis and regeneration, phosphorylation of 

zinc-finger transcription factors (GLI). GLI signalling up-regulates Matrix 

Metalloproteinase 11 (MMP-11) expression, which promotes EMT-associated invasion 

in normal and neoplastic epithelial, oesophageal and gastric cells (Calissano et al., 2011; 

Catena et al., 2011; Fu et al., 2013; Voutsadakis, 2012). Thus, S100A4 is associated 

with embryonic development, reproduction and tissue remodelling, and cancer 

progression.  

S100A4 promotes uncontrolled growth of endothelial cells. In an experiment, 

S100A4 was found to up-regulate plasminogen activator enzymes and matrix 

metalloproteinase (MMP) family proteins in mice (Berge et al., 2011; Ochiya, 

Takenaga, & Endo, 2014). In rheumatoid arthritis, S1004 to up-regulates MMP mRNA 
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in synovial fluid and thus, increases the expression of MMP proteins, MMP-1, MMP-9 

and MMP-13. In osteoarthritis and rheumatoid arthritis, the expression of S100A4 in 

synovial tissues is different from that of healthy person (Šenolt et al., 2006). In human 

epithelial type 2 (HEp-2) cells; S100A4 increases the expression of MMP-9, which is 

mediated by activation of nuclear factor-kB transcriptional activity (Zhai et al., 2014; 

Zhang, Zhang, Jiao, & Dong, 2013). Hence, S100A4/MMP interaction can be a 

potential target for osteoarthritis and rheumatoid arthritis, pannus formation and joint 

destruction. 

In endometrial cancer, S100A4 is an important mediator of invasion that increases 

transcriptional activity of SMAD proteins,  SMAD2 and SMAD3 (Matsuura, Lai, & 

Chiang, 2010). Inhibition of S100A4 expression inhibits TGF-β-induced, SMAD2-

dependent S100A4-MMP-2/9 signalling (Zhang, Liu, Hao, Dong, & Chen, 2016). 

S100A4 and zinc finger protein SNAI1 are associated with invasiveness in sarcomatoid 

and epithelial carcinoma. SNAI1 and S100A4 are over expressed in tumour and stromal 

cells (Schulte et al., 2012). S100A4 stimulates expression of SNAI1 that is involved in 

cancer cell migration and metastasis by up-regulating Myosin VA, MMP2 and MMP9 

expression (Kumarswamy et al., 2012; Lan et al., 2010; Xu et al., 2012). 

In human breast tumour cells (MDA-MB-231), nuclear factor of activated T-cells 

5 (NFAT5) control the expression of S100A4 (Chen, Sinha, Luxon, Bresnick, & 

O'Connor, 2009). S100A4 regulates CDH1 expression. In hepatocellular carcinoma 

over expression of S100A4 is associated with reduced expression of CDH1 (Moriyama-

Kita et al., 2005; Zhai et al., 2014). 

An oncoprotein, regulator complex protein LAMTOR5 activates S100A4 gen 

(Zhang et al., 2014). In breast cancer cells, LAMTOR5 triggers the signal transducer 

and activator of transcription 4 (STAT4), which is a S100A4 promoter. Thus, 

LAMTOR5 increases S100A4 expression. LAMTOR5 is also involved in cancer 

progression and migration through PTEN/PI3K/AKT signalling pathway (Lee et al., 

2011; S. Liu et al., 2012). 

Class II major histocompatibility complex transactivator (CIITA) protein inhibits 

S100A4 transcription. CIITA reduces the level of CBP/p300 coactivator proteins at the 

site of S100A4 promoter and thus inhibits S100A4 transcription (Boye, Andersen, 

Tveito, Øyjord, & Mælandsmo, 2006).  

Nephroblastoma overexpressed protein, CCN3 binds to S100A4 and increase 

cytoplasmic calcium level by enhancing extracellular Ca2+ entry or releasing from 

intracellular stores (Li, Martinez, He, Lombet, & Perbal, 2002). Stromal tumour cell-
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derived factor, SDF4 induces S100A4 externalization from different tumour stroma 

cells and promotes metastasis (Forst et al., 2010; Schmidt-Hansen et al., 2004). 

Thus, functional association analysis of S100A4 from the protein-protein 

interaction network demonstrated that S100A4 is involved in several signalling 

pathways in cell differentiation, growth and motility, particularly in cell invasiveness 

and metastasis. S100A4 is a calcium binding protein that functions differentially in 

intracellular and extracellular spaces. Generally, S100 proteins appear as homodimer of 

non-covalently bonded two anti-parallel subunits. Two Ca2+ ions bind on the EF-hand 

of each monomer, which drives a conformational change of the protein (Donato, 1999, 

2003; Liao et al., 2009; Pathuri, Vogeley, & Luecke, 2008). Due to conformational 

changes, a large hydrophobic pocket is exposed that is used to interact with other 

intracellular or extracellular proteins. Hence, calcium-dependent conformational change 

of S100 proteins is important for their activation and subsequent interactions with other 

proteins (Lakshmi, Parker, & Sherbet, 1993).  

2.5.5.2 Reported functional associations and related PPI of TIM3 

Affinity capture-western assay and two-hybrid assay showed that TIM3 binds 

with large proline-rich protein BAG6, tyrosine-protein kinase Hck, Itk and Lck 

(Rangachari et al., 2012). However, TIM3 does not interact with phosphor-active form 

of Lck and has low affinity binding to SH2 domains from Src-family proteins, such as 

Hck and c-Yes (Judong et al., 2011). In human immunodeficiency virus (HIV) and 

hepatitis C virus (HCV) coinfection, TIM3 expression was upregulated, while 

interleukin-2 (IL-2) was downregulated in effector memory T cells (Ju et al., 2014; 

Saha, Choudhary, & Sarin, 2013). Interleukin-17 receptor (IL-17R) and TIM3 

expression is associated with liver fibrosis on CD4 T cells (Kared, Saeed, Klein, & 

Shoukry, 2014). 

Lgals9 (galectin-9) is a known ligand of TIM3, which negatively regulates T 

helper type 1 immunity. TIM3/Lgals9 interaction in myeloid-derived suppressor cells 

results in suppression of T-cell functions (Wonhee, Warren, Blake, & Michael, 2009). 

Carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) is a 

heterophilic ligand for TIM3, which is required for T-cell inhibitory function of TIM3. 

In adoptive colitis mouse model, co-blockage of CEACAM1 and TIM3 improved anti-

tumour immunity and elimination of tumour in mouse (Huang et al., 2015). Thus, 

TIM3/CEACAM1 interaction has an important role in regulating cancer immunity and 

autoimmunity in infections. 



62 
 

TIM3 is a receptor for phosphatidylserine (PtdSer) and preferentially expressed on 

helper T cell 1 (TH1). TIM3 is also expressed on tumour-associated dendritic cells 

(DCs), macrophages and CD8+ T cells. TIM3 expressing cells response to apoptotic 

cells through TIM3/PtdSer interaction (Judong et al., 2011; Rosemarie DeKruyff et al., 

2010). TIM3 impedes the positive effects of immunostimulatory nucleic acids in DCs. 

The nucleic acids from dying tumour cells play a positive role in antitumor innate 

immune response, providing a synergistic effect to chemotherapy. High motility group 

proteins B1 (HMGB1) form complexes with immunostimulatory nucleic acids resulting 

in endocytosis and subsequent innate immune response. It is reported that 

administration of TIM3 monoclonal antibodies (mABs) and cisplatin can reduce the size 

of murine colorectal (MC38) synergistic tumour in mice. Hence, TIM3 inhibitors can be 

employed in combination with immunostumulatory nucleic acids to increase the 

efficacy of anticancer treatment (Judong Lee, 2011; Rosemarie DeKruyff et al., 2010; 

Shigeki Chiba, 2012). 

TIM3 negatively regulates the T cells that leads to ovarian cancer development 

and progression (Wu, Liu, Qian, & Hou, 2013). TIM3 is also overexpressed in prostate 

cancer cells (Piao, Piao, Zhu, Jin, & Dong., 2013). Upon lipopolysaccharide 

stimulation, monocytes produce pro-inflammatory factors by Tim-3/galectin-9 pathway. 

However, the other reports do not support TIM3/galectin-9 interaction in mediating 

immune response (Gao et al., 2013; Leitner et al., 2013). In human tumours, CD4+ T-

cells  express TIM3 and overexpression of TIM3 is a prognostic marker in non-small-

cell lung cancer (Bai et al., 2013), ovarian cancer (Wu et al., 2013) and leukaemia (Roth 

CG, 2013). Inhibition of TIM3 pathway was reported to improve the efficacy of tumour 

vaccines (Lee et al., 2010). 

2.5.5.3 Reported functional associations and related PPI of TIGIT 

Human T cell immunoreceptor with Ig with ITIM domains (TIGIT) is a member 

of poliovirus receptor (PVR) family of immunoglobulin proteins. TIGIT is a type 1 

transmembrane protein that is expressed in several types of activated T-cells, T-regs and 

NK-cells. In healthy human, NK-cells functional heterogeneity is correlated to TIGIT 

expression level (Wang et al., 2015). TIGIT overexpression on CD8+ tumour-

infiltrating lymphocytes (TILs) is correlated to the expression of PD-1 (programmed 

cell death protein 1) and CD8 (cluster of differentiation 8) proteins in solid tumours and 

several types of cancers, such as lung cancer, colon cancer, breast cancer, uterine cancer 

and renal cancer (Jiang, Li, & Zhu, 2015). In mice, blockage of PD-1 and TGIT showed 
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synergistic effect by enhancing CD8+ tumour-infiltrating lymphocytes (TILs) functions 

(Kodumudi et al., 2016). 

Human NK-cells express nectin and nectin-like proteins. TIGIT interacts with 

nectin and nectin-like proteins to regulate natural killer cell functions (Chan et al., 

2014). The KEGG annotations from PPI network showed that TIGIT interacts with cell 

adhesion molecules (CAMs) including PVR, PVRL1, PVRL2, CD96 and CD226. 

TIGIT binds to PVR and PVRL2, but not to PVRL3 (Chan et al., 2014; Stanietsky et al., 

2009). Poliovirus receptor, a cell surface receptor that is highly expressed on dendritic 

cells (DCs), fibroblasts, endothelial cells and some tumour cells. TIGIT/PVR interaction 

results in increased secretion of IL-10 and decreased secretion of IL-12 and other pro-

inflammatory cytokines (Yu et al., 2009). TIGIT/PVR interaction suppresses IFN-ϒ 

production in NK-cells, which is important for innate and adaptive immunity against 

viral, bacterial and protozoal infections. The binding of PVR with TIGIT results in 

tyrosine phosphorylation on ITIM domain of the protein leading to the recruitment of 

SH2-containing inositol phosphatase 1 (SHIP1) by β-arrestin 2 (Man et al., 2014). 

Phosphorylated TIGIT interacts with the growth factor receptor-bound protein 2 (Grb2) 

resulting in a down regulation of NK-cell function by inhibiting phosphatidylinositol-3-

kinase (PI3K) and MAPK signalling (Liu et al., 2013).  

The immunosuppressive function of TIGIT is mediated through association of 

CD155 on dendritic cells, which enhance IL-10 production and thus inhibits 

proliferation and functions of CD4+ T cell. TIGIT binding affinity to CD155 is higher 

than CD112. CD155 and CD112 are associated in T-cell and NK-cell mediated 

cytotoxicity against tumour cells. Another cell adhesion molecule, CD226 shares 

CD112 and CD155 ligands with TIGIT (Boles et al., 2009; De Andrade, Smyth, & 

Martinet, 2014; Martinet & Smyth, 2015; Stanietsky et al., 2009). CD226 is a 

costimulatory molecule that is highly expressed on most immune cells and plays an 

important role  in T cell activation (Lozano, Dominguez-Villar, Kuchroo, & Hafler, 

2012). TIGIT competes with CD226 to bind poliovirus receptor (PVR) and poliovirus 

receptor ligand 2 (PVRL2) (Pauken & Wherry, 2014). Thus, TIGIT is a key 

immunomodulator in viral infection and tumours.  

Macrophages play an important role in inflammatory immune responses. 

TIGIT/PVR interaction initiates a bidirectional signal and negatively regulates 

macrophages (M2) polarization (Xi et al., 2016). Thus, TIGIT is a promising target in 

macrophage mediated inflammatory diseases.  
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2.5.6 Predicted PPI and experimental evidence – where is the gap? 

A comparative analysis of PPI scores (Figure 2.8) showed that there is a 

remarkable gap between the predicted PPIs and experimental evidences, which requires 

additional experimental data for better understanding of functional connectivity of the 

proteins and the roles of protein-protein interactions in various diseases. 

 

Figure 2.8. Score plots for S100A4, TIM3 and TIGIT PPI network. Prediction scores 

and experimental evidence scores for PPIs were calculated by STRING algorithm. The plots 

show that there is a gap between predicted PPIs and experimentally determined PPIs.  

There are some limitations in currently used experimental methods, such as yeast 

two-hybrid or co-immunoprecipitation to study protein interaction (Bader & Hogue, 

2003). These methods identify both direct and indirect interactions. Hence, positive 

results from these methods represent that the two proteins interact either directly by 

binding or via other molecules including proteins, DNA, RNA or other small molecules 

(Wiederschain & Baldry, 2006). Indirect interactions are very common and arise in 

different kinds of experimental methods, which leads to false-positive discovery in 

prediction of protein-protein interaction (Rao, Srinivas, Sujini, & Kumar, 2014). 
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Moreover, macromolecular complexes share common subunits to perform different 

functions. Apart from experimental limitations, computational analysis also results in 

false discovery. Protein-protein interactions predicted by various in silico or in vitro 

methods may not be real in the organism (Bader & Hogue, 2003). 

2.6 Druggability analysis of protein S100A4, TIM3 and TIGIT 

The druggability analysis and visualization of protein structures were performed 

by using Schrödinger Suite 2015 (LLC, New York, NY, USA) on Linux platform 

(Sastry, Adzhigirey, Day, Annabhimoju, & Sherman, 2013). Schrödinger modules such 

as Protein PreparationWizard, LigPrep, SiteMap and Glide were used (Epik, 2015; 

Impact, 2015; LigPrep, 2015; Prime, 2015; Shelley et al., 2007; SiteMap, 2015). All 

modules were accessed via Maestro graphical interface (Maestro, 2015). As the proteins 

exist as monomeric and dimeric states in solution, both conformations were considered 

for druggability analysis. 

2.7 Binding sites identification 

2.7.1 Protein preparation 

X-ray crystal structures of S100A4 (PDB ID: 1m31), TIGIT (PBD ID: 3q0h) and 

TIM3 (PDB ID: 3kaa) were downloaded from Protein Data Bank. All proteins were 

prepared and refined by using Maestro protein preparation wizard in Schrödinger. All 

water molecules were deleted and hydrogen atoms were added to the heavy atoms. The 

Epik module was used to set protonation states at pH 7.4. The protassign procedure was 

used to optimize hydrogen bond placement by applying the force field OPLS 2005 

(Shivakumar et al., 2010), Impref minimization for the maximum heavy atom root mean 

square deviation (RMSD) was set at 0.30 Å. 

2.7.2 Receptor grid generation 

After protein structure preparation, SiteMap was used to find the locations of 

protein binding sites by searching the regions near the protein surface, generating 

hydrophobic and hydrophilic contour maps and calculating the energy potentials. 

Rotation of all receptor hydroxyl and thiol groups within the grid was allowed. Top-

ranked potential receptor binding sites were generated using fine grid. Some shallow 

binding sites were also detected in this procedure. The receptor grids were generated 

using Glide, based on the sites that were identified by SiteMap. Then binding sites were 

specified in a 3D cubic box. Additional molecules in the PDB structures of the proteins 

were deleted after Impref step of minimization. 
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2.7.3 SiteMap calculation 

In SiteMap, druggability of the binding sites was estimated by using equation 2.1 

as the scoring function, Dscore. 

𝐷"#$%& 		= 	0.094	𝑛./0 + 0.60𝑒－	0.324𝑝 (2.1) 

Where, n is the number of site points in a binding site, representing the volume of 

the pocket, e is the degree of enclosure of the site, and p is the hydrophilicity of the site 

(SiteMap, 2015). 

In this study, automatic calculations were performed with selected parameters in 

SiteMap to find all the potential binding sites. Minimum pocket size was set no less 

than 15 site points. SiteMap returned maximum 5 sites by using a restrictive definition 

of hydrophobicity and fine grids. The site maps were cropped at 4 Å from the nearest 

site point by using OPLS 2005 force field, which allowed detection of some shallow 

sites. Based on the predicted Dscore values, the binding sites were classified into 3 

categories – a. druggable binding sites with Dscore >0.98, b. difficult druggable sites with 

Dscore 0.83 to 0.98 and c. undruggable sites with Dscore <0.83 (SiteMap, 2015).  

2.8 Druggability analysis of protein targets 

Based on estimated Dscore values, 6 druggable binding sites were identified in apo 

S100A4 – 2 sites in monomer and 4 sites in dimer of the protein, and 3 binding sites 

were identified as difficult druggable – 2 sites in monomer and 1 sites in dimer. In 

calcium bound conformation of S100A4, 1 druggable binding site was identified in 

monomer, 5 sites in dimer of the protein. In TIM3, 1 druggable binding site was 

identified in monomer and 1 in dimer of the protein. Three binding sites of TIM3 were 

identified as difficult druggable – 1 sites in monomer and 2 sites in dimer. In TIGIT 

monomer, 2 druggable and 1 difficult druggable binding sites were identified and in 

dimer of the protein, 3 druggable and 1 difficult druggable binding sites were identified. 

SiteMap identified binding sites, their druggability and scores of size, enclosure and 

hydrophilicity/phobicity are summarized in Table 2.2. 
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 Druggability indices of SiteMap identified binding sites 

Site No. Dscore Size Enclosure Philic Phobic *Category 

S100A4-1M 1.054 399 0.403 0.393 0.344 2 
S100A4-2M 1.033 389 0.375 0.406 0.293 2 
S100A4-3M 0.879 73 0.389 0.483 0.215 1 
S100A4-4M 0.861 61 0.381 0.311 0.436 1 
S100A4-5M 0.73 57 0.311 0.511 0.027 0 
S100A4-1D 0.991 1094 0.429 0.633 0.116 2 
S100A4-2D 0.986 1044 0.427 0.645 0.095 2 
S100A4-3D 0.996 185 0.362 0.493 0.17 2 
S100A4-4D 0.987 118 0.337 0.476 0.107 2 
S100A4-5D 0.973 128 0.352 0.544 0.015 1 

S100A4-Ca2+-1M 1.047 584 0.347 0.31 0.374 2 
S100A4-Ca2+-2M 0.586 37 0.3 0.51 0.108 0 
S100A4-Ca2+-1D 1.012 543 0.366 0.453 0.168 2 
S100A4-Ca2+-2D 1.058 387 0.392 0.358 0.366 2 
S100A4-Ca2+-3D 1.011 198 0.442 0.596 0.148 2 
S100A4-Ca2+-4D 1.053 160 0.406 0.401 0.363 2 
S100A4-Ca2+-5D 1.021 124 0.326 0.352 0.251 2 

TIM3-1M 1.014 286 0.353 0.424 0.172 2 
TIM3-2M 0.862 71 0.322 0.377 0.091 1 
TIM3-3M 0.724 54 0.352 0.545 0.023 0 
TIM3-4M 0.689 51 0.331 0.553 0.069 0 
TIM3-5M 0.738 49 0.333 0.366 0.162 0 
TIM3-1D 1.038 1456 0.405 0.443 0.282 2 
TIM3-2D 0.963 88 0.379 0.448 0.147 1 
TIM3-3D 0.859 70 0.346 0.414 0.177 1 
TIM3-4D 0.822 63 0.315 0.347 0.153 0 
TIM3-5D 0.763 52 0.332 0.350 0.128 0 
TIGIT-1M 1.003 154 0.379 0.505 0.155 2 
TIGIT-2M 1.035 15 0.33 0.316 0.262 2 
TIGIT-3M 0.909 83 0.274 0.343 0.072 1 
TIGIT-4M 0.712 44 0.327 0.331 0.288 0 
TIGIT-5M 0.669 40 0.328 0.374 0.108 0 
TIGIT-1D 1.028 1015 0.387 0.441 0.247 2 
TIGIT-2D 1.022 210 0.353 0.399 0.196 2 
TIGIT-3D 0.998 157 0.383 0.528 0.124 2 
TIGIT-4D 0.92 86 0.292 0.39 0.089 1 
TIGIT-5D 0.642 35 0.319 0.325 0.151 0 

Average value 
Druggable 1.020 448 0.380 0.454 0.222  
Difficult 0.903 83 0.342 0.414 0.155  

Undruggable 0.708 48 0.325 0.421 0.122  
All cases 0.910 261 0.356 0.435 0.181  

*Druggable = Site category 2, Difficult = Site category 1 and Undruggable = Site 

category 0, M is for monomer and D is for dimer conformation of protein. 
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Adequate volume of the pockets is one of the important factors that influence 

druggability of the binding sites. From Table 2.2, it was observed that druggable 

binding sites were comparatively larger than difficult druggable or undruggable binding 

sites. Among 19 druggable binding sites, the smallest (size = 118) site was the site 4 of 

S100A4 dimer (S100A4-4D) (Figure 2.9 A). The other druggable binding sites were 

large in sizes (Table 2.2). One exception was observed in site 5 of S100A4 dimer 

(S100A4-5D), which is reasonably larger with a size value of 128 (Figure 2.9 B). 

However, due to higher hydrophilic nature (0.544) this site was estimated as difficult 

druggable. 

 

Figure 2.9. Effects of size of pockets on druggability. Here, D = dimer conformation of 

the protein. White dots are the site points, which are indicating size of the pockets. The grey 

(A1 & B1) and green (A2 & B2) colours are representing the surface and hydrophilicity of the 

cavity, respectively.  

Another vital component of druggability assessment is the enclosure of a binding 

site. The binding sites with enclosure score larger than 0.4 were found to be druggable. 

Higher hydrophilicity of binding pockets was observed to offset the favourable effects 

of volume and enclosure on the druggability of binding sites. These results are 

consistent with previously reported works. For example, Laskowski and colleagues 

showed that the binding of proteins to other molecules is predominantly determined by 

size of the binding pockets. Most of the ligands (83%) showed binding in largest clefts 

of the proteins. Protein-chemical interactions, such as enzyme-ligand and antibody-

antigen involve large and deep clefts (Laskowski, Luscombe, Swindells, & Thornton, 

1996). Lewis and colleagues  showed that the enclosure of bromodomain acetyl-lysine 

binding sites were increased due to the presence of aromatic residues and therefore 

druggability of the sites (Vidler, Brown, Knapp, & Hoelder, 2012). Though the polar 

groups (hydrophilicity) play an important role in molecular recognition, hydrophobic 

enclosure is correlated to hydrogen bonds in protein-ligand interactions (Schmidtke & 

Barril, 2010; Young, Abel, Kim, Berne, & Friesner, 2007).  

From Table 2.2, it was observed that the hydrophilicity of S100A4-2D (site 2 of 

S100A4 dimer) was high (0.645), however, due to larger size (1044) of the cavity it was 

A1 B1 A2 B2 
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estimated as a druggable pocket (Figure 2.10 A). In case of smaller pockets, higher 

hydrophilicity adversely affected their druggability. For example, a small (size = 57) 

and highly hydrophilic (0.511) site of S100A4 monomer (S100A4-5M) was estimated 

as undruggable (Figure 2.10 B).  

 

Figure 2.10. Effects of hydrophilicity and size of cavity on druggability. Here, M = 

monomer and D = dimer conformation of the protein. White dots are the site points, indicating 

size of the pockets. The grey (A1 & B1) and green (A2 & B2) colours are representing the 

surface and hydrophilicity of the cavity, respectively.  

In apo S100A4, the site S100A4-1D and S100A4-2D were similar in druggability 

scores (Table 2.2). Their size, enclosure and hydrophobicity/philicity scores were 

similar (Figure 2.11 A & B), as well. Two binding sites of calcium bound S100A4, 

S100A4-Ca2+-1D and S100A4-Ca2+-2D showed similar druggability scores of 1.012 and 

1.058, respectively. It was observed that S100A4-Ca2+-1D (Figure 2.11 C) is larger in 

size (543) and smaller in enclosure (0.366) than that of S100A4-Ca2+-2D (Figure 2.11 

D), in which the size and enclosure were 387 and 0.392, respectively. From the 

hydrophobicity/philicity values of S100A4-Ca2+-1D (0.168/0.453) and S100A4-Ca2+-

2D (0.366/0.358), it was observed that the influence of size and enclosure on 

druggability was compensated by hydrophobicity/philicity of the pockets (Table 2.2). 

These results indicated that hydrophobic/philic nature of a binding pocket also plays 

important roles in druggability. 

From the comparison of S100A4-1D and S100A4-3D or S100A4-Ca2+-1D and 

S100A4-Ca2+-2D, it was observed that the largest pocket may not be the most druggable 

ligand binding site (Table 2.2). Hence, volume of the pocket is not strongly correlated 

with druggability of the binding sites. In a comparison between druggability of apo 

S100A4 and calcium bound S100A4, it was observed that average druggability of the 

binding sites was improved in calcium bound protein. The druggable binding sites in 

calcium bound S100A4 were smaller (in size and enclosure) and less hydrophilic than 

that of apo S100A4 (Table 2.2). In short, the volume, polarity (philic/phobic) and 

degree of enclosure of the pockets contribute to the druggability of protein binding sites. 

A1 B1 A2 B2 
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Figure 2.11. A comparison of binding sites with similar druggability. Here, D = dimer 

conformation of the protein. White dots are site points, indicating size of the pockets. The grey 

(A1, B1, C1 & D1) and green (A2, B2, C2 & D2) colours are representing the surface and 

hydrophilicity of the cavity, respectively.  

In TIM3 and TIGIT, from the druggability scores of binding sites it was observed 

that druggability is dependent on size, enclosure (Figure 2.12 A), hydrophilic/phobic 

nature (Figure 2.12 B) of the binding sites. The druggable binding sites in TIM3 and 

TIGIT were smaller in size than that of S100A4, while the enclosure and 

hydrophilic/phobic values of the sites were similar.  

A1 B1 A2 B2 

C1 D1 C2 D2 
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Figure 2.12. The correlations between druggability of the binding sites and their pocket 

size, enclosure and hydrophobicity. Though there are few exceptions, druggability of the 

binding sites has a direct and proportional correlation to the size of pocket (A). Pocket enclosure 

also has a proportional correlation to druggability; however, this correlation is less significant 

than size. There is a strong correlation between druggability and hydrophobicity of the pockets 

(B). 

2.9 Conclusion 

The top-down approach of PPI network construction allowed prediction of 

protein-protein interaction with higher confidence scores. Functional association 

enrichments including biological processes, KEGG pathways, molecular actions, 

domain and sequence similarity and subcellular distribution of PPIs described the 

importance of the proteins in various physiological and pathological progressions. 

Functional association analysis based on PPI network demonstrated that S100A4 

play important roles in different types of cancers including breast cancer, colorectal 

cancer, bladder cancer, esophageal cancer, non-small cell lung cancer, gastric cancer, 

medulloblastoma cancer, pancreatic cancer, prostate cancer, thyroid cancer and colon 

cancer. Molecular mechanisms of S100A4 in different cancers include cell proliferation, 

motility, migration or invasion and metastasis. It is also a potential target for 

osteoarthritis, rheumatoid arthritis, pannus formation and joint destruction.    
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TIM3 has functional association in regulatory immune processes, particularly in 

regulation of autoimmunity and anti-tumour immunity. It is reported that administration 

of TIM3 monoclonal antibodies (mABs) and cisplatin can reduce the size of murine 

colorectal (MC38) synergistic tumour in mice. Therefore, the inhibitors of TIM3 can be 

employed in combination with immuneostimulatory nucleic acids to increase the 

efficiency of anticancer treatment (Judong Lee, 2011; Rosemarie DeKruyff et al., 2010; 

Shigeki Chiba, 2012). Inhibition of TIM3 pathway was reported to improve the efficacy 

of tumour vaccines (Lee et al., 2010). 

TIGIT is involved in cell adhesion, cell junction assembly and other immune 

signals by natural killer cells, dendritic cells, T-cells and macrophages. The 

immunosuppressive effect of TIGIT makes it an important target in autoimmune 

diseases that are related to viral, bacterial and protozoal infections, macrophage 

mediated inflammatory diseases, and for immuno-oncology combination therapies.  

In structure-based identification of binding sites and druggability analysis by 

SiteMap, 19 druggable binding sites were detected in S100A4 (6 sites), S100A4-Ca2+ (6 

sites), TIM3 (2 sites) and TIGIT (5 sites). Dimerization and conformational changes of 

the proteins allowed additional druggable binding sites. Druggability scores (Table 2.2) 

of identified binding sites suggested that S100A4, S100A4-Ca2+, TIM3, TIGIT have 

molecular recognition ability to bind with small molecules. The druggability of binding 

sites has a proportional correlation to the size and enclosure of the pockets. However, 

the influence of enclosure on druggability is less significant than pocket size. The 

druggability of binding sites is highly correlated to hydrophobicity of the pockets. Dscore 

value increases as the hydrophobicity increases or hydrophilicity decreases.   
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Chapter 3 

Native MS Screening and Molecular Weight Identification of 

Natural Product Binders of S100A4, TIM3 and TIGIT 

3.1 Introduction 

Native mass spectrometry (MS) equipped with electrospray ionization was used to 

detect protein-natural product complexes in the gas phase. A high-resolution Fourier 

transform ion cyclotron resonance (FT-ICR) mass analyser was used to determine the 

mass of protein and protein-natural product complexes. In this study, three proteins 

were investigated - human (Homo sapiens) calcium binding protein S100A4 in apo and 

calcium bound (S100A4-Ca2+) states, mouse (Mus musculus) T cell/transmembrane, Ig, 

and mucin protein 3 (TIM3) and human T-cell immunoreceptor with Ig and ITIM 

domains precursor protein (TIGIT).  

Natural product extracts and fractions were prepared following Lipinski’s ‘rule of 

five’ (Lipinski, 2000, 2004) to screen the compounds with log P <5 (Camp, Campitelli, 

Carroll, Davis, & Quinn, 2013). A total of 2728 different biota was randomly selected 

from NatureBank (www.griffith.edu.au/gridd). NatureBank is a collection of over 

63,000 biota samples from plants and marine invertebrates that were collected from 

tropical Queensland, Tasmania, China, Malaysia and Papua New Guinea (Camp, 

Newman, B Pham, & J Quinn, 2014). The extracts were prepared by maceration and 

solid phase extraction. Freeze-dried plant materials were sequentially extracted with n-

hexane, dichloromethane and methanol. n-hexane extract was discarded, and 

dichloromethane and methanol extracts were treated by polyamide glycol (PAG) and a 

macroporous copolymer, poly(divinylbenzene-N-vinylpyrrolidone) to prepare lead-like 

enhanced extracts. These absorbents retained the compounds with log P>5 (Camp, 

Davis, Campitelli, Ebdon, & Quinn, 2011).   

For native MS screening of lead-like enhanced extracts, a Bruker Apex III 4.7 

Tesla electrospray ionization Fourier transform mass spectrometer (ESI-FTMS) was 

used. The proteins and extracts were incubated by following ‘single protein plus single 

extract’ sample preparation strategy. The positive extracts were fractionated by using 

reverse-phase high performance liquid chromatography (RP-HPLC). Five fractions, 

eluting from a C18 column by a gradient solvent system of methanol-water plus 0.1% 

trifluoroacetic acid (TFA) were collected. 150 fractions from 30 positive extracts (30×5) 



 79 

were selected to screen against the proteins. For direct screening of the fractions, a 

Bruker SolariX 12 Tesla ESI-FTMS instrument was used. Each fraction was screened 

against all of the four proteins.  

The complex nature of screening libraries (extracts and fractions) brought 

challenges to detect hits. Four major factors were found to be important in hit detection– 

a. sample preparation, b. protein concentration, c. the concentration of extracts and 

fractions and d. optimum instrumental conditions. 

The molecular weights of the hits (natural product binders) were calculated from 

ESI-FTMS spectra of protein-natural product complexes. Molecular weight information 

was used to classify the hits in different chemical sub-spaces, and to identify common 

and unique hits. 

3.2 Extraction of natural products  

A library of 2728 lead-like enhanced extracts was generated from randomly 

selected biota including whole plants and different parts of the plants, such as barks, 

leaves, roots, twigs and mixture of different parts. A Gilson, Inc. ASPEC™ XL4 Four-

Probe SPE System was used for the preparation of lead-like enhanced extract. Gilson 

735 Sampler Software, installed on Windows-XP operating system was used to control 

the instrument. Separate extraction methods, such as HEXWASH, HERBDCM and 

HERBMEOH were setup for n-hexane, dichloromethane and methanol extraction, 

respectively. PAGWASH, HERBPAG and JELUTE methods were setup for solid phase 

extraction. Preparation of lead-like enhanced extracts included the following steps: 

3.2.1 Pre-extraction 

3.2.1.1 Biota packing 

A scoop was used to measure the amount of biota powder. Three-hundred mg of 

each biota (1 and ½ scoops = 300 mg) was packed into an empty SPE cartridge, which 

was sealed by a plastic cap at the top of the cartridge. A small hole in the centre of the 

cap allowed solvent injection.  

3.2.1.2 Hexane wash 

The biota powders, packed into the cartridges were washed with n-hexane by 

using an automated solvent dispensing system, Gilson XL4. The biota cartridges were 

put into slider blocks and the blocks were placed on slider rails. An extraction program, 

HEXWASH was applied to inject 6.5 mL of n-hexane in the cartridges that passed 
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through the biota powder, at a flow rate of 3 mL/min. n-hexane dissolved highly 

lipophilic compounds (log P >5), which were collected in a tray and discarded. 

3.2.2 Dichloromethane extraction 

For dichloromethane (DCM) extraction, empty test tubes (one for each biota) 

were labelled correspondingly to the biota cartridges.  The test tubes were put into XL4 

blocks, which were fitted on XL4 manifold and placed underneath the biota cartridges. 

A Gilson XL4 extraction program, HERBDCM was applied to inject 7 mL of DCM that 

passed through the biota at a flow rate of 2 mL/min. Thus, 7 mL DCM extract was 

collected into the empty test tubes. The solvent was evaporated by using a 

centrifugation vacuum dryer at 0 °C and 400 mbar until dry.  

3.2.3 Methanol extraction 

The test tubes containing dried DCM extracts were placed into XL4 blocks and 

the blocks were fitted on the XL4 manifold, underneath the corresponding biota 

cartridges. A Gilson XL4 extraction program, HERBMEOH was applied to inject 9 mL 

of MeOH at a flow rate of 2 mL/min, and afterwards 4 mL of MeOH at a flow rate of 1 

mL/min that passed through the biota cartridges. Thus, 13 mL of MeOH extract was 

collected in the test tubes. The solvent was completely evaporated using a centrifugation 

vacuum dryer at 37 °C and 50 mbar.  

3.3 Solid phase extraction  

3.3.1 Polyamide Gel (PAG) SPE 

The extracts were treated with polyamide glycol (PAG) for rapid removal of 

polyphenolic compounds, especially tannins. Tannins are a group of plant secondary 

metabolites that have been found to show high affinity to the proteins (Gong, Li, & Qu, 

2014). The polyamide gel (800 mg) was packed into empty SPE cartridges. The PAG 

cartridges were labelled correspondingly to the extracts. The PAG cartridges were 

inserted into XL4 slider blocks and the blocks were placed on XL4 slider rails. A Gilson 

XL4 program, PAGWASH was applied to wash and equilibrate PAG cartridges by 

injecting 7 mL of MeOH that passed through the cartridges at a flow rate of 5 mL/min. 

The solvent was collected on a tray and discarded. The dried crude extracts were 

reconstituted in 4 mL of methanol and mixed properly by using an ultra-sonicator. The 

test tubes with 4 mL of crude extracts were placed into XL4 PAG-blocks. The PAG-

blocks were placed in column 1 and 3 of the XL4 manifold (rows 1 to 12 and 25 to 36). 

To collect PAG-treated extracts, empty test tubes (one for each extract) were labelled 
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correspondingly to the PAG cartridges and placed into XL4-blocks. The XL4-blocks, 

holding empty recipient test tubes were placed at the corresponding positions in column 

2 and 4 of the manifold (rows 13 to 24, then 37 to 48), underneath the PAG cartridges. 

A Gilson XL4 program, HERBPAG was applied to inject 4 mL of crude extracts into 

PAG cartridges, at a flow rate of 5 mL/min. Then, 12 mL of methanol was injected that 

passed through the extract loaded PAG cartridges at a flow rate of 1 mL/min. Thus, 

PAG-treated extracts were collected in recipient test tubes. The solvent was evaporated 

by using a centrifugation vacuum dryer at 37 °C and 50 mbar until dry.  

3.3.2 Hydrophilic lipophilic balance (HLB) SPE 

HLB cartridges were packed with a macroporous copolymer, 

poly(divinylbenzene-co-N-vinylpyrrolidone). For solid phase extraction, HLB 

cartridges were labelled correspondingly to the extracts and inserted into slider blocks. 

The slider blocks, holding HLB cartridges were places on slider rails. A Gilson XL4 

extraction program, JELUTE was applied that equilibrated the HLB cartridges with 7 

mL of MeOH:H2O (80:20) plus 0.1% TFA at a flow rate of 5 mL/min. Dried PAG-

treated extracts were reconstituted in 4 mL of MeOH:H2O (80:20) solution. The test 

tubes with 4 mL of PAG treated extracts were placed into XL4-blocks and the blocks 

were fitted on XL4 manifold. The XL4-blocks were placed in column 1 and 3 of XL4 

manifold (rows 1 to 12 and 25 to 36). To collect HLB treated extracts, empty test tubes 

(one for each extract) were labelled correspondingly to the HLB-cartridges and placed 

into XL4-blocks. The XL4-blocks, holding empty recipient test tubes were placed at the 

corresponding positions in column 2 and 4 of the manifold (rows 13 to 24, then 37 to 

48), underneath the HLB cartridges. The HLB cartridges were inserted in XL4 slider 

blocks and the blocks were placed on the XL4 slider rails above the blocks, holding 

receipt test tubes (column 2 and 4). Then, the PAG treated extracts (4 mL) were injected 

into the HLB cartridges at a flow rate of 5 mL/min. For elution 11 mL of MeOH:H2O 

(80:20) plus 0.1% TFA was injected. First, 4 mL at a flow rate of 1 mL/min and then, 7 

mL at a flow rate of 2 mL/min. Thus, 11 mL of HLB treated extracts were collected in 

the recipient test tubes. The solvents were evaporated by using a centrifugation vacuum 

dryer at 37 °C and 50 mbar for 1 hour and then at 10 mbar until dry.  
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3.4 Native mass spectrometry screening  

3.4.1 Sample preparation  

3.4.1.1 Plate preparation 

The lead-like enhanced extracts were re-constituted in 600 µL of dimethyl 

sulfoxide (DMSO) and 0.5 µL of the extracts were transferred in 96-well PCR plates. 

The solvent was evaporated by using a high performance centrifugation solvent 

evaporator at 40 °C and 15 mbar until dry. The rest of the extract (599.5 µL) was dried 

at 40 °C and 5 mbar. The dried extracts were stored at 4 °C. 

3.4.1.2 Protein preparation for native MS 

In this study, three proteins were investigated - human calcium binding protein 

S100A4 (apo and calcium bound conformations), mouse T cell immunoglobulin and 

mucin-domain containing-3 (TIM3) and human T cell immunoreceptor with Ig with 

ITIM domains (TIGIT). The recombinant proteins were expressed in Escherichia coli 

and stored in a buffer solution at pH 7.0 at -80 °C. The components of storage buffer 

were 2-amino-2-(hydroxymethyl)-propane-1,3-diol (TRIS), 2-(4-(2-hydroxyethyl) 

piperazin-1-yl) ethanesulfonic acid (HEPES), 3,3′,3′′-phosphanetriyltripropanoic acid 

(TCEP), sodium chloride (NaCl), ethylenediaminetetraacetic acid (EDTA) and sodium 

azide (NaN3). The non-volatile buffer components and salts were reported to cause ion 

suppression, clustering or adducts formation that led to very broad and low intensity 

peaks of proteins in ESI-FTMS spectra (Heck & van den Heuvel, 2004). Hence, for 

protein preparation a volatile buffer, ammonium acetate was used to maintain native 

conformation of the proteins (Sterling, Batchelor, Wemmer, & Williams, 2010). 

The non-volatile storage buffers and salts were removed by buffer exchange, 

using illustraTM NAP column, packed with Sephadex, G-25 DNA grade resin. This resin 

is a dextran, cross-linked by a degree that is ideal to remove salts and other small 

contaminants away from the protein molecules, greater than 5000 Da. Small molecules 

such as salts and other buffer components enter into the pores of the resin matrix and 

their elution is retarded. For elution, freshly prepared 10 mM aqueous ammonium 

acetate solution at pH 6.8 was used. The protein molecules elute first, just after the void 

volume of column resin. Thus, the protein molecules are desalted and transferred into 

ammonium acetate buffer.  

First, the column preservative was removed and then the column was equilibrated 

with 10 mM aqueous ammonium acetate solution at pH 6.8. An aliquot of 100 µL 

protein, in storage buffer solution was added onto the column. When the protein 
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solution was completely submerged into the resin matrix, 400 µL of 10 mM aqueous 

ammonium acetate solution was added onto the column. The protein started to elute 

from the column just after the buffer was absorbed into the resin. 500 µL of protein was 

collected from the column into a microcentrifuge tube and at the same time, 500 µL of 

10 mM aqueous ammonium acetate was added onto the column. The column was 

washed with the ammonium acetate buffer. Thus, 100 µL of protein in storage buffer 

was transferred and diluted in 400 µL of 10 mM aqueous ammonium acetate solution. 

After buffer exchange, a UV visible spectrometer was used to determine the 

concentration of the protein in aqueous ammonium acetate solution. 

3.4.2 Optimization of Bruker Apex III 4.7 Tesla  

A Bruker Apex III 4.7 Tesla mass spectrometer, equipped with an external Apollo 

electrospray ionization source was used for native MS screening of extracts. ESI is a 

soft ionization process that transfers native proteins and intact protein-small molecule 

complexes from solution into the gas phase (Cole, 2011). Then, these ions are 

transferred through ion transfer optics to the mass analyser and detector. There are 

several instrumental parameters along the path from atmospheric region to high vacuum 

region that influence the ionization and transfer of ions into the mass analyser and 

detector. Native MS screening required optimization of critical instrumental parameters 

to detect native proteins and intact protein-ligand complexes in the gas phase. The 

samples were injected into ESI source by using a motor-driven syringe. MS tuning, data 

acquisition and analysis were performed using Bruker Xmass software running on a 

1200 MHz Pentium III data station in Windows 2000 operating system. The screening 

conditions for critical instrumental parameters were optimized to produce high quality 

spectra with minimum absolute intensity of protein peaks around 300000.00. The 

optimum instrumental conditions for extracts screening are summarized in Table 3.1. 

3.4.3 Optimization of protein concentration for incubation with extracts 

The concentration of a protein influences signal intensity in ESI-FTMS spectrum 

(Yang et al., 2016). To determine the optimum concentration of a protein, required to 

get high quality spectra, a serial dilution (5 times) was made. The protein solutions in 

different concentrations were injected at a flow rate of 120 µL/h and three spectra were 

acquired at 256K mode by 16 scans. The concentration of a protein that produced 

average absolute intensity of the most abundant peak around 3000000.00 was used for 

incubation with extracts. S100A4 and S100A4-Ca2+, TIM3 and TIGIT were incubated 

at a concentration of 17.5 µM, 15.9 µM and 13.8 µM, respectively. 
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Table 3.1. Optimum conditions for critical instrumental parameters of Bruker 

Apex III 4.7 Tesla in positive ESI mode 

Source parameters Screening conditions 

Sample flow rate (µL/h) 120 

Drying gas flow rate (L/min) 40 

Drying gas temperature (ºC) 125 

Nebulizer gas pressure (psi) 50 

Capillary voltage (V) −5000 

End Plate voltage (V) −3500 

Capillary exit voltage (V) 100 

Skimmer 1 (V) 24.5 

Skimmer 2 (V) 24.0 

Hexapole RF amplitude (Hz) 600 

Hexapole DC offset (V) 1.5 

Hexapole accumulation time (s) 3 

Triple voltage (V) 23 

Excitation voltage (V) −10 

3.4.4 Charge-state distribution and mass calculation from ESI-FTMS spectra  

In ESI-FTMS spectra, monomeric or oligomeric conformations of the proteins 

appeared in multiple charge-states. The charge-state distribution (CSD) of the proteins 

was identical in different concentrations. CSD of S100A4 was identical in both apo and 

calcium-bound conformations. In native MS, each charge-state represents an intact ionic 

species of protein molecules with specific number of adducted protons. These charged 

species do not represent fragment ions. The charge-state distribution of the proteins was 

calculated in two methods – a. from molecular mass of the proteins, based on amino 

acid sequence, b. from mass-to-charge ratio (m/z) of two adjacent peaks in ESI-FTMS 

spectra (Watson & Sparkman, 2007):  

If a protein molecule of mass, M is adducted with n number of protons in the gas 

phase, then, m/z value of the ion (z = nH+) can be expressed as follows:  

𝑚/𝑧 = 	 (𝑀	 +	𝑛𝐻,)/𝑛  (3.1) 

Normal distribution of peak intensities was observed in protein spectra and the 

spacing between two peaks was detected to increase with m/z values. Hence, it was 

assumed that two adjacent peaks (Figure 3.1) varied by only one charge (Za = Zb + 1). 
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If the peak-a and peak-b were two adjacent peaks and Z is the charge of the ions. 

Then, considering the m/z value of peak-a (m/za) and peak-b (m/zb), and employing 

equation (3.1) charge-state of the protein at peak-b was calculated by the following 

equation:  

𝑍/ 	= 	 (𝑚/𝑧0 − 1)/(𝑚/𝑧0 	− 𝑚/𝑧/) (3.2) 

  

 Two adjacent peaks in normal charge-state distribution of native protein 

in ESI-FTMS. The peak-a (m/za) and peak-b (m/zb) are the adjacent peaks, where, Za = Zb + 1. 

The oligomeric conformation, 𝑥	of a protein molecule in an ionic species (charge-

state) was calculated from de-convoluted mass, MDcon of the protein by using equation 

3.3.  

𝑀3456 = 	 𝑚/𝑧 − 1 	×	𝑧 (3.3) 

 

𝑥	 = 	
𝑀3456

𝑀  (3.4) 

Where, M is the molecular weight of the protein, estimated from the amino acid 

composition. 

3.4.5 Native mass spectrometry of proteins in Bruker Apex III 4.7 Tesla 

In ESI-FTMS spectra, the proteins appeared in several charge-states and in 

monomer or oligomer conformations, such as dimer or trimer. The charge-state 

distribution of S100A4 included 5+, 9+, 10+ and 11+ charge species, which appeared as 

three different peaks in the spectra. The charge species, 10+/5+ appeared as the most 

abundant peak (m/z = 2320.5), in which 5+ and 10+ represented monomer and dimer 

conformations, respectively. The other charge-states, 11+ and 9+ appeared as dimer at 

m/z = 2123.5 and 2578.6 (Figure 3.2 A). The CSD of apo- and calcium-bound S100A4 

showed similar pattern of ionization including Ca2+-bound conformation, and monomer 
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and dimer, in the gas phase ions. In ESI-FTMS spectrum of S100A4-Ca2+, a peak at m/z 

= 2335.6 appeared adjacent to the peak at m/z = 2319.7, which was an ionic species of 

S100A4 (Figure 3.2 A). From the mass difference of these two peaks, it was estimated 

that the peak at m/z = 2335.6 represented monomer of S100A4, bound to 2 Ca2+ and the 

dimer of S100A4, bound to 4 Ca2+ (Figure 3.2 B).  

 

 Charge-state distribution of native proteins in Bruker Apex III 4.7 Tesla 

ESI-FTMS. In (A & B), CSD of S100A4 in apo- and calcium-bound conformations, in (C), 

TIM3 and in (D) TIGIT. S100A4 in apo- and calcium-bound forms showed similar CSD.   

The mass-to-charge difference of the two peaks (2335.6−2319.7 = 15.9) was 

multiplied by the charge (15.9×5 = 79.5 for 5+ and 15.9×10 = 159.0). Thus, considering 

the mass of Ca2+ = 39.963 g/mol it was estimated that 5+ charge species represented 

S100A4 plus 2 calcium ions and 10+ charge species represented S100A4 plus 4 calcium 
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ions. The same binding stoichiometry between calcium ions and S100A4 was observed 

in X-ray crystal structure of the protein (Malashkevich et al., 2010). 

The charge-state distribution of TIM3 showed 8 different ionic species, such as 

5+, 6+, 7+, 8+, 11+, 12+, 15+ and 16+. The charge species 5+, 6+, 7+, 8+ were 

monomer, 11+ & 12+ were dimer and 15+ & 16+ were trimer conformations. The 

charge species 6+ & 12+ appeared under the same peak, at m/z = 1589.6 and 5+ & 15+ 

appeared at m/z = 2724.7 (Figure 3.2 C). CSD of TIGIT showed 4 ionic species, such as 

6+, 7+ (the most intense peak), 8+ and 12+ , where the monomer 6+ and the dimer 12+ 

appeared under the same peak, at m/z = 2118.7. The other two peaks represented 

monomer of the protein, 8+ at m/z = 1588.8 and 7+ at m/z = 1815.7 (Figure 3.2 D).  

3.4.6 Incubation of protein and lead-like enhanced extract  

The lead-like enhanced extracts were dispensed in 96 well PCR plates (0.5 µL in 

each well) at a concentration of 250 µge/µL. Dried lead-like enhanced extracts that were 

from 300 mg of dried biota powder was considered as 300 mge. An aliquot of 600 µL of 

dimethyl sulfoxide (DMSO) was added to reconstitute the extracts (500 µge/µL). 0.5 µL 

of the extracts was transferred into the wells of 96-well PCR plates. The solvent was 

evaporated by using a high performance centrifugation solvent evaporator at 40 °C and 

15 mbar until dry. For reconstitution of the extracts, 1 µL of methanol was added into 

the wells. The proteins were prepared in 10 mM ammonium acetate (pH 6.8) at a 

concentration of 17.5 µM for S100A4 and S100A4-Ca2+, 15.9 µM for TIM3 and 13.8 

µM for TIGIT. For incubation, 100 µL of protein solution was mixed with the extracts 

at 25 ºC for 30 min. 

3.4.7 Direct screening of lead-like enhanced extract 

For native MS screening, the sample solution (protein plus extract) was directly 

injected into the ESI source by a motor driven external syringe at a flow rate of 120 

µL/h. For each sample, three spectra were acquired in 256K (fastest Fourier transform 

configuration) data acquisition mode by 32 scans. After injecting the sample into ESI 

source, 32K mode was applied for tuning. The fast forward injection by the motor-

driven syringe allowed pushing out the air inside the tubing (between syringe and 

nebulizer) and nebulizer, and quick detection of protein and complex signals. When the 

protein peaks appeared with relatively stable intensity, fast forward was stopped and the 

syringe was let running for continuous infusion of the sample. Tuning was stopped and 

an appropriate number of scans were set to acquire the spectrum.  
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For acquisition of the spectra, 32 scans in 256K mode were commonly used. In 

some cases, the number of scan was increased to improve the quality of spectra. Once 

acquisition was finished, the spectrum was full processed and stored for further 

analysis. In between two sample injections, the ESI source was cleaned by using 

water/methanol (50/50, v/v) to prevent cross contamination. In some samples, protein 

peaks did not appear in the spectra, which required dilution of the extracts. The diluted 

extracts were incubated with the same concentration of protein and after 30 min spectra 

were acquired for the diluted samples.  

3.4.8 Identification of protein-natural product complexes  

Molecular weight of a protein was calculated by de-convolution of ESI-FTMS 

spectrum. Deconvolution parameters are summarized in Table 3.2. Protein-natural 

product complexes (hits) were detected by a comparison between the protein spectrum 

and sample (protein plus extract) spectra. The molecular weight of natural product 

binders was calculated from the mass difference between protein and complex by using 

equation 3.5.  

𝑀89 = 𝑚/𝑧: − 𝑚/𝑧9 ×𝑍 (3.5) 

Where, MNP is the molecular weight of the natural product, m/zP and m/zC are the 

mass-to-charge value of the protein and complex, respectively and Z is the charge. 

In case of calcium bound S100A4 (S100A4-Ca2+), both apo and calcium bound 

protein peaks ([P]Z+, [P-Ca2+]Z+) were observed in MS spectrum. For calculation of 

mass difference between protein and complexes, both peaks were considered. The 

signal-to-noise ratio/cut-off values in Bruker Xmass and Daltonic DataAnalysis 

software were set at 2 and 4, respectively. 

3.4.9 Influence of sample concentration in hit detection 

In direct screening by native MS, concentration of extracts was observed as an 

important factor in hit detection. The extracts were incubated with proteins at a 

concentration of 2.5 µge/µL. In some samples, protein peaks were not detected during 

screening. This can be explained based on relative concentration of different compounds 

in an extract, which was un-known. Very high concentration of extract may cause gas 

phase aggregation of compound(s) around the macromolecules, protein/protein-natural 

product complexes hindering their ionization by electrospray. Incubation of a diluted 

extract with the same concentration of protein reduced the relative concentration of 

compound(s) in the sample solution. Thus, by dilution of extracts gas phase aggregation 

was reduced, and ionization and detection of protein/protein-natural product complexes 
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in the gas phase was improved significantly. In some cases, dilution of extracts 

improved hit detection.  

 

 Improved hit detection upon dilution of extracts. In (A), the figure shows the 

S100A4 spectrum, acquired at a concentration of 17.5 µM by 32 scans. In (B), the figure shows 

the sample (protein plus extract) spectrum, acquired by 32 scans. The extract of Xylosma sp. 

was incubated with S100A4 (17.5 µM) at a concentration of 2.50 µge/µL. The protein peaks did 

not appear in the sample spectrum. Upon dilution, the extract was incubated with the protein 

(17.5 µM) at a concentration of 0.25 µge/µL. In (C), the figure shows detection of protein peaks 

in diluted sample spectrum, acquired by 32 scans. A hit, NP_580 (D) was detected in the diluted 

extract (D). 

For example, the screening of S100A4 with an extract from Xylosma sp. at a 

concentration of 2.5 µge/µL did not show the protein peaks in ESI-FTMS spectrum of 

the sample. However, in a new injection with diluted extract (0.25 µge/µL), the protein 
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peaks appeared with no changes in charge-state distribution. In addition, a natural 

product binder, NP_580 (MW = 580) formed a complex with S100A4 (Figure 3.3). 

Similarly, several hits were detected upon dilution of the extracts. 

3.4.10 Classification of hits based on molecular weight information 

3.4.10.1 Chemical subspaces of hits 

The molecular weight of hits was considered as a discriminator, which offered 

mapping chemical space of natural product binders. Natural product binders were 

classified in three chemical subspaces– a. drug-like compounds with molecular weight 

<500 Da (RO5), b. lead-like compounds with molecular weight <300 Da (RO3) and c. 

beyond the ‘rule of five’ (bRO5) with molecular weight > 500 Da (Figure 3.4) (Doak, 

Over, Giordanetto, & Kihlberg, 2014).  

 

 Chemical subspaces of hits based on their molecular weights. In (A), the 

figure shows the method of hit detection and molecular weight determination of natural product 

binders from ESI-FTMS spectrum. Here, [P]Z+ represents a protein peak for charged species, 

Z+ and [P+NP]Z+ represents the complex peak. P = protein, NP = natural product, P+NP = 

protein-natural product complex. The molecular weight of a natural product binder (MW = Δm/z 

× Z) was used as the identifier, NP_MW. The hits with molecular weight <300 Da were 

categorized as lead-like compounds (RO3), hits with molecular weight <500 Da were 

categorized as drug-like compounds (RO5). The compounds with molecular weight > 500 Da 

were beyond the ‘rule of five’ (bRO5). 

 

Da 
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3.4.10.2 Unique and common hits 

Considering molecular weight IDs, the hits were classified as unique and common 

hits. Unique hits detected to show binding to only one protein and common hits showed 

binding to more than one protein (Figure 3.5). A hit (NP) was detected from one or 

several biota, or more than one hit were detected from one biota. The common hits 

detected in multiple extracts could be the same compound or different compounds with 

the same mass. For classification, they were considered as the same compound.   

 

 Unique and common hits based on molecular weights. Here, NP = natural 

product. The unique hits showed binding to only one protein (A1) and the common hits showed 

binding to more than one protein (A2 & A3). The hits (NP) were detected from one (B1) or 

multiple biota (B2) or multiple hits from one biota (B3).  

Based on the calculated molecular weight of natural product binders, a total of 93 

hits were detected in 108 extracts that were obtained from 57 genera and among them, 

75 hits were found unique and 18 were common hits.  

3.5 Unique hits from extracts 

In native MS screening of extracts, 75 unique hits were detected in 86 extracts, 

obtained from 42 genera (Figure 3.6 A). Among them, 15 unique hits were found to be 

lead-like (RO3), 40 hits were drug-like (RO5) and 35 hits were beyond the rule of five 

(bRO5) (Figure 3.6 A). Six unique hits were detected to bind to S100A4, 33 hits to 

S100A4-Ca2+, 19 hits to TIM3 and 17 hits to TIGIT (Figure 3.6 B). 

B 

A 

3 1 2 

1 2 
3 
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 Scatter plots showing the unique hits detected in extracts. Here, the 

molecular weights of hits are plotted against genera (A) and proteins (B). Seventy-five unique 

hits were detected in 86 extracts, obtained from 42 genera. The extracts were obtained from the 

whole plant or different parts of the plants such as flowers, leaves, twigs, bark and roots. During 

screening the extracts from the whole plant/the parts of the plants were incubated separately 

with the proteins. During plotting, the hits with identical molecular weight and obtained from a 

particular genus were considered as one (A). Similarly, the hits with identical molecular weight 

and showed binding to a particular protein were considered as one (B).  
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3.6 Common hits from extracts 

Eighteen common hits were detected in 73 extracts, obtained from 37 genera 

(Figure 3.7 A). Among them, 1 common hit was lead-like (RO3), 6 hits were drug-like 

(RO5) and 12 hits were beyond the rule of five (bRO5) (Figure 3.7 A). Ten common 

hits showed binding to S100A4, 11 hits to S100A4-Ca2+, 11 hits to TIM3 and 12 hits to 

TIGIT (Figure 3.7 B). The common hits detected in multiple extracts could be the same 

compound or different compounds with the same mass. The common hits from extracts 

are summarized in Table 3.2. 

Table 3.2. Common hits from extracts 

S/N Common hits Protein Biota 

1 NP_265 S100A4-Ca2+ Fagraea sp. 

TIM3 Neolitsea sp. 

2 NP_324 S100A4-Ca2+ Daviesia sp. 

S100A4 Daviesia sp. 

3 NP_340 TIGIT Clerodendrum sp. 

TIM3 Neolitsea sp. 

4 NP_358 S100A4 Fagraea sp. 

S100A4-Ca2+ Leea sp. 

TIGIT Fagraea sp. 

5 NP_376 TIM3 Grossulariaceae sp. 

TIGIT Dicrastylis sp. 

6 NP_434 S100A4 Daviesia sp. 

S100A4-Ca2+ Lauraceae sp. 

Baloghia sp. 

TIGIT Daviesia sp. 

7 NP_504 TIGIT Vitex sp. 

TIM3 Vitex sp. 

Hemigenia sp. 

8 NP_522 S100A4-Ca2+ Lauraceae sp. 

TIGIT Grossulariaceae sp. 

9 NP_564 S100A4-Ca2+ Aleurites sp. 

S100A4 Desmodium sp. 
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Table 3.2: Continued…  

S/N Common hits Protein Biota 

10 NP_578 S100A4 Xylosma sp. 

S100A4-Ca2+ Fagraea sp. 

11 NP_580 S100A4 Xylosma sp. 

S100A4-Ca2+ Xylosma sp. 

TIGIT Vitex sp. 

TIM3 Lauraceae sp. 

12 NP_592 S100A4 Swainsona sp. 

Daviesia sp. 

Fagraea sp. 

S100A4-Ca2+ Indigofera sp. 

Xylosma sp. 

TIGIT Prostanthera sp. 

Daviesia sp. 

13 NP_594 S100A4 Rhynchosia sp. 

Daviesia sp. 

S100A4-Ca2+ Fagraea sp. 

TIGIT Daviesia sp. 

Fagraea sp. 

14 NP_610 S100A4-Ca2+ Flagellaria sp. 

  TIGIT Hovea sp. 

  Idiospermum sp. 

  Logania sp. 

  Loganiaceae sp. 

  Lauraceae sp. 

  Diplatia sp. 

  TIM3 Logania sp. 

  Lauraceae sp. 

  Mitrasacme sp. 

  Endiandra sp. 

  Lysiana sp. 

 

 



 95 

Table 3.2: Continued…  

S/N Common hits Protein Biota 

15 NP_624 TIGIT Prostanthera sp. 

Hemigenia sp. 

Leucas sp. 

Tectona sp. 

Newcastelia sp. 

TIM3 Prostanthera sp. 

Lamium sp. 

Anisomeles sp. 

Salvia sp. 

Spartothamnella sp. 

Hemigenia sp. 

16 NP_630 S100A4 Rhynchosia sp. 

TIM3 Hemigenia sp. 

17 NP_796 TIGIT Daviesia sp. 

TIM3 Scaevola sp. 

Abrophyllum sp. 

18 NP_910 TIGIT Gomphandra sp. 

Scaevola sp. 

Abrophyllum sp. 

TIM3 Scaevola sp. 

Abrophyllum sp. 
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 Scatter plots showing the common hits detected in extracts. Here, the 

molecular weights of hits are plotted against genera (A) and proteins (B). 18 common hits were 

detected in 73 extracts, obtained from 37 genera (A). During plotting, the hits with identical 

molecular weight and obtained from a particular genus were considered as one (A). Similarly, 

the hits with identical molecular weight and showed binding to a particular protein were 

considered as one (B). 
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3.7 Direct screening of lead-like enhanced fractions 

3.7.1 Preparation of lead-like enhanced fractions 

In the preliminary screening of 2,728 lead-like enhanced extracts, a total of 93 hits 

were detected in 108 extracts that were obtained from 57 genera. The positive extracts 

were fractionated by reverse-phase high performance liquid chromatography (RP-

HPLC) using a C18 column. For gradient elution, a binary solvent system consisting of 

methanol and water plus 0.1% trifluoroacetic acid was used. The gradient flow started 

(at 0.01 min) from 10% of methanol to 50% of methanol at 3.00 min at a flow rate of 4 

mL/min and then up to 100% methanol at 6.50 min at a flow rate of 3 mL/min. The 

column was washed with 100% methanol for 1 min (7.00 to 8.00 min) at a flow rate of 

4 mL/min. Five fractions were collected, eluting from 2.00 min to 7.00 min, 0.98 min 

for each (Figure 3.8). The compounds eluting in this period have log P <5. Thus, HPLC 

fractionation by silica-based C18 column provided a second step log P filtering.  

To observe the performance of the column, a standard mix of uracil, 

benzophenone, methyl 4-hydroxy benzoate, and ethyl 4-hydroxy benzoate was used, 

after each 5 samples. The retention time and UV absorption profile of the standards 

were identical in each run. The fractions were dried in a centrifugation vacuum dryer at 

37 °C and 50 mbar for 1 h to facilitate evaporation of methanol. Then, vacuum pressure 

was set at 10 mbar for complete drying of the fractions.  

 

  HPLC-UV chromatogram acquired during fractionation. Fractions 1 to 5 

(FR1-5) were collected, starting from 2.00 min to 7.00 min, 0.96 min for each fraction. FR1 was 

collected at a flow rate of 4 mL/min and FR2 to 5 were collected at a flow rate of 3 mL/min.   

For each biota a HPLC chromatogram was developed during fractionation, which 

provided ultraviolet absorption profile of the compounds at 254, 280, 320 and 380 nm 

wavelengths. For screening of lead-like enhanced fractions, 150 fractions from 30 biota 

(30×5 = 150) were selected. The following features were considered during selection of 

fractions: 
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     1. The ratio of protein and complex intensity of hits in ESI-FTMS spectra, 

acquired during preliminary screening of the extracts, 

     2. The presence of natural products in ESI-FTMS spectra, acquired during 

screening of the extracts, 

     3. Molecular weight of natural products, estimated from ESI-FTMS spectra, 

     4. Taxonomical classes and 

     5. HPLC-UV profile of the biota. 

The selected fractions were screened against the protein, S100A4, S100A4-Ca2+, 

TIM3 and TIGIT by using a Bruker SolariX 12 Tesla instrument. 

3.7.2 Optimization of Bruker SolariX 12 Tesla for fraction screening 

Bruker SolariX 12 Tesla ESI-FTMS was controlled by using Bruker software, 

SolariX control to configure, operate and record the mass spectra. The Bruker SolariX 

control was installed on a Microsoft Windows XP computer. To obtain ESI signal in 

positive polarity, a tune mix of 0.1% of formic acid in 50:50 acetonitrile/water was 

used. The tune mix was loaded into a Hamilton syringe (500 µL) and the syringe was 

connected to a filling port and inserted into the syringe pump. The tune mix was 

injected 'Fast Forward' through tubing between the syringe and ESI source. The ‘Fast 

Forward’ injection removed the air inside the sample injection system. For mass 

calibration, ubiquitin was used as reference standard to generate accurate m/z values and 

subsequent calibration of quadrupole in both linear and non-linear curve fitting 

methods. The calibrant was prepared at a concentration of 200 fmol/µL in a solution of 

50:50:0.1 of ACN:H2O:formic acid and was injected into the ESI source at a flow rate 

of 120 µL/h. For curve fitting, charge distribution of denatured ubiquitin in acquired 

spectrum was compared with a reference dataset from Bruker.  

3.7.3 Native mass spectrometry of proteins in Bruker SolariX 12 Tesla 

For the screening lead-like enhanced fractions, the concentrations of proteins were 

the same as that of extract screening. S100A4 and S100A4-Ca2+, TIM3 and TIGIT were 

used at a concentration of 17.5 µM, 15.9 µM and 13.8 µM respectively. However, the 

critical instrumental conditions were optimized for each protein to produce high quality 

spectra. The proteins, S100A4, S100A4-Ca2+, TIM3 and TIGIT were prepared and 

diluted in 10 mM ammonium acetate. Optimum conditions for critical instrumental 

parameters in positive ESI mode are listed in Table 3.3. 
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Table 3.3. Optimum conditions for critical instrumental parameters in Bruker 

SolariX 12 Tesla in positive ESI mode 

Instrumental parts Parameters Screening conditions 

Syringe pump Flow rate (µL/h) 120 

API-source Capillary (V) −4500 

 End plate off set (V) −1000 

Source gas tune Nebulizer (bar)t 1-2 

 Dry gas (L/min)t 4-6 

 Dry gas temperature (°C)m 120-200 

Ion transfer   

Source optics Capillary exit (V) 220.0 

 Deflector plate (V) 250.0 

 Funnel 1 (V)t 110.0-150 

 Skimmer 1 (V)t 15.0-30.0 

 Funnel RF Amplitude (Vpp) 250.0 

Octopole Frequency (MHz)m 2-5 

 RF amplitude (Vpp) 200.0 

Quadrupole Q1 mass (m/z) 600.0 

Collision cell Collision Cell (V) −3.0 

 DC Extracts Bias (V) 0.1 

 RF Frequency (MHz) 2 

 Collision RF Amplitude (Vpp) 2000.0 

Transfer optics Time of Flights (ms)t 1.500-2.500 

 Frequency (MHz) 2 

 RF amplitude (Vpp) 450.0 

Magnitude Sizet 1-2M 

 Mass rangem 294.85-10000.00 

 Average scans / number of scansa 16-64 

 Accumulation time (s)t 0.7-1.5 
Screening conditions were varied during t tuning of the instrument, m method setup for the proteins, a 

acquisition of sample spectra. 

Charge-state distribution of pure proteins in ESI-FTMS spectra, acquired in 

Bruker SolariX 12 Tesla was quite similar to that of Bruker Apex 4.7 Tesla. In optimum 

instrumental conditions, SolariX produced multiple charge-states of S100A4 protein 

including 5+, 9+, 10+, and 11+, which appeared as three different peaks. The charge-



 100 

states 10+/5+ appeared as the most abundant peak (m/z = 2320.6), where 5+ represented 

monomer and 10+ represented dimer of the protein. The dimeric state also appeared in 

two other charge-states including 11+ and 9+ at m/z = 2109.5 and 2578.0 (Figure 3.18 

A). Charge-state distribution of calcium bound S100A4 was identical to that of apo 

S100A4, and the protein plus calcium adduct was detected as m/z = 2324.3 (10+/5+) 

(Figure 3.20 B). In Bruker SolariX 12 Tesla, TIM3 showed three different 

charge=states, 8+ (m/z = 1589.6), 7+ (m/z = 1816.6) and 12+ (dimer)/6+ (monomer) 

(m/z = 2119.2) (Figure 3.9 C). TIGIT showed three different charge-states, 8+ (m/z = 

1589.6), 7+ (m/z = 1815.8) and 12+/6+ (m/z = 2118.3) (Figure 3.9 D). 

 

 Charge-state distribution of native proteins in Bruker SolariX 12 Tesla 

ESI-FTMS. In (A & B), CSD of S100A4 in apo and calcium bound conformation, in (C), TIM3 

and in (D) TIGIT.  
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3.7.4 Incubation of protein with lead-like enhanced fractions 

For direct screening of fractions, sample solution (protein plus fraction) was 

prepared at a concentration of 2.5 µge/µL for each fraction. The concentration of a 

fraction was estimated from initial mass of biota powder. The dried lead-like enhanced 

extracts, obtained from 300 mg of dried biota powder was considered as 300 mge. For 

fractionation, the extracts were reconstituted in 600 µL of dimethyl sulfoxide (DMSO) 

at a concentration of 500 µge/µL. One-hundred µL of extract solution was injected into 

RP-HPLC column. Thus, each fraction was considered as 500 µge. 

The dried fractions were dissolved in 400 µL of methanol/water (50:50) to prepare 

a solution of 1.25 µge/µL. Two microliters of fractions was transferred into 96-well 

PCR plates and dried. For incubation with protein, the fractions were re-constituted in 1 

µL of methanol. An aliquot of 48 µL of the proteins in ammonium acetate buffer was 

added into the wells and mixed properly for incubation at 25 °C for 30 min. Then 

samples were screened in Bruker SolariX 12 Tesla by using the methods that were 

optimized for the proteins. The intensity of protein peaks in ESI-FTMS spectra was not 

consistent among the samples and in some samples the proteins were not detected. To 

improve the screening efficiency, the fractions were prepared at a concentration of 2.5 

µg/µL.   

3.7.5 Screening of lead-like enhanced fractions 

For native MS screening of fractions, a Bruker SolariX 12 Tesla ESI-FTMS 

instrument was used. At first, the instrument was tuned using a solution of 50:50 

acetonitrile/water plus 0.1% of formic acid. The instrument was calibrated with 

desaturated ubiquitin at a concentration of 200 fmol/µL in 50:50:0.1 of 

ACN:H2O:formic acid. Then samples were screened in Bruker SolariX 12 Tesla by 

using the methods that were optimized for the proteins. Fifty microliters of each sample 

was taken into a syringe and injected ‘Fast Forward’ through tubing into the ESI source. 

The fast forward flow removed the air in the tubing and nebulizer. Once the signals of 

protein peaks in ESI-FTMS spectra was relatively stable (Total Ion Current showed a 

plateau), the sample was allowed to run at a flow rate of 120 µL/h. ESI-FTMS spectra 

were acquired in 1M mode by 16 scans for pure protein, and 32 scans were used for 

sample acquisition.  

3.5.6 Molecular weight identification of natural product binders from fractions  

A comparative analysis of the results from extract and fraction screening showed 

that the hits, identified in extracts were confirmed in fractions, as well. Moreover, some 
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additional hits were detected in fractions. For example, a hit NP_594 was detected in an 

extract from Fagreae sp. The binding of NP_594 was confirmed in fraction number 3. 

An additional hit, NP_358 was detected in fraction number 2 (Figure 3.10). 

 

 Additional hit detection in fraction screening. NP_594 was detected in an 

extract from Fagreae sp., which was confirmed in fraction number 3 (B). An additional hit, 

NP_358 was detected in fraction number 2 (A).     

Similarly, a natural product binder of TIM3, NP_592 was detected from an extract 

of Daviesia sp. Binding of NP_592 to TIM3 was confirmed in fraction number 2. In the 

same fraction, two additional hits, NP_434 and NP_610 were detected.  

In fraction screening, hit detection was improved due to simplification of the 

complex mixture of extracts into fractions. The extracts were fractionated by reverse-

phase C18 column for 11 min and five fractions were collected from 2 to 7 min. Hence, 

the number of compounds was relatively higher in extracts than the fractions. In NMR-

based screening, higher hit rates were observed with lower optimum mixture sizes 

(Mercier & Powers, 2005). Therefore, the mixture size of sample solution is an 

important factor in ESI-FTMS screening.    

Some hits detected in the extracts were not confirmed in fraction screening. For 

example, NP_239 was detected in an extract from Neostrearia sp. that showed binding 
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to TIM3. In fraction screening, the binding of NP_239 to TIM3 was not detected in any 

fraction (1 to 5) from Neostrearia sp. However, a new hit, NP_421 was identified in 

fraction number 4. During fractionation of extracts, the compounds eluting from 0.00 to 

2.00 min and 7.00 to 11.00 min were not collected. NP_239 may not be collected into 

the fractions. 

Thirty positive extracts were fractionated and five fractions were collected for 

each extract. A total of 150 fractions were screened and 37 hits were detected from 15 

genera. Among them, 23 hits revealed in the extracts plus 14 additional hits were 

detected in fractions. Fraction number 3 produced the highest number of hits (11 hits) 

and fraction number 5 showed the lowest (4 hits). Six hits were detected in fraction 1, 8 

hits from fraction 2 and 8 hits were from fraction 4. 

3.7.6.1 Unique hits from fractions 

From native MS screening of lead-like enhanced fractions, 23 unique hits were 

detected in 23 fractions, obtained from 11 genera. Among them, 1 unique hit was lead-

like (RO3), 14 hits were drug-like (RO5), and 9 hits were beyond the ‘rule of five’ 

(bRO5) (Figure 3.11 A). Four unique hits were detected to bind to S100A4, 4 hits to 

S100A4-Ca2+, 7 hits to TIM3 and 8 hits to TIGIT (Figure 3.11 B). 
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 Scatter plots showing the unique hits detected in fractions. Here, the 

molecular weights of hits are plotted against genera (A) and proteins (B). Twenty-three unique 

hits were detected in 24 fractions from 11 genera (A). Five fractions from each extract were 

screened against the four proteins – S100A4, S100A4-Ca2+, TIM3 and TIGIT (B). During 

plotting, the hits with identical molecular weight and obtained from a particular genus were 

considered as one (A). Similarly, the hits with identical molecular weight and showed binding 

to a particular protein were considered as one (B). 
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3.7.6.2 Common hits from fractions 

From the screening of lead-like enhanced fractions 14 common hits were detected 

in 24 extracts from 11 genera (Figure 3.12). Four common hits were drug-like and 10 

hits were beyond the ‘rule of five’.  

 

 

 Scatter plot showing the common hits detected in fractions. Fourteen 

common hits were detected in 24 fractions from 11 genera. Five fractions from each extract 

were screened against the four proteins – S100A4, S100A4-Ca2+, TIM3 and TIGIT. During 

plotting, the hits with identical molecular weight and obtained from a particular genus were 

considered as one. 

A common hit detected in multiple fractions could be the same compound or 

different compounds with the same mass. The common hits showed binding to S100A4, 

S100A4-Ca2+, TIM3 and TIGIT. Seven common hits, NP_358, NP_376, NP_434, 

NP_564, NP_592, NP_594 and NP_610 were followed-up for large-scale isolation and 

structure elucidation.  
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3.8 Summary 

In native MS screening, the gas phase detection of protein-natural product 

complexes was influenced by concentration of extracts and fractions. Native MS 

screening in Bruker Apex III 4.7 Tesla required 98 µL of protein at optimum 

concentration, while Bruker SolariX 12 Tesla required 48 µL of protein at the same 

concentration. The Bruker SolariX 12 Tesla FT-ICR mass spectrometer with cylindrical 

ion trapping cell, and higher magnetic field consumed less amount of protein at 

optimum instrumental conditions. Previously, Tolmachev and co-workers showed 

higher sensitivity of detection by Bruker SolariX 12 Tesla FT-ICR mass spectrometer 

(Tolmachev, Robinson, Wu, Paša-Tolić, & Smith, 2009).  

In fraction screening, the hits from extracts were confirmed and additional hits 

were detected. These results, demonstrated that reduction of mixture size of the sample 

from extract to fraction improved hit detection.   

During screening of extracts and fractions, it was observed that natural products 

form complexes with monomer and/or dimer of the proteins: in some cases only with 

dimer/monomer and in some cases with both dimer and monomer. In most of the cases, 

highly intense complexes were observed with the ions corresponding to the base peak in 

the protein spectra. For example, in S100A4 and S100A4-Ca2+ the base peak 

corresponds to 10+ charge ions in dimer and 5+ in monomer state of the protein and 

almost all of S100A4 and S100A4-Ca2+ hits complexes were detected as 10+/5+ ions.  

In some cases, binding of natural products changed the ionization of the proteins.  

For example, in ESI spectrum of S100A4, 11+, 10+/5+ and 9+ CSD was observed. 

During screening of extracts, three hits were detected in all the three charge states. Six 

hits were detected in 10+ and 9+ charge states, one hit was detected in 11+ and 10+ 

charge states, and six hits were detected in only 10+ charge state.  

The ions that corresponded to 1:1 complexes of natural products with the proteins 

were considered as specific binding. The ions corresponded to more than 1:1 complexes 

were considered as specific binding (Ockey et al., 2004). In most of the cases, specific 

binding was observed.       

In most cases, common hits appeared in extracts that were obtained from biota 

with similar taxonomical classes. This can be explained by similar primary and 

secondary metabolism of plants from different species. Plants produce secondary 

metabolites to survive in the environment. Secondary metabolism of plant is also related 

to primary metabolism and building blocks. Similar or same compounds produced in 

different species may be by similar biosynthetic pathways, and for common purposes 
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(Seigler, 2012). Hence, it is anticipated that a common hit from different biota probably 

the same compound.      

Molecular weight consideration of the natural product binders showed an 

advantage of analysing hits prior to going for large-scale isolation and chemical 

structure determination. Based on molecular weight of hits, the compounds were 

classified into drug-like (molecular weight <500 Da) and lead-like (molecular weight 

<300 Da). The lead-like compounds also comply with the molecular weight criteria of 

fragment like compounds (RO3). Thus, the hits with molecular weight <300 Da can be 

taken into fragment based drug discovery. The drug-like hits can be studied for 

biological activity analysis. Doak and colleagues in a review on orally bioavailable 

drugs and clinical candidates beyond the ‘rule of five’ showed that major oral bRO5 

class originated from natural products (Doak et al., 2014). Here, molecular weight 

consideration allowed extension of chemical spaces of hits beyond the ‘rule of five’. 

The hits with molecular weight > 500 Da can be used as chemical probes to study 

protein-natural product binding, such as identification of binding sites and binding 

mode analysis, identification of important group(s) of the compounds that are the major 

contributors in binding with proteins. These data can be used in structure based drug 

design for the proteins. 

Thus, the preliminary screening results shown here highlighted the strengths and 

advantages of native mass spectrometry by electrospray ionization to analyse natural 

product libraries. 
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Chapter 4 

Mass Guided Isolation and NMR Structure Elucidation of 

Common Natural Product Binders  

4.1 Introduction 

This chapter includes liquid chromatography high-resolution mass spectrometry 

(LC-HRMS) of hits, large-scale isolation, and structure elucidation of natural product 

binders. 

For LC-HRMS analysis, an Agilent 1100 Series high performance liquid 

chromatograph (HPLC) was connected to a Bruker maXisTM II ESI–QTOF mass 

spectrometer. The positive extracts with hits, detected by native MS screening were 

analysed by liquid chromatography high-resolution mass spectrometry (LC-HRMS). 

Based on LC-HRMS profile of hits, 7 common hits including NP_564, NP_358, 

NP_594, NP_376, NP_434, NP_592 and NP_610 were selected for large-scale isolation 

and structure elucidation (Table 4.2). 

For large-scale isolation, freeze-dried plant materials were sequentially extracted 

by n-hexane, dichloromethane and methanol. The extracts were fractionated by high 

performance liquid chromatography using reverse-phase C18 columns. HPLC-grade 

organic solvents including n-hexane, methanol, dichloromethane, acetonitrile, ethyl 

acetate, and ultrapure water of type 1 (ISO 3696) were used for extraction, fractionation 

and purification of natural products. 

Liquid chromatography low-resolution mass spectrometry (LC-LRMS) and time 

of flight mass spectrometry (TOF-MS) were used to analyse the extracts and fractions. 

NMR spectroscopy was used for the purity analysis of fractions and structure 

elucidation of the compounds. A Bruker 800 MHz NMR spectrometer with CryoProbe 

was used for NMR experiments. For sample preparation, Bruker NMR tubes 

(5mm/3mm OD) were used. For sample handling, a high-throughput robotic system 

SampleJet was used. 1D and 2D spectra were acquired in dimethyl sulfoxide-d6 and 

pyridine-d5 at 25 °C by applying standard parameters. 
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4.2 Selection of natural product binders for large-scale isolation 

4.2.1 Instrumental setup and LC-HRMS method development 

A Bruker ultra-high resolution QTOF technology, maXis IITM was connected to 

an Agilent 1100 Series HPLC system. The both instruments were controlled by using a 

Bruker software, Compass HyStar for coupling chromatography to mass spectrometry. 

A sample injection port was set-up in between HPLC column and electrospray 

ionization source of the mass spectrometer. The sample injection port was made-up of a 

LC splitter and four pipelines (Figure 4.1). One line (L1) was connected at the end of 

the column to the splitter, which divided the flow (1 mL/min) into two at a ratio of 7:3. 

A line, L2 carried 70% (v/v) of the flow, which was connected to the UV-detector of 

HPLC and a line, L3 was connected to the ESI source of mass spectrometer. L3 

delivered 30% (v/v) of the flow, which was eluting from LC column to the ESI source. 

The flow from UV detector was collected into a waste collector though a line, L4. The 

length of two lines, L2 and L3, adjusted the detection timing in UV detector and MS. 

 

Figure 4.1:  Sample injection port between HPLC column and ESI source. A line, L1 is 

connecting a column to the splitter. From the splitter, 70% (v/v) of sample goes to UV detector 

and 30% of sample goes to mass spectrometer through line L2 and L3. The solvent waste was 

collected through the line L4. 

4.2.2 LC-HRMS profile of active extracts 

4.2.2.1 LC method development 

In liquid chromatography analysis of extracts, a reverse-phase C18 column (250 × 

4.6 mm, 5 µm) was used. A binary mobile phase of methanol and water plus 0.1% of 
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formic acid was used at a flow rate of 1 mL/min. For elution, a gradient method was 

developed and optimized. The mobile phase started with 5% (v/v) of methanol and 95% 

of water plus 0.1% of formic acid. A period (2.5 min) of initial isocratic retention in 5% 

of methanol was applied. The total gradient elution was for 13.5 min. The final 

composition of mobile phase was 100% of methanol plus 0.1% of formic acid. To 

ensure elution of all analytes, interferents and strongly bound components, the column 

was washed for 2 min in 100% of methanol plus 0.1% of formic acid. Then, the system, 

especially the column was returned to the initial composition. The column was 

equilibrated in 5% of methanol and 95% of water plus 0.1% of formic acid to ensure 

that the entire column was returned to initial gradient composition.  

The extracts were reconstituted in methanol-water (50/50, v/v) at a concentration 

of 250 µge/µL. The dried lead-like enhanced extract from 300 mg of biota powder 

(prepared by maceration and solid phase extraction, Chapter 3) was considered as 300 

mge. One-hundred mge was used for preparation of lead-like enhanced fractions 

(Chapter 3) and the rest (200 mge) was stored. Eight-hundred µL of methanol-water 

(50/50) was added to reconstitute the extracts at a concentration of 250 µge/µL. Thirty 

µL of extract solution was injected per sample.  

In a trial of 20 samples at a concentration of 250 µge/µL, it was observed that the 

UV absorbance (LC chromatograms) and ion intensities (MS spectra) of the compounds 

were inconsistent among the samples. In some samples, very low UV absorbance and 

absolute intensity of the ions were observed. At 250 µge/uL, the amount of extracts in 

different samples was different. To improve the homogeneity, the extracts were 

prepared at a concentration of 250 µg/µL. Thirty µL of extract solution was injected per 

sample. The UV absorption (LC chromatograms) and ion intensities (MS spectra) of the 

compounds were similar in the samples at a concentration of 250 µg/µL. 

A standard mix of uracil, benzophenone, methyl 4-hydroxybenzoate, and ethyl 4-

hydroxybenzoate was used to observe the column performance. To reduce cross 

contamination, a blank solution was used after each five samples. Thirty uL of 

methanol/water (50/50) was injected as blank solution. The same mobile phase and 

gradient method of LC was used for standard mix, extract and blank solution. 
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4.2.2.2 HR-MS method development  

HR-MS spectra were acquired by using a quadrupole time of flight mass 

spectrometer (Bruker maXis IITM OTOF). For extract analysis, positive electrospray 

ionization mode was applied and several instrumental parameters were optimized. A 

method was set-up with the mass range of detection from 50 to 1300 m/z. The optimum 

conditions for ESI source and MS tune parameters are summarized in Table 4.1.  

Table 4.1. Optimum conditions for critical instrumental parameters of Bruker 

MaXis II OTOF in positive ESI mode 

Instrument parameters Optimum conditions 
Source End Plate Offset (V) 450 
 Capillary (V) 4500 
 Nebulizer (Bar) 1.0 
 Dry Gas (L/min) 5.0 
 Dry temperature (°C) 120 
Tune   
Transfer Funnel 1 RF (Vpp) 15.0 
 isCID energy (eV) 0.0 
 Multiple RF (Vpp) 110.0 
Quadrupole Ion Energy (eV) 0.1 
 Low Mass (m/z) 80 
Collision cell Collision (eV) 5.0 
 Collision RF (Vpp) 500.0 
 Transfer time (µs) 100.0 
 Pre Pulse Storage (µs) 5.0 

4.2.3 Molecular ions and molecular formulae analysis 

Bruker Daltonics software, Data Analysis 4.3 was used to analyse the LC-HRMS 

data. In HR-MS spectra, natural product binders were detected as parent ions ([M +
H]&'), corresponding to the molecular weights, detected during native MS screening. In 

native MS screening of extracts, 93 hits were detected in 108 extracts, obtained from 58 

genera, and 47 hits were detected in fractions, obtained from 15 extracts (Chapter 3). In 

LC-HRMS analysis, 62 hits were observed in positive ESI mode. The retention time 

(min) of the compounds were plotted against their m/z values (Figure 4.2).  
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Figure 4.2:  LC-MS profile of positive extracts. The mass-to-charge (m/z) values, 

corresponding to the molecular weight of natural product binders were plotted against the 

retention time in C18 column. During plotting, a natural product binder that showed the same 

retention time in multiple extracts was considered once. For example, NP_610 showed 3 

different retention time 11.3 min (from 2 biota), 11.7 min (from 2 biota) and 11.9 min (from 5 

biota). Seven common hits NP_358, NP_376, NP_434, NP_564, NP_592, NP_594 and NP_610 

were selected for large-scale isolation and structure elucidation. 

The molecular formula of the compounds were predicted by using 

‘SmartFormula’ in Bruker DataAnalysis software (Kind & Fiehn, 2006). The charge on 

the molecular ions of natural product binders was determined by deconvolution. The 

charge deconvolution parameters are summarized in Table 4.2. 

Table 4.2. Charge deconvolution parameters used for LC-MS analysis of 

extracts 

Parameters  Deconvolution conditions (+ESI, MS)  

Adduct ions  [M+H]+, [M+Na]+ 

Mass range (m/z) 250-4000  

Abundance cut-off (%)  2.5 

Maximum charge Auto 

Signal-to-noise ratio 4 

 

Full scan mass spectra on maXis II OTOF provided exact mass values (m/z) for 

the plant metabolites with a mass accuracy of 5 ppm. MS signals of lower intensity 

allowed for the characterisation of the observed ions as [M + H]' and sodium adducts 
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[M + Na]'. First, thirty sum formula suggestions were calculated using the 5 ppm mass 

accuracy windows allowing only C, H, N and O were allowed as elements. Then, the 

suggested formulas were evaluated by rating of results according to the matching of 

experimental and theoretical isotope patterns. Considering the isotope pattern 

information, the number of meaningful suggestions was reduced to about 10. 

To rank the suggested molecular formula, the following values were considered:      

Meas. m/z Measured m/z value. 

Formula  Sum formula. 

Score  Score of the formula (a value between 0 and 100%). 

Cal. m/z  Calculated m/z of the formula. 

err [ppm]  Deviation between measured mass and theoretical mass of the selected 

peak in [ppm]. 

mSigma  Sigma is a rate for the agreement of the theoretical and measured 

isotopic pattern of the mass peak of interest. It combines the standard 

deviation of the masses and intensities for all isotopic peaks. The values 

are given in [milliSigma] and lower numbers indicate a better fit. 

rdb  Number of rings and double bonds in the formula. 

e¯Conf  Indicates whether the electron configuration is even or odd. 

N-Rule  Indicates whether the nitrogen rule is fulfilled. 

For example, the suggested molecular formulas of NP_358 and estimated score 

values are (Table 4.3):  
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Table 4.3. Predicted molecular formula of NP_358 from true isotopic distribution 

Meas. m/z Ion Formula Cal. m/z err [ppm] mSigma # mSigma Score rdb e¯ Conf N-Rule 
359.1337 
[M + H]& 

C16H23O9 359.1337 −0.1 1.8 1 100 5.5 even ok 

C13H15N10O3 359.1323 −3.8 5.4 2 46.92 11.5 even ok 

C17H19N4O5 359.135 3.7 14.2 3 41.07 10.5 even ok 
381.1157 
[M + Na]& 

C14H17N6O7 381.1153 −0.9 2 1 100 9.5 even ok 

C11H9N16O 381.114 −4.4 5.1 2 43.88 15.5 even ok 

C15H13N10O3 381.1167 2.7 13.7 3 57.08 14.5 even ok 

C13H21N2O11 381.114 −4.4 14.1 4 37.37 4.5 even ok 

C13H14N10NaO3 381.1143 −3.7 2.9 1 50.82 11.5 even ok 

C16H22NaO9 381.1156 -0.1 4.4 2 100 5.5 even ok 

C17H18N4NaO5 381.1169 3.4 14.4 3 43.99 10.5 even ok 
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4.2.4 Common hits  

Common hits from different biota showed similar, or the same retention time in 

C18 column. Based on LC-HRMS profile of natural product binders, 7 common hits 

including NP_564 (NP for natural product and 564 is the molecular weight), NP_358, 

NP_594, NP_376, NP_434, NP_592 and NP_610 were selected for large-scale isolation 

and structure elucidation (Table 4.4). Molecular formulae analysis showed that a 

common hit from different bitoa have the same molecular formulae. The biota from 

Desmodium sp., Fagraea sp., Dicrastylis sp. and Daviesia sp. were selected for large-

scale isolation of natural product binders (Table 4.4). 

Table 4.4. Selected biota for mass guided isolation of common hits 

Natural product Positive fraction Molecular formula Biota  

NP_564 3 C26H28O14 Desmodium sp. 

NP_358 2 C16H22O9 Fagraea sp. 

NP_594 3 C28H34O14 Fagraea sp. 

NP_376 2 C16H24O10 Dicrastylis sp. 

NP_434 3 C21H22O10 Daviesia sp. 

NP_592 3 C28H32O14 Daviesia sp. 

NP_610 3 C27H30O16 Daviesia sp. 

NP = Natural product; 564, 358, 594, 376, 434, 592 and 610 are the molecular weight of natural 

product binders, calculated from ESI-FTMS spectra. Positive fractions were detected during 

fraction screening. Molecular formula was predicted from HR-MS of the compounds. 

4.3 Isolation and structure elucidation of NP_564 from Desmodium sp. 

4.3.1 Extraction and fractionation 

Freeze dried powder (10.56 g) from the mixed parts a plant of Desmodium sp. was 

extracted sequentially by using three solvents including n-hexane (250 mL), 

dichloromethane (2×250 mL) and methanol (2×250 mL). Maceration method of 

extraction was supported by ultra-sonication. n-Hexane extract was discarded, and 

dichloromethane and methanol extracts were dried by using a rotary evaporator at 35 °C 

and 187 mbar. The dried extracts were reconstituted in methanol/water (50/50, v/v) and 

analysed by LC-LRMS in both positive and negative ESI modes. 

For LC-LRMS analysis of extracts, a C18 column (100×2 mm, 3 µm) and a binary 

mobile phase of methanol and water plus 0.1% (v/v) formic acid at a flow rate of 1 
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mL/min were used. The mobile phase started with 5% (v/v) of methanol and 95% of 

water plus 0.1% of formic acid. The total gradient elution was for 10 min. The final 

composition of mobile phase was 100% of methanol plus 0.1% of formic acid. To 

ensure elution of all analytes, interferents and strongly bound components, the column 

was purged in 100% of methanol plus 0.1% of formic acid for 1 min. Then, the system, 

especially the column was returned to the initial composition. To ensure the entire 

column was returned to initial gradient composition, the column was equilibrated in 5% 

of methanol and 95 % of water plus 0.1% of formic acid. 

Methanol extract was found to contain the natural product binder, NP_564. In 

positive ESI spectrum, a parent ion ([M + H]') and its sodium adduct ([M + Na]') 

appeared at m/z = 565.43 and m/z = 587.60, respectively. In negative ESI spectrum, the 

compound appeared as a parent ion ([M − H]+), m/z = 563.12.  

Methanol extract was fractionated by reverse-phase HPLC using a C18 column 

(100×10 mm, 5 µm) and a binary mobile phase of methanol and water, at a flow rate of 

9 mL/min. The mobile phase started with 10% (v/v) of methanol and 90% of water with 

10 min of initial isocratic retention. The total gradient elution was for 40 min, which 

ended with 100% of methanol. To ensure elution of all analytes, interferents and 

strongly bound components, the column was purged in 100% of methanol for 10 min. 

Sixty fractions were collected, each for 0.96 min. Three-hundred mg of crude methanol 

extract was absorbed onto a cotton roll, which was packed into a guard cartridge (10×30 

mm), connected to the column. 

From the HPLC-UV chromatogram (Figure 4.3), it was observed that separation 

of the compounds from 1 min to 30 min was not good. This was due to the overload of 

compounds (300 mg of extracts) into the column. However, TOF-MS and LC-MS 

analysis revealed that fraction number 5 to 13 (Figure 4.3) contained the natural product 

binder, NP_564 (m/z = 565.43 & 587.60). From LC-MS and 1H-NMR spectra it was 

observed that the fractions required further purification. 
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Figure 4.3:  RP-HPLC-UV chromatogram acquired during fractionation of methanol 

extract from Desmodium sp. Fraction number 5 to 13 contained the natural product binder, 

NP_564.  

4.3.2 Purification of NP_564  

For purification, fraction number 5 to 13 were combined and fractionated by RP-

HPLC using the same mobile phase and gradient method that were used for 

fractionation of extract. Sixty fractions were collected from a C18 column (100×10 mm, 

5 µm), each for 0.96 min. Fraction number 25 to 30 (Figure 4.4) contained NP_564 (m/z 

= 565.43 & 587.60). Fraction number 26 was prepared in DMSO-d6 to acquire 1H-

NMR, 13C-NMR, gCOSY, gHSQCAD, gHMBCAD and NOESY spectra at 25 °C by 

applying standard parameters. 

 

Figure 4.4:  RP-HPLC-UV chromatogram acquired during purification of NP_564. 

Fraction number 25 to 30 contained NP_564. 

4.3.2 Structure elucidation of NP_564  

From high resolution mass spectrometry, NP_564 was found to possess the 

molecular formula C26H28O14. Heteronuclear single quantum coherence NMR 

experiment (HSQC) was used to assign the proton signals to the corresponding carbon 

signals. 

In HSQC spectrum, two aromatic protons at δH 7.94 (d, J = 8.5 Hz, 2H) and δH 

6.94 (d, J = 8.5 Hz, 2H) were correlated to two olefinic carbons at δC 128.5 (C1) and 

116.0 ppm (C2), respectively. Proton-proton coupling constant (JHH = 8.5 Hz) and the 

COSY correlation (Figure 4.5 B) between 7.94 and 6.94 ppm referred them as two 
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adjacent aromatic protons (ortho). Integration of the signals at δH 7.94 and 6.94 ppm 

showed two equivalent protons (2H) in each signal. In HMBC spectrum, the proton at 

δH 7.94 (2H) was correlated to the carbon at δC 128.5 ppm (C3, another carbon with 

identical chemical shift of C1) (Figure 4.5 C). Therefore, two protons of identical 

chemical shift have 1, 3/meta distribution (C1 & C3). In HMBC spectrum, the proton at 

δH 6.94 ppm showed correlation to the carbon at δC 116.0 ppm (C4, a carbon with 

identical chemical shift of C2) (Figure 4.5 C). Therefore, two protons of identical 

chemical shift have 1, 3/meta distribution (C2 & C4). 

 

Figure 4.5:  NMR spectral assignments for fragment structure 1 of NP_564. In (A), the 

blue and green are showing COSY (B) and HMBC (C) correlations. The carbon numbering is 

only for spectral assignment. 
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Both protons at δH 7.94 and 6.94 ppm showed HMBC correlation to a phenolic 

carbon at δC 161.3 ppm (C5). The proton at δH 6.94 ppm showed HMBC correlation to a 

non-protonated carbon at δC 121.5 ppm (C6, olefinic) (Figure 4.5 C). Thus, fragment 

structure 1 of NP_564 was established with two ortho protons, having symmetrical/meta 

distribution (Figure 4.5 A). 

Further spectral analysis was required to assign the chemical shift of hydroxyl 

proton and extension of fragment structure 1. In 1H-NMR spectrum, another aromatic 

proton appeared at δH 6.82 (s, 1H) ppm, which showed HSQC correlation to an olefinic 

carbon at δC 102.8 ppm (C7) and HMBC correlation to the carbons at δC 121.5 (C6), δC 

164.0 ppm (C8, phenolic), 182.3 ppm (C9, carbonyl), δC 103.5 (C10, olefinic) and δC 

158.3 ppm (C11, phenolic) (Figure 4.5 C). The proton at δH 7.94 ppm showed HMBC 

correlation to the carbon at δC 164.0 ppm (C8) (Figure 4.5 C). From the above data and 

correlations, the fragment structure 1 was extended as follows (Figure 4.6): 

 

Figure 4.6:  NMR spectral assignments and extension of fragment structure 1 of 

NP_564. In (A), the green arrows are showing HMBC correlations (Figure 4.5 C). The carbon 

numbering is only for spectral assignments. 

Two protons at δH 4.76 (d, J = 9.6 Hz, 1H) and at δH 4.72 (m, 1H) ppm showed 

HSQC correlation to the carbons at δC 73.6 (C12, 2º alcohol) and 73.9 ppm (C13, 2º 

alcohol), respectively. In HMBC spectrum, the proton at δH 4.76 showed correlation to 

the carbons at δC 158.3 (C11), 108.5 (C14, olefinic) and 161.3 ppm (C15, phenolic) 

(Figure 4.7 B). 

In 1H-NMR, three exchangeable proton (-OH) appeared at δH 13.67 (s, 1H), δH 

9.15 and 10.38 ppm. The proton at δH 13.67 ppm showed HMBC correlation to the 

carbons at δC 103.5 (C10), 158.3 (C11) and 108.5 ppm (C14) (Figure 4.7 C) and 

NOESY correlation to the protons at δH 6.82 (H7) and 4.76 ppm (H12).  



 
 

121 

Though, the proton at δH 10.38 ppm (-OH) did not show any HMBC correlation, 

based on the other data and correlations fragment structure 1 was extended, and a 

trihydroxy flavone (apigenin) structure was established (Figure 4.7 A). 

 

Figure 4.7:  NMR spectral assignments and extension of fragment structure 1 of 

NP_564. In (A), the green arrows are showing HMBC correlations (B & C) and the magenta 

arrows are showing NOESY correlations. The carbon numbering is only for spectral 

assignment. 

The other exchangeable protons showed NOESY correlation to the protons at δH 

4.76 and 4.72 ppm, which were also correlated to the proton at δH 7.94 ppm. Though, 

the proton at δH 10.38 ppm (-OH) did not show any HMBC correlation, based on the 
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other data and correlations fragment structure 1 was extended, and a trihydroxy flavone 

(apigenin) structure was established (Figure 4.7 A). 

The carbon signals for two positions, C16 and C17 (Figure 4.7) were not clearly 

interpreted from experimental data and correlations. The experimental NMR data of 

NP_564 were compared with literature data and an apigenin moiety was established 

(Siewek et al., 1985; Xie et al., 2003). In 13C-NMR spectrum, two additional carbons at 

δC 104.9 (olefinic) and 155.6 ppm (phenolic) were observed that were assigned to C16 

and C17, respectively (Figure 4.7 A). 

In COSY spectrum, the upfield proton signals in between δH 5.00 and 3.00 ppm 

were weak and overlapped. To get good spectra, showing correlations among the 

upfield protons 1H-NMR, 13C-NMR, gHSQCAD and gCOSY NMR spectra were 

acquired in pyridine-d5. 

In pyridine-d5 NMR spectra, the proton/carbon signals at δH 5.72 (d, J = 9.6 Hz, 

1H)/δC 76.4 (C12) and 5.65 (d, J = 9.8 Hz, 1H)/76.7 (C13) ppm were corresponding to 

the proton/carbon signals at δH 4.76/δC 73.4 (C12) and 4.71/ 73.9 ppm (C13) in DMSO-

d6 spectra, respectively.  

 

Figure 4.8:  COSY correlations for structural assignment of NP_564. The spectrum was 

acquired in pyridine-d5.  

 

The proton at δH 5.72 showed COSY correlation to the proton at δH 5.11 ppm (t, J 

= 9.3 Hz, 1H), which was linked to the carbon at δC 72.1 ppm (C18) and showed COSY 
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correlation to a multiplet at δH 4.33-4.28 ppm. The multiplet was linked to two carbons 

at δC 63.1 (C19, 1° alcohol)/4.31 ppm and 76.9 ppm (C20, 1° alcohol)/4.29 ppm (Figure 

4.10). The carbon at δC 63.1 ppm was linked to another proton at 4.40 ppm. 

In COSY spectrum, the multiplet at 4.33-4.28 ppm showed correction to two 

protons at 4.21 and 4.40 ppm that were also correlated. The proton at δH 4.21 ppm were 

linked to a carbon at δC 81.6 ppm (C21) (Figure 4.10). 

In HMBC spectrum, the proton at δH 5.72 ppm showed correlation to the carbons 

at δC 72.1 ppm (C18) and 109.8 (corresponds to C14 at 108.4 ppm in DMSO-d6), and 

the proton at δH 5.11 ppm showed correlation to the carbons at δC 76.4 (C12) and 109.8 

ppm (C14). , the proton at δH 4.21 ppm showed correlation to the carbons at δC 63.1 

(C19), 70.7 (C22), and 76.4 ppm (C12), and the proton at δH 4.31 ppm showed 

correlation to the carbons at δC 70.7 (C22) and 81.6 ppm (C21). The carbon at δC70.7 

ppm (C22) linked to a proton at 4.66 ppm (Figure 4.10). In HMBC spectrum, the proton 

at δH 4.66 ppm showed correlation to the carbons at δC 63.1 (C19), 72.1 (C18) and 76.4 

(C12) ppm. From the above data and correlations fragment structure 2 of NP_610 was 

established as a glucopyranose (Figure 4.9). The estimated coupling constant (JHH) of 

the proton at 5.72 ppm (9.6 Hz) indicated a β-sugar (Figure 4.9). 

 

Figure 4.9:  NMR spectral assignments for fragment structure 2 of NP_564. The spectra 

were acquired in pyridine-d5.  

As the proton at δH 4.76 (DMSO-d6)/5.72 ppm (pyridine-d5) showed HMBC 

correlations to the carbon at δC 108.5 (DMSO-d6)/109.8 (pyridine-d5) ppm, the β-

glucopyranose is attached to the aglycone by C-glycosidic bond at C14 

(108.5/109.8ppm) (Figure 4.7). Five additional carbons in pyridine-d5 NMR spectrum at 

δC 76.7, 73.2, 81.7, 70.7 (overlapped) and 72.8 ppm, which were linked to the protons at 

δH 5.65 (d, J = 9.8 Hz, 1H), 5.01 (br, s, 1H), 4.36 (t, J = 8.6, 1H), 4.66 (d, J = 2.8 1H) 

and 4.64 (m, 1H), 3.97 ppm (m, 1H), respectively indicated the presence of a six 

membered-ring sugar. Literature data were compared to assign the above carbon and 
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proton signals and an arabinopyranose structure was established (Siewek et al., 1985; 

Xie, Veitch, Houghton, & Simmonds, 2003). The estimated coupling constant (JHH) of 

the anomeric proton at δH 5.65 (J = 9.8 Hz) indicated a α-arabinopyranose. 

 

Figure 4.10:  HSQC correlations for structural assignment of NP_564. The spectrum was 

acquired in pyridine-d5.  

In NOESY spectrum, the proton at δH 4.71 ppm (DMSO-d6) showed correlation to 

the proton at δH 7.94 ppm. Hence, the α-arabinopyranose was linked to the carbon C17 

(δC 104.9 ppm) by a C-glycoside bond (Figure 4.7 A). From the experimental and 

reference data NP_564 was identified as Apigenin 6-C-β-glucopyranosyl-8-C-α-

arabinopyranoside or schaftoside (Figure 4.11) (Siewek et al., 1985; Xie et al., 2003). 

The carbon/proton NMR signals of the compound in pyridine-d5 and DMSO-d6 are 

given in Table 4.3. 

 

Figure 4.11:  Chemical structure of NP_564. 
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Table 4.5. 1H and 13C NMR data of NP_564 in DMSO-d6 and pyridine-d5 (800 

MHz) 

Position DMSO-
d6 

Pyridine-
d5 

1H-NMR 

DMSO-d6 Pyridine-d5 

2 164.0 165.1   

3 102.8 103.6 6.82 (s, 1H) 6.73 (s, 1H) 

4 182.3 183.1   

5 158.3 160.4   
6 108.5  109.8   

7 161.3 163.1   

8 104.9 106.6   
9 155.6 156.8   

10 103.5 105.3   

1' 121.5 122.9   
2' 128.6 129.1 7.94 (d, J = 8.5 Hz, 1H) 8.17 (m, 1H) 

3' 116.9 116.9 6.94 (d, J = 8.5 Hz, 1H) 7.23 (d, J = 8.9 Hz, 1H) 

4' 161.3 163.1   

5' 116.9 116.9 6.94 (d, J = 8.5 Hz, 1H) 7.23 (m, 1H) 
6' 128.6 129.1 7.94 (d, J = 8.5 Hz, 1H) 8.17 (d, J = 8.9 Hz, 1H) 

6-C-β-glucopyranose 

1'' 73.6 76.4 4.76 (d, J = 9.6 Hz, 1H) 5.72 (d, J = 9.6 Hz, 1H) 
2'' 70.6 72.1 3.95 ( t, J = 9.2 1H) 5.11 ( t, J = 9.2 1H) 

3'' 74.5 76.9 3.46 (m, 1H) 4.29 (m, 1H) 

4'' 68.4 70.7 3.81 (m, 1H) 4.66 (d, J = 2.8 1H) 

5'' 78.8 81.6 3.24 (m, 1H) 4.21 (t, J = 5.9 1H) 
6'' 60.8 63.1 3.53 (m, 2H) 4.40 (6a'') (m, 1H) 

4.31 (6b'') (m, 1H) 

8-C-α-arabinopyranose 
1''' 73.9 76.7 4.72 (m, 1H) 5.65 (d, J = 9.8 Hz, 1H) 

2''' 69.5 73.2 3.83 (m, 1H) 5.01 (br, s, 1H) 

3''' 78.9 81.7 3.56 (m, 1H) 4.36 (m, 1H) 

4''' 68.4 70.7 3.81 (d, J = 2.6 1H) 4.66 (d, J = 2.6 1H) 
5''' 70.2 72.8 3.19 (5a''') (m, 1H) 4.64 (5a''') (m, 1H) 

3.89 (5b''') (m, 1H) 3.97 (5b''') (m, 1H) 
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4.4 Isolation and structure elucidation of NP_358 and NP_594 from Fagraea sp. 

4.5.1 Extraction and fractionation 

Freeze dried powder (11.16 g) from the bark of a plant from Fagraea sp. was 

extracted sequentially by using three solvents, n-hexane (250 mL), dichloromethane 

(2×250 mL) and methanol (2×250 mL). Maceration method of extraction was supported 

by ultra-sonication. n-Hexane extract was discarded and dichloromethane and methanol 

extracts were dried by using a rotary evaporator at 35 °C and 187 mbar. The dried 

dichloromethane and methanol extracts were reconstituted in methanol/water (50/50, 

v/v) and analysed by LC-LRMS in both positive and negative ESI mode. 

For LC-LRMS analysis of extracts, a C18 column (100×2 mm, 3 µm) and a binary 

mobile phase of methanol and water plus 0.1% (v/v) formic acid at flow rate of 1 

mL/min were used. The mobile phase started with 5% (v/v) of methanol and 95% of 

water plus 0.1% of formic acid. The total gradient elution was for 10 min, which ended 

with 100% of methanol plus 0.1% of formic acid. To ensure elution of all analytes, 

interferents and strongly bound components, the column was purged in 100% of 

methanol plus 0.1% of formic acid for 1 min. Then, the system, especially the column 

was returned to the initial composition. The column was equilibrated in 5% of methanol 

and 95% of water plus 0.1% of formic acid to ensure that the entire column was 

returned to initial gradient composition.  

Methanol extract was found to contain the natural product binders, NP_358 and 

NP_594. In positive ESI spectrum, NP_358 was detected as a parent ion ([M + H]'), 

m/z = 359.23 and its sodium adduct ([M + Na]'), m/z = 381.28 and in negative ESI 

spectrum the compound appeared as a parent ion ([M − H]+), m/z = 357.13. NP_594 

was detected as a parent ion ([M + H]'), m/z = 595.30 and its sodium adduct ([M +
Na]'), m/z = 617.38 in positive ESI spectrum. In negative ESI spectrum, the compound 

appeared as a parent ion ([M − H]+), m/z = 593.12. 

Methanol extract was fractionated by high performance liquid chromatography 

using a reverse-phase C18 column (100×10 mm, 5 µm). A binary mobile phase of 

methanol and water was used at a flow rate of 9 mL/min. Hundred mg of crude 

methanol extract was absorbed onto a cotton roll, which was packed into a guard 

cartridge (10×30 mm), connected to the column. The mobile phase started with 10% 

(v/v) of methanol and 90% of water and 10 min of initial isocratic retention in 10% of 

methanol was applied. The total gradient elution was for 40 min, which ended with 
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100% of methanol. To ensure elution of all analytes, interferents and strongly bound 

components, the column was purged in 100% of methanol for 10 min. Sixty fractions 

were collected, each for 0.96 min. Hundred mg of crude methanol extract was absorbed 

onto a cotton roll, which was packed into a guard cartridge (10×30 mm), connected to 

the column. TOF-MS and LC-MS analysis revealed that fraction number 9 to 11 

contained NP_358 and fraction number 17 to 19 contained NP_594 (Figure 4.12). 

 

Figure 4.12:  RP-HPLC-UV chromatogram acquired during fractionation of methanol 

extract from Fagraea sp. Fraction number 9 to 11 contained the natural product binder, 

NP_358 and fraction number 17 to 19 contained the natural product binder, NP_594. 

4.5.2 Purification of NP_358 

For further purification, fraction number 9 to 11 were combined and fractionated 

by a RP-C18 column (100×10 mm, 5 µm) and a binary mobile phase of methanol and 

water at a flow rate of 9 mL/min. The same gradient method of elution was used 

(Section 4.3.1). Sixty fractions were collected, each for 0.96 min. Fraction number 9 to 

11 (Figure 4.13) contained NP_358 (m/z = 359.23 and m/z = 381.28). Fraction number 

10 was prepared in DMSO-d6 to acquire 1H-NMR, 13C-NMR, gCOSY, gHSQCAD and 

gHMBCAD spectra by applying standard parameters at 25 ºC.  

 

Figure 4.13:  RP-HPLC-UV chromatogram acquired during purification of NP_358. 

Fraction number 9 to 11 contained NP_358.   

4.5.3 Purification of NP_594 

For further purification, fraction number 17 to 19 were combined and fractionated 

by RP-HPLC using a C18 column (100×10 mm, 5 µm) and a binary mobile phase of 
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methanol and water at a flow rate of 9 mL/min (Section 4.3.1). Sixty fractions were 

collected, each for 0.96 min. Fraction number 17 and 19 (Figure 4.14) contained 

NP_594 (m/z 595.30 and m/z 617.38). However, the both fractions required further 

purification. 

 

Figure 4.14:  RP-HPLC-UV chromatogram acquired during first step purification of 

NP_594. Fraction number 17 and 19 contained the natural product binder, NP_594. 

For further purification, the method of elution was modified. The mobile phase 

started with 30% (v/v) of methanol and 70% of water and 10 min of initial isocratic 

retention in 30% of methanol was applied. The total gradient elution was for 40 min, 

which ended with 100% of methanol. Sixty fractions were collected, each for 0.96 min. 

Fraction number 17 to 19 (Figure 4.15) contained NP_594 (m/z 595.30 and m/z 617.38). 

However, all of the three fractions required further purification. 

 

Figure 4.15:  RP-HPLC-UV chromatogram acquired during second step purification of 

NP_594. Fraction number 17 to 19 contained NP_594. 

For further purification, acetonitrile was used instead of methanol. The mobile 

phase started with 10% (v/v) of acetonitrile and 90% of water and 10 min of initial 

isocratic retention in 10% of acetonitrile was applied. The total gradient elution was for 

40 min, which ended with 100% of acetonitrile. Sixty fractions were collected, each for 

0.96 min. Fraction number 20 and 21 (Figure 4.16) contained NP_594 (m/z 595.30 and 

m/z 617.38) and fraction number 20 was prepared in DMSO-d6 to acquire 1H-NMR, 
13C-NMR, gCOSY, gHSQCAD and gHMBCAD spectra by applying standard 

parameters at 25 ºC. 
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Figure 4.16:  RP-HPLC-UV chromatogram acquired during second step purification of 

NP_594. Fraction number 20 and 21 contained, NP_594.  

4.5.4 Structure elucidation of NP_358 

From high resolution mass spectrometry, NP_358 was found to possess the 

molecular formula C16H22O9. Heteronuclear single quantum coherence experiment 

(HSQC) was used to assign the proton signals to the corresponding carbon signals. In 

HSQC spectrum, an acetal proton at δH 5.44 ppm (d, J = 1.7 Hz, 1H) was linked to a 

carbon at δC 95.6 ppm (C1, acetal carbon). This proton showed COSY correlation to a 

proton at δH 2.66 ppm (ddd, J = 9.4, 5.5, 1.7 Hz, 1H) (Figure 4.17 B). In HSQC 

spectrum, the proton at δH 2.66 ppm was linked to a carbon at δC 41.2 ppm (C2, 2° 

alkyl). The proton at δH 5.44 showed HMBC correlation to the carbons at δC 26.7 (C3, 

2° alkyl), 98.1 (C4, acetal), 132.2 (C5, olefinic) and 151.3 ppm (C6, olefinic) (Figure 

4.18). Higher downfield shift of C6 carbon indicated that an electronegative atom such 

as oxygen was linked to the carbon (Figure 4.17 A). 

 

Figure 4.17:  NMR spectral assignments for fragment structure 1 of NP_358. In (B), the 

blue and green arrows are showing COSY (A) and HMBC correlations (Figure 4.18 & 4.20) and 

the carbon numbering is only for spectral assignment.  
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Figure 4.18:  A part of HMBC spectrum of NP_358 showing correlation between 

protons and carbons.    

The proton at δH 5.46 (dt, J = 17.2, 9.5 Hz, 1H) ppm showed COSY correlation to 

a proton at δH 2.66 ppm (Figure 4.18 A). In HSQC spectrum, the proton at δH 5.46 ppm 

was linked to a carbon at δC 132.2 (C5, olefinic) ppm. Another olefinic carbon at δC 

120.2 (C10) ppm was linked to two protons, at δH 5.31 (dd, J = 17.2, 2.1 Hz, 1H) and δH 

5.25 ppm (dd, J = 10.3, 1.8 Hz, 1H). These two protons did not show any COSY 

correlation to any other protons. However, the carbon and proton chemical shifts 

indicated an unsaturated bond (sp-sp2) between δC 132.2 (C5) and 120.2 ppm (C10). In 

HMBC spectrum, the protons at δH 5.31 (d, J = 2.0 Hz, 1H) and 5.25 (dd, J = 10.3, 2.1 

Hz, 1H) ppm were correlated to the carbons at δC 41.2 (C2), 95.6 (C1) and 132.2 ppm 

(C5), and the proton at δH 5.46 (dt, J = 17.2, 9.5 Hz, 1H) ppm was correlated to the 

carbons at δC 26.7 (C3), 41.2 (C2), 95.6 (C1) and 120.2 ppm (C10) (Figure 4.18). The 

coupling constants of the protons at δH 5.31 (d, J = 17.2, 2.1 Hz,), 5.25 ppm (dd, J = 

10.3 Hz) and 5.46 (dt, J = 17.2, 9.5 Hz, 1H) indicated a trans configuration between the 

protons at δH 5.31 to 5.46 ppm and cis configuration between the protons at δH 5.25 to 

5.46 ppm. These data and correlations allowed extension of fragment structure 1 and 

establishing the following partial structure of NP_358 (Figure 4.19 A). 
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Figure 4.19:  NMR spectral assignments and extension of fragment structure 1 of 

NP_358. In (A), the blue and green arrows are showing COSY correlations (B) and HMBC 

correlations (Figure 4.18 & 4.20), respectively. The carbon numbering is only for spectral 

assignment. 

 

Figure 4.20:  A part of HMBC spectrum of NP_358 showing correlation between 

protons and carbons. 

The proton at δH 3.04 ppm showed COSY correlation to two alkyl protons at δH 

1.75 (ddt, J = 13.7, 4.8, 2.3 Hz, 1H) and 1.52 (qd, J = 12.9, 4.3 Hz, 1H) ppm (Figure 

4.21 A). In HSQC spectrum, two protons at δH 1.75 and 1.52 ppm were linked to an 

alkyl carbon at δC 24.3 (C9, 2° alkyl) ppm. In HMBC spectrum, the proton at δH 1.52 
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ppm showed correlation to the carbons at δC 26.7 (C3), 41.2 (C2), 67.4 (C11) and 105.0 

ppm (C7), and the proton at δH 1.75 ppm showed correlation to the carbons at δC 26.7 

(C3) and 105.0 ppm (C7). From these data and correlations fragment structure 1 was 

extended and a partial structure of NP_358 was established (Figure 4.21 A).  

 

Figure 4.21:  NMR spectral assignments and extension of fragment structure 1 of 

NP_358. In (A), the blue and green arrows are showing COSY (B) and HMBC correlations 

(Figure 4.20), respectively. The carbon numbering is only for spectral assignment.  

The proton at δH 1.75 ppm showed COSY correlation to two protons at δH 4.36 

(ddd, J = 11.0, 4.3, 2.1 Hz, 1H) and 4.28 (ddd, J = 13.0, 11.2, 2.3 Hz, 1H) ppm (Figure 

4.19 A). The protons at δH 4.36 and 4.28 ppm were linked to a carbon at δC 67.4 (C11, 

1° alcohol) ppm. The proton at δH 4.36 ppm showed HMBC correlation to the carbons 

at δC 24.3 (C10), 26.7 (C3), 41.2 (C2), 67.4 (C11) and 164.5 ppm (C8) and the proton at 

δH 4.28 ppm showed HMBC correlation to the carbons at δC 24.3 (C9) and 26.7 ppm 

(C3) (Figure 4.20). From the above data and correlations fragment structure 1 of 

NP_358, was established as a secoiridoid moiety (Figure 4.22 A). 
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Figure 4.22:  NMR spectral assignments and extension of fragment structure 1 NP_358. 

The blue and green arrows are showing COSY (B) arrows are showing HMBC correlations 

(Figure 4.18 & 4.20). The carbon numbering is only for spectral assignment. 

An anomeric proton at δH 4.51 (d, J = 7.9 Hz, 1H) was linked to a carbon at δC 

98.1 (C4) ppm. The proton at δH 4.51 ppm showed COSY correlation to a proton at δH 

2.99 (t, J = 2.98, 1H) and it showed HMBC correlation to a carbon at δC 76.3 (C12) 

ppm. In HSQC spectrum (Figure 4.22 A), six signals (proton/carbon), such as 3.68 (dd, 

J = 11.9, 3.8 Hz, 1H)/61.1 (C13), 3.43 (ddd, J = 11.5, 6.2, 3.1 Hz, 1H)/61.1 (C13), 3.19-

3.14 (m, 2H)/76.3 (C12) & 77.3 (C14), 3.04 (dtd, J = 13.1, 5.0, 2.4 Hz, 2H)/70.2 (C15), 

2.99 (m, 1H)/73.3 ppm (C16), indicated a six-membered sugar moiety. 

In COSY spectrum, correlations were observed between the proton pairs such as 

δH 3.68│3.43, 3.43│3.19-3.14 (3.17/3.15) and 2.99│4.51 ppm. In HMBC spectrum, the 

proton signal at δH 3.68 ppm showed correlation to the carbon at δC 70.2 ppm (C15); the 

proton at δH 3.17/3.15 showed correlation to the carbons at δC 61.1 (C13), 70.2 (C15), 

73.3 (C16), 76.3 (C12) and 98.1 ppm (C4); and the proton at δH 3.04 ppm showed 

correlation to the carbons at δC 61.1 (C13), 76.3 (C12) and 77.3 ppm (C14) (Figure 

4.20). In 1H-NMR spectrum, there were two exchangeable protons (-OH) at δH 5.03 – 

4.88 (m, 3H) and 4.61 – 4.53 (m, 1H) ppm. The coupling constant for the anomeric 

proton at δH 4.51 (d, 1H, J = 7.9 Hz) indicated to a beta sugar. All these data and 

correlations indicated a β-glucopyranose moiety, fragment structure 2 of NP_358 

(Figure 4.23 B). 
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Figure 4.23:  NMR spectral assignments for fragment structure 2 of NP_358.  

To assign the carbons and protons of sugar moiety, NMR data were compared 

with literature data. The experimental data were in good agreement with literature data 

(Cambie, Lal, Rickard, & Tanaka, 1990; Zhou, Di, Gesang, Peng, & Ding, 2006). Thus, 

from experimental and literature data the structure of NP_358 was established as a 

sweroside. The anomeric proton at δH 4.51 showed HMBC correlation to the carbon at 

δC and 95.6 (C1) ppm. Hence, the glucopyranose moiety was linked to the secoiridoid 

moiety thorough an O-glycoside bond (C4→O→C1) between the carbon at 95.6 and 

98.1 ppm (Figure 4.24). 

 

Figure 4.24:  NMR spectral assignments and linking of fragment structure 1 and 2 of 

NP_358. The green arrows are showing HMBC correlations (Figure 4.18). The carbon 

numbering is only for spectral assignment. 
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Figure 4.25:  Chemical structure of NP_358. 

Table 4.6. 1H and 13C NMR data of NP_358 in DMSO-d6 (800 MHz)  

Position 13C-NMR 1H-NMR 

1 95.6 5.44 (d, J = 1.6 Hz, 1H) 

3 151.3 7.48 (d, J = 2.4 Hz, 1H) 
4 105.0  
5 26.7 3.04 (dtd, J = 13.0, 5.5, 2.3 Hz, 1H) 

6 24.3 
1.52 (qd, J = 13.0, 4.3 Hz, 1H). 

1.75 (ddt, J = 13.0, 4.3, 2.3 Hz, 1H) 

7 67.4 
4.36 (ddd, J = 11.0, 4.3, 2.3 Hz, 1H) 

4.28 (ddd, J = 13.0, 11.0, 2.3 Hz, 1H) 

8 132.2 5.46 (dt, J = 17.2, 9.8 Hz, 1H) 
9 41.2 2.66 (ddd, J = 9.5, 5.5, 1.6 Hz, 1H) 

10 120.2 
5.31 (d, J = 17.2, 2.1 Hz, 1H) trans 
5.25 (dd, J = 10.3, 2.1 Hz, 1H) cis 

1-O-β-glucopyranose 
1' 98.1 4.51 (d, J = 7.8 Hz, 1H) 

2' 73.3 2.99 (dt, J = 8.6, 4.3 Hz, 1H) 

3' 77.3 3.19 – 3.14 (m, 3H) 
4' 70.2 3.04 (dtd, J = 13.0, 5.0, 2.4 Hz, 1H) 

5' 76.3 3.19 – 3.14 (m, 3H) 

6' 61.1 
3.68 (dd, J = 12.0, 3.1 Hz, 1H) 
3.43 (ddd, J = 11.4, 6.2, 3.1 Hz, 1H) 

C, C=O 164.5  
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4.5.5 Structure elucidation of NP_594 

From high-resolution mass spectrometry, NP_594 was found to possess the 

molecular formula C28H34O14. Heteronuclear single quantum coherence experiment 

(HSQC) was used to assign proton signals to the corresponding carbon signals. 

In HSQC spectrum, three aromatic protons at δH 7.34 (d, J = 8.4 Hz, 2H), 6.82 (d, 

J = 8.4 Hz, 2H), 6.20 (s, 1H) ppm were linked to three olefinic carbons at δC 128.3 (C1), 

115.2 (C2) and 91.2 ppm (C3) and the protons at δH 7.34 and 6.81 ppm showed COSY 

correlation. The aromatic proton at δH 6.20 ppm showed no COSY correlation (Figure 

4.26 B).  

 

Figure 4.26:  NMR spectral assignments for fragment structure 1 of NP_594. In (A), the 

blue and green arrows are showing COSY (B) and HMBC correlations (C). The carbon 

numbering is only for spectral assignment. 
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In HMBC spectrum, the protons at δH 7.34 and 6.81 showed correction to the 

carbons at δC 115.2 (C4, olefinic), 128.3 (C5, olefinic) and 157.9 ppm (C6, phenolic) 

(Figure 4.26 C). Integration of 1H-NMR indicated two protons under the signals at δH 

7.34 (2H) and 6.94 ppm (2H). The HSQC and HMBC correlations indicated that two 

protons of identical chemical shift (δH 7.34 or 6.81 ppm) have 1, 3 distribution (meta). 

An exchangeable proton at δH 9.59 ppm showed HMBC correlation to the carbons at δC 

115.2 (C2) and 157.9 ppm (C6) (Figure 4.26 C). From these data and correlations 

fragment structure 1 of NP_594 was established (Figure 4.26 A). 

 

Figure 4.27:  NMR spectral assignments and extension of fragment structure 1 of 

NP_594. The blue and green arrows are showing COSY (A) and HMBC correlations (C). The 

carbon numbering is only for spectral assignment. 
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In HMBC spectrum, two protons at δH 3.27/3.30 – 3.24 (m, 2H) and 5.47 (dd, J = 

12.6, 3.6 1H) ppm showed correlation to a carbon signal at δC 128.3 ppm (Figure 4.27 

C). In HSQC spectrum, the protons were linked to the carbons at δC 42.1 (C7, 2° alkyl) 

and 78.5 ppm (C8, 2° alcohol), respectively. Another proton at δH 2.76 (dd, J = 17.1, 3.6 

Hz, 1H) ppm was linked to the carbon at δC 42.1 ppm (C7). The coupling constant, J = 

17.1 and 3.6 Hz indicated a cis configuration of the proton. In COSY spectrum, the 

proton at δH 3.27 ppm showed correlation to two protons at δH 5.47 and 2.76 ppm 

(Figure 4.27 B). In HMBC spectrum, the proton at δH 3.27 ppm showed correlation to a 

carbon at δC 78.5 ppm (C8), and both of the protons at δH 3.27 and 2.76 ppm showed 

correlation to a carbon at δC 197.1 ppm (C9, carbonyl) (Figure 4.27 C). From the above 

data and correlations, fragment structure 1 was extended and a partial structure of 

NP_594 was established as follows (Figure 4.27 A). 

The aromatic proton at δH 6.20 (δC 91.2, C3) ppm showed HMBC correlation 

(Figure 4.26 C) to the downfield carbon signals at δC 102.5 (C10, olefinic), 162.6 (C11, 

phenolic), 106.6 (C12, olefinic), 166.2 (C13, phenolic) and 197.1 ppm (C9). An 

exchangeable proton (-OH) at δH 12.52 ppm showed HMBC correlation (Figure 4.26 C) 

to the carbons at δC 102.5 (C10), 106.6 (C12), 161.9 (C14, phenolic), 166.2 (C13, 

phenolic) and 197.1 ppm (C9). These correlations demonstrated that the both protons (at 

δH 6.20 and δH 12.52 ppm) are in a ring system having aromatic resonance. From these 

data and correlations, a flavone moiety (naringenin) of NP_594 was established (Figure 

4.28). These experimental data are in close agreement with the literature data of 

naringenin (Ibrahim, El-Senousy, & Hawas, 2007; Maltese, Erkelens, van der Kooy, 

Choi, & Verpoorte, 2009; Ragab, Hosny, Kadry, & Ammar, 2010).  

 

Figure 4.28:  NMR spectral assignments for NP_594 fragment structure 1 of NP_594. 

The green arrows are showing HMBC correlations. The carbon numbering is only for spectral 

assignment. 
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In HSQC spectrum, a proton signal at δH 3.79 ppm was linked to the carbon at δC 

56.2 ppm (C15), which is characteristic of methoxy (-OCH3). The proton showed 

HMBC correlation to the carbon at δC 166.2 ppm (C13). Thus, the methoxy group was 

linked to carbon C13 (Figure 4.29). 

 

Figure 4.29:  NMR spectral assignments for NP_594 and linking of methoxy group to 

flavone moiety. The green arrow is showing HMBC correlations (Figure 4.29). The carbon 

numbering is only for spectral assignment. 

 

Figure 4.30:  NMR spectrum of NP_594 showing HSQC correlations between protons 

and carbons.  

In 1H-NMR spectrum, there were two anomeric protons at δH 4.51 (d, J = 1.8, 1H) 

and 4.48 (d, J = 9.8 Hz, 1H) ppm. In HSQC spectrum, it was observed that the protons 

were linked to the anomeric carbon signals at δC 100.8 (C16, acetal carbon) and 73.0 

(C17, 2° alcohol carbon) ppm respectively. Ten additional carbon/proton signals at δC/ 

δH 79.9/3.27, 79.1/3.17, 72.0/3.16, 70.8/3.06, 70.7/3.40, 70.4/3.58, 70.2/3.91, 68.3/3.42 
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and 67.9/383 & 3.35 ppm and 17.9/1.10 ppm indicated the presence of two six-

membered sugars.  

The anomeric proton at δH 4.51 ppm showed HMBC correlation to a 1° alcohol 

carbon at δC 67.9 ppm, which was linked to two protons at δH 3.83 and 3.35 ppm. The 

protons at δH 3.83 and 3.35 ppm showed HMBC correlation to a carbon δC 100.8 ppm. 

These data indicated that the primary sugar was linked to the secondary sugar by an O-

glycoside bond between 100.8 and 67.9 ppm. The presence of a 1° alkyl carbon at 17.9 

ppm, linked to a proton at δH 1.10 ppm (m, 3H) indicted a rhamnopyranose. Thus, from 

the experimental NMR data, two ring sugars – β-glucopyranose and α-rhamnopyranose 

were established. These experimental data are in close agreement with the literature data 

of 6-O-rhamnosyl-glucoside (Wang et al., 2003). Since, the anomeric proton at δH 4.48 

ppm was linked to the carbon at δC 73.0 ppm and showed HMBC correlations to the 

carbons at δC 106.6 (C12), 161.9 and 166.2 ppm (C14). Therefore, the primary sugar β-

glucopyranose was linked to the aglycone moiety though a C-glycoside bond. Thus, the 

structure of NP_594 was established as 4',5-dihroxy-7-methoxyflavanone-6-O-

rutinoside. 

 

Figure 4.31:  Chemical structure of NP_594. The S-configuration at C2 was established 

based on the observed coupling constants of the proton at δH = 5.47 ppm with the methylenic 

protons H3a,b (Jax-ax = 12.4 Hz and Jax-eq = 3.6 Hz) (Hammami et al., 2004; Kang et al., 2000; 

Singh, Yadav, & Pandey, 1999).  
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Table 4.7. 1H and 13C NMR data of NP_594 in DMSO-d6 (800 MHz)  

Position 13C-NMR 1H-NMR 

2 78.5 5.47 (dd, J = 12.4, 3.6  1H) 

3 42.1 
3.27 (m, 1H) cis, ax 
2.76 (dd, J = 17.1, 3.6 Hz, 1H) trans, eq 

4 197.1  

5 161.9  

6 106.6  
7 166.2  

8 91.2 6.20 (s, 1H) 

9 162.6  
10 102.5  

1'   

2' 128.3 7.34 (d, J = 8.4 Hz, 1H) 
3' 115.2 6.81 (d, J = 8.4 Hz, 1H) 

4' 157.9  

5' 115.2 6.81 (d, J = 8.4 Hz, 1H) 

6' 128.3 7.34 (d, J = 8.4 Hz, 1H) 
6-C-β-glucopyranose 

1'' 73.0 4.48 (d, J = 9.8 Hz, 1H) 

2'' 70.7 3.40 (m, 1H) 
3'' 70.4 3.58 (m, 1H) 

4'' 70.8 3.06 (m, 1H) 

5'' 79.9 3.25 (m, 1H) 

6'' 67.9 
3.83  (m, 1H) 
3.35  (m, 1H) 

6''-O-α-rhamnopyranose 

1''' 100.8 4.51 (d, J = 1.8, 1H) 
2''' 70.2 3.91 (m, 1H) 

3''' 79.1 3.17 (m, 1H) 

4''' 72.0 3.16 (m, 1H) 

5''' 68.3 3.42 (m, 1H) 
6''' 17.9 1.10 (m, 3H) 
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4.6 Isolation and structure elucidation of NP_376 

4.6.1 Extraction and fractionation 

Freeze dried powder (12.56 g) from a plant of Grossulariaceae sp. was extracted 

sequentially by using three solvents, n-hexane (250 mL), dichloromethane (2×250 mL) 

and methanol (2×250 mL). Maceration method of extraction was supported by ultra-

sonication. n-Hexane extract was discarded and dichloromethane and methanol extracts 

were dried by using a rotary evaporator at 35 °C and 187 mbar. The dried extracts were 

analysed by LC-LRMS in both positive and negative ESI mode. Methanol extract was 

found to contain the natural product binder, NP_376. In positive ESI spectrum, NP_376 

was detected as a parent ion ([M+H]+) at m/z = 377.58 and its sodium adduct ([M+Na]+) 

at m/z = 399.55 and in negative ESI spectrum the compound was detected as a parent 

ion ([M − H]+) at m/z = 375.12.  

Methanol extract was fractionated by high performance liquid chromatography 

using a reverse-phase C18 column (100×10 mm, 5 µm). A binary mobile phase of 

methanol and water was used at a flow rate of 9 mL/min. One-hundred mg of crude 

methanol extract was absorbed onto a cotton roll, which was packed into a guard 

cartridge (10×30 mm), connected to the column. The mobile phase started with 10% 

(v/v) of methanol and 90% of water and 10 min of initial isocratic retention in 10% of 

methanol was applied. The total gradient elution was for 40 min, which ended with 

100% of methanol. To ensure elution of all analytes, interferents and strongly bound 

components, the column was purged in 100% of methanol for 10 min. Sixty fractions 

were collected, each for 0.96 min. TOF-MS and LC-MS analysis revealed that fraction 

number 29-31 contained NP_376 (Figure 4.32). 

 

Figure 4.32:  RP-HPLC-UV chromatogram acquired during fractionation of methanol 

extract from Grossulariaceae sp. The fraction number 29-31 contained NP_376.  

For further purification the same gradient method as of extract fractionation was 

used and 60 fractions were collected from a C18 column (100×10 mm, 5 µm), each for 
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0.96 min. Fraction number 30 contained the NP_376 (Figure 4.33), which was dissolved 

in DMSO-d6 to acquire 1H-NMR, 13C-NMR, gCOSY, gHSQCAD and gHMBCAD by 

applying standard parameters at 25 ºC. 

 

Figure 4.33:  RP-HPLC-UV chromatogram acquired during purification of NP_376. The 

fraction number 30 contained NP_376. 

4.6.2 Structure elucidation of NP_376 

From high resolution mass spectrometry, NP_376 was found to possess the 

molecular formula C16H24O10. Heteronuclear single quantum coherence experiment 

(HSQC) was used to assign proton signals to the corresponding carbon signals. In 

HSQC spectrum, an acetal proton at δH 5.10 (d, J = 5.1 Hz, 1H) ppm was linked to a 

carbon at δC 96.2 ppm (C1, acetal carbon). This proton showed COSY correlation to a 

proton at δH 1.82 (td, J = 8.7, 5.1 Hz, 1H) ppm (Figure 4.34 A). The proton at δH 1.82 

ppm was linked to an alkyl carbon at δC 44.7 ppm (C2).  

In HMBC spectrum, the proton at δH 5.10 ppm showed correlation to the carbons 

at δC 31.0 (C3, 2' alkyl carbon), 40.5 (C4, 2' alkyl carbon), 98.8 (C5, acetal carbon) and 

150.1 ppm (C6, olefinic) (Figure 4.34 C). From HSQC spectrum, it was observed that 

the carbons at δC 31.0 (C3), 40.5 (C4), 98.8 (C5) and 150.1 ppm (C6) were linked to the 

protons at δH 2.93 (t, J = 8.4 Hz, 1H), 1.72 (td, J = 8.0, 7.6, 5.0 Hz, 1H), 4.49 (d, J = 7.9 

Hz, 1H) and 7.29 (d, J = 1.3 Hz, 1H) ppm, respectively. The higher downfield shift of 

C6 carbon at δC 150.1 ppm indicated that the carbon was linked to an electronegative 

atom such as oxygen (Figure 4.34 A).   

The proton at δH 2.93 ppm showed COSY correlation to two protons at δH 7.29 

and 1.82 ppm (Figure 4.34 B). The coupling constant, JHH of the doublet at δH 7.29 ppm 

was 1.30 Hz, which indicated a long-range proton-proton coupling. The proton at δH 

7.29 ppm showed HMBC correlation to the carbons at 31.0 (C3), 96.2 (C1), 112.7 (C7, 

unsaturated alkyl) and 168.5 (C8, carbonyl carbon) ppm. In HMBC spectrum, the 

proton at δH 2.93 showed correlation to the carbons at δC 44.7 (C2), 96.2 (C1), 112.7 
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(C7), 41.7 (C9) and 150.1 ppm (C6) (Figure 4.34 C). From these data and correlations, 

the fragment structure 1 of NP_376 was established (Figure 4.34 A). 

 

Figure 4.34:  NMR spectral assignments for fragment structure 1 of NP_376. In (A) the 

blue and green arrows are showing COSY (B) and HMBC (C) correlations. The carbon 

numbering is only for spectral assignment. 

In HMBC spectrum, the carbon at δC 41.7 ppm (C9) was linked to two protons at 

δH at 2.07 and 1.46 ppm. The both protons showed COSY correlation to a proton at δH 

2.93 ppm (Figure 4.35 A). The both protons at δH 2.07 and 1.46 showed HMBC 

correlation to the carbons at δC 31.0 (C3), 44.7 (C2) and 112.7 ppm (C7) (Figure 4.35 

B). A proton at δH 3.88 (d, J = 4.7 Hz, 1H) ppm showed COSY correlation to the 

protons at δH 4.35 (an exchangeable proton, -OH), 2.07, 1.46 and 1.72 ppm (Figure 4.35 

A). In HSQC spectrum, the proton at δH 3.88 ppm was linked to the carbon at δC 72.1 

ppm (C10, 2 °alcohol carbon) and the proton at δH 1.72 ppm was linked to the carbon at 
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δC 40.5 ppm (C4). The proton at δH 3.88 ppm showed HMBC correlation to the carbons 

at δC 31.0 (C3) and 44.7 ppm (C2) (Figure 4.37 C). The proton at δH 1.72 ppm showed 

COSY correlation to two protons at δH 0.99 and 1.82 ppm (Figure 4.35 A). 

 

Figure 4.35:  NMR spectra of NP_376. In (A), a part of COSY spectrum is showing 

correlations between protons and in (B), a part of HMBC spectrum is showing correlations 

between protons and carbons. 
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The proton at δH 0.99 (d, J = 6.9 Hz, 3H) ppm was linked to a carbon δC 13.4 (1' 

alkyl carbon, C11). In HMBC spectrum, the proton at δH 0.99 ppm showed correlation 

to the carbons at δC 40.5 (C4), 44.7 (C2) and 72.1 ppm (C10), the proton at δH 1.72 ppm 

showed correlation to the carbons at δC 13.4 (C11), 44.7 (C2) and 96.2 ppm (C1). Thus, 

from the above data and correlations a cyclopentanopyran irdoid moiety was established 

(Figure 4.36).  

 

Figure 4.36:  NMR spectral assignment and extension of fragment structure 1 of 

NP_376. In (A), the blue and green arrows are showing COSY (Figure 4.35 A) and HMBC 

correlations, respectively (Figure 4.35 B). The carbon numbering is only for spectral 

assignment. 

An anomeric proton at δH 4.49 (d, J = 7.9 Hz, 1H) was linked to a carbon at δC 

98.8 ppm (C5). Additional five carbon/proton signals at δC 73.1 (C12)/2.96, 76.6 

(C13)/3.16, 70.2 (C14)/3.04, 77.2 (C15)/3.12 and 61.2 (C16)/3.42&3.67 ppm indicated 

a six-membered sugar moiety. The proton pairs at δH 2.96│4.49, 2.96│3.16, 3.16│3.04 

(overlapped) 3.67│ 3.42, 3.67│3.12 and 3.42│3.12 ppm showed COSY correlations 

(Figure 4.37 B). In HMBC spectrum, the proton at δH 4.49 ppm showed correlation to a 

carbon at δH 77.2 (C15) ppm, the proton at δH 3.12 ppm showed correlation to the 

carbons at δC 98.8 (C5), 73.1 (C12), 76.6 (C13) 70.2 (C14), and 61.2 (C16) ppm. Thus 

from the data and correlations fragment structure 2, a glucopyranose moiety was 

established (Figure 4.37 A). The coupling constant (JHH) of the anomeric proton at δH 

4.49 ppm (d, 1H), J = 7.9 Hz indicated a β-glucopyranose. 



 
 

147 

 

Figure 4.37:  NMR spectral assignment of fragment structure 2 of NP_376.  

In HMBC spectrum, the proton at δH 5.10 ppm showed correlation to a carbon δC 

98.8 ppm (C5) (Figure 4.34 C) and the proton at δH 4.49 ppm showed correlation to a 

carbon at δC 96.2 (C1) ppm (Figure 4.37 C). Therefore, the glucospyranose was linked 

to the cyclopentanopyran irdoid moiety by an O-glycoside bond (C5→C1) (Figure 

4.38).  
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Figure 4.38:  NMR spectral assignments linking the fragment structures 1 & 2 of 

NP_376. The green arrows are showing HMBC correlations. The carbon numbering is only for 

spectral assignment. 

From high-resolution mass spectrometry, the molecular formula of NP_376 was 

estimated as C16H24O10. From the experimental NMR data, the established chemical 

structure (C16H23O9) of NP_376 was missing 1 oxygen and 1 hydrogen atom. In 1H-

NMR spectrum, an exchangeable proton was observed at 4.95 (-OH). An irodoid 

glycoside loganin acid showed exact match with mass and molecular formulae of 

NP_376. Experimental NMR data were in good agreement with the literature data. 

Thus, from experimental and literature data, the structure of NP_376 was established as 

an irodoid glycoside, loganin acid (Figure 4.36) (Calis, Lahloub, & Sticher, 1984). 

 

Figure 4.39:  Chemical structure of NP_376. 
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Table 4.8. 1H and 13C NMR data of NP_376 in DMSO-d6 (800 MHz) 

Position 13C-NMR 1H-NMR 
1 96.2 5.10 (d, J = 5.1 Hz, 1H) 

3 150.1 7.29 (d, J = 1.3 Hz, 1H) 

4 112.7  
5 31.0 2.93 (dd, J = 7.6, 8.1 Hz, 1H) 

6 41.7 1.46 (m, 1H) 

2.07 (m, 1H) 

7 72.1 3.88 (s, 1H) 
8 40.5 1.72 (m, 1H) 

9 44.7 1.82 (m, 1H) 

10 13.4 0.99 (d, J = 6.8 Hz, 1H) 
-OH 4.35 (s, 1H) 

11 168.5   

1-O-β glucospyranose 

1' 98.8 4.49 (d, J = 7.8 Hz, 1H) 
2' 73.1 2.96 (t, J = 8.4 Hz, 1H) 

3' 76.6 3.16 (m, 1H) 

4' 70.2 3.04 (t, J = 9.2 Hz, 1H) 
5' 77.2 3.12 (m, 1H) 

6' 61.2 3.42 (dd, J = 11.8, 6.4 Hz, 1H) 

3.67 (d, J = 11.8 Hz, 1H) 

4.7 Isolation and structure elucidation of NP_434, NP_592 and NP_610 from 

Daviesia sp. 

4.7.1 Extraction and fractionation 

Freeze dried powder (10.26 g) from the twigs of a plant of Daviesia sp. was 

extracted sequentially by using three solvents, n-hexane (250 mL), dichloromethane 

(2×250 mL) and methanol (2×250 mL). The maceration method of extraction was 

supported by ultra-sonication. n-Hexane extract was discarded and dichloromethane and 

methanol extracts were dried by using a rotary evaporator at 35 °C and 187 mbar. The 

dried extracts were analysed by LC-LRMS in both positive and negative ESI mode. 

Methanol extract contained the natural product binders, NP_434, NP_592 and NP_610. 

In positive ESI spectrum, NP_434 was detected as a parent ion ([M+H]+), m/z = 435.37 
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and its sodium adduct ([M+Na]+), m/z = 457.35, NP_592 as m/z = 593.08 and m/z = 

615.12 and NP_610 as m/z = 611.40 and m/z = 633.33. In negative ESI spectrum, 

NP_434 was detected as a parent ion ([, − -]+), m/z = 433.22, NP_592 as m/z = 

591.54 and NP_610 as m/z = 609.54. 

Methanol extract was fractionated by high performance liquid chromatography 

using a reverse-phase C18 column (100×10 mm, 5 µm). A binary mobile phase of 

methanol and water was used at a flow rate of 9 mL/min. One-hundred mg of crude 

methanol extract was absorbed onto a cotton roll, which was packed into a guard 

cartridge (10×30 mm), connected to the column. The mobile phase started with 10% 

(v/v) of methanol and 90% of water and 10 min of initial isocratic retention in 10% of 

methanol was applied. The total gradient elution was for 40 min, which ended with 

100% of methanol. To ensure elution of all analytes, interferents and strongly bound 

components, the column was purged in 100% of methanol for 10 min. Sixty fractions 

were collected, each for 0.96 min. TOF-MS and LC-MS analysis revealed that fraction 

number 38 to 45 contained NP_434, NP_592 and NP_610, which required further 

purification (Figure 4.40). 

 

Figure 4.40:  RP-HPLC-UV chromatogram acquired during fractionation of methanol 

extract from Daviesia sp. NP_434, NP_592 and NP_610 were eluted in fraction number 38 to 

45.  

For better separation of the compounds the solvent gradient has been modified. 

The mobile phase started with 10% (v/v) of methanol and 90% of water at a flow rate of 

9 mL/min and 20 min of initial isocratic retention in 10% of methanol was applied. The 

total gradient elution was for 80 min, which ended with 100% of methanol. To ensure 

elution of all analytes, interferents and strongly bound components, the column was 

purged in 100% of methanol for 20 min. One-hundred and twenty fractions were 

collected, each for 1.96 min. Fraction number 49 to 52 contained NP_434 (+ESI; m/z = 
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435.30 and m/z = 457.38), fraction number 58 to 68 contained NP_592 (+ESI; m/z = 

593.08 and m/z = 615.12) and NP_610 (+ESI; m/z = 611.40 and m/z = 633.33). 

However, from LC-MS spectra it was observed that NP_610 was the major compound 

in fraction number 58 to 62 and NP_592 was major in fraction number 64 to 68 (Figure 

4.41). However, all of the fractions required further purification. 

 

Figure 4.41:  RP-HPLC-UV chromatogram acquired during fractionation by a method 

of longer elution time. Modified method was applied, in which the longer elution time 

improved separation of the compounds. NP_434 was eluted in fraction number 49 and 52, 

NP_592 and NP_610 were eluted in fraction number 58 and 68. 

4.7.2 Purification of NP_434 

Purification of NP_434 required several steps and modification of solvent 

gradient. In first step of purification, the fraction number 49 to 52 were combined and 

fractionated. The column, mobile phase and gradient method of elution were the same 

as of extract fractionation. Sixty fractions were collected from a C18 column (100×10 

mm, 5 µm), each for 0.96 min. Fraction number 25 to 28 contained NP_434 (Figure 

4.42). From LC-MS and 1H-NMR spectra, it was observed that all of the fractions 

required further purification. 

 

Figure 4.42:  RP-HPLC-UV chromatogram acquired during 1st step purification of 

NP_434. Fraction number 25 to 28 contained NP_434. 

In second step purification, the mobile phase started with 50% (v/v) of methanol 

and 50% of water at a flow rate of 9 mL/min. 10 min of initial isocratic retention in 50% 

of methanol was applied. The total gradient elution was for 40 min, which ended with 
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100% of methanol. Sixty fractions were collected from a C18 column (100×10 mm, 5 

µm), each for 0.96 min. Fraction number 19 to 22 contained NP_434 (Figure 4.43). 

From LC-MS and 1H-NMR spectra, it was observed that all of the fractions require 

further purification. 

 

Figure 4.43:  RP-HPLC-UV chromatogram acquired during 2nd step purification of 

NP_434. Fraction number 19 to 22 contained NP_434. 

In third step purification, acetonitrile was used instead of methanol and the same 

gradient method as of second step purification was used. Sixty fractions were collected 

from a C18 column (100×10 mm, 5 µm). Fractions 19 and 20 contained NP_434 (Figure 

4.44). The both fractions were combined and prepared in DMSO-d6 to acquire 1D and 

2D NMR data. 1H-NMR, 13C-NMR, gCOSY, gHMBCAD, gHSQCAD spectra were 

acquired by using standard parameters at 25 ºC. 

 

Figure 4.44:  RP-HPLC-UV chromatogram acquired during 3rd step purification of 

NP_434 from Daviesia sp. Fractions 19 to 20 contained NP_434. Acetonitrile instead of 

methanol improved separation and thus purification of NP_434.  

4.7.3 Purification of NP_592 and NP_610 

For purification of NP_592 and NP_610, fractions 58 to 68 were combined and a 

binary mobile phase of acetonitrile water was used. The gradient method was the same 

as of the second and third step purification of NP_434. Sixty fractions were collected 

from a C18 column (100×10 mm, 5 µm), each for 0.96 min. Fraction number 23 and 24 

contained NP_610 (+ESI; m/z = 611.40 and m/z = 633.33) and fraction number 26 to 29 

contained NP_592 (+ESI; m/z = 593.08 and m/z = 615.12) (Figure 4.45). Fractions 23 
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and 24 were combined and dissolved in DMSO-d6 to acquire 1D and 2D NMR spectra 

for NP_610. To acquire 1D and 2D NMR spectra for NP_592 fraction 28 was prepared 

in DMSO-d6. 

 

Figure 4.45:  RP-HPLC-UV chromatogram acquired during purification of NP_592 and 

NP_610. Fraction number 23 and 24 contained NP_610 and fraction number 26 to 29 contained 

NP_592.  

4.7.4 Structure elucidation of NP_434  

From high-resolution mass spectrometry, NP_434 was found to possess the 

molecular formula C21H22O10. Heteronuclear single quantum coherence experiment 

(HSQC) was used to assign proton signals to the corresponding carbon signals. In 

HSQC spectrum, three aromatic protons at δH 7.34 (d, J = 8.4 Hz, 2H), 6.79 (d, J = 8.4 

Hz, 2H), 5.90 (s, 1H) ppm were linked to three olefinic carbons at δC 128.2 (C1) and 

115.2 (C2) and 94.8 ppm (C3). The protons at δH 7.34 and 6.79 ppm showed COSY 

correlation (Figure 4.46 B). The proton at δH 7.34 ppm showed HMBC correlation to 

the carbons at 128.2 (C1/C4), 115.2 (C5/C2) and 157.7 ppm (C6, phenolic) and the 

proton at 6.79 ppm showed HMBC correlation to the carbons at δC 128.2 (C1/C4), 

115.2 (C5/C2) 129.0 (C7, non-protonated olefinic) and 157.7 ppm (C6) (Figure 4.46 C). 

From HSQC, COSY and HMBC correlations, it was revealed that NP_434 

contained a phenolic ring with a symmetrical distribution (meta) of carbon/proton at δC 

128.2 (C1&C4)/δH 7.34 ppm and δC 115.2 (C2&C5)/δH 6.79 ppm, and ortho distribution 

of the protons at δH 7.34 and 6.79 ppm. In 1H-NMR spectrum, an exchangeable proton 

appeared at 9.59 ppm, which indicated to a proton signal for phenolic hydroxyl group. 

Thus, from these data and correlations a partial structure of NP_434, fragment structure 

1 was established (Figure 4.46 A). 
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Figure 4.46:  NMR spectral assignment of fragment structure 1 of NP_434. In (A), the 

blue and green arrows are showing COSY (B) and HMBC (C) correlations, respectively. The 

carbon numbering is only for spectral assignment. 

A proton at δH 5.40 (dd, J = 12.4, 2.9 Hz, 1H) ppm was linked to an ether carbon 

78.3 ppm (C8), which showed COSY correlation to two other protons at δH 3.20 (dd, J 

= 17.1, 12.6 Hz, 1H) and 2.69 ppm (dd, J = 17.1, 3.2 Hz, 1H). The protons at δH 3.20 

and 2.69 ppm were linked to a carbon at δC 42.0 ppm (C9, 2' alkyl). The proton at δH 

5.40 ppm showed HMBC correlation to the carbons at δC 128.2 (C1/C4), 161.6 (C10, 

phenolic) and 196.5 (C11, carbonyl) ppm, the proton at δH 3.20 ppm showed correlation 

to the carbons at 78.3 ppm (C8), 128.2 (C1/C4) and 196.5 ppm (C11) and the proton at 

δH 2.69 ppm showed correlation to the carbons at δC 101.5 (C12), 128.2 (C1/C4) and 

196.5 ppm (C11) (Figure 4.47). An aromatic proton at δH 5.90 ppm was linked to a 

carbon at δC 94.8 ppm (C3) and showed no COSY correlation. It showed HMBC 
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correlations to the carbons δC 101.5 (C12, non-protonated olefinic), 106.0 (C13, non-

protonated olefinic) and 161.6 ppm (C10) (Figure 4.47). In 1H-NMR spectrum, an 

exchangeable proton appeared at 12.73 (-OH), which showed HMBC correlation to the 

carbons at δC 101.5 (C12), 106.0 (C13) and 162.7 (C14, phenolic) ppm (Figure 4.47). 

 

Figure 4.47:  A part of COSY spectrum showing correlation between the protons of 

NP_434. The spectrum was acquired in DMSO-d6 (800 MHz).  

 

Figure 4.48:  A part of HMBC spectrum showing correlation between protons and 

carbons in NP_434.  
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Highly downshifted hydroxyl proton at δH 12.73 ppm indicated the presence of an 

electronegative group, such as the carbonyl group (=CO), adjacent to it. From these data 

and correlations fragment structure 1 of NP_434 was extended and a naringenin moiety 

was established (Figure 4.49).  

 

Figure 4.49:  NMR spectral assignments for fragment structure 1 of NP_434. The blue 

and green arrows are showing COSY (Figure 4.47) and HMBC correlations (Figure 4.488& 

Figure 4.46 C), respectively. The carbon numbering is only for spectral assignment. 

In HSQC spectrum, an anomeric proton at δH 4.47 (d, J = 9.8 Hz, 1H) ppm was 

linked to the carbon at δC 73.1 ppm (C15, 2° alcohol carbon). Five additional carbon 

chemical shifts at δC 70.3 (C16, 2° alcohol carbon), 70.6 (C17, 2° alcohol carbon), 79.2 

(C18, 2° alcohol carbon), 81.6 (C19, 2° alcohol carbon) and 61.5 ppm (C20, 1° alcohol 

carbon) indicated the presence of a six-membered sugar moiety in NP_434. The carbons 

at δC 70.3 (C16), 70.6 (C17), 79.2 (C18), 81.6 (C19) and 61.5 ppm (C20) were linked to 

the protons at δH 3.97 (H16), 3.09 (H17), 3.15 (H18), 3.12 (H19) and 3.65 (H20a) & 

3.37 ppm (H20b). 

The proton pairs at δH 4.47 (H15)|3.97 (H16), 3.97 (H16)|3.15 (H18), 3.65 

(H20a)|3.37 (H2b), and 3.37 (H20b)|3.12 ppm (H19) showed COSY correlation (Figure 

4.47). In HMBC spectrum, the proton at 4.47 ppm showed correlation to the carbons at 

δC 70.3 (C16), 79.2 (C18), 106.0 (C13), 162.7 (C14) and 166.6 ppm (C21); the proton at 

δH 3.97 ppm (H16) showed correlation to the carbons at δC 79.2 (C18) and 73.1 ppm 

(C15); the proton at δH 3.09 ppm (H17) showed correlations to the carbons at δC 79.2 

(C18) and 81.6 ppm (C19); the proton at δH 3.15 ppm (H18) showed correlations to the 

carbon at δC 70.6 ppm (C17); the proton at δH 3.12 ppm showed correlations to the 

carbon at δC 61.5 ppm (C20); the proton at δH 3.65 ppm showed correlation to the 

carbon at 70.6 ppm (C17) (Figure 4.48). The coupling constant, J for the anomeric 
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proton at 4.47 (d, 1H) ppm was estimated as 9.8 Hz, which indicated a β-sugar. From 

these data and correlations, fragment structure 2 of NP_434 was established as a β-

glucopyranose (Figure 4.50).  

 

Figure 4.50:  NMR spectral assignments for fragment structure 2 of NP_434.  

The anomeric proton at δH 4.47 ppm was linked to the carbon δC 73.1 ppm (C15, 

2° alcohol) and showed HMBC correlation to aromatic carbons at δC 106.0 (C13, non-

protonated), 162.7 (C14, phenolic) and 166.6 ppm (C21, phenolic). These data and 

correlations demonstrated that the sugar (glucopyranose) and the aglycone (naringenin) 

moiety were linked by a C-glycoside bond (C15→C13). 

 

Figure 4.51:  NMR spectral assignment and linking fragment structures 1 and 2 of 

NP_434. The green arrows are showing HMBC correlations. The carbon numbering is only for 

spectral assignment. 

The experimental NMR data of NP_434 was in close agreement with the literature 

data of 6-C-glucosylnaringenin (Maltese et al., 2009; Marais, van Rensburg, Ferreira, & 

Steenkamp, 2000). Thus, from experimental NMR data and literature data NP_434 was 

identified as 6-C-glucosylnaringenin (Figure 4.52).  
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Figure 4.52:  Chemical structure of NP_434. The S-configuration at C2 was based on the 

observed coupling constants of the proton at δH = 5.40 ppm with the methylenic protons H3a,b 

(Jax-ax = 12.6 Hz and Jax-eq = 3.2 Hz) (Hammami et al., 2004; Kang et al., 2000; Singh et al., 

1999).  

Table 4.9. 1H and 13C NMR data of NP_434 in DMSO-d6 (800 MHz) 

Position 13C-NMR 1H-NMR 
2 78.2 5.40 (dd, J = 12.6, 3.2 Hz, 1H) 

3 42.0 
3.20 (dd, J = 17.1, 12.6 Hz, 1H) trans, ax 
2.69 (dd, J = 17.1, 3.2 Hz, 1H) cis, eq 

4 196.5  
5 162.7  
6 106.0  
7 166.6  
8 94.9 5.90 (br, s, 1H) 
9 161.3  
10 101.5  
1' 129.0  
2' 128.2 7.34 (d, J = 8.4 Hz, 1H) 
3' 115.8 6.79 (d, J = 8.4 Hz, 1H) 
4' 157.7  
5' 115.8 6.79 (d, J = 8.4 Hz, 1H) 
6' 128.2 7.34 (d, J = 8.4 Hz, 1H) 

6-C-β-glucopyranose 
1" 73.1 4.47 (d, J = 9.8 Hz, 1H) 
2" 70.3 3.97 (m, 1H) 
3" 79.2 3.15 (d, J = 8.8 Hz, 1H) 
4" 70.6 3.09 (m, 1H) 
5" 81.6 3.12 (dd, J = 6.5, 2.0 Hz, 1H) 

6" 61.4 
3.65 (dt, J = 12.0, 2.1 Hz, 1H) 
3.37 ( m, 1H) 

 -OH 9.59, 4.83 (s, 1H) 
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4.7.5 Structure elucidation of NP_592  

From high-resolution mass spectrometry, NP_592 was found to possess the 

molecular formula C28H32O14. Heteronuclear single quantum coherence experiment 

(HSQC) was used to assign proton signals to corresponding carbon signals. In HMBC 

spectrum, two aromatic protons at δH 7.52 (m, 2H), 7.01 (m, 2H) were linked to the 

carbons at δC 130.1 (C1, olefinic), 113.6 (C2, olefinic). The proton pair showed COSY 

correlation and in HMBC spectrum, the proton at δH 7.52 ppm showed correlation to the 

carbons at δC 113.6 (C2), 122.1 (C3, olefinic), 130.1 (C4), 159.1 ppm (C5, aryl ether) 

and the proton at δH 7.01 ppm showed correlations to the carbons at δC 159.1 (C5), 

113.6 (C6) and 122.7 ppm (C7, olefinic). The integration showed that two protons under 

each signal and COSY correlation referred to two adjacent protons (ortho position). The 

HSQC and HMBC correlations of the protons at δH 7.52 ppm to 130.1 ppm (C1/C4) and 

that of the proton at δH 7.01 ppm to 113.6 ppm (C2/C6) demonstrated a symmetric 1, 3 

or meta distribution of each proton on an aromatic ring (Figure 4.53). A proton at 3.79 

(s, 3H) was linked to a carbon at δC 55.6 ppm (C8), indicated the presence of a methoxy 

group in the structure of NP_592. The proton at δH 3.79 ppm showed no COSY 

correlations; however, it showed HMBC correlation to the carbon at 159.1 ppm (C5). 

From these data and correlations, fragment structure 1 of NP_592 was established 

(Figure 4.53). 

 

Figure 4.53:  NMR spectral assignment of fragment structure 1 of NP_592. In (A), the 

blue and green arrows are showing COSY (B) and HMBC correlations (Figure 4.53). The 

carbon numbering is only for spectral assignment. 

Two aromatic protons at δH 6.73 (d, J = 2.2 Hz, 1H) and 6.45 (d, J = 2.2 Hz, 1H) 

were linked to the carbons at δC 94.7 (C9, olefinic) and 99.4 ppm (C10, olefinic), 
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respectively and showed COSY correlation. The proton at δH 6.73 ppm showed HMBC 

correlation to the carbons at δC 99.4 (C10), 106.1 (C11, olefinic), 157.5 (C12, aryl 

ether), 163.0 ppm (C13, olefinic) and 180.6 (C14, carbonyl) and the proton at δH 6.45 

ppm showed correlation to the carbons at δC 94.5 (C9), 106.1 (C11), 163.0 (C13), 161.7 

(C14, phenolic) and 180.6 (C15) ppm. Though the protons at δH 6.73 and 6.45 ppm 

showed COSY correlation and the coupling constant (JHH = 2.2 Hz) indicated a long-

range coupling. The downfield carbon signals at δC 163.0 (C13) and 161.7 ppm (C14) 

are typically of phenolic carbons. Thus, from these data and correlations fragment 

structure 2 of NP_592 was established (Figure 4.54). 

 

Figure 4.54:  NMR spectral assignments for fragment structure 2 of NP_592. In (B), the 

blue and green arrows are showing COSY (A) and HMBC (Figure 4.33 C) correlations, 

respectively. The carbon numbering is only for spectral assignment. 

A proton at δH 8.43 ppm (s, 1H) showed HMBC correlation to the carbons at 

122.7 (C7), 157.5 (C12), 180.6 ppm (C13). The HMBC correlations of other aromatic 

protons, such as δH 7.52 ppm to δC 122.1 (C3) ppm, δH 7.01 ppm to δC 122.7 ppm (C7), 

δH 6.73 ppm to δC 106.1 (C11) and δH 6.45 ppm to 106.1 ppm (C11) demonstrated that 

the quaternary aromatic carbons at δC 157.5 (C12), 122.7 (C7), 122.1 (C3) and 106.1 

ppm (C11) were in the same ring system, having an unsaturated resonance. In HSQC 

spectrum, the proton at δH 8.43 ppm did not show any correlation. However, all of these 

data were compared with literature data. The experimental data matched with the 

literature data of an iso-flavonoid ring system. Thus, from experimental and literature 

data fragment structures 1 and 2 of NP_592 were linked and an iso-flavonoid moiety 

was establish (Figure 4.55).  
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Figure 4.55:  NMR spectral assignments and linking of NP_592 fragment structure 1 

and 2. The green arrows show HMBC correlations. The carbon numbering is only for spectral 

assignment. 

Two anomeric protons at δH 5.02 (acetal proton; d, J = 7.2 Hz, 1H) and 4.54 (d, J 

= 1.5 Hz, 1H) ppm were linked to the anomeric carbon signals at δC 99.7 (C16, acetal) 

and 100.4 ppm (C17, acetal) (Figure 4.58 B). The proton at δH 5.02 ppm showed COSY 

correlation (Figure 4.58 A) to a proton at δH 3.30 ppm (3.34-3.29, m, 2H), which was 

linked to a carbon at δC 72.8 (C18, 2° alcohol) (Figure 4.57 A). In HMBC spectrum, the 

proton at δH 5.02 ppm showed correlation to the carbons at δC 76.4 (C19) and 163.0 

ppm (C13) and the proton at δH 3.30 ppm showed correlation to the carbons at δC 99.7 

(C16) and 76.4 ppm (C19, 2° alcohol) ppm (Figure 4.58 B). The carbon at δC 69.8 ppm 

(C20) was linked to the proton at δH 3.16 (dd, J = 3.7, 1.6 Hz, 1H) (Figure 4.58 A), 

which showed HMBC correlation to a carbon at δC 76.4 ppm (C19) (Figure 4.58 B). A 

proton at δH 3.88 ppm showed HMBC correlation to the carbon at δC 69.8 (C20) and 

100.4 ppm (C17) (Figure 4.58 B). The protons at δH 3.88 (dd, J = 11.0, 1.9 Hz, 1H) and 

3.39 (dd, J = 11.4, 4.0 Hz, 1H) ppm were linked to a carbon at δC 66.2 ppm (C21, 1° 

alcohol) (Figure 4.58 A). The both protons showed COSY correlation (Figure 4.57 B), 

as well. The proton at δH 3.39 ppm showed HMBC correlation to the carbons at δC 75.5 

(C22, 2° alcohol) and 100.4 ppm (C17) (Figure 4.58 B). The carbon at δC 75.5 ppm was 

linked to a proton at δH 3.59 ppm (ddd, J = 9.6, 7.5, 2.0 Hz, 1H) (Figure 4.58 A), which 

showed HMBC correlation to the carbons at δC 76.4 (C19), 69.8 (C20) and 66.2 ppm 

(C21) (Figure 4.58 B). The coupling constant, JHH for the proton at δH 5.02 ppm (d, 1H) 

was estimated as 7.2 Hz, which indicated a β-sugar. Thus, from these data and 

correlations fragment structure 3 of NP_592 was established as a β-glucopyranose 

moiety (Figure 4.56). 
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Figure 4.56:  NMR spectral assignment for fragment structure 3 of NP_592. 

 

Figure 4.57:  NMR spectra of NP_592 showing COSY correlations between protons. 
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Figure 4.58:  NMR spectra of NP_592 showing correlations between protons and 

carbons. In (A), the figure is showing HSQC correlation between the protons and carbons and 

in (B), the figure is showing HMBC correlations.  
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The proton at δH 5.02 ppm showed HMBC correlation to the carbon at δC 163.0 

ppm (Figure 4.58 B), which indicated a primary sugar linked to the aglycone (iso-

flavonoid) by a O-glycoside bond between C16 and C13 (Figure 4.59).  

 

Figure 4.59:  NMR spectral assignments and linking of NP_592 fragment structure 3 to 

isoflavonoid moiety. The green arrow shows HMBC correlation (Figure 4.55 B). The carbon 

numbering is only for spectral assignment. 

The anomeric proton at δH 4.54 ppm showed COSY correlation to δH 3.66 ppm 

(dd, J = 3.7, 1.6 Hz, 1H) (Figure 4.57 A), which was linked to a carbon at δC 70.1 ppm 

(C23, 2° alcohol) (Figure 4.58 A). In HMBC spectrum, the proton at δH 4.54 ppm 

showed correlation to the carbons at δC 66.2 (C21), 68.4 (C24, 2° alcohol) and 70.7 ppm 

(C25, 2° alcohol) and the proton at δH 3.66 ppm showed correlation to the carbons at δC 

70.7 (C25) and 72.1 ppm (C26, 2° alcohol) (Figure 4.58 B). The carbons at δC 68.4 

(C24) and 70.7 ppm (C25) were linked to the protons at δH 3.46 (dq, J = 9.4, 6.2 Hz, 

1H) and 3.54 ppm (dd, J = 9.5, 3.4 Hz, 1H), respectively (Figure 4.58 A). 

The proton pairs, δH 3.54│3.19 and 3.46│3.19 3.46│1.12 ppm showed COSY 

correlation (Figure 4.57 B & C). In HMBC spectrum, the proton at δH 3.54 ppm showed 

correlation to the carbons at δC 72.1 (C26) and 68.4 (C24); the proton at δH 3.19 ppm (d, 

J = 9.5 Hz, 1H) to the carbons at δC 68.4 (C24), 70.7 ppm (C25) and 17.7 ppm (C27, 1° 

alkyl); the proton at δH 3.46 ppm to the carbons at δC 70.7 and 72.1 ppm and the proton 

at δH 1.12 ppm (d, J = 6.2 Hz, 3H) to the carbons δC 68.4 and 72.1 ppm (Figure 4.58 B). 

The presence of a methyl group (δH 1.12 / δC 17.7 ppm) and estimated coupling constant 

of the anomeric proton at 4.54 ppm (d, J = 1.5 Hz, 1H) indicated a α-rhamnopyranose. 

From these data and correlations fragment structure 4 of NP_592 was established as α-

rhamnopyranose (Figure 4.60). 
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Figure 4.60:  NMR spectral assignments for fragment structure 4 of NP_592. The blue 

and green arrows show COSY (Figure 4.57) and HMBC correlations, respectively (Figure 4.58 

B). The carbon numbering is only for spectral assignment. 

In HMBC spectrum, the anomeric proton at δH 4.54 ppm showed correlation to 

the carbon at 66.2 ppm (C21) and the proton at δH 3.39 ppm showed correlation to the 

carbon at 100.4 ppm (C17). Therefore, the secondary sugar, α-rhamnopyranose was 

linked to the primary sugar, β-glucopyranose by an O-glycoside bond between C17 and 

C21. 

 

Figure 4.61:  NMR spectral assignments for linking of NP_592 fragment structure 4. The 

green arrows show HMBC correlations (Figure 4.58 B).  

The experimental NMR data were compared to the literature data, which showed 

close match to the reported NMR data of biochanin A 7-O-rutinoside (Silva, Carvalho, 

& Silva, 2007). Though the proton at 8.43 ppm did not show any HSQC correlation, in 

the HMBC spectrum, (Figure S4.6.2) a 1JCH correlation of the proton was observed at δC 

155.0 ppm. Thus, from the experimental and reference data NP_592 was identified as 

biochanin A 7-O-rutinoside (Figure 4.62). 
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Figure 4.62:  Chemical structure of NP_592. 
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Table 4.10. 1H and 13C NMR data of NP_592 in DMSO-d6 (800 MHz) 

Position 13C-NMR 1H-NMR 

2 155.0 8.43 (s, 1H) 

3 122.1  
4 180.6  

5 161.7  

6 99.4 6.45 (d, J = 2.2 Hz, 1H) 

7 163.0  
8 94.7 6.73 (d, J = 2.2 Hz, 1H) 

9 157.5  

10 106.1  
1' 122.7  

2' 130.1 7.52 (m, 1H) 

3' 113.6 7.01 (m, 1H) 
4' 159.1  

5' 113.6 7.01 (m, 1H) 

6' 130.1 7.52 (m, 1H) 

6-O-β-glucopyranose 
1" 99.7 5.10 (d, J = 7.2 Hz, 1H) 

2" 72.8 3.30 (m, 1H) 

3" 69.8 3.16 (dd, J = 3.7, 1.6 Hz, 1H) 
4" 75.5 3.59 (ddd, J = 9.6, 7.5, 2.0 Hz, 1H) 

5" 76.4 3.33 (m, 1H 

6"a 
66.2 

3.88 (dd, J = 11.0, 1.9 Hz, 1H) 

6"b 3.39 (dd, J = 11.0, 4.0 Hz, 1H) 
6"-O-α-rhamnopyranose 

1"' 100.4 4.54 (d, J = 1.5 Hz, 1H) 

2"' 70.1 3.66 (dd, J = 3.4, 1.5 Hz, 1H) 
3"' 70.7 3.54 (dd, J = 9.5, 3.4 Hz, 1H) 

4"' 72.1 3.19 (d, J = 9.5 Hz, 1H) 

5"' 68.4 3.46 (dq, J = 9.5, 6.2 Hz, 1H) 

6"' 17.7 1.12 (d, J = 6.2 Hz, 3H) 
-OCH3 55.6 3.79 (s, 3H) 
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4.7.6 Structure elucidation of NP_610 

From high resolution mass spectrum, NP_610 was found to possess the molecular 

formula C27H30O16. Heteronuclear single quantum coherence experiment (HSQC) was 

used to assign proton signals to the corresponding carbon signals. In HSQC spectrum, 

three aromatic protons at δH 7.54 (d, J = 8.3 Hz, 1H), 7.53 (m, 1H) and 6.84 (d, J = 8.3 

Hz, 1H) ppm were linked to the carbons at δH 121.6 (C1, olefinic), 116.1 (C2, olefinic) 

and 115.1 ppm (C3, olefinic). The protons at δH 7.54 and 6.84 ppm showed COSY 

correlation (Figure 4.63 A). In HMBC spectrum, the proton at δH 7.54 ppm showed 

correlation to the carbons at δC 116.1 (C2) and 148.4 ppm (C4, olefinic) and the proton 

at δH 7.53 ppm showed correlation to the carbon signals at δC 148.4 (C4), 144.7 (C5, 

olefinic) and 121.2 ppm (C6, olefinic), and the proton at δH 6.84 ppm showed 

correlation to the carbon at δC 121.2 (C6) and 148.4 ppm (C4) (Figure 4.64). The 

downfield signals at δC 148.4 and 144.7 ppm were typical of phenolic carbons (Figure 

4.63 B).  

In HMBC spectrum, an exchangeable proton at δH 9.67 ppm showed correlation to 

the carbons at δC 115.1 (C3), 148.4 (C4) and 144.7 (C5) ppm, and the proton at δH 9.18 

ppm showed correlation to the carbons at δC 116.1 (C2), 144.7 (C5) and 148.4 ppm 

(C4). These exchangeable protons indicated to two hydroxyl groups (-OH) linked to an 

aromatic ring. Thus, from these data and correlations the following fragment structure 1 

of NP_610 was established (Figure 4.63 A).  

 

Figure 4.63:  NMR spectral assignments for fragment structure 1 of NP_610. In (B), the 

blue and green arrows are showing COSY (A) and HMBC (Figure 4.63) correlations, 

respectively. The carbon numbering is only for spectral assignment. 
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Figure 4.64:  A part of HMBC spectrum showing correlation between protons and 

carbons in NP_610.  

In HSQC spectrum, two aromatic protons at δH 6.39 (d, J = 2.1 Hz, 1H) and 6.20 

(d, J = 2.1 Hz, 1H) ppm were linked to the carbons at δC 93.2 (C7, olefinic) and 98.3 

ppm (C8, olefinic) and showed COSY correlation (Figure 4.65 B). In HMBC spectrum, 

the proton at δH 6.39 ppm showed correlation to the carbons at δC 98.3 (C8), 103.9 (C9, 

olefinic), 156.3 (C10, phenolic), 161.1 (C11, phenolic), 164.0 (C12, phenolic) and 177.4 

ppm (C13, carbonyl); the proton at δH 6.20 (d, J = 2.1 Hz, 1H) ppm showed correlation 

to the carbons at δC 93.2 (C7), 103.9 (C8), 161.1 (C11), 164.0 (C12) and 177.4 ppm 

(C3) (Figure 4.65 C); the proton at δH 12.59 ppm showed correlation to the carbons at δC 

98.3 (C8), 103.9 (C9), 161.1 (C11) and 164.0 ppm (C12) and the proton at δH 10.83 

ppm showed correlation to the carbon signals at δC 93.2 (C7), 98.3 (C8) and 164.0 ppm 

(C12) (Figure 4.65 D). Thus, from these data and correlations the following fragment 

structure 2 of NP_610 was established (Figure 4.65 A).  
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Figure 4.65:  NMR spectral assignments for fragment structure 2 of NP_610. The blue 

and green arrows show COSY (A) and HMBC (C & D) correlations, respectively. The carbon 

numbering is only for spectral assignment. 

In HMBC spectrum, an anomeric proton at δH 5.34 (d, J = 7.3 Hz, 1H) ppm 

showed correlation to a carbon at δC 133.2 ppm (C14, olefinic) and the protons at δH 

7.53 and 6.84 ppm showed correlation to a carbon signal at δC 156.4 ppm (C15, 

phenolic) (Figure 4.66). In HSQC spectrum, the proton at δH 5.34 ppm was linked to the 

carbon at δC 100.8 ppm (C16). From these data and correlations, the fragment structure 

1 and 2 were extended and linked together in a quercetin ring system (Figure 4.66 A). 
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Figure 4.66:  NMR spectral assignments and linking of fragment structure 1 and 2 of 

NP_610. The green arrows show HMBC (A) correlations. The carbon numbering is only for 

spectral assignment. 

In 1H-NMR spectrum, two anomeric protons appeared at δH 5.34 (d, J = 7.3 Hz, 

1H) and at δH 4.38 (d, J = 1.6 Hz, 1H) ppm, which were linked to the carbons at δC 

100.8 (C16) and 100.4 ppm (C17) (Figure 4.70). The proton at δH 5.34 (d, J = 7.3 Hz, 

1H) ppm showed COSY correlation to the proton at δH 3.21 ppm (Figure 4.67 B), which 

was linked to the carbon at δC 76.1 ppm (C18). In HMBC spectrum, the proton at δH 

5.34 ppm showed correlation to a carbon at δC 73.8 (C19) ppm, and the proton at δH 

3.21 ppm showed correlation to the carbons at δC and 69.6 (C20) and 73.8 (C19) ppm.  

 

Figure 4.67:  NMR spectra of NP_610 showing COSY correlations between protons. 

In HSQC spectrum, the carbons at δC 69.6 (C20) and 73.8 ppm (C19) were linked 

to the protons at δH 3.04 and 3.22 ppm, respectively (Figure 4.70). In HMBC spectrum, 

the proton at δH 3.22 ppm showed correlation to the carbons at δC 76.1 (C18) and 100.8 

ppm (C16), the proton at δH 3.04 ppm showed correlation to a carbon at δC 76.1 ppm 

(C18). The proton at δH 3.04 showed COSY correlation to the proton at δH 3.24 (Figure 
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4.67 A), which was linked to the carbon at 75.6 ppm (C21). The proton at δH 3.24 

showed HMBC correlation to the carbons at δC 69.6 (C20) and 66.6 ppm (C22). Two 

protons at δH 3.70 and 3.28 ppm were linked to the carbon at δC 66.6 ppm (C22) (Figure 

4.70) and the proton pair showed COSY correlation (Figure 4.67). In HMBC spectrum, 

the proton at δH 3.70 ppm showed correlation to the carbons at δC 70.0 (C23) and 100.4 

ppm (C17) and the proton at δH 3.28 ppm showed correlation to the carbons at δC 75.6 

(C21) and 100.4 ppm (C17). The estimated coupling constant, JHH for anomeric proton 

was 7.3 Hz, which indicated a β-sugar. From these data and correlations fragment 

structure 3 of NP_610, a β-glucopyranose was established (Figure 4.68).   

 

Figure 4.68:  NMR spectral assignments for fragment structure 3 of NP_610. Here, R = 

quercetin. 

The anomeric proton at δH 4.38 (d, J = 1.6 Hz, 1H) ppm showed COSY 

correlation to the proton at δH 3.38 ppm (Figure 4.67) and HMBC correlation to the 

carbon at δC 70.0 (C23), 66.6 (C22), 67.9 ppm (C24). The proton at δH 3.38 ppm was 

linked to the carbon at δC 70.0 (C23) ((Figure 4.70) and showed HMBC correlation to 

the carbons at 70.2 (C25) and 71.4 ppm (C26). A proton at 3.27 ppm was linked to a 

carbon δC 70.2 ppm (C25) (Figure 4.70), which showed HMBC correlation to a carbon 

at δC 71.4 ppm (C26). The carbon at δC 67.9 ppm (C24) was linked to the proton at δH 

3.26 ppm (Figure 4.70), which showed COSY correlation to a proton at δH 0.99 ppm 

(Figure 4.67 B). The proton at δH 0.99 ppm was linked to the carbon at δC 17.4 ppm 

(C27) (Figure 4.70) and showed HMBC correlation to the carbons at δC 67.9 (C24) and 

71.4 (C26) ppm. The carbon at δC 71.4 (C26) ppm was linked to a proton at δH 3.07 

ppm (Figure 4.70), which showed HMBC correlation to the carbons at δC 67.9 (C24), 

70.2 (C25) and 17.4 (C27) ppm. The estimated coupling constant (JHH) for the anomeric 

proton at δH 4.38 (d, 1H) ppm was 1.6 Hz, which indicated a α-sugar. From these data 

and correlations fragment structure 4 of NP_610 was established as α-rhamnopyranose 

(Figure 4.67). 
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Figure 4.69:  NMR spectral assignments for fragment structure 4 of NP_610.  

 

Figure 4.70:  NMR spectra of NP_610 showing HSQC correlations between protons and 

carbons. 

In HMBC spectrum, the protons at δH 3.70 and 3.28 ppm (linked to C22, at δC 

66.6 ppm) showed correlations to the carbon at 100.4 ppm (C17) and the proton at δH 

4.38 ppm (linked to C22, at δC 100.4 ppm) showed correlation to the carbon at δC 66.6 

ppm. Therefore, the two sugars were linked by an O-glycoside bond between C17 (δC 

100.4 ppm) and C22 (δC 66.6 ppm) (Figure 4.71). 
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Figure 4.71:  NMR spectral assignments for linking fragment structure 3 and 4 of 

NP_610. 

The experimental NMR data was compared to literature data and NMR data of rutoside 

(Figure 4.72) was in close agreement with the experimental NMR data (Lallemand & 

Duteil, 1977; Moon, Lee, Shin, & Lim, 2005; Napolitano, Lankin, Chen, & Pauli, 

2012). 

 

Figure 4.72:  Chemical structure of NP_610. 
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Table 4.11. 1H-NMR and 13C-NMR for NP_610 in DMSO-d6 (800 MHz) 

Position 13C-NMR 1H-NMR 

2 156.4  

3 133.2  
4 177.4 (>C=O)  

5 161.1 -OH, 12.59 (s, 1H) 

6 98.3 6.20 (d, J = 2.0 Hz, 1H) 

7 164.0 -OH, 10.83 (s, 1H) 
8 93.2 6.39 (d, J = 2.1 Hz, 1H) 

9 156.3  

10 103.9  
1' 121.2  

2' 121.6 7.54 (d, J = 8.3 Hz, 1H) 

3' 115.1 6.84 (d, J = 8.3 Hz, 1H) 
4' 148.4 -OH, 9.67 (s, 1H) 

5' 144.7 -OH, 9.18 (s, 1H) 

6' 116.1 7.53 (m, 1H) 

3-O-β-glucopyranose 
1'' 100.8 5.34(d, J = 7.3 Hz, 1H) 

2'' 73.7 3.21-3.20 (m, 1H) 

3'' 76.1 3.22-3.23 (m, 1H) 
4'' 69.6 3.04/3.09-3.03 (m, 1H) 

5'' 75.6 3.24-3.25 (m, 1H) 

6'' 66.6 
3.70 – 3.69 (m, 1H) 

3.28/ – 3.28 (m, 1H) 
6''-O-α-rhamnopyranose 

1''' 100.4 4.38 (d, J = 1.6 Hz, 1H) 

2''' 70.0 3.38/3.39-3.37 (m, 1H) 
3''' 70.2 3.27/3.28-3.27 (m, 1H), 

4''' 71.7 3.07/3.09-3.03 (m, 1H) 

5''' 67.9 3.26 – 3.25 (m, 1H) 

6''' 17.4 0.99 (d, J = 6.2 Hz, 3H) 
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4.8 Confirmation of protein-natural product binding 

The proteins were prepared in 10 mM aqueous ammonium acetate buffer at a 

concentration, 17.5 µM of S100A4/ S100A4-Ca2+, 15.8 µM of TIM3 and 13.8 µM of 

TIGIT. Purified natural product binders, NP_358 (natural product with molecular 

weight 358 Da), NP_376, NP_434, NP_564, NP_592, NP_594 and NP_610 were 

incubated with the proteins at a molar concentration ratio ([P]:[L]) of 1:2. The same 

instrumental conditions of screening were applied to investigate protein and pure 

compound binding. The seven compounds (common hits) showed non-selective binding 

to the four proteins, which was consistent with the preliminary screening results. Thus, 

the results demonstrated that native MS screening is applicable for selectivity analysis 

of protein-ligand binding.  

4.9 Summary 

Seven common hits including NP_564 (NP for natural product and 564 = 

molecular weight), NP_358, NP_594, NP_376, NP_434, NP_592 and NP_610 were 

selected for large scale isolation and structure elucidation. Molecular formulae of the 

compounds were determined by high resolution mass spectrometry. Mass guided 

method of isolation and purification was applied to obtain pure compounds. At first, a 

binary mobile phase including methanol and water was used for separation of natural 

products in C18 columns. During purification of the compounds, it was observed that 

acetonitrile-water mobile phase permitted a significant improvement in glycoside 

separation. Acetonitrile-water mobile phase was reported to provide excellent separation 

of flavonoids and flavonoid glycosides in polystyrene-divinylbenzene column (Jagota & 

Cheatham, 1992). In C18 columns, acetonitrile-water mobile phase showed better 

separation of flavonoid glycosides than methanol-water mobile phase. 

The chemical structures of NP_564, NP_358, NP_594, NP_376, NP_434, NP_592 

and NP_610 were identified as apigenin 6-C-β-D-glucoside 8-C-α-L-arabinoside, 

sweroside, 4',5-dihroxy-7-methoxyflavanone-6-C-rutinoside, loganin acid, 6-C-

glucosylnaringenin, biochanin A 7-O-rutinoside and quercetin 3-O-rutinoside, 

respectively. These common hits are glycosides. A number of glycoside compounds 
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have been reported as bioactive natural products, showing binding affinity to many 

proteins (Liu et al., 2014; Rahman, 2011). Due to their structural similarity, the 

common hits may have similar patterns of molecular recognition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

178 

References 

Calis, I., Lahloub, M. F., & Sticher, O. (1984). Loganin, loganic acid and periclymenoside, a new biosidic 
ester iridoid glucoside from Lonicera periclymenumL.(Caprifoliaceae). Helvetica Chimica Acta, 
67(1), 160-165.  

Cambie, R. C., Lal, A. R., Rickard, C. E., & Tanaka, N. (1990). Chemistry of Fijian Plants. V.: 
Constituents of Fagraea gracilipes A. Gray. Chemical and Pharmaceutical Bulletin, 38(7), 1857-
1861.  

de Oliveira, D. M., Siqueira, E. P., Nunes, Y. R., & Cota, B. B. (2013). Flavonoids from leaves of 
Mauritia flexuosa. Revista Brasileira de Farmacognosia, 23(4), 614-620.  

Du, S. S., Zhang, H. M., Bai, C. Q., Wang, C. F., Liu, Q. Z., Liu, Z. L., . . . Deng, Z. W. (2011). 
Nematocidal flavone-C-glycosides against the root-knot nematode (Meloidogyne incognita) 
from Arisaema erubescens tubers. Molecules, 16(6), 5079-5086.  

Hammami, S., Jannet, H. B., Bergaoui, A., Ciavatta, L., Cimino, G., & Mighri, Z. (2004). Isolation and 
structure elucidation of a flavanone, a flavanone glycoside and vomifoliol from Echiochilon 
fruticosum growing in Tunisia. Molecules, 9(7), 602-608.  

Ibrahim, L. F., El-Senousy, W. M., & Hawas, U. W. (2007). NMR spectral analysis of flavonoids from 
Chrysanthemum coronarium. Chemistry of Natural Compounds, 43(6), 659-662.  

Jagota, N. K., & Cheatham, S. F. (1992). HPLC separation of flavonoids and flavonoid glycosides using a 
polystyrene/divinylbenzene column. Journal of Liquid Chromatography & Related 
Technologies, 15(4), 603-615.  

Kang, T.-H., Jeong, S.-J., Ko, W.-G., Kim, N.-Y., Lee, B.-H., Inagaki, M., . . . Kim, Y.-C. (2000). 
Cytotoxic Lavandulyl Flavanones from Sophora f lavescens. Journal of Natural Products, 63(5), 
680-681.  

Kind, T., & Fiehn, O. (2006). Metabolomic database annotations via query of elemental compositions: 
mass accuracy is insufficient even at less than 1 ppm. BMC Bioinformatics, 7(1), 234.  

Lallemand, J., & Duteil, M. (1977). 13C nmr spectra of quercetin and rutin. Magnetic Resonance in 
Chemistry, 9(3), 179-180.  

Liu, S., Guo, C., Guo, Y., Yu, H., Greenaway, F., & Sun, M.-Z. (2014). Comparative binding affinities of 
flavonoid phytochemicals with bovine serum albumin. Iranian journal of pharmaceutical 
research: IJPR, 13(3), 1019.  

Maltese, F., Erkelens, C., van der Kooy, F., Choi, Y. H., & Verpoorte, R. (2009). Identification of natural 
epimeric flavanone glycosides by NMR spectroscopy. Food chemistry, 116(2), 575-579.  

Marais, C., van Rensburg, W. J., Ferreira, D., & Steenkamp, J. A. (2000). (S)- and (R)-eriodictyol-6-C-
beta-D-glucopyranoside, novel keys to the fermentation of rooibos (Aspalathus linearis). 
Phytochemistry, 55(1), 43-49.  

Moon, B.-H., Lee, Y.-S., Shin, C.-S., & Lim, Y.-H. (2005). Complete assignments of the 1 H and 13 C 
NMR data of flavone derivatives. Bulletin of the Korean Chemical Society, 26(4), 603-608.  

Napolitano, J. G., Lankin, D. C., Chen, S. N., & Pauli, G. F. (2012). Complete 1H NMR spectral analysis 
of ten chemical markers of Ginkgo biloba. Magnetic Resonance in Chemistry, 50(8), 569-575.  

Ragab, E. A., Hosny, M., Kadry, H. A., & Ammar, H. A. (2010). Flavanone glycosides from Gleditsia 
caspia. Journal of Natural Products, 3, 35-46.  

Rahman, A.-u.-. (2011). Studies in Natural Products Chemistry: Bioactive Natural Products (Vol. 33): 
Elsevier. 

Siewek, F., Herrmann, K., Grotjahn, L., & Wray, V. (1985). Isomeric di-C-glycosylflavones in fig (Ficus 
carica L.). Zeitschrift für Naturforschung C, 40(1-2), 8-12.  

Silva, V. C. D., Carvalho, M. G. D., & Silva, S. (2007). Chemical constituents from roots of Andira 
anthelmia (Legumonosae). Revista Latinoamericana de Química, 35(1-2), 13-19.  

Singh, V., Yadav, B., & Pandey, V. (1999). Flavanone glycosides from Alhagi pseudalhagi. 
Phytochemistry, 51(4), 587-590.  

Wang, M., Simon, J. E., Aviles, I. F., He, K., Zheng, Q.-Y., & Tadmor, Y. (2003). Analysis of 
antioxidative phenolic compounds in artichoke (Cynara scolymus L.). Journal of agricultural 
and Food Chemistry, 51(3), 601-608.  

Xie, C., Veitch, N. C., Houghton, P. J., & Simmonds, M. S. (2003). Flavone C-glycosides from Viola 
yedoensis Makino. Chemical and Pharmaceutical Bulletin, 51(10), 1204-1207.  

Zhou, Y., Di, Y. T., Gesang, S., Peng, S. L., & Ding, L. S. (2006). Secoiridoid glycosides from Swertia 
mileensis. Helvetica Chimica Acta, 89(1), 94-102.  

 



 



 
 

179 

Chapter 5 

Molecular Docking for Binding Mode Analysis and 

Estimation of Free Energy of Binding 

5.1 Introduction  

This chapter includes the study of protein-natural product interactions by 

molecular docking to analyse the binding mode and binding affinity. Three proteins 

were investigated - human (Homo sapiens) calcium binding protein S100A4, mouse 

(Mus musculus) T cell/transmembrane, Ig, and mucin protein 3 (TIM3) and human T-

cell immunoreceptor with Ig and ITIM domains precursor protein (TIGIT). 

The aim of molecular docking was to identify energetically most favourable 

binding sites and the binding mode of natural products into those sites. Glide docking 

was used for binding mode analysis. Schrödinger Suite 2015, installed with Maestro 

workspace was used for Glide docking of natural products in protein binding sites 

(Maestro, 2015), which were identified by SiteMap (Chapter 2). The scoring function in 

Glide docking estimates the net interaction energy of protein-ligand binding and the 

ligand strain energy to select correctly docked poses. GlideScore is an empirical scoring 

function that includes physical interactions, such as lipophilic-lipophilic interactions, 

hydrogen bonds, a rotatable bond forfeit, the contribution of protein-ligand coulomb-

vdW energy and the effect of water molecule(s) displacement from the binding site, due 

to protein-ligand binding (Friesner et al., 2006). Thus, the scoring function in glide 

docking offered a comparative estimation of binding affinities. Glide-XP scoring 

function is expressed by the following equation (5.1):  

𝑋𝑃	𝐺𝑙𝑖𝑑𝑒𝑆𝑐𝑜𝑟𝑒 = 	𝐸/012 +	𝐸456 +	𝐸7895 +	𝐸:;9<2=> (5.1) 

Here, ‘coul’ refers to Coulomb energy and ‘vdW’ is for van der Waals energy that 

are calculated with reduced net ionic charges on groups with formal charges, such as 

metals, carboxylates and guanidiniums. The major contributors favouring protein-ligand 

binding is expressed in equation 5.2:  

𝐸7895 = 	𝐸?>5_;9/20A1B; +	𝐸?7_9C_C0=8D +	𝐸?7_//_C0=8D +	𝐸EF +	𝐸?7_:<8B
+	𝐸:?078/_:<8B 

(5.2) 

Here, Ehyd_enclosure is the contribution of hydrophobic interactions, Ehb_nm_motif 

describes neutral-neutral hydrogen-bonding motifs, Ehb_cc_motif describes charged-
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charged hydrogen-bonding motifs, EPI describes pi stacking and pi-cation interactions. 

The terms Ehb_pair and Ephobic_pair are standard ChemScore-like hydrogen bond and 

lipophilic pair terms, respectively.        

Some features are also considered that hinder (𝐸:;9<2=>) protein-ligand binding 

(equation 5.3), such as desolvation penalties/water scoring (Edesolv) and for contact 

penalty in rigid receptor docking (Elig-strain) (Friesner et al., 2006).  

𝐸:;9<2=> = 	𝐸5;A024 +	𝐸28H<95_A=B<89 (5.3) 

AutoDock Vina was used for estimation of standard-state free energy (ΔG) of 

protein-ligand complex formation (Trott & Olson, 2010). AutoDock applies a semi-

empirical force field including a full desolvation model and space relative orientation of 

hydrogen bonds. The sum of the torsional degrees of freedom determines the 

conformational entropy. The estimation of free energy of binding includes the air-wise 

atomic relations, such as water contribution (dispersion/repulsion), hydrogen bonding, 

electrostatic interactions and desolvation. AutoDock calculates the energy of a ligand 

and a protein in unbound and bound states. . In AutoDock Vina, free energy of binding 

is calculated by using the equation 5.4 (Trott & Olson, 2010).   

∆𝐺 = 	 (𝑉70195LML −	𝑉1970195LML ) +	(𝑉70195EME −	𝑉1970195EME ) +	(𝑉70195EML −	𝑉1970195	EML +

	∆𝑆/09D	)  
(5.4) 

Where, P represents the protein, L represents the ligand, V are the pair-wise 

evaluations and ΔS is the loss of conformational entropy upon binding. 

5.2 Proteins  

For molecular docking, protein structures were downloaded from protein data 

bank including 1M31 for S100A4, 3CGA for calcium-bound form of S100A4, 3Q0H 

for TIGIT and 3KAA for TIM3. 

5.3 Glide docking  

Protein-natural product interaction was docked by using extra precision Glide-XP 

(Friesner et al., 2006). The Glide algorithm uses precomputed grids generated by 

SiteMap (SiteMap, 2015). No bonding constraints were applied during docking 

calculations. Ligand poses were generated for each input molecule using Monte Carlo 

random search algorithm. The binding affinities of natural products to the proteins were 

determined from the scoring function. A post docking minimization step was performed 

with OPLS 2005 force field (Shivakumar et al., 2010), and maximum fifty poses of the 

compounds were saved to dock in the binding sites.      
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5.3.1 Receptor grid generation 

Schrodinger SiteMap was used to identify binding sites in the proteins and 37 

binding sites were identified for S100A4, S100A4-Ca2+, TIM3 and TIGIT (Chapter 2).  

The receptor grids were generated for those binding sites, identified by SiteMap. The 

binding sites were specified by a 3D cubic box and the rotation of hydroxyl and thiol 

groups within the grid was allowed (SiteMap, 2015). 

5.3.2 Ligand preparation 

For ligand preparation, 2D structures of natural products were converted into all-

atom 3D structures using LigPrep script (LigPrep, 2013). For each ligand, maximum 32 

stereoisomers were generated per compound based on the chirality from 3D structures. 

Possible ionization states of the compounds were generated at a pH of 7±2. A 

conformation search process was carried out for 3D structures of the compounds and 

low energy structures were generated using OPLS 2005 force field (Shivakumar et al., 

2010). 

5.3.3 Natural products 

In native mass spectrometry screening, the common hits NP_594, NP_358, 

NP_564 and NP_376 were detected to bind to S100A4, S100A4-Ca2+, TIGIT and 

TIM3. The druggability of binding sites and docking results of natural products are 

summarised in Table 5.1. 
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Figure 5.1: Chemical structures of the natural products docked in the druggable 

binding sites. NP is for natural product, and 594, 358, 564 and 376 are the molecular weight of 

the compounds. For glide docking, 2D structures of natural products were converted into all-

atom 3D structures using LigPrep (LigPrep, 2013).  
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Table 5.1: The results of molecular docking of the ligands in SiteMap identified 

binding sites 

Binding Sites Dscore Category** Molecular docking 

Docking score Ligand 
S100A4-1M 1.054 2 −8.140 NP_594 
S100A4-2M 1.033 2 −7.596 ̶ 
S100A4-3M 0.879 1 −6.153 NP_376 
S100A4-4M 0.861 1 −5.733 NP_376 
S100A4-5M 0.73 0 −4.817 NP_376 
S100A4-1D 0.991 2 −8.307 NP_376 
S100A4-2D 0.986 2 −7.169 NP_376 
S100A4-3D 0.996 2 −5.764 NP_564 
S100A4-4D 0.987 2 −6.831 NP_376 
S100A4-5D 0.973 1 −5.485 NP_376 

S100A4-Ca2+-1M 1.047 2 −6.049 NP_594 
S100A4-Ca2+-2M 0.586 0 −6.511 NP_358 
S100A4-Ca2+-1D 1.012 2 −5.965 NP_376 
S100A4-Ca2+-2D 1.058 2 −6.451 NP_564 
S100A4-Ca2+-3D 1.011 2 −8.694 ̶ 
S100A4-Ca2+-4D 1.053 2 −6.628 NP_376 
S100A4-Ca2+-5D 1.021 2 −6.689 NP_376 

TIM3-1M 1.014 2 −7.263 NP_594 
TIM3-2M 0.862 1 −6.749 NP_376 
TIM3-3M 0.724 0 −3.567 NP_358 
TIM3-4M 0.689 0 −7.511 NP_376 
TIM3-5M 0.738 0 −5.532 NP_376 
TIM3-1D 1.038 2 −8.051 NP_376 
TIM3-2D 0.963 1 −6.215 NP_376 
TIM3-3D 0.859 1 −6.755 NP_376 
TIM3-4D 0.822 0 −8.265 NP_376 
TIM3-5D 0.763 0 ̶ ̶ 
TIGIT-1M 1.003 2 −9.883 NP_564 
TIGIT-2M 1.035 2 −8.930 NP_564 
TIGIT-3M 0.909 1 −6.989 NP_376 
TIGIT-4M 0.712 0 −6.475 NP_358 
TIGIT-5M 0.669 0 −7.681 ̶ 
TIGIT-1D 1.028 2 −9.371 NP_594 
TIGIT-2D 1.022 2 −7.854 NP_376 
TIGIT-3D 0.998 2 −6.311 NP_376 
TIGIT-4D 0.92 1 −5.494 ̶ 
TIGIT-5D 0.642 0 −8.199 ̶ 

**The category 2, 1 and 0 represents druggable, difficult to be druggable and un-druggable binding 

sites. S100A4 represents apo conformation and S100A4-Ca2+ represents calcium bound conformation of 

the protein. M represents monomer conformation and D represents dimer conformation, NP is for 

Natural product. Dscore is the druggability score. 



 
 

184 

5.4 Binding mode analysis and visualization 

Ligplot was used for binding mode analysis and visualization of Glide docking 

results (Wallace, Laskowski, & Thornton, 1995). 

5.5 Correlation between druggability and docking scores    

From Glide docking results, it was observed that higher druggability of a binding 

site does not necessarily accord with the best docking results. In druggability analysis, 

S100A4-Ca2+-2D showed the highest druggability score (Dscore = 1.058) and site 2 of 

S100A4 dimer (S100A4-2D) showed the lowest (Dscore = 0.986), among the 37 binding 

sites (Table 5.1). In a comparative analysis between the best docking scores and 

druggability of the binding sites, it was observed that NP_564 showed the best docking 

result into site 2 of S100A4 dimer (S100A4-Ca2+-2D) with a docking score of −6.451 

(Figure 5.1 A). NP_376 showed the best docking result for S100A4-2D with a docking 

score of −7.169, which is higher than the docking score of NP_564 in S100A4-Ca2+-2D 

binding site (Figure 5.1). The best druggable site did not show the highest docking score 

for the compounds. In contrast, the lowest druggable site showed the higher docking 

scores. These results demonstrated that higher docking scores do not correlate to higher 

druggability.  

 

Figure 5.2: Binding modes of natural products with the best docking scores in 

druggable binding sites. NP_564 showed the best docking into S100A4-Ca2+-2D (A) and 

NP_376 showed the best docking into S100A4-2D (B). 

In TIM3, SiteMap identified only two druggable binding sites, such as site 1 of 

monomer (TIM3-1M) and site 1 of dimer (TIM3-1D) with Dscore of 1.038 and 1.014, 

respectively. In TIM3-1M and TIM3-1D the best docking was for NP_594 (docking 

score, −7.263) and NP_376 (−8.051), respectively (Table 5.1). The binding mode of 
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NP_376 into site TIM3-1D (Figure 5.2 A) showed similarity with that of NP_594 into 

TIM3-1M (Figure 5.2 B). These interactions included hydrogen bonds, carbon hydrogen 

and ionic bridges with the surrounding residues. Some amino acids were common in 

both of the binding sites, such as ARG, GLN, ASP and GLU. However, there are 

differences in number and types of interactions, and in the length of bonds with various 

residues. Different types of interactions possess different level of energy, thus the net 

energy of interaction is dependent on the total effects of all types of interactions 

included in a protein-ligand binding. Glide scoring function separated the interactions of 

strong binding affinity from those of lower/no affinity. Thus, in glide docking the 

strongest binding was detected by the best docking score. 

 

Figure 5.3: Binding modes of two different natural products into two druggable sites 

with similar Dscore. In (A), binding mode of NP_376 into TIM3-1D and in (B) binding mode of 

NP_594 into TIM3-1M. The both of the binding sites showed similar druggability scores and 

the best docking results for the sites were from two different ligands.  

SiteMap druggability analysis and Glide docking of natural products in druggable 

binding sites demonstrated that binding of a compound into a binding site is associated 

with its druggability, physicochemical properties of the compound and types of 

interactions that are involved in protein-natural product binding.  

5.6 Binding insights of protein-natural product interactions 

5.6.1 Interaction of NP_594 with the proteins 

Based on docking scores, NP_594 showed the best docking into site-1 of S100A4 

monomer (S100A4-1M) and S100A4-Ca2+ monomer (S100A4-Ca2+-1M), TIGIT dimer 

(TIGIT-1D) and TIM3 monomer (TIM3-1M) (Figure 5.4). In SiteMap druggability 

analysis, these binding sites were estimated as druggable sites (highest Dscore values) in 
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the proteins (Table 5.1). The binding of NP_594 in S100A4-1M included hydrophobic 

interactions with 11 side chains in the pocket (Figure 5.4 A). The shape of the binding 

pocket allowed the compound to fit in with a high docking score of −8.14. 

In S100A4-Ca2+-1M, NP_594 formed two hydrogen bonds to Asn61 side chain by 

two oxygens, O3 and O9 with the distances of 2.93 and 2.94 Å, respectively. NP_594 

and S100A4-Ca2+-1M interaction also included hydrophobic interactions with other 

eight residues, into the pocket (Figure-5.4 B). 

 

Figure 5.4: The results of NP_594 docking in druggable binding sites by Glide-XP. The 

compound showed the best docking into site 1 of S100A4 monomer (S100A4-1M, A), site 1 

S100A4-Ca2+ monomer (S100A4-Ca2+-1M, B), site 1 of TIGIT dimer (TIGIT-1D, C) and site 1 

of TIM3 monomer TIM3-1M (D). 

In TIGIT, NP_594 showed the best binding (the highest docking score) into site 1 

of TIGIT dimer (TIGIT-1D) (Figure 5.4 C). The binding of NP_594 into TIGIT-1D 

included one hydrogen bond between O10 oxygen of NP_594, and nitrogen of Gly25. 

The binding site was identified in between the interfaces of dimer with favourable 
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hydrophobic interactions, leading to the highest docking score (−9.371). The binding of 

the compound at protein interfaces may affect the equilibrium of monomer and dimer 

formation. 

The binding of NP_594 to TIM3-1M included two hydrogen bonds, such as 

between ketone oxygen, O3 and nitrogen of Gln43 with a distance of 2.60 Å and 

between sugar oxygen, O5 and nitrogen of Arg 50 with a distance of 3.13 Å (Figure 5.4 

D). These interactions contributed to the stable binding of the compound into the 

binding pocket. 

5.6.2 Interaction of NP_564 with the proteins 

Based on docking scores, NP_564 showed the best docking into site-3 of S100A4 

dimer (S100A4-3D), site-2 of S100A4-Ca2+ dimer (S100A4-Ca2+-2D), site-1 and site-2 

of TIGIT monomer (TIGIT-1M and TIGIT-2M) (Table 5.1). 

The binding mode of NP_564 into S100A4-3D showed that O13 oxygen, linked 

to C23 form one hydrogen bond with the nitrogen of Lys18 (distance = 3.32 Å). 

Another hydrogen bond was formed between O8 oxygen and nitrogen of Cys3 (distance 

= 3.31 Å). The binding of NP_564 in S100A4-3D included several hydrophobic 

interactions (Figure 5.5 A).  

In site-2 of S100A4-Ca2+ dimer, NP_564 formed a hydrogen bond between O5 

oxygen and nitrogen of Asn61 side chain (Figure 5.5 B). The binding of NP_564 in 

S100A4-Ca2+-2D also included several hydrophobic interactions with seven residues 

into the pocket. 

Based on docking scores, the affinities of NP_564 to S100A4-3D (docking score, 

− 5.764) and S100A4-Ca2+-2D (docking score, − 6.451) were not very strong. In 

contrast, strong binding of the compound was observed into site-1 of TIGIT monomer 

(Figure 5.5 C). An oxygen (O8) of the compound formed two hydrogen bonds with one 

nitrogen of Gln62 (distance = 2.80 Å) and one oxygen of Glu105 (distance = 2.91 Å). 

Another hydrogen bond was observed between O6 oxygen of the compound and the 

oxygen of Thr103 with a distance of 2.91 Å). The O4 oxygen interacts with nitrogen of 

Gln61 and oxygen of Asn101 by two hydrogen bonds with the distances of 3.32 Å and 

2.72 Å, respectively. Thus, NP_564/TIGIT-1M complex was stabilized by five 

hydrogen bonds and hydrophobic interactions with four residues in the pocket, 

producing the highest docking score of −9.883. 

In site-2 of TIGIT monomer, NP_564 formed a hydrogen bond between O12 

oxygen and oxygen of Thr55 with a distance of 3.10 Å. Four oxygens on the sugar rings, 
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such as O11 & O12 and O4 & O8 contributed through hydrogen bonds with the side 

chains of Thr55 and Val54 in the pocket (Figure 5.6 D). 

 

Figure 5.5: The results of NP_564 docking in druggable binding sites by Glide-XP. 

NP_564 showed strong affinity to site-3 of S100A4 dimer (A), site-2 of S100A4-Ca2+ dimer (B), 

site-1 and site-2 of TIGIT monomer (C and D, respectively).   

5.6.3 Interaction of NP_376 with the proteins 

Among the druggable binding sites, NP_376 showed the best docking scores for 

nine sites including site-1, 2 and 5 of S100A4 dimer, site-1, 4 and 5 of S100A4-

Ca2+dimer, site-2 and 3 of TIGIT dimer and site-1 of TIM3 dimer (Table 5.1). NP_376 

showed the highest docking scores into 3 druggable binding sites of S100A4 and 3 sites 

of S100A4-Ca2+, which demonstrated that NP_376 has higher affinity of binding to 

S100A4 in both apo and calcium bound conformation. 
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In site-1 of S100A4 dimer, binding of NP_376 included two hydrogen bonds 

between two nitrogen atoms of Asn87 and O8 and O7 oxygen of the compound with the 

distances of 3.04 Å and 3.29 Å (Figure 5.6 A). S100A4-1D/NP_376 complex also 

included one hydrogen bond between the nitrogen of Glu88 and O6 oxygen of the 

compound. 

 

Figure 5.6: The results of NP_376 docking in druggable binding sites by Glide-XP. 2D 

schematic presentation is showing binding modes of NP_376 into site-1, 2 & 5 of S100A4 

dimer (A, B & C), site 1, 4 & 5 of S100A4-Ca2+ dimer (D, E & F), site-2 & 3 of TIGIT dimer (G 

& H) and site-1 of TIM3 (I). 

The binding of NP_376 into S100A4-2D included four hydrogen bonds. Two of 

them were between O10 oxygen of the compound and nitrogen of Arg99 with a distance 



 
 

190 

of 3.00 Å and nitrogen of Lys100 with a distance of 3.10 Å. One hydrogen bond was 

between carboxyl oxygen (O5) and guanidinium nitrogen of Lys100 with a distance of 

2.67 Å and the other one was between O6 oxygen and nitrogen of Gln97 with a distance 

of 3.10 Å. It was observed that the compound is mostly surrounded by amino acid 

residues within the binding pocket and thus, exhibits a good binding mode (Figure 5.6 

B). 

From the molecular docking of NP_376 into site-5 of S100A4 dimer it was 

observed that several hydrophobic contacts with eight different residues mainly 

contributed to the binding (Figure 5.6 C).  

In site 1 of S100A4-Ca2+ dimer, NP_376 formed a hydrogen bond with nitrogen of 

Asn61 by O6 oxygen. The binding of the compound also included hydrophobic 

interactions with ten other residues (Figure 5.6 D). 

In site-4 and site-5 of S100A4-Ca2+ dimer, no hydrogen bond was observed, only 

weak hydrophobic contacts of the compound with the residues in the pocket contributed 

to the binding (Figure 5.6 E and F).  

Molecular docking of NP_376 into two druggable sites of TIGIT dimer including 

site-2 and site-3 (TIGIT-2D and TIGIT-3D) showed higher docking scores than other 

compounds (Figure 5.6 G and H). These two sites were on two different chains of 

TIGIT homodimer. Though the binding poses of the compound in the sites were slightly 

different, binding modes showed similar interactions. In TIGIT-2D, O6 oxygen and O4 

oxygen (carboxyl oxygen) in the compound formed two hydrogen bonds to nitrogen of 

Gln64 with the distances of 2.87 Å and 2.97 Å, respectively. The O9 oxygen of the 

compound formed a hydrogen bond with nitrogen of Arg84 with a distance of 3.04 Å. 

In addition, there were eight residues that showed hydrophobic interactions with the 

compound in the pocket. 

In TIGIT-3D, NP_376 formed two hydrogen bonds between the carboxyl oxygen, 

O4 and O5 and two nitrogens of Arg84 with the distances of 3.19 Å and 2.83 Å, 

respectively. O1 oxygen formed one hydrogen bond with nitrogen of Gln64 with a 

distance of 3.20Å. These three hydrogen bonds stabilize the binding and hydrophobic 

interaction of the compound with seven residues fixed it into the binding pocket. 

The best docking of NP_376 was into site-1 of TIM3 dimer (−8.051). The 

binding mode analysis showed that O4 oxygen of carbonyl group played an important 

role in NP_376/TIM3-1D binding. The oxygen formed two hydrogen bonds with the 

guanidinium nitrogen of Arg50 with a distance of 2.67 Å and the amide group of Gln95 
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with a of distance of 3.11 Å (Figure 5.6 I). The sugar part of this compound was 

oriented deep into the pocket and several hydrophobic contacts were observed with 

Phe96, Gly98, Arg93, Ser42 and Met100. These interactions provided significant 

stability in NP_376/TIM3-1D binding. From the binding modes of NP_376 into 

different binding sites of the proteins, it was observed that the oxygens in the compound 

played an important role in binding to the druggable binding sites by forming hydrogen 

bonds with the nitrogens of surrounding residues in the pockets. 

5.6.4 Interaction of NP_358 with the proteins 

Based on docking scores, NP_358 showed weak affinity to the druggable binding 

sites and did not show good docking. An un-druggable binding site, S100A4-Ca2+-2M 

showed the best docking score with NP_358 (−6.049). 

From the molecular docking of natural products into the SiteMap identified 

binding sites it was observed that the druggable binding sites (category 2) of S100A4 

monomer and dimer showed higher affinity (the best docking scores) than category 1 or 

0 binding sites. In TIM3, the highest docking scores were observed into the druggable 

sites for both monomer and dimer conformations, such as TIM3-4M/NP_376 and 

TIM3-4D/NP_376, with the docking scores of − 7.511 and − 8.265, respectively. 

Though the binding sites, TIM3-4M and TIM3-4D were found to be un-druggable, the 

docking scores of the compound were similar to the druggable binding sites. In TIGIT, 

two druggable sites TIGIT-1M and TIGIT-1D showed the best docking results. 

In conclusion, from Glide Docking of natural products into SiteMap identified 

binding sites, it was observed that druggable sites showed higher affinity (higher 

docking scores) to natural products than the un-druggable sites (lower docking scores), 

which is in good agreement with the reported benchmark results of druggability analysis 

by SiteMap (Halgren, 2007, 2009). 

5.7 Estimation of equilibrium constant from free energy of binding  

5.7.1 AutoDock tools 

The AutoDock Vina molecular docking required AutoDock Tools (Version 15.6) 

and OpenBable MGL tools. OpenBable was used to convert the compound structures 

from .sdf file format to ‘PBDQT’ file format. Then AutoDock Tools was used for 

protein preparation. In this step, a PDBQT file of each protein was created excluding the 

water molecules and maintaining the hydrogen atoms and partial charges. After 

preparing the protein PDBQT file, the ligand PDBQT file was added on to AutoDock 
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workspace and the ligand root was detected via torsion tree. A grid box was defined by 

using AutoDock Grid tools and a configuration file was created that contained all of the 

parameters of the grid. Estimation of free energy by using AutoDock Vina included 

seven steps – a. preparation of a protein, b. preparation of a ligand, c. generation of a 

grid parameter file, d. generation of maps and a grid data files, e. generation of a 

docking parameter file, f. running AutoDock and g. result output and scoring functions.  

5.7.2 AutoDock Vina docking and output visualization 

AutoDock Vina docking was run through Windows command prompt and output 

files were generated including free energy calculation and binding modes of top 10 

binding poses of the ligand. For binding site analysis and visualisation of docking 

results, BIOVIA Discovery Studio (BIOVIA, 2015) and PyMol (Schrodinger, 2015) 

were used.  

5.7.3 Natural products 

In ESI-MS screening several flavonoid glycosides were detected as common hits, 

showing binding affinity to all of the proteins. Four analogues of apigenin glucosides 

were investigated against S100A4, S100A4-Ca2+, TIM3 and TIGIT to analyse the 

structure affinity relationships. 

 

Figure 5.7: Chemical structures of natural products for structure affinity relationship 

analysis. NP is for natural product, and 432 and 596 are the molecular weight of the compounds. 
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5.8 Calculation of equilibrium constants  

The binding of a small molecule with protein in solution is a reversible reaction. 

Law of Mass action can be employed to describe non-covalently bound small molecule 

and protein complexes (Du et al., 2016). The binding equilibrium is expressed as 

follows: 

𝑃 + 𝐿	 ↔ 𝑃𝐿 (5.5) 

Where, P represents protein, L represents ligand and PL represents protein-ligand 

complex. The equilibrium constant Keq can be expressed as follows: 

𝐾	 =
[𝑃𝐿]
𝑃 	[𝐿] (5.6) 

Where, [P] and [L] are the concentrations of free protein and ligand, respectively, 

and (Klingström & Plewczynski) is the concentration of protein-ligand complex. 

The equilibrium constant (Keq) can be estimated from the standard-state free 

energy of a reaction (Greiner, Neise, & Stöcker, 2012). The relationship between the 

free energy of reaction at any moment in time (ΔG) and the standard-state free energy of 

reaction (ΔG0) is described by the following equation: 

𝛥𝐺	 = 	𝛥𝐺U	 + 	𝑅𝑇	𝑙𝑛	𝑄	 (5.7) 

In this equation, the ideal gas constant R = 8.314 J	molM^KM^	 , T is the 

temperature in kelvin, and Q is the reaction quotient at the reaction moment in time.  

At equilibrium, the driving force behind a chemical reaction is zero (ΔG = 0) and 

the reaction quotient, Q = Keq. Hence, by replacing the values in equation 5.7 the 

following equation is derived:   

0	 = 	𝛥𝐺	
U
+ 	𝑅𝑇	𝑙𝑛	𝐾	 (5.8) 

The relationship between ΔG0 and K is obtained by rearranging the equation 5.8. 

𝛥𝐺U	 = 	−	𝑅𝑇	𝑙𝑛	𝐾	 (5.9) 
The equilibrium constant (Keq) for a protein-ligand complex formation can be 

calculated from the standard-state free energy of binding. 

𝛥𝐺U
𝑅𝑇 = − ln𝐾 (5.10) 

𝐾 = 𝑒M∆b
c
de (5.11) 

Here, 𝛥𝐺U is calculated as	kJ	molM^. It requires converting into J	molM^ in order 

to match the units with R. According to the equation 5.11, the equilibrium constant K 

has no unit:  

Unit	of	𝐾 = 	
Unit	of	ΔG°	

Unit	of	R	×Unit	of	T = 	
J	molM^

J	molM^KM^×K = No	unit 
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In docking by AutoDock Vina, a set of different ligand binding poses were 

generated and the standard-state free energy of binding was estimated for the ligand 

poses. A scoring function was applied to determine the best binding mode. The binding 

mode considered ligand’s conformation and relative orientation of the ligand and 

protein. 

The equilibrium constants (Keq) of protein-ligand complex formation were 

calculated on Microsoft Excel by using the equation 5.11. The results of estimation of 

equilibrium constants for the compounds are summarized in Table 5.2.  

Table 5.2: Affinity of natural products binding to the proteins  

Ligand Protein *Keq 

NP_432_01 S100A4 18.73 

S100A4-Ca2+ 15.06 

TIM3 15.06 

TIGIT 24.95 

NP_432_02 S100A4 18.34 

S100A4-Ca2+ 17.27 

TIM3 17.27 

TIGIT 27.64 

NP_432_03 S100A4 15.29 

S100A4-Ca2+ 17.04 

TIM3 17.04 

TIGIT 19.30 

NP_596 S100A4 18.87 

S100A4-Ca2+ 16.72 

TIM3 18.72 

TIGIT 19.30 
*Here Keq is the average equilibrium constants for top 10 poses 

From Table 5.2, it was observed that all of the four ligands showed the highest 

affinity to TIGIT and the lowest affinity to S100A4-Ca2+. NP_432_02 showed the 

highest average affinity to TIGIT (Keq = 27.64) and NP_432_01 showed the lowest 

average affinity (Keq = 15.06) to S100A4-Ca2+ and TIM3. The binding mode analysis 

showed that NP_432_01 and NP_432_01 complex formation with the proteins included 

van der Waals interactions, water hydrogen bonding, conventional hydrogen bonds, pi-
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pi interactions. A significant negative contribution was observed due to unfavourable 

bumps and acceptor-acceptor interactions (Figure 5.8). 

 

Figure 5.8: The binding modes of the highest and lowest affinity interactions docked 

by AutoDock Vina. The interactions showed similar binding modes, however, the number of 

interactions that means the sum energy of complex formation was higher in NP_432_02 / TIGIT 

(B) than that of NP_432_01 / S100A4-Ca2+ (A). 

From Table 5.2, it was observed that NP_432_03 showed the same average 

affinity (Keq = 17.04) to protein S100A4-Ca2+ and TIM3. Binding mode analysis 

showed that NP_432_03/S100A4-Ca2+ interaction included van der Waals bonds, 

conventional hydrogen bonds, pi-donor hydrogen bonds, pi-anion, pi-amide and pi-pi 

bonds. NP_432_03/TIM3 interaction included van der Waals bonds, conventional 

hydrogen bonds, carbon hydrogen bonds, water hydrogen bonds, pi-anion and pi-alkyl 

bonds. The both compounds also have some unfavourable interactions (Figure 5.9). 
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Figure 5.9: Binding modes of NP_432_03 into two different proteins with the same 

affinity. 2D schematic showing binding modes of NP_432_03 to S100A4-Ca2+ (A) and TIM3 

(B). Though there are difference in number and types of electrostatic interactions, the sum 

energy of complex formation is identical in both NP_432_03/S100A4-Ca2+ and 

NP_432_03/TIM3. The estimated free energy of binding (ΔG = −7.02 𝐤𝐉	𝐦𝐨𝐥M𝟏) was identical 

for both complexes. 

In AutoDock docking, S100A4-Ca2+ and TIM3 showed similar affinity for the 

compounds (Table 5.2). However, NP_596 showed slightly higher affinity (Keq = 16.72) 

to TIM3 than S100A4-Ca2+ (Keq = 18.72). The binding mode analysis revealed that 

NP_596/TIM3 complex included van der Waals bonds, conventional hydrogen bonds, 

carbon hydrogen bonds, pi-cations, pi-sigma and pi-alkyl bonds. NP_596/S100A4-Ca2+ 

complex included van der Waals bonds, conventional hydrogen bonds, carbon hydrogen 

bonds, water hydrogen bonds, pi-pi and pi-alkyl bonds. However, a number of 

unfavourable interactions were observed in NP_596/S100A4-Ca2+ interactions, which 

negatively affected the total energy of interaction and thus reduced the affinity of 

binding (Figure 5.10).  
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Figure 5.10: The binding modes of NP_596 in two different proteins with similar 

affinities. NP_596/TIM3 complex (A) included fewer interactions than NP_596/S100A4-Ca2+ 

complex (B). Some unfavourable interactions (red) in NP_596/S100A4-Ca2+ produced negative 

effects on the affinity of binding. 

NP_432_01, 02 and 03 have 1 sugar attached to the aglycone and NP_596 has two 

sugars attached to the same aglycone moiety. In S100A4, NP_432_01 (C-8-glycoside) 

and NP_432_02 (O-7-glycoside) were bound to the same binding site with a slight 

difference in the binding orientation. In NP_432_03, C-glucose is attached in C-6 

position and it showed the best docking in a binding site on S100A4, different from the 

binding site of NP_432_01 and 02. However, in S100A4-Ca2+ NP_432_01 to 3 were 

docked into the same binding site. NP_596 (C-8-, C-6-glycoside) were bound to a 

binding site, distant from the others (binding sites for NP_432_01 to 03) in both 

S100A4 and S100A4-Ca2+. In TIM3 and TIGIT, NP_432_01 to 04 were bound in 

different binding sites (Figure 5.11). 
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Figure 5.11: The molecular docking of natural products and proteins by AutoDock 

Vina. The green colour compound is NP_432_01, orange colour compound is NP_432_02, light 

pink colour compound is NP_432_03 and lemon colour compound is NP_596. 

5.9 Conclusion  

The comparative analysis among druggability of binding sites, binding modes and 

affinities of natural products to the proteins demonstrated that S100A4, S100A4-Ca2+, 

TIM3 and TIGIT have a number of druggable binding sites, which have binding affinity 

to small molecules. 

Molecular docking results showed that the binding of small molecules to the 

proteins was dependent on several factors, such as druggability of binding sites, 

physiochemical properties of the compounds and types of interactions with the 

surrounding amino acid residues. The binding affinity was dependent on the total 

energy of interactions included in the complex. The net energy of an interaction was 

dependent on number and types of bonds in the binding pockets. The types and number 

of bonds in a binding pocket varied with the chemical structure of the compounds and 

amino acid residues in the pocket. Therefore, the structural features of the compounds 
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and the binding sites were important for molecular recognition during protein-natural 

products binding.   
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Chapter 6 
 

Combined in silico and Native Mass Spectrometry 

Screening of Natural Products 

6.1 Introduction  

This chapter includes in silico and native mass spectrometry screening of natural 

products against protein targets. In this study, three proteins were investigated - human 

(Homo sapiens) calcium binding protein S100A4 in apo and calcium bound (S100A4-

Ca2+) states, mouse (Mus musculus) T cell/transmembrane, Ig, and mucin protein 3 

(TIM3) and human T-cell immunoreceptor with Ig and ITIM domains precursor protein 

(TIGIT). 

First, virtual screening was applied to select compounds with possible binding 

affinity to the proteins. Then, the selected compounds were screened against the 

proteins by using electrospray ionization Fourier transform mass spectrometry (ESI-

FTMS).  

A library of 3230 natural products, available in Quinn group was screened by a 

structure-based virtual screening method called SPOT-ligand 2. SPOT-ligand 2 is a fast 

and simple tool for virtual screening of a large number of compounds within a short 

period of time (Litfin, Zhou, & Yang, 2017) because it only requires a computationally 

efficient similarity search in a database of known ligand-receptor interacting pairs. In 

this binding-homology-based search, SPOT-ligand 2 infers a potential interaction 

between a query ligand and a target structure if both query ligand and target structure 

have high similarity to a ligand and its receptor in the database of known binding pairs. 

This database includes 420,424 ligands interacting with 22,068 unique protein chains 

(Litfin et al., 2017).  

6.2 Virtual screening by SPOT-ligand 2 

SPOT-ligand 2, developed in the Laboratory of Structural Bioinformatics, Griffith 

University, is available at www.sparks-lab.org. 

In SPOT-ligand 2, structural similarity between a target structure and the receptor 

in the binding-pair database is measured by a semi-global structural alignment method, 

SPalign (Yang, Zhan, Zhao, & Zhou, 2012). SPalign performs a size-independent pairwise 

structural comparison and is able to capture the partial similarity between template 
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proteins and the query protein (Yang et al., 2012). In SPalign, protein similarity score 

was estimated by SPscore (equation 6.1).  

𝑆𝑃#$%&' = 	
1

3𝐿-./ 	[ (
1

1 +
𝑑456

𝑑76
− 0.2)

=>?@6=A

] 
(6.1) 

Where, dij is the distance between Cα atoms of two aligned residues, d0 is a 

constant value, set to 5 Å, α is a parameter to remove dependence on protein length L. A 

constant of 0.2 is employed for a cut off for SPscore at dij = 2d0, and a factor of 1/3 is 

employed to scale the threshold for fold discrimination to around 0.5. The constant 

values were determined by benchmark tests, during the development of SPalign. 

As shown in Figure 6.1, SPOT-ligand 2 first obtained all receptors in the protein-

ligand template libary with a similarity score (SPscore) > 0.6 to the target structure. When 

template complex structures were available, model complex structures between the 

query protein and ligands in the selected templates were obtained by using aligned 

structures from SPalign. Only template ligands with at least one pair of interacting 

heavy atoms (distance <4 Å) were selected for performing ligand similarity against the 

query compound library. The topological similarity between a query compound and a 

template ligand were measured by Tanimoto coefficient (TC) between 2D fingerprint 

representations. 

 

 

Figure 6.1: A schematic diagram showing the structure-based homology search model 

by using SPOT-ligand 2. The protein-ligand template library is available in the Laboratory of 

Structural Bioinformatics, Griffith University. 

Finally, each compound in the query compound library was scored by 

combination of the protein similarity score between the target protein and template 
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proteins and ligand similarity between the query ligand and template ligands (Litfin et 

al., 2017), which is expressed by equation 6.2.  

𝑆𝑐𝑜𝑟𝑒	 = 	𝑤×𝑇𝑆JKL + 1 − 𝑤 ×𝑇𝑆KM' (6.2) 

Where, TS = TC × SPscore, TSmax and TSave are the maximum and the average of 

TS values, respectively for all template ligands and their associated proteins for a given 

target compound, and w = 0.6. 

6.2.1 Target protein structures  

For virtual screening, all target protein structures were downloaded from RCSB 

Protein Data Bank (www.rcsb.org). They are 1M31 for apo S100A4, 3CGA for calcium 

bound form of S100A4, 3Q0H for TIM3 and 3KAA for TIGIT. These structures were 

used without any modification. 

6.2.2 Query compound library  

A library of 3230 previously isolated natural products was screened against the 

target proteins by using SPOT-ligand 2. An input file was generated including SMILES 

of the compounds and a number for listing of the structures (Figure 6.2). SPOT-ligand 2 

requires the compound library input file as .txt or .smi file format. The screening ligand 

library was prepared in .smi file format.  

 

Figure 6.2: SPOT-ligand 2 recommended file format for compound library input. The 

first part is the SMILES of the compounds and the second part is the numbering for each 

compounds separated by a space, generated as a .txt of .smi file format. 

6.2.3 Structure-based virtual screening  

For virtual screening, SPOT-ligand 2 program required the following inputs:  

1. target protein name, which was optional 

2. target proteins, PDB files  

3. compound library, .txt/.smi file 

4. an email address to receive the results of virtual screening results  

The virtual screening results (a hyperlink) were received via the given email and 

the results of virtual screening were accessible via the hyperlink. A library of 3230 

natural products was screened against four protein targets. 
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6.2.4 Selection of compounds for native MS screening 

Based on the SPOT-ligand scoring function, we selected top 20 compounds for 

each target (a total of 80 candidate compounds). This list was reduced after structure 

similarity analysis among them. A final list of 18 natural products was selected to 

screening all four proteins. 

6.3 Native mass spectrometry screening  

6.3.1 Preparation of compounds 

All selected compounds from the library were incubated with all target proteins in 

96 well PCR plate at 25 °C for 30 min. In a sample solution of 50 µL, the compound’s 

concentration was 2 µM and the protein’s concentration was 20 µM.  

6.3.2 Screening of the compounds  

For direct screening by ESI-FTMS, the sample solution (protein plus compound 

mixture) was injected at a flow rate of 120 µL/h. A Bruker SolariX 12 Tesla instrument 

was used for native MS screening of the selected compounds. The instrumental 

conditions and data acquisition methods (Table 6.1), for compound screening were the 

same as that of extracts and fractions screening (Chapter 3). 

6.3.3 Identification of hits 

The hit compounds were identified by comparing the protein spectrum and protein 

plus compound spectra (Chapter 1, Section 1.8). A natural product (NP), NP_152 (152 

is molecular weight of the compound) showed binding to apo S100A4 and TIM3 

(Figure 6.3 A & D). A natural product, NP_204 showed binding to calcium bound 

S100A4-Ca2+ (Figure 6.3 B & C) NP_162 showed binding to TIGIT (Figure 6.3 E). The 

results of native MS screening is summarized in Table 6.2. 
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Table 6.1: Optimum conditions for critical instrumental parameters in Bruker 

SolariX 12 Tesla in positive ESI mode 

Instrumental parts Parameters Screening conditions 

Syringe pump Flow rate (µL/h) 120 

API-source Capillary (V) −4500 

 End plate off set (V) −1000 

Source gas tune Nebulizer (bar)t 1-2 

 Dry gas (L/min)t 4-6 

 Dry gas temperature (°C)m 120-200 

Ion transfer   

Source optics Capillary exit (V) 220.0 

 Deflector plate (V) 250.0 

 Funnel 1 (V)t 110.0-150 

 Skimmer 1 (V)t 15.0-30.0 

 Funnel RF Amplitude (Vpp) 250.0 

Octopole Frequency (MHz)m 2-5 

 RF amplitude (Vpp) 200.0 

Quadrupole Q1 mass (m/z) 600.0 

Collision cell Collision Cell (V) −3.0 

 DC Extracts Bias (V) 0.1 

 RF Frequency (MHz) 2 

 Collision RF Amplitude (Vpp) 2000.0 

Transfer optics Time of Flights (ms)t 1.500-2.500 

 Frequency (MHz) 2 

 RF amplitude (Vpp) 450.0 

Magnitude Sizet M 1-2 

 Mass rangem 294.85-10000.00 

 Average scans / number of scansa 16-64 

 Accumulation time(s)t 0.7-1.5 

Screening conditions were varied during: ttunning of instrument, mmethod setup for 

proteins, a acquisition of sample spectra. 
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Table 6.2: Hits from native MS screening of the compounds   

Protein Hit(s) IUPAC Name Structure 

S100A4 NP_152 1,4-dihydro-1-methyl-4-

oxopyridine-3-

carboxamide 
 

NP_204 2-(5-methoxy-1H-indol-3-

yl)-N-methylethanamine 

 
S100A4-Ca2+ NP_217 4-hydroxy-1-(1H-indol-3-

yl)-3-methylbutan-1-one 
 

TIM3 NP_152 1,4-dihydro-1-methyl-4-

oxopyridine-3-

carboxamide 
 

TIGIT NP_162 3-(1-methylpyrrolidin-2-

yl)pyridine 
 

NP = natural product and 152, 204, 217, and 162 are the molecular weight of the compounds 

6.3.4 Selectivity of the hits 

To identify selective binders, the selected compounds were screened against the 

four proteins. NP_162, NP_204 and NP_217 showed selective binding to TIGIT, 

S100A4-Ca2+ and S100A4 (Figure 6.3). NP_152 showed partial selectivity, binding to 

S100A4 and TIM3 (Figure 6.3).   

6.4 Discussion 

Virtual screening by binding homology method SPOT-ligand identified 18 

structurally distinct potential compounds. SPOT-ligand 2 takes less than 10 minutes for 

the screening of 3230 natural products against 4 targets. In virtual screening of TIGIT, 

NP_162 was selected to have possible affinity to bind to the protein. In virtual screening 

Fab fragment, light chain and nicotine complex showed homology with target protein 

similarity score, 0.752 and ligand similarity score, 1. NP_162 and nicotine are 

structurally identical. The binding of NP_162 to TIGIT was validated by ESI-FTMS.  
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Figure 6.3: The results of native MS screening of selected compounds. The ESI-FTMS 

spectra shows binding of natural products to the proteins; NP_152 to S100A4 (A), NP_204 to 

S100A4 (B), NP_217 to S100A4-Ca2+ (C), NP_152 to TIM3 (D) and NP_162 to TIGIT (E). 

NP_162 showed binding to TIGIT and its adduct as well. 
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This result, demonstrated that homology search by SPOT-ligand 2 provided a 

useful tool for locating compounds that bind to the target proteins. Screening of each 

compound against the four proteins by native MS allowed detection of hits and analysis 

of their selectivity to the proteins.     

6.5 Conclusion 

Identifying natural product binders from a compound library by native 

spectrometry requires screening of entire library against the protein targets, which is 

time consuming and highly expensive. The binding homology search is a fast and 

simple technique to take the advantage of known protein–ligand binding information. 

Virtual screening by SPOT-ligand 2 allowed prioritization and selection of compounds 

having possible binding affinity to the target proteins (Litfin et al., 2017). Moreover, 

native mass spectrometry equipped with electrospray ionization offered the advantages 

of higher sensitivity, selectivity, simplicity and speed of screening (Chen et al., 2015; 

El-Aneed, Cohen, & Banoub, 2009; Yin, Xie, & Loo, 2008). For native MS screening, 

proteins and ligands were incubated at a molar ratio of 10:1. The results demonstrated 

that advanced mass spectrometer, Bruker SolariX 12 Tesla is able to detect hits at a very 

low concentration. All of the compounds were screened against the proteins, which 

allowed the selectivity analysis of protein-natural product binding. 

Thus, the combined screening strategy including structure-based homology search 

by SPOT-ligand 2 and native mass spectrometry by ESI-FTMS was successful for rapid 

detection of selective natural product binders. 
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Chapter 7 

Conclusion 

This thesis reports the molecular weight investigation of natural product binders 

that were detected by native mass spectrometry screening. In this study, three proteins 

were investigated – human (Homo sapiens) calcium binding protein S100A4 in apo and 

calcium bound states, mouse (Mus musculus) T cell/transmembrane, Ig, and mucin 

(TIM) protein 3 and human T-cell immunoreceptor with Ig and ITIM domains precursor 

protein (TIGIT).  

A retrospective functional association analysis of S100A4 demonstrated that the 

protein is a potential target for different types of cancers, osteoarthritis, rheumatoid 

arthritis, pannus formation and joint destruction. TIM3 has an important role in 

regulatory immune processes, particularly in regulation of autoimmunity and anti-

tumour immunity. TIGIT is an important target in autoimmune diseases related to viral, 

bacterial and protozoal infections, and macrophage mediated inflammatory diseases. 

TIGIT is also an important target in immuno-oncology therapies. Structure-based 

druggability analysis of apo and calcium bound S100A4, TIM3 and TIGIT showed that 

the proteins have several numbers of possible druggable binding sites for small 

molecules.  

For native mass spectrometry screening, orally bioavailable natural products 

libraries were generated as lead-like enhanced extracts and fractions. Freeze-dried biota 

powders were extracted sequentially by using n-hexane, dichloromethane and methanol. 

n-Hexane extract was discarded, and dichloromethane and methanol extracts were 

combined for solid phase extraction. In solid phase extraction, the crude extracts were 

treated by using polyamide glycol and a macro porous copolymer, poly 

(divinylbenzene-co-N-vinylpyrrolidone). Polyamide glycol removed polyphenolic 

compounds, such as tannins that have affinity to many proteins, and copolymer retained 

the compounds with log P >5. The positive extracts were fractionated by high 

performance liquid chromatography and five fractions were collected from a reverse 

phase C18 column. Thus, the extracts and fractions contained compounds that are 

compliant to the partition coefficient criterion (log P <5) of Lipinski’s ‘rule of 5’ for 

orally bioavailable drugs. 
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In native MS screening, molecular weight (MW) of natural product binders were 

determined from non-covalent protein-natural product complexes, detected by 

electrospray ionization Fourier transform mass spectrometer. Molecular weight of a 

natural product binder was considered as a discriminator. Molecular weight 

consideration allowed classification of hits prior to go for large scale isolation and 

chemical structure determination. Based on the molecular weight of hits, natural product 

binders were categorized into drug-like (molecular weight <500 Da) and lead-like 

(molecular weight <300 Da) molecules. The hits with molecular weight >500 were 

categorized into an extended chemical sub-space, beyond the rule of five (bRO5). The 

natural product binders were also classified as unique and common hits. A common hit 

detected in multiple extracts or fractions could be the same compound or different 

compounds with the same mass. For classification, a common hit from different biota 

was considered as the same compound. The results of native MS screening is 

summarized in Table 7.1.  

Table 7.1: Classification of hits based on molecular weight of natural products 

Source Protein Chemical sub-space 

Screening of extracts 

Unique hits 

Count Genera S100A4 S100A4-Ca
2+

 TIM3 TIGIT RO3 RO5 bRO5 

75 42 6 33 19 17 15 40 35 

Common hits 

18 37 10 11 11 12 1 6 12 

Screening of fractions 

Unique hits 

23 11 4 4 7 5 1 14 9 

Common hits
**

 

14 11     - 4 10 

**
In fraction screening, the common hits showed binding to all four proteins. The extracts were 

obtained from the biota including whole plant or different parts of the plant such as flowers, leaves, 

twigs, bark or roots. 

 

Liquid chromatography high resolution mass spectrometry was used for the 

analysis of positive extracts. In this study, seven common hits were selected to identify 

the natural product binders. Following mass guided isolation, the common hits NP_564, 
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NP_358, NP_594, NP_376, NP_434, NP_592 and NP_610 were identified as apigenin 

6-C--D-glucoside 8-C--L-arabinoside, sweroside, 4',5-dihroxy-7-methoxyflavanone-

6-C-rutinoside, loganin acid, 6-C-glucosylnaringenin, biochanin A 7-O-rutinoside and 

quercetin 3-O-rutinoside, respectively. From the chemical structures of the compounds, 

it was observed that all seven hits are glycosides (Table 7.2).  

Table 7.2: Chemical structures of common hits 

Common hits Molecular formula
*
 Structure log P 

NP_564 C26H28O14 

 

 2.54 

 

NP_358 C16H22O9 

 

 1.13 

 

NP_594 C28H34O14 

 

 0.50 

 

NP_376 C16H24O10 

 

 2.22 

 

NP_434 C21H22O10 

 

0.08 

 

NP_592 C28H32O14 

 

0.23 

 

NP_610 C27H30O16 

 

 2.41 

*
Molecular formula were determined by HRMS, which were confirmed by NMR 

structure identification 
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Native MS screening and molecular weight identification work flow is 

summarized as follows: 

 

Maceration and solid phase extraction methods were used for extract preparation. 

A total of 93 hits were detected in 108 extracts, which showed binding to four proteins 

including S100A4, S100A4-Ca
2+

, TIM3 and TIGIT. Thirty positive extracts were 

fractionated and 150 fractions were secerned against the proteins. In total, 37 hits were 

detected in fractions. In fraction screening, the common hits showed binding to all four 

proteins. Seven hits were selected for large scale isolation and structure elucidation. The 

preliminary screening results were confirmed by ESI-FTMS screening of pure 

compounds. 

Molecular docking methods were applied to study protein-natural product 

interactions. Glide docking was used to analyse the binding modes of common hits into 

druggable binding sites of the proteins, which were identified by SiteMap. The affinity 

of binding was estimated from the docking scores. Glide docking results demonstrated 

that protein-natural products binding are dependent on physicochemical properties of 

the compounds and structural features of the binding sites. 

In molecular docking by AutoDock Vina, it was observed that in S100A4 and 

S100A4-Ca
2+

, structurally similar compounds were docked in the same binding pocket 

with a slight difference in binding orientations. However, in TIM3 and TIGIT the 

compounds were docked in different binding pockets. Binding affinity of four flavonoid 
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glycosides (structural analogues) to the proteins were determined from the free energy 

of binding, estimated by AutoDock docking. In AutoDock docking, S100A4-Ca
2+

 and 

TIM3 showed similar affinity for the compounds. The compounds showed the highest 

affinity to TIGIT and the lowest affinity to S100A4-Ca
2+

. Thus, AutoDock results 

demonstrated that protein-natural product binding is dependent on the protein binding 

pockets and nature of the compounds. The results of molecular docking by Glide 

docking and AutoDock Vina were comparable. 

A combined in silico and native MS screening method was applied to identify 

selective natural product binders. NP_204 ([2-(5-methoxy-1H-indole-3-

yl)ethyl](methyl)amine) showed selective binding to S100A4, NP_217 (4-hydroxy-1-

(1H-indol-3-yl)-3-methylbutan-1-one) showed selectivity to S100A4-Ca
2+

 and NP_162 

(3-(1-methylpyrrolidin-2-yl)pyridine) showed selectivity to TIGIT. The results 

demonstrated that combined screening strategy including structure-based homology 

search by Spot-ligand 2 and native mass spectrometry by ESI-FTMS was successful for 

rapid detection of selective natural product binders. 

This thesis showed that the common hits with the same mass from different biota 

are the same compound. These compounds can be used as important modulators or 

biological tools to study downstream signalling, and to understand system biology. 

Unique hits can be followed-up to isolate selective natural products.  
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Appendix I 

Chapter 2: Experimental 

S2.1 Top-down approach for construction of protein-protein interaction networks 

STRING version 10.0 was used for prediction of protein-protein interactions and 

construction of PPI networks, which was accessible via its web portal (http://string-

db.org ) to investigate the proteins of interest (Szklarczyk et al., 2014). Three proteins 

human (Homo sapiens) calcium binding protein S100A4, mouse (Mus musculus) T 

cell/transmembrane, Ig, and mucin (TIM) protein 3 and human T-cell immunoreceptor 

with Ig and ITIM domains precursor protein (TIGIT) were investigated for the 

functional associations from protein-protein interaction networks. . Possible protein-

protein interactions of S100A4 and TIGIT were searched in Homo sapiens and of TIM3 

in Mus musculus.  

S2.1.1 Search window in STRING web portal 
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The protein name/gene name was used to search for possible protein-protein 

interactions in an organism. The query protein name was given in (1) and organism 

name/species name was selected in (2). After searching in (3), the names of the 

interactor proteins were shown in the STRING database. The continuation of the 

process with the selected interactor proteins visualized the protein-protein interaction 

network in STRING web portal. 

S2.1.2 Settings window in STRING web portal  

 
The methods for protein-protein interaction predictions were selected in (4), 

minimum required confidence score of prediction was given in (5) and maximum 

number of proteins in 1st shell and 2nd shell of interaction network was given in (6) and 

(7), respectively. Updating setup visualized a new functional association network with 

desired number of proteins in the protein-protein interaction network. 

 ‘Active interaction sources’ included text-mining, experiments, databases, co-

expression, neighbourhood, gene fusion and co-occurrence. Network construction 
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parameters, ‘Confidence level of prediction’ was set-up at 0.150, ‘Maximum numbers 

of interactors’ to show were set-up at 100 for both ‘1st shell’ and ‘2nd shell’ of the 

network mapping. Network enrichment and interaction data were extracted and 

exported into Microsoft Excel. In this study, a redundant interaction network within an 

organism (human or mouse) was created to find the maximum possible interactions 

between the query protein and the interactor proteins.  

S2.1.3 Analysis window of STRING web portal  

 
Network parameters were analysed from STRING analysis window. Number of 

nodes, number of edges, expected node degree, expected number of edges, average local 

clustering coefficient and p-values of protein-protein interaction prediction appeared in 

‘Network Stats’ section (8). The network enrichments were downloaded from 
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‘Save/Export’ section (9) as tab-separated value files (.tsv). For analysis, the data were 

exported to spreadsheets in Microsoft Excel 2010.  

S2.1.4 Exports window in STRING web portal 

 
The results of protein-protein interaction prediction were downloaded from the 

section, ‘Export your current network’ as simple tabular text output (10). The 

interactions of a network included two types of associations – a. direct associations – 

interaction between query protein and interactor proteins and b. indirect associations – 

interaction between two interactor proteins. The protein-protein interactions between 

two interactor proteins were excluded. Thus, a list of interactor proteins, which were 

directly associated with the query protein was created. 
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S2.1.5 Multiple proteins search window in STRING web portal 

 
The query protein and the interactor proteins in the list of direct association were 

taken into ‘Multiple Proteins by Names’ section (11) and the organism (species) name 

was selected in (12). The search for interaction in (13) visualised the final protein-

protein interaction network of the query protein. In this step, the minimum confidence 

score of protein-protein interaction prediction was set at ≥0.400. The protein-protein 

interactions with confidence scores <0.400 were excluded and a new list of interactor 

proteins was made to make final network of protein-protein interaction. The query 

protein and the interactor proteins were taken into ‘Multiple Proteins by Names’ section 

and searched for interactions, including associations between query protein and 

interactor proteins, and associations between interactor proteins. 

S2.2 Protein-protein interaction networks of the proteins 

The final protein-protein interaction networks for human (Homo sapiens) calcium 

binding protein S100A4, mouse (Mus musculus) T cell/transmembrane, Ig, and mucin 



 

S6 
 

(TIM) protein 3 and human T-cell immunoreceptor with Ig and ITIM domains precursor 

protein (TIGIT) are given bellow. Cytoscape was used for visualization and analysis of 

protein-protein interaction networks (Smoot, Ono, Ruscheinski, Wang, & Ideker, 2011).  

S2.2.1 S100A4 PPI network developed by top-down approach 

 

S2.2.2 TIM3 PPI network developed by top-down approach 
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S2.2.3 TIGIT PPI network developed by top-down approach 

 

S2.3 Functional associations of S100A4 

S2.3.1 Association of S100A4 in various biological processes  
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S2.3.2 Association of S100A4 in various KEGG pathways 

 

S2.3.3 Intracellular and extracellular protein-protein interactions of S100A4  

 
Some PPI are found to be in both intracellular (A) extracellular regions (B). 
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S2.3.4 Association of S100A4 in various cell signalling pathways 
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S2.3.5 Association of S100A4 in various molecular functions  
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S2.4 Functional associations of TIM3 

S2.4.1 Association of TIM3 in various biological processes in mouse 
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S2.4.2 Association of TIM3 PPI in various KEGG pathways 

 

S2.4.3 Subcellular distribution of TIM3 protein-protein interactions  
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S2.4.4 Molecular function enrichment of TIM3 from protein-protein interaction 

network 
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S2.5 Functional associations of TIGIT 

 
In (A), the network shows interactions of TIGIT and interactor proteins in 

different biological processes. (B) shows molecular action of the proteins. (C) shows 

cell signalling pathways of the protein from KEGG database and (D) shows the 

subcellular locations of PPIs. 
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S2.6 Druggability analysis of protein S100A4, TIM3 and TIGI by SiteMap 

(SiteMap, 2015) 

Table S2.1: Druggability indices of SiteMap identified binding sites of the proteins 

Druggable sites are category 2, difficult druggable sites is category 1 and undruggable sites category 0.  

M and D represent the monomeric and dimeric states of the proteins. 

Site No. Dscore Size Enclosure Philic Phobic *Category 
S100A4-1M 1.054 399 0.403 0.393 0.344 2 
S100A4-2M 1.033 389 0.375 0.406 0.293 2 
S100A4-3M 0.879 73 0.389 0.483 0.215 1 
S100A4-4M 0.861 61 0.381 0.311 0.436 1 
S100A4-5M 0.73 57 0.311 0.511 0.027 0 
S100A4-1D 0.991 1094 0.429 0.633 0.116 2 
S100A4-2D 0.986 1044 0.427 0.645 0.095 2 
S100A4-3D 0.996 185 0.362 0.493 0.17 2 
S100A4-4D 0.987 118 0.337 0.476 0.107 2 
S100A4-5D 0.973 128 0.352 0.544 0.015 1 

S100A4-Ca2+-1M 1.047 584 0.347 0.31 0.374 2 
S100A4-Ca2+-2M 0.586 37 0.3 0.51 0.108 0 
S100A4-Ca2+-1D 1.012 543 0.366 0.453 0.168 2 
S100A4-Ca2+-2D 1.058 387 0.392 0.358 0.366 2 
S100A4-Ca2+-3D 1.011 198 0.442 0.596 0.148 2 
S100A4-Ca2+-4D 1.053 160 0.406 0.401 0.363 2 
S100A4-Ca2+-5D 1.021 124 0.326 0.352 0.251 2 

TIM3-1M 1.014 286 0.353 0.424 0.172 2 
TIM3-2M 0.862 71 0.322 0.377 0.091 1 
TIM3-3M 0.724 54 0.352 0.545 0.023 0 
TIM3-4M 0.689 51 0.331 0.553 0.069 0 
TIM3-5M 0.738 49 0.333 0.366 0.162 0 
TIM3-1D 1.038 1456 0.405 0.443 0.282 2 
TIM3-2D 0.963 88 0.379 0.448 0.147 1 
TIM3-3D 0.859 70 0.346 0.414 0.177 1 
TIM3-4D 0.822 63 0.315 0.347 0.153 0 
TIM3-5D 0.763 52 0.332 0.350 0.128 0 
TIGIT-1M 1.003 154 0.379 0.505 0.155 2 
TIGIT-2M 1.035 15 0.33 0.316 0.262 2 
TIGIT-3M 0.909 83 0.274 0.343 0.072 1 
TIGIT-4M 0.712 44 0.327 0.331 0.288 0 
TIGIT-5M 0.669 40 0.328 0.374 0.108 0 
TIGIT-1D 1.028 1015 0.387 0.441 0.247 2 
TIGIT-2D 1.022 210 0.353 0.399 0.196 2 
TIGIT-3D 0.998 157 0.383 0.528 0.124 2 
TIGIT-4D 0.92 86 0.292 0.39 0.089 1 
TIGIT-5D 0.642 35 0.319 0.325 0.151 0 
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S2.6.1 SiteMap identified binding sites in apo S100A4 

 
Here, M refers to the monomeric state of the protein. 
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Here, D refers to the dimeric state of the protein. 
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S2.6.2 SiteMap identified binding sites in calcium bound S100A4 

 
Here, M refers to the monomeric state of the protein. 
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Here, D refers to the dimeric state of the protein. 
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S2.6.3 SiteMap identified binding sites in apo S100A4 

 
Here, M refers to the monomeric state of the protein. 

 

TIM3-1M 

TIM3-2M 

TIM3-3M 
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Here, M and D refer to the monomeric and dimeric sates of the protein, respectively. 

 

 

TIM3-4M 

TIM3-5M 

TIM3-1D 
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S2.6.4 SiteMap identified binding sites in TIGIT 

 
Here, M refers to the monomeric state of the protein. 
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Here, D refers to dimeric sate of the protein. 
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Appendix II 

Chapter 3: Experimental 

S3.1: Native mass spectrometry screening  

A Bruker Apex III 4.7 Tesla and SolariX 12 Tesla equipped with an external 

Apollo ESI source were used for native mass spectrometry screening of extracts and 

fractions, respectively. For data acquisition in Apex III 4.7 Tesla Bruker Xmass 

software was used and in SolariX 12 Tesla Bruker Daltonics was used. Phenomenex 

empty SPE tubes (3 cc polypropylene, single fritted) were used for biota packing. 

Gilson, ASPEC XL4 automated solvent dispensing system (John Morris Scientific Pty 

Ltd, Australia) was used for  extraction of biota (300 mg). Centrifugation vacuum dryer 

(Christ, Beta-RVC) equipped with a condenser (Christ Alpha 2-4) was used for drying 

the extracts and fractions. For ultrasonication, a sonicator from John Morris Scientific 

Pty Ltd, Australia was used. For solid phase extraction, polyamide glycol (PAG) was 

packed into Phenomenex empty SPE tubes and HLB cartridges, packed with cross-

linked poly (divinylbenzene-N-vinyl-pyrrolidone) (DVB-NVP) copolymer 

(Phenomenex) were used. For buffer exchange of the proteins, NAP-5 Columns packed 

with Sephadex, G-25 DNA Grade resin (GE Healthcare and life sciences) were used. 

From fractionation by reverse phase high performance liquid chromatography (RP-

HPLC), a silica based C18 column (Onyx Monolithic HPLC column, 4.6 mm × 100 

mm, Phenomenex). 96-well PCR plates from Thermo Fisher Scientific were used to 

incubate extracts or fractions with proteins. A centrifugation solvent evaporator, 

Genevac, Scitek Australia was used to dry the extracts or fractions in 96-well PCR 

plates. Microcentrifuge tubes (Sigma-Aldrich) were used for protein storage and 

dilution. An UV visible spectrometer (JASCO V-630 Bio) was used to determine the 

protein concentration. Hamilton syringe 500 µL (Sigma-Aldrich) was used for sample 

injection in the ESI source. Ubiquitin was used as reference standard for mass 

calibration.  

S3.1.2 Chemicals 

HPLC grade n-hexane (95%, RCI Labscan Limited), dichloromethane (RCI 

Labscan Limited) and methanol (Burdick and Jackson) were used for extraction. For 

protein buffer exchange ammonium acetate (Sigma-Aldrich) was used. To run RP-
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HPLC fractionation the extracts were reconstituted in dimethyl sulfoxide (Sigma-

Aldrich). Acetonitrile, trifluoroacetic acid and formic acid were purchased from Sigma-

Aldrich. Milli Q type 1 ultrapure water was used. 

S3.1.3 Proteins 

Three proteins were investigated in this study including human calcium binding 

protein S100A4, mouse T cell/transmembrane, Ig, and mucin protein 3 (TIM3) and 

human T-cell immunoreceptor with Ig and ITIM domains precursor protein (TIGIT). 

The amino acid sequences used for ESI-FTMS screening are given in Table S3.1. 

Table S3.1: The amino acid sequences of the proteins that were used for screening 

of natural products 

Protein Sequence Mwt (Da) 

Human S100A4 ACPLEKALDVMVSTFHKYSGKEGDKFKLNKS

ELKELLTRELPSFLGKRTDEAAFQKLMSNLDS

NRDNEVDFQEYCVFLSCIAMMCNEFFEGFPD

KQPRKK 

11597.3 

Mouse TIM3 MDGYKVEVGKNAYLPCSYTLPTSGTLVPMC

WGKGFCPWSQCTNELLRTDERNVTYQKSSRY

QLKGDLNKGDVSLIIKNVTLDDHGTYCCRIQF

PGLMNDKKLELKLDIK 

12402.3 

Human TIGIT MMTGTIETTGNISAEKGGSIILQCHLSSTTAQV

TQVNWEQQDQLLAICNADLGWHISPSFKDRV

APGPGLGLTLQSLTVNDTGEYFCIYHTYPDGT

YTGRIFLEVLESSVAEHGAR 

12576.0 

S3.2 Fractionation of the extracts 

Reverse phase high performance liquid chromatography (RP-HPLC) was used for 

fractionation of the selected extracts. Lead-like enhanced extracts were fractionated by 

using a C18 column, which provided a second log P filtering. A gradient solvent system 

consisting of methanol and water plus 0.1% trifluroacetic acid (Table S3.2) was used for 

elution and five fractions from 2.00 min to 7.00 min (0.98 min for each fraction) were 

collected. 
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Table S3.2: Gradient time table for lead-like enhanced fractionation 

No. Time (min) Flow (mL/min) % B % C 

1 0.01 4.00 10.0 90.0 

2 3.00 4.00 50.0 50.0 

3 3.01 3.00 50.0 50.0 

4 6.50 3.00 100.0 0.0 

5 7.00 3.00 100.0 0.0 

6 7.01 4.00 100.0 0.0 

7 8.00 4.00 100.0 0.0 

8 9.00 4.00 10.0 90.0 

9 11.00 4.00 10.0 90.0 

B: 0.1% Trifluoroacetic acid in methanol 

C: 0.1% Trifluoroacetic acid in water 

S3.3 Determination of protein concentration  

Aromatic residues such as Tyrosine and Tryptophan absorb UV light at 280 nm. 

From an extinction coefficient of the protein, concentration of the protein was measured 

by using Beer-Lambert law (A = ϵ×c×l, where, A = absorbance, ϵ = molar absorption 

(extinction) co-efficient, l = cuvette path length thickness) (Grimsley & Pace, 2004). 

ExPASy ProtPram tool was used for calculation of extinction coefficient of the proteins 

by assuming all pairs of Cys residues form cysteines. The calculated extinction 

coefficients for the proteins were found to be 32300, 20315 and 17085 L	mol&'	cm&' 

for S100A4/S100A4-Ca2+, TIM3 and TIGIT, respectively. 

The optimum concentration of S100A4/S100A4-Ca2+, TIM3 and TIGIT were 

determined as 17.5 µM, 15.9 µM and 13.8 µM, respectively (Table S3.3) and were used 

for screening of the extracts and fractions. For each protein, the intensity of base peak in 

ESI-FTMS spectra was observed. Average absolute intensity of 10 replicates was 

estimated for each concentration. The concentration of the protein that produced an 

average absolute intensity of ~3000000.000 was used for native MS screening.  
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Table S3.3: Base intensities of the proteins in different concentrations 

Protein Dilution (µM) ¥Absolute intensity 

S100A4 / S100A4-Ca2+ 87.4 5385071.566 

17.5* 3238729.667 

3.5 2758871.333 

TIM3 79.5 6345214.356 

15.9* 3395112.630 

3.2 864610.564 

TIGIT 69.1 21167179.563 

13.8* 30268892.365 

2.7 246100.5642 
*Optimum concentration for ESI-FTMS screening. ¥Average intensity of 10 replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reference 

Grimsley, G. R., & Pace, C. N. (2004). Spectrophotometric determination of protein concentration. 
Current Protocols in Protein Science, 3.1. 1-3.1. 9.  
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Appendix III 

Chapter 4: Experimental 

S4.1: Identification of NP_564 

 

Apigenin 6-C-β-glucopyranosyl-8-C-α-

arabinopyranoside: Yellow powder; LRESIMS (+) 

m/z = 565.43 ([M + H]/)  and m/z = 587.60 

([M + Na]/) , (−) m/z = 563.12 ([M − H]&) . 1H 

and 13C NMR data were in good agreement with 

those reported in the literature {Siewek, 1985 

#3;Xie, 2003 #5}.  

S4.1.1 1H-NMR spectrum of NP_564 acquired in DMSO-d6 (800 MHz) 
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S4.1.2 13C-NMR spectrum of NP_564 acquired in DMSO-d6 (800 MHz) 

 

S4.1.3 gCOSY spectrum of NP_564 acquired in DMSO-d6 (800 MHz) 
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S4.1.4 HSQCAD spectrum of NP_564 acquired in DMSO-d6 (800 MHz) 

 

S4.1.5 HMBCAD spectrum of NP_564 acquired in DMSO-d6 (800 MHz) 
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S4.2: Identification of NP_358 

 

Sweroside: Yellowish powder; LRESIMS (+) m/z 

= 359.23 ([M + H]/) and m/z = 381.28 ([M + Na]/), 

(−) m/z = 357.13 ([M − H]&). 1H and 13C NMR data 

were in good agreement with those reported in the 

literature {Cambie, 1990 #6;Zhou, 2006 #7}.  

S4.2.1 1H-NMR spectrum of NP_358 acquired in DMSO-d6 (800 MHz) 
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S4.2.2 13C-NMR spectrum of NP_358 acquired in DMSO-d6 (800 MHz) 

 

S4.2.3 gCOSY spectrum of NP_358 acquired in DMSO-d6 (800 MHz) 
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S4.2.4 HSQCAD spectrum of NP_358 acquired in DMSO-d6 (800 MHz) 

 

S4.2.5 HMBCAD spectrum of NP_358 acquired in DMSO-d6 (800 MHz) 
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S4.3: Identification of NP_594 

 

4',5-dihroxy-7-methoxyflavanone-6-O-

rutinoside: Yellow powder; LRESIMS (+) m/z = 

595.30 ([M + H]/) and m/z = 617.38 ([M + Na]/), 

(−) m/z = 593.12 ([M − H]&). 1H and 13C NMR 

data were in good agreement with those reported in 

the literature  

. 

S4.3.1 1H-NMR spectrum of NP_594 acquired in DMSO-d6 (800 MHz) 
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S4.3.2 13C-NMR spectrum of NP_594 acquired in DMSO-d6 (800 MHz) 

 

S4.3.3 gCOSY spectrum of NP_594 acquired in DMSO-d6 (800 MHz) 
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S4.3.4 HSQCAD spectrum of NP_594 acquired in DMSO-d6 (800 MHz) 

 

S4.3.5 HMBCAD spectrum of NP_594 acquired in DMSO-d6 (800 MHz) 
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S4.4 Identification of NP_376 

 

Loganin acid: White powder; LRESIMS (+) 

m/z = 377.58 ([M + H]/) and m/z = 399.55 ([M +

Na]/) , (−)  m/z = 375.12 ([M − H]&) . 1H and 13C 

NMR data were in good agreement with those 

reported in the literature (Calis, Lahloub, & Sticher, 

1984). 

S4.4.1 1H-NMR spectrum of NP_376 acquired in DMSO-d6 (800 MHz) 
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S4.4.2 13C-NMR spectrum of NP_376 acquired in DMSO-d6 (800 MHz) 

 

S4.4.3 gCOSY spectrum of NP_376 acquired in DMSO-d6 (800 MHz) 
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S4.4.4 HSQCAD spectrum of NP_376 acquired in DMSO-d6 (800 MHz) 

 

S4.4.5 HMBCAD spectrum of NP_376 acquired in DMSO-d6 (800 MHz) 
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S4.5 Identification of NP_434 

 

6-C-Glucosylnaringenin: Yellow powder; 

LRESIMS (+) m/z = 435.37 ([M + H]/) and m/z = 

457.35 ([M + Na]/), (−) m/z = 433.22 ([M − H]&). 
1H and 13C NMR data were in good agreement with 

those reported in the literature (Maltese et al., 2009; 

Marais, van Rensburg, Ferreira, & Steenkamp, 

2000). 

S4.5.1 1H-NMR spectrum of NP_434 acquired in DMSO-d6 (800 MHz) 
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S4.5.2 13C-NMR spectrum of NP_434 acquired in DMSO-d6 (800 MHz) 

 

S4.5.2 gCOSY spectrum of NP_434 acquired in DMSO-d6 (800 MHz) 
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S4.5.3 HSQCAD spectrum of NP_434 acquired in DMSO-d6 (800 MHz) 

 

S4.5.4 HMBCAD spectrum of NP_434 acquired in DMSO-d6 (800 MHz) 
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S4.6: Identification of NP_592 

 

Biochanin A 7-O-rutinoside: Yellowish 

powder; LRESIMS (+) m/z = 593.08 ([M + H]/) and 

m/z = 615.12 ([M + Na]/) , (−)  m/z = 591.54 

([M − H]&) . 1H and 13C NMR data were in good 

agreement with those reported in the literature (Silva, 

Carvalho, & Silva, 2007). 

S4.6.1 1H-NMR spectrum of NP_592 acquired in DMSO-d6 (800 MHz) 
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S4.6.2 gCOSY spectrum of NP_592 acquired in DMSO-d6 (800 MHz) 

 

S4.6.2 HSQCAD spectrum of NP_592 acquired in DMSO-d6 (800 MHz) 
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S4.6.2 HMBCAD spectrum of NP_592 acquired in DMSO-d6 (800 MHz) 

 

S4.7 Identification of NP_610 

 

Quercetin-3-O-rutinoside: Yellowish powder; 

LRESIMS (+) m/z = 611.40 ([M + H]/) and m/z = 

633.33 ( [M + Na]/ ), (−)  m/z = 609.54 ([M −

H]&) . 1H and 13C NMR data were in good 

agreement with those reported in the literature 

(Lallemand & Duteil, 1977; Moon, Lee, Shin, & 

Lim, 2005; Napolitano, Lankin, Chen, & Pauli, 

2012). 
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S4.7.1 1H-NMR spectrum of NP_610 acquired in DMSO-d6 (800 MHz) 

 

S4.7.2 gCOSY spectrum of NP_610 acquired in DMSO-d6 (800 MHz) 
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S4.7.3 HSQCAD spectrum of NP_610 acquired in DMSO-d6 (800 MHz) 

 

S4.7.4 HMBCAD spectrum of NP_610 acquired in DMSO-d6 (800 MHz) 
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Appendix IV 

Chapter 5: Experimental 

S5.1 Docking 

Glide extra precision program GLIDE-XP was used for molecular docking of 

protein and ligand. The Glide algorithm utilizes precomputed grids generated using 

SiteMap. Ligand poses were generated for each input molecule using Monte Carlo 

random search algorithm. 2D structures of the ligands were converted to all-atom 3D 

structures using embedded LigPrep script. Post docking minimization was performed 

with OPLS 2005 force field. Ligplot was used for visualization of docking and binding 

mode analysis (Wallace, Laskowski, & Thornton, 1995). The AutoDock Vina molecular 

docking and estimation of free energy required AutoDock Tools (Version 15.6), open 

babble MGL tools. Open Bable was used to convert the ligands from sdf file format to 

PBDQT file format. Protein structures were downloaded from RCSB Protein Data Bank 

(www.rcsb.org) including 1M31 (PDB ID) for apo S100A4, 3CGA for calcium bound 

S100A4, 3Q0H for TIGIT and 3KAA for TIM3.  

AutoDock Vina docking was run through Windows command prompt. The results 

showed free energy (ΔG kJmol&') of protein-ligand complex formation and binding 

modes of top 10 binding poses of the ligand. BIOVIA Discovery Studio (BIOVIA, 

2015) and PyMol (Schrodinger, 2015a, 2015b, 2015c) were used for binding site 

analysis and visualisation of docking results.  

S5.3 Calculation of equilibrium constant 

Equilibrium constants of protein-ligand complex formation were calculated on 

Microsoft Excel. This relationship between ΔG0 and K can be expressed as follows:  

678	 = 	−	:;	<=	>	 (S5.1) 

This equation allowed calculating the equilibrium constant for protein-ligand 

complex formation from the standard-state free energy of reaction. 

678
:; = − ln> (S5.2) 

> = @&∆B
C
DE (S5.3) 
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Here, the ideal gas constant R = 8.314 J	mol&'K&', T is the temperature in kelvin. 

Since 67° is calculated as KJmol&'  and hence, it requires to convert into Jmol&'  in 

order to match the units with R.  

According to the equation 5.11, the equilibrium constant K has no unit:  

Unit	of	K = 	
Unit	of	�G�	

Unit	of	R	×Unit	of	T = 	
J	mol&'

J	mol&'K&'×K = No	unit 

The average values of equilibrium constants for the top 10 binding poses were 

calculated. 

S5.4 Estimation of equilibrium constants of protein-ligand complexes 

S5.4.1 Estimation of equilibrium constants of S100A4 and ligand complexes 

Table S5.1: AutoDock docking results and equilibrium constant calculation for 

NP_432_01 and S100A4 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−QR
ST

  > = @&QR/ST 
rmsd l.b. rmsd u.b. 

1 −7.8 0.00 0.00 −7800 3.14 23.25 

2 −7.7 28.04 32.39 −7700 3.10 22.33 

3 −7.5 3.12 6.90 −7500 3.02 20.60 

4 −7.5 28.54 31.92 −7500 3.02 20.60 

5 −7.2 28.30 32.06 −7200 2.90 18.25 

6 −7.2 2.91 6.76 −7200 2.90 18.25 

7 −6.9 26.98 30.70 −6900 2.78 16.17 

8 −6.9 13.13 16.29 −6900 2.78 16.17 

9 −6.9 2.24 6.25 −6900 2.78 16.17 

10 −6.8 28.45 31.91 −6800 2.74 15.53 

Mean −7.24     18.73 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.2: AutoDock docking results and equilibrium constant calculation for 

NP_432_02 and S100A4 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  

rmsd l.b. rmsd u.b. 

1 −7.4 0.00 0.00 −7400 2.98 19.79 

2 −7.3 28.04 32.39 −7300 2.94 19.00 

3 −7.2 3.12 6.90 −7200 2.90 18.25 

4 −7.2 28.54 31.92 −7200 2.90 18.25 

5 −7.2 28.30 32.06 −7200 2.90 18.25 

6 −7.2 2.91 6.76 −7200 2.90 18.25 

7 −7.2 26.98 30.70 −7200 2.90 18.25 

8 −7.2 13.13 16.29 −7200 2.90 18.25 

9 −7.1 2.24 6.252 −7100 2.86 17.53 

10 −7.1 28.45 31.918 −7100 2.86 17.53 

Mean −7.21   
  

18.34 

R = 8.314, T = 298.15, RT = 2478.819 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

S52 
 

Table S5.3: AutoDock docking results and equilibrium constant calculation for 

NP_432_03 and S100A4 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −6.9 0.00 0.00 −6900 2.78 16.17 

2 −6.9 28.04 32.39 −6900 2.78 16.17 

3 −6.8 3.12 6.90 −6800 2.74 15.53 

4 −6.8 28.54 31.92 −6800 2.74 15.53 

5 −6.8 28.30 32.06 −6800 2.74 15.53 

6 −6.7 2.91 6.76 −6700 2.70 14.92 

7 −6.7 26.98 30.70 −6700 2.70 14.92 

8 −6.7 13.13 16.29 −6700 2.70 14.92 

9 −6.7 2.24 6.25 −6700 2.70 14.92 

10 −6.6 28.45 31.91 −6600 2.66 14.33 

Mean −6.76   
 

 15.29 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.4: AutoDock docking results and equilibrium constant calculation for 

NP_596 and S100A4 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −7.6 0.00 0.00 −7600 3.06 21.45 

2 −7.6 28.04 32.39 −7600 3.06 21.45 

3 −7.5 3.12 6.90 −7500 3.02 20.60 

4 −7.5 28.54 31.92 −7500 3.02 20.60 

5 −7.2 28.30 32.06 −7200 2.90 18.25 

6 −7.2 2.91 6.76 −7200 2.90 18.25 

7 −7.1 26.98 30.70 −7100 2.86 17.53 

8 −7.0 13.13 16.29 −7000 2.82 16.84 

9 −7.0 2.24 6.25 −7000 2.82 16.84 

10 −7.0 28.45 31.91 −7000 2.82 16.84 

Mean −7.27   
   

18.87 

R = 8.314, T = 298.15, RT = 2478.819 
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S5.4.2 Estimation of equilibrium constants for S100A4-Ca2+ and ligand complexes 

Table S5.5: AutoDock docking results and equilibrium constant calculation for 

NP_432_01 and S100A4-Ca2+ 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −7.0 0.00 0.00 −7000 2.82 16.84 

2 −6.9 28.04 32.39 −6900 2.78 16.17 

3 −6.8 3.12 6.90 −6800 2.74 15.53 

4 −6.7 28.54 31.92 −6700 2.70 14.92 

5 −6.7 28.30 32.06 −6700 2.70 14.92 

6 −6.7 2.91 6.76 −6700 2.70 14.92 

7 −6.6 26.98 30.70 −6600 2.66 14.33 

8 −6.6 13.13 16.29 −6600 2.66 14.33 

9 −6.6 2.24 6.25 −6600 2.66 14.33 

10 −6.6 28.45 31.91 −6600 2.66 14.33 

Mean −6.72   
   

15.06 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.6: AutoDock docking results and equilibrium constant calculation for 

NP_432_02 and S100A4-Ca2+ 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −7.8 0.00 0.00 −7800 3.14 23.25 

2 −7.7 28.04 32.39 −7700 3.10 22.33 

3 −7.5 3.12 6.90 −7500 3.02 20.60 

4 −7.1 28.54 31.92 −7100 2.86 17.53 

5 −6.8 28.30 32.06 −6800 2.74 15.53 

6 −6.7 2.91 6.76 −6700 2.70 14.92 

7 −6.7 26.98 30.70 −6700 2.70 14.92 

8 −6.7 13.13 16.29 −6700 2.70 14.92 

9 −6.6 2.24 6.25 −6600 2.66 14.33 

10 −6.6 28.45 31.91 −6600 2.66 14.33 

Mean −7.02   
   

17.27 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.7: AutoDock docking results and equilibrium constant calculation for 

NP_432_03 and S100A4-Ca2+ 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −7.8 0.00 0.00 −7800 3.14 23.25 

2 −7.2 28.04 32.39 −7200 2.90 18.25 

3 −7.1 3.12 6.90 −7100 2.86 17.53 

4 −7.0 28.54 31.92 −7000 2.82 16.84 

5 −7.0 28.30 32.06 −7000 2.82 16.84 

6 −6.9 2.91 6.76 −6900 2.78 16.17 

7 −6.9 26.98 30.70 −6900 2.78 16.17 

8 −6.8 13.13 16.29 −6800 2.74 15.53 

9 −6.7 2.24 6.25 −6700 2.70 14.92 

10 −6.7 28.45 31.91 −6700 2.70 14.92 

Mean −7.01   
   

17.04 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.8: AutoDock docking results and equilibrium constant calculation for 

NP_596 and S100A4-Ca2+ 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −7.8 0.00 0.00 −7800 3.14 23.25 

2 −7.5 28.04 32.39 −7500 3.02 20.60 

3 −7.5 3.12 6.90 −7500 3.02 20.60 

4 −7.2 28.54 31.92 −7200 2.90 18.25 

5 −7.2 28.30 32.06 −7200 2.90 18.25 

6 −7.1 2.91 6.76 −7100 2.86 17.53 

7 −7.1 26.98 30.70 −7100 2.86 17.53 

8 −7.1 13.13 16.29 −7100 2.86 17.53 

9 −7.0 2.24 6.25 −7000 2.82 16.84 

10 −7.0 28.45 31.91 −7000 2.82 16.84 

Mean −7.25   
   

18.72 

R = 8.314, T = 298.15, RT = 2478.819 
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S5.4.3 Estimation of equilibrium constants for TIM3 and ligand complexes 

Table S5.9: AutoDock docking results and equilibrium constant calculation for 

NP_432_01 and TIM3 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −7.2 0.00 0.00 −7200 2.90 18.25 

2 −7.1 28.04 32.39 −7100 2.86 17.53 

3 −7.0 3.12 6.90 −7000 2.82 16.84 

4 −7.0 28.54 31.92 −7000 2.82 16.84 

5 −6.9 28.30 32.06 −6900 2.78 16.17 

6 −6.8 2.91 6.76 −6800 2.74 15.53 

7 −6.8 26.98 30.70 −6800 2.74 15.53 

8 −6.8 13.13 16.29 −6800 2.74 15.53 

9 −6.8 2.24 6.25 −6800 2.74 15.53 

10 −6.8 28.45 31.91 −6800 2.74 15.53 

Mean −6.92   
   

16.33 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.10: AutoDock docking results and equilibrium constant calculation for 

NP_432_02 and TIM3 

AutoDock docking Equilibrium constant calculation 

Mod

e 

ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −7.8 0.00 0.00 −7800 3.14 23.25 

2 −7.7 28.04 32.39 −7700 3.10 22.33 

3 −7.6 3.12 6.90 −7600 3.06 21.45 

4 −7.6 28.54 31.92 −7600 3.06 21.45 

5 −7.6 28.30 32.06 −7600 3.06 21.45 

6 −7.5 2.91 6.76 −7500 3.02 20.60 

7 −7.4 26.98 30.70 −7400 2.98 19.79 

8 −7.4 13.13 16.29 −7400 2.98 19.79 

9 −7.3 2.24 6.25 −7300 2.94 19.00 

10 −7.3 28.45 31.91 −7300 2.94 19.00 

Mean −7.52   
   

20.81 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.11: AutoDock docking results and equilibrium constant calculation for 

NP_432_03 and TIM3 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −7.0 0.00 0.00 −7000 2.82 16.84 

2 −6.9 28.04 32.39 −6900 2.78 16.17 

3 −6.8 3.12 6.90 −6800 2.74 15.53 

4 −6.8 28.54 31.92 −6800 2.74 15.53 

5 −6.7 28.30 32.06 −6700 2.70 14.92 

6 −6.6 2.91 6.76 −6600 2.66 14.33 

7 −6.6 26.98 30.70 −6600 2.66 14.33 

8 −6.6 13.13 16.29 −6600 2.66 14.33 

9 −6.6 2.24 6.25 −6600 2.66 14.33 

10 −6.5 28.45 31.91 −6500 2.62 13.76 

Mean −6.71   
   

15.01 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.12: AutoDock docking results and equilibrium constant calculation for 

NP_596 and TIM3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −7.6 0.00 0.00 −7600 3.06 21.45 

2 −7.6 28.04 32.39 −7600 3.06 21.45 

3 −7.5 3.12 6.90 −7500 3.02 20.60 

4 −7.3 28.54 31.92 −7300 2.94 19.00 

5 −7.3 28.30 32.06 −7300 2.94 19.00 

6 −7.2 2.91 6.76 −7200 2.90 18.25 

7 −7.2 26.98 30.70 −7200 2.90 18.25 

8 −7.2 13.13 16.29 −7200 2.90 18.25 

9 −7.2 2.24 6.25 −7200 2.90 18.25 

10 −7.2 28.45 31.91 −7200 2.90 18.25 

Mean −7.33   
  

19.28 

R = 8.314, T = 298.15, RT = 2478.819 
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S5.4.4 Estimation of equilibrium constants for TIGIT and the ligand complexes 

Table S5.13: AutoDock docking results and equilibrium constant calculation for 

NP_432_01 and TIGIT 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −8.3 0.00 0.00 −8300 3.34 28.45 

2 −8.2 28.04 32.39 −8200 3.30 27.33 

3 −8.0 3.12 6.90 −8000 3.22 25.21 

4 −8.0 28.54 31.92 −8000 3.22 25.21 

5 −7.9 28.30 32.06 −7900 3.18 24.21 

6 −7.9 2.91 6.76 −7900 3.18 24.21 

7 −7.9 26.98 30.70 −7900 3.18 24.21 

8 −7.9 13.13 16.29 −7900 3.18 24.21 

9 −7.8 2.24 6.25 −7800 3.14 23.25 

10 −7.8 28.45 31.91 −7800 3.14 23.25 

Mean −7.97   
   

24.95 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.14: AutoDock docking results and equilibrium constant calculation for 

NP_432_02 and TIGIT 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −8.6 0.00 0.00 −8600 3.46 32.11 

2 −8.5 28.04 32.39 −8500 3.42 30.84 

3 −8.3 3.12 6.90 −8300 3.34 28.45 

4 −8.3 28.54 31.92 −8300 3.34 28.45 

5 −8.2 28.30 32.06 −8200 3.30 27.33 

6 −8.1 2.91 6.76 −8100 3.26 26.25 

7 −8.1 26.98 30.70 −8100 3.26 26.25 

8 −8.1 13.13 16.29 −8100 3.26 26.25 

9 −8.1 2.24 6.25 −8100 3.26 26.25 

10 −7.9 28.45 31.91 −7900 3.18 24.21 

Mean −8.22   
   

27.64 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.15: AutoDock docking results and equilibrium constant calculation for 

NP_432_03 and TIGIT 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −8.8 0.00 0.00 −8800 3.55 34.81 

2 −8.6 28.04 32.39 −8600 3.46 32.11 

3 −8.5 3.12 6.90 −8500 3.42 30.84 

4 −8.4 28.54 31.92 −8400 3.38 29.62 

5 −8.3 28.30 32.06 −8300 3.34 28.45 

6 −8.3 2.91 6.76 −8300 3.34 28.45 

7 −8.2 26.98 30.70 −8200 3.30 27.33 

8 −8.2 13.13 16.29 −8200 3.30 27.33 

9 −8.1 2.24 6.25 −8100 3.26 26.25 

10 −8.1 28.45 31.91 −8100 3.26 26.25 

Mean −8.35   
   

29.14 

R = 8.314, T = 298.15, RT = 2478.819 
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Table S5.16: AutoDock docking results and equilibrium constant calculation for 

NP_596 and TIGIT 

AutoDock docking Equilibrium constant calculation 

Mode 
ΔG 

(kJmol&') 

Distance from best mode ΔG 

(Jmol&') 
−
ΔG
RT > = @

&QR
ST  rmsd l.b. rmsd u.b. 

1 −8.6 0.00 0.00 −8600 3.46 32.11 

2 −8.6 28.04 32.39 −8600 3.46 32.11 

3 −8.6 3.12 6.90 −8600 3.46 32.11 

4 −8.4 28.54 31.92 −8400 3.38 29.62 

5 −8.4 28.30 32.06 −8400 3.38 29.62 

6 −8.3 2.91 6.76 −8300 3.34 28.45 

7 −8.3 26.98 30.70 −8300 3.34 28.45 

8 −8.2 13.13 16.29 −8200 3.30 27.33 

9 −8.2 2.24 6.25 −8200 3.30 27.33 

10 −8.2 28.45 31.91 −8200 3.30 27.33 

Mean −8.38   
   

29.45 

R = 8.314, T = 298.15, RT = 2478.819 
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