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Abstract 

 

Molecular docking technologies enable the extraordinary structural 

diversity of natural products to be harnessed in an efficient manner. In this 

thesis, in silico techniques were used to discover and develop c-myc oncogene 

down-regulators and JAK2 inhibitors from databases of natural products and 

approved drugs. 

 

In Chapter 1, current literature on the use of molecular docking in virtual 

screening for the identification of bioactive molecules from natural product 

databases are reviewed. 

 

Chapter 2 provides an overview of the experiments performed during the 

course of this work, including molecular docking, PCR stop assay, absorption 

spectroscopy, CD spectroscopy, FID assay, mass spectrometry, SPR 

spectroscopy, ELISA assay, MTT assay, luciferase assay and Western blot 

analysis. The mechanisms, applications and protocols of these experiments are 

detailed. 
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A unique intramolecular G-quadruplex c-myc NHE III1 loop isomer model 

developed by our group was employed to design and screen 30 flavone 

derivatives in silico. The highest-scoring flavone derivatives 3.5, 3.6 and 3.7 

containing cationic pyridinium side chains that could interact with the 

G-quadruplex grooves were synthesized. The flavone derivatives could 

stabilize the c-myc G-quadruplex in the PCR-stop assay, and induce the 

G-quadruplex structure in guanine-rich sequences as revealed by CD 

spectroscopy. The binding affinity of the derivatives towards various DNA 

structures was examined using UV-visible spectroscopy. The most promising 

derivative 3.7 was further subjected to surface plasmon resonance spectroscopy, 

in silico molecular modeling and luciferase reporter assay to determine its 

selectivity, binding interaction mode and c-myc G-quadruplex promoter 

inhibitory activity in cancer cells. This compound also displayed promising 

cytotoxic behavior against human cancer cell lines. This part of work is 

detailed in chapter 3. 

 

Chapter 4 describes the application of computer-aided techniques for the 

repurposing of FDA-approved drugs as c-myc oncogene G-quadruplex 

stabilizers. Methylene blue (MB) emerged as a promising scaffold after virtual 
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screening of 3,000 FDA-approved drugs. A structure-based lead optimization 

approach was used to generate and screen 50 MB derivatives, containing side 

chains that could interact with the G-quadruplex grooves, in silico. The 

highest-scoring compounds 4.10, 4.11 and 4.12 were synthesized and their 

ability to interact with the c-myc G-quadruplex was investigated using FID 

assay. The most promising compound 4.11 stabilized c-myc G-quadruplex 

DNA in a PCR-stop assay. The selectivity of 4.11 for the c-myc G-quadruplex 

over duplex DNA and other G-quadruplexes was demonstrated using 

UV-visible spectroscopy and mass spectrometry. Compound 4.11 could induce 

or stabilize c-myc G-quadruplex formation in cellular models, and displayed 

higher cytotoxicity against human hepatocarcinoma cells compared to the 

parent compound, MB. 

 

The application of the DOLPHIN kinase model to discover natural product 

scaffolds as Type II JAK2 inhibitors is presented in chapter 5. Amentoflavone, 

a biflavonoid from the Chinese plant Gingko biloba, emerged as a promising 

candidate after biological verification of the hit structures. Amentoflavone was 

optimized in silico, and the top scoring derivatives were synthesized. The 

activity of the amentoflavone analogues against JAK2 activity in HEL cells 
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was evaluated using a Western blot assay. Two derivatives, 5.3 and 5.7, 

showed low-micromolar activity against JAK2 phosphorylation in cellulo.  

Analogue 5.2 inhibited total JAK2 content in HEL cells and also displayed 

potent anti-proliferative activity against HEL cells in the MTT assay. This 

chapter also describes the total synthesis of amentoflavone.  
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Chapter 1   

 

Introduction 

 

1.1  Natural products for drug discovery 

 

For thousands of years, human beings have depended on Mother Nature 

not only for food and shelter, but also for the treatment of illnesses. The earliest 

records of plants being used in traditional medicinal systems date from around 

2900–2600 BCE.
[1]

 Natural products (NPs) have long been serving as principal 

resources for drug discovery until the advent of modern synthetic organic 

chemistry very recently. Many significant discoveries were made based on the 

pharmaceutical research of traditional medicinal herbs and remedies. For 

example, the herb Artemisia annua has been used in traditional Chinese 

medicine for thousands of years for treating malaria and other skin diseases 

before its active ingredient, artemisinin (1.1, Figure 1.1), was isolated only 

several decades ago.
[2] 

Huperzine A (1.2, Figure 1.1), an acetylcholinesterase 
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inhibitor from the plant moss Huperzia serrata used for the treatment of 

Alzheimer’s disease, had been used for centuries by Chinese herbalists for 

treating swelling, fever and blood disorders.
[3] 

The famous anti-cancer NP 

paclitaxel (taxol) (1.3, Figure 1.1), isolated from the tree bark of Taxus 

brevifolia, is an effective drug for the treatment of breast, ovarian, lung, head 

and neck cancer.
[4]

 The total number of natural compounds produced by plants 

has been estimated to be over 500,000.
[5]

 The Dictionary of Natural Products 

(version 16.2, 2008) has 265,123 entries as NPs and their derivatives.
[6]

 Even 

today, NPs remain an important source of new drugs. NPs, their derivatives and 

NP mimics constitute over 50% of all drugs that are used clinically.
[7]

 

 

Modern pharmaceutical research relies heavily on mechanism-based 

screening to identify bioactive lead molecules. With continual improvement in 

screening design, reagent production, robotics and data management, 

high-throughput screening (HTS) has become a staple procedure in drug 

discovery. The combination of mechanism-based screening methods with 

bioassay-guided fractionation has yielded new pharmaceutical agents from 

natural sources. Some such compounds identified in the 1970s include the 

β-lactamase inhibitor clavulanic acid (1.4, Figure 1.1) from Streptomyces 

clavuligerus
[8]

 and the HMG-CoA reductase inhibitor mevastatin (1.5, Figure 
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1.1) from Penicillium citrinum.
[9]

 Mevastatin (1.5) was also reported as an 

antifungal agent from P. brevicompactum.
[10]

 Augmentin, a mixture of 

clavulanic acid (1.4) and amoxicillin (1.6, Figure 1.1) is still being used today 

as a front line antibiotic.
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Figure 1.1. Compounds identified using HTS in the 1970s: artemisinin (1.1), 

Huperzine A (1.2), paclitaxel (taxol) (1.3), clavulanic acid (1.4), mevastatin 

(1.5) and amoxicillin (1.6). 
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Despite competition from other drug discovery methods, NPs still provide 

their fair share of new clinical candidates and drugs today. Newman et al. have 

documented the continued involvement of Mother Nature in providing sources 

of small molecule drugs from 1981–2008 (Figure 1.2),
[11]

 and sources of small 

molecule antitumour agents from the 1930s to 2008 (Figure 1.3).
[12]
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Figure 1.2. Sources of small molecule drugs, 1 January 1981–12 October 2008 

(n = 1024). N: NPs; ND: Nat. Prod. Derivative; S: Synthetic; S/NM: 

Synthetic/Nat. Prod. Mimic; S*: Nat. Prod. Pharmacophore; S*/NM: Nat. Prod. 

Pharmacophore Mimic. 
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Figure 1.3. Sources of small molecule anti-tumor drugs as of 12 October 2008 

(n = 162). N: NPs; ND: Nat. Prod. Derivative; S: Synthetic; S/NM: 

Synthetic/Nat. Prod. Mimic; S*: Nat. Prod. Pharmacophore; S*/NM: Nat. Prod. 

Pharmacophore Mimic. 
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Combinatorial chemistry has enabled the production of a huge number of 

chemical compounds in a simple and rapid manner. The amalgamation of 

combinatorial chemistry with HTS technologies initially promised great 

advances in the discovery of new drugs. However, the failure of combinatorial 

chemistry to yield a significant increase in the numbers of drug candidates is 

partly due to its implicit requirement for efficient reaction and purification 

methodologies that are able to produce large numbers of compounds at high 

yield and low cost, which greatly limited the structural diversity of the 

chemical library. Feher and co-workers found that combinatorial compounds 

tend to contain fewer chiral centers compared to natural compounds.
[13]

 On the 

other hand, NPs usually contain more rigid scaffolds comprising fused, 

unsaturated ring systems, potentially exploiting the entropic advantages 

conferred by rigidity in order to achieve the high biochemical affinities and 

specificities characteristic of NPs.
[13]

 

  

Nowadays, HTS efforts have mainly focused on ‘‘privileged’’ synthetic 

libraries, including databases of existing drugs (drug repurposing),
[14]

 and 

databases based upon the principles of ‘‘diversity-orientated synthesis’’ 

(DIOS)
[15]

 or ‘‘biology-orientated synthesis’’ (BIOS).
[16]

 Excellent reviews 

have been published on these topics.
[14-16]

 However, despite the best of these 
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efforts, HTS screening of such carefully constructed libraries can still be a 

laborious task and no doubt a lot of resources will be spent on synthesizing and 

testing those inactive structures. This is where computer-aided drug discovery 

can make an important contribution. 

 

1.2  Virtual screening in pharmaceutical research 

 

Virtual screening (VS) is a computational technique used in drug 

discovery research to identify possible lead structures against a specific 

pharmaceutical target. It is defined by Walters et al. as "automatically 

evaluating very large libraries of compounds" using computer programs.
[17]

 

Computers can quickly search through large libraries of chemical structures in 

order to identify those structures which are most likely to bind to a drug target, 

typically a protein receptor or enzyme.
[18]

 The major advantage derived from 

VS is the tremendous reduction in time and resources required to screen a 

chemical library of known compounds. By identifying non-binding compounds 

in silico, the numbers of compounds to be tested in vitro can be dramatically 

reduced, sometimes by orders of magnitudes. Furthermore, the hit rates of VS 

candidates in the in vitro assays can be greatly increased compared to 
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conventional HTS of unprocessed libraries. In this way, VS serves as a 

valuable tool to help medicinal chemists narrow down synthetic targets, an 

advantage over the somewhat random nature of combinatorial libraries used 

previously. 

 

Excellent reviews have already been published in the literature on the 

application of VS in drug discovery and development.
[19] 

Broadly speaking, VS 

can be sub-divided into pharmacophore modelling and molecular docking 

(Figure 1.4). Pharmacophore modelling can be further classified into 

structure-based and ligand-based methods.  
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Figure 1.4. Schematic flowchart outlining the two major strategies employed 

in in silico VS. 
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In structure-based pharmacophore modeling, structural information of the 

receptor must be first obtained using techniques such as X-ray crystallography 

and nuclear magnetic resonance (NMR), or through homology with 

closely-related proteins. The Protein Data Bank (PDB) offers over 73,000 such 

structures for free.
[20]

 Generally, a structure containing the biomolecular target 

complexed with its ligand is advantageous for VS since the key features of the 

interaction between the ligand and the binding pocket can be directly identified. 

Some commercially available computational software programs, such as 

LIGANDSCOUT
[21]

 and POCKET v.2
[22]

 (see Table 1.1), are able to analyze 

the binding interaction and determine the relevant contributions of each feature 

to the specificity and inhibitory potency of the ligand. These ligand-target 

interactions, including hydrogen bonding, ionic interactions and hydrophobic 

interactions, are analysed in order to generate a three-dimensional (3D) 

pharmacophore model in silico. 
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Table 1.1. Examples of commercially available drug discovery softwares. 

 

Company/Institution Software Uses 

Accelrys Discovery Studio, 

Insight II 

Pharmacophore modelling, 

receptor-ligand docking, de 

novo drug design, molecular 

stimulation 

MolSoft 

 

ICM-Pro 

 

Pharmacophore modelling, 

receptor-ligand docking, 3D 

QSAR model constructions 

Tripos 

 

Sybyl Receptor-ligand docking, 

chemoinformatics, 3D QSAR 

model constructions 

Scripps Research 

Institute 

Autodock Receptor-ligand docking 

Schrodinger Phase Receptor-ligand docking, 

pharmacophore modelling 
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In contrast, structural information on the receptor is not required for 

ligand-based pharmacophore modeling. Instead, a collection of ligands with 

known binding affinity are examined in order to derive representative 

electrostatic and steric features that are important for effective interaction with 

the biomolecular target. To validate the 3D pharmacophore generated from 

either structure-based or ligand-based pharmacophore modeling, cost analysis 

techniques can be performed using statistical calculations in order to generate 

the “best” hypothetical structure. The validated pharmacophore is then used for 

the VS of chemical libraries in order to identify molecules that possess similar 

steric and electronic features with the pharmacophore. However, a 

disadvantage of pharmacophore modelling is that since the affinity calculation 

mainly involves the matching of geometry and functional groups of the 

potential ligand with the 3D pharmacophore, the screening process will tend to 

reveal ligands that structurally and electronically resemble the training set of 

compounds, rather than uncovering novel hit scaffolds. An additional limitation 

of pharmacophoric modeling is that in the absence of structural or mechanistic 

information about the target, it may not be possible to anticipate which 

particular structural features of the ligands are important for biological activity.  

 

Compared to the relatively established protocols of pharmacophore 
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modeling, 3D molecular docking is a comparatively newer technique that has 

been made possible by the increasing availability of biomolecular structures 

characterized using modern spectral methods or X-ray crystallography, as well 

as the continually advancing computational power and capabilities of modern 

computers. Molecular docking requires knowledge of the three-dimensional 

structure of the biomolecular target with or without a bound ligand, at atomic 

resolution. As before, the use of a biomolecular structure co-crystallized with a 

ligand is preferred as the binding pocket of the ligand can be easily identified, 

so that the subsequent docking analysis can then be restricted to the areas 

around the binding pocket. This avoids wastage of computational resources and 

eliminates false positives that interact outside of the binding site. 

 

As mentioned above, NPs offer unparalleled structural diversity and 

fascinating molecular architecture. However, the use of NPs in HTS-aided drug 

discovery and development has been somewhat neglected compared to 

synthetic libraries based on drug-likeness, DIOS or BIOS. A major hurdle in 

the use of NPs in drug research is the difficulty and expense of isolating 

sufficient quantities of the NP from extracts. Computational methods, including 

VS, can open up new possibilities for evaluating natural compounds by 

bypassing many of these tedious steps. Furthermore, inactive compounds can 
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be predicted in silico, avoiding the wastage of precious NPs. 

 

A summary of some available NP databases is presented in Table 1.2. 
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Table 1.2. Some available NPs databases for vitual screening. 

 

Database Company Number of 

compounds 

Link 

ZINC 

 

Bioinfomatics 

and Chemical 

Informatics 

89,425 

 

http://zinc.docking.org/v

endor0/npd/index.html 

 

MEGabolite 

 

Analyticon 

Discovery 

4,700 

 

http://www.ac-discovery

.com 

Nat Diverse 

 

Analyticon 

Discovery 

>20,000 

 

http://www.ac-discovery

.com 

IBS Database InterBioScrcen 

Ltd 

>45,000 

 

http://www.ibscreen.co

m/natural.shtml 

Super Natural 

Database 

 

Charite, 

Medical Faculty 

of the 

Humboldt 

University 

45,917 

 

http:/lbioinformatics.cha

rite.de/supernatural/ 

 

CHEMnetBASE 

(Dictionary of 

Natural 

Products) 

Chapman & 

Hall 

 

>226,000 

 

http://www.chemnetbase

.com/ 

 

CHEMnetBASE 

(Dictionary of 

Marine Natural 

Products) 

Chapman & 

Hall 

 

>34,000 

 

http://www.chemnetbase

.com/ 
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Natural Products 

Database (NPD) 

 

Molecular 

Diversity 

Preservation 

International 

(MD PI) 

22,048 

 

http://www.mdpi.org 

 

Natural 

Compound 

Library (NCL) 

TimTec 

 

640 

 

http://www.timtec.net/ 

 

Natural 

Derivative 

Library (NDL) 

TimTec 

 

3,000 

 

http://www.timtcc.net/ 

 

SPECS Natural 

Products 

SPECS. Inc. 

 

400 

 

http://www.specs.net/ 

 

SPECS Natural 

Products 

CNPD 

NeoTrident 

Technology Ltd 

57,000 http://www.neotrident.co

m/newweb/index.asp 
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1.3   Recent applications of molecular docking in drug 

discovery 

In this section, some recent applications of VS in drug discovery research 

are discussed. These studies can be grouped into three categories: 

enzyme-substrate interactions, receptor-ligand interactions (including 

protein-protein interactions) and DNA interactions.  

 

1.3.1 NPs targeting the enzyme-substrate interaction 

 

The National Cancer Institute (NCI) diversity set of 1,853 compounds of 

both natural and synthetic origin was screened by Toney et al. in 2004 against 

3CL
pro

 proteinase of the severe acute respiratory syndrome coronavirus 

(SARS-CoV), which caused a pandemic that swept Southeast Asia in 2003.
[23]

 

The X-ray crystal structure of 3CL
pro

 (PDB entry: 1P9S) was chosen for 

docking using the AutoDock program. The NP sabadinine (1.7, Figure 1.5) was 

found to be the highest scoring compound, with a binding energy of 11.6 kcal 

mol
–1

 and a clustering of 9 out of 10 docked conformers within 0.5 Å. However, 

sabadinine (1.7) did not affect murine coronavirus replication at 100 µM, as 

revealed by syncytium formation and cytopathic effects.
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Figure 1.5. Inhibitor of 3CL
pro

 proteinase of the SARS-CoV, sabadinine (1.7). 
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Sangma et al. reported the docking of 2,684 compounds from a Thai 

Medicinal Plants Database against the X-ray co-crystal structures of HIV-1 

reverse transcriptase (RT) with nevirapine or calanolide A (PDB entry: 1VRT) 

and HIV-1 protease (PR) with XK-263 (PDB entry: 1HVR) using AutoDock to 

identify inhibitors of HIV-1 RT and HIV-1 PR.
[24]

 A neural network based on a 

self-organizing map (SOM) was applied in order to narrow the size of the hit 

list. In the SOM approach, the reference structures were analyzed to find 

potential pharmacophoric groups, and a map was generated that contained only 

the distances between three points of certain pharmacophoric groups. The same 

maps were generated from the docking hit list and then superimposed onto the 

reference map, and only those compounds having their features represented in 

the common regions were retained. This successive SOM screening could be 

performed as many times as necessary (by using different features) to reduce 

the size of the candidate pool. In the study, a pool of 562 (out of 2,684 

compounds) identified as docking hits by AutoDock for HIV-1 PR was reduced 

to 135 and then 13 compounds after successive rounds of SOM screening. 

However, the anti-HIV activity of most of these compounds had already been 

reported in the literature, making biological validation unnecessary in this work. 

This study demonstrates the effectiveness of a pharmacophoric SOM neural 

network in reducing the size of the hit list after molecular docking. 



 22 

A naturally occurring derivative of tannic acid, ellagic acid (1.8, Figure 1.6) 

was identified by Moro’s group in 2006 as an inhibitor of casein kinase 2 

(CK2), a putative oncogene in animal and cellular models,
[25]

 by utilizing a 

consensus docking and scoring approach that includes four docking algorithms 

(MOE-Dock, Glide, Fred and Gold) and five scoring functions (MOE-Score, 

GlideScore, GoldScore, ChemScore and Xscore) to dock and rank an in-house 

database of around 2,000 NPs against the X-ray crystal structure of CK2 (PDB 

entry: 1JWH). Significantly, ellagic acid (1.8) ranked in the top 5% of all five 

scoring functions and all four docking programs predicted the same lowest 

energy binding conformation for ellagic acid. Biological experiments showed 

that ellagic acid represented the most potent CK2 inhibitor reported at that time 

(Ki = 20 nM), validating the in silico result. Kinetic analysis revealed that 

ellagic acid was a competitive inhibitor with respect to ATP, and was consistent 

with the molecular docking results that showed the binding of the small 

molecule to the ATP-binding domain. Importantly, ellagic acid was shown to 

be at least 72-fold more potent against CK2 kinase (IC50 = 0.04 µM) compared 

to a panel of 11 other kinases (IC50 > 2.9 µM). This was a particularly 

impressive result considering the apparently promiscuous structural features of 

ellagic acid (a planar compound containing four hydroxyl moieties) and the 

fact that this VS hit was not optimized at all. This early work demonstrated the 
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power of molecular docking for identifying potent and selective NPs against 

biomolecular targets. 
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Figure 1.6. Ellagic acid (1.8), an inhibitor of CK2.
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Aurora kinases are important in cell division through the regulation of 

centrosome maturation and separation, microtubule kinetochore attachment, 

and chromosome alignment and segregation. The over-expression of Aurora 

kinases has been reported in a variety of cancers. Thus, inhibitors of Aurora 

kinases, including Hesperadin (1.9, Figure 1.7), ZM447439 (1.10, Figure 1.7) 

and VX-680 (1.11, Figure 1.7), have shown significant anticancer in vitro and 

in vivo activity. By employing molecular docking of about 15,000 natural 

compounds of microbial origin (the Microbial Natural Products Database) 

against the X-ray structure of Aurora-B co-crystallized with the Hesperadin 

(PDB entry: 2BFY) with docking program FlexX, Fu et al. identified 

Jadomycin B (1.12, Figure 1.7) as an inhibitor of Aurora B kinase.
[26]

 The VS 

campaign generated a hit list of the 150 top scoring, of which 22 were obtained 

for biological validation. The most promising candidate, Jadomycin B (1.12), 

displayed an IC50 value of 10.5 µM and a Ki value of 6.8 µM against Aurora-B 

in vitro, and was also able to inhibit the proliferation of a variety of cancer cell 

lines with IC50 values in the range of 10–26 µM. However, because Jadomycin 

B (1.12) induced apoptosis without blocking the cell cycle, the putative target 

mechanism of Aurora-B inhibition, it was concluded that Jadomycin B (1.12) 

could potentially inhibit other kinases leading to apoptosis. Due to the highly 

conserved nature of the kinase ATP-binding domain, achieving selectivity 
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amongst the 518 protein kinases in the human genome is often of high 

importance in kinase inhibitor discovery projects.  
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Figure 1.7. Inhibitors of Aurora kinases: Hesperadin (1.9), ZM447439 (1.10), 

VX-680 (1.11) and Jadomycin B (1.12). 
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NEDD8-activating enzyme (NAE) is an analogue of the ubiquitin E1 

enzyme that is involved in regulating the ubiquitination and degradation of a 

subset of proteins regulated by E3 cullin-RING ligases, including cancer 

related substrates such as p-IκBα and c-myc. In 2011, we reported the 

discovery of the NP-like 6,6-biapigenin (1.13, Figure 1.8) as only the second 

inhibitor of NAE using molecular docking.
[27]

 The first inhibitor of NAE 

reported, MLN4924 (1.14, Figure 1.8), displayed efficacy against both solid 

and hematological human cancer cell lines.
[28]

 Using Molsoft, we performed 

high-throughput molecular docking of the Analyticon MEGAbolite and 

NatDiverse databases of over 20,000 NPs and NP-like structures against the 

X-ray crystal structure of the quaternary APPBP1.UBA3-NEDD8-ATP 

complex (PDB: 1R4N). The 10 highest-scoring compounds were obtained and 

tested in in vitro assays. The biflavonoid 6,6-biapigenin (1.13) emerged as the 

top candidate in biological validation experiments, with micromolar potency 

against NAE in enzyme and cell-based assays. While 6,6-biapigenin (1.13) 

itself has not been discovered in nature, it has been synthesized from 6, 

6-biapigenin hexaaceate (1.15, Figure 1.8), which is in turn obtained from the 

natural product succedaneaflavanone (6,6-binarigenin) (1.16, Figure 1.8). 

Interestingly, molecular modeling analysis of the ligand-receptor complex 

suggested a binding mode that was very different from that of ATP or the 
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nucleotide mimic NAE inhibitor MLN4924 (1.14), suggesting that 

6,6-biapigenin (1.13) can putatively be considered as a new class of NAE 

inhibitor (Figure 1.9). Importantly, 6,6-biapigenin (1.13) was the only second 

NAE inhibitor reported to date. 
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Figure 1.8. Inhibitors of NAE and their derivatives: 6,6-biapigenin (1.13), 

MLN4924 (1.14) biapigenin hexaaceate (1.15) and succedaneaflavanone 

(6,6-binarigenin) (1.16). 
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Figure 1.9. Molecular model of a) VS hit 6,6-biapigenin (1.13), b) MLN4924 

(1.14) and c) ATP bound to the NAE heterodimer generated by virtual ligand 

docking. Molecular modeling analysis revealed a putatively different binding 

mode of 6,6-biapigenin (1.13) compared to MLN4924 (1.14) or ATP. 
[27]
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Janus kinases (JAKs) are cytoplasmic protein kinases that play an 

important role in cytokine-mediated signal transduction. In the absence of 

ligand, JAKs are constitutively bound to the cytoplasmic tails of cytokine 

receptors. The binding of ligand to the extracellular portion of the receptor 

results in a conformational change of the receptor itself and subsequent 

activation of the JAKs. Activated JAKs tyrosine autophosphorylate and 

phosphorylate specific tyrosine residues on the C-terminal end of the receptors. 

This results in the recruitment and activation of the signal transducers and 

activators of transcription (STAT) proteins. Activated STATs subsequently 

translocate into the nucleus where they alter specific gene transcription 

patterns.
[29]

 JAKs contain seven conserved Janus homology (JH)
[30]

 domains: a 

tyrosine kinase domain at the C-terminus (JH1), a pseudokinase domain (JH2) 

and five further domains that are believed to interact with regulatory proteins 

or cytokine receptors (JH3–JH7).
[31]

 The mammalian JAK kinase family 

comprises four members: JAK1, JAK2, JAK3 and TYK2.
[32]

 Their constitutive 

or enhanced activity is usually associated with abnormal cell proliferation in a 

series of hematologic malignancies including lymphoid and myeloid leukemias, 

Hodgkin’s lymphoma and various B-cell non-Hodgkin’s lymphomas. In 

particular, JAK3 is preferentially expressed in lymphoid cells and mediates 

signals through interleukin-2 receptor subunit gamma (γc) shared by receptors 
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for IL-2, IL-4, IL-7, IL-9 and IL-15, indicating the crucial role of JAK3 in 

T-cell development and the homeostasis of the immune system.
[33]

 To identify 

novel chemical compounds that inhibit JAK3 activity, Baeg et al. performed 

structure-based virtual screen using the 3D structure of JAK3 kinase domain 

(PDB ID: 1YVJ) and the NCI diversity set, which is a small library of ca. 

2,000 small molecules selected from the entire NCI collection.
[34]

 In their 

approach, they generated several conformations of each compound and then 

utilized the ensemble for docking. Significantly, their test runs revealed that the 

resulting complexes have lower binding energies than those obtained by the 

simple increment of conformers. Of the top-scoring compounds, NSC114792 

(10,13-dimethyl-17-[2-(6-sul-fanylidene-3H-purin-9-yl)acetyl]-1,2,6,7,8,9,11,1

2,14,15,16,17-dodecahydrocyclopenta[a]phenanthren-3-one) (1.17, Figure 1.10) 

was identified as a potential JAK3 inhibitor. The highest-scoring structure of 

NSC114792 (1.17) with the JAK3 kinase domain showed interactions with the 

side chains of Leu-804, Val-812, Ala-829, Lys-831, Glu-847, Val-860, Met-878, 

Tyr- 880, Leu-932 and Ala-942 of the kinase domain, suggesting the 

importance of hydrophobic interactions in the protein-ligand complex. 

AutoDock calculated the values of the dissociation constant (Kd) to be 10.64 

and 5.44 nM for 4ST (1.18, Figure 1.10) and NSC114792 (1.17), respectively. 

In vitro kinase assays using immunoprecipitation indicated that NSC114792 



 35 

(1.17) inhibited JAK3 kinase activity in a dose-dependent manner, whereas did 

not affect the kinase activity of other JAK members at concentrations up to 20 

μmol/L. In summary, this study identified NSC114792 (1.17) as a selective 

inhibitor of JAK3 activity that can be used as a starting point for the 

development of more efficacious anti-JAK3 compounds. Such molecules may 

have therapeutic potential in the treatment of various diseases that are caused 

by aberrant JAK3 activity. 
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Figure 1.10 Inhibitors of JAK3: NSC114792 (1.17) and 4ST (1.18).  
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Deficiencies in JAK2 signaling have been linked with the development of 

myeloprofilerative disorders (MPDs), including polycythemia vera (PV), 

essential thrombocythemia (ET), and primary myelofibrosis (PMF).
[35]

 These 

clonal hematopoietic disorders are characterized by the hypersensitivity of 

marrow progenitor cells to hematopoietic growth factors. A somatic mutation 

in JAK2, V617F, has been identified in 95% of PV cases, and 50% of ET and 

PMF cases.
[36]

 This mutation confers constitutive protein tyrosine kinase (PTK) 

activity and factor-independent growth to various hematopoietic cell lines. 

Therefore, JAK2 represents an attractive target for the development of 

anti-cancer chemotherapeutics.
[37]

 Our group set out to identify inhibitors of 

JAK2 using structure-based screening of a NP database. This study is a part of 

my thesis work and will be discussed in detail in Chapter 5. 

 

1.3.2 NPs targeting the receptor-ligand interaction 

 

Estrogen receptors (ERs) regulate mammalian hormonal and physiological 

processes through binding with their common endogenous steroid hormone 

17-β-estradiol (E2). Aberrant ERs expression has been implicated in a variety 

of estrogen-regulated diseases, including osteoporosis, breast cancer, prostate 

cancer and inflammation.
[38]

 To discover novel non-steroidal selective estrogen 
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receptor modulators (SERMs), Li et al.
[39]

 employed structure-based VS of 

their in-house NP database of over 4,000 NPs isolated from 100 medicinal 

plants. The NPs in the database were virtually docked to the ligand binding 

domain (LBD) of both ERα (PDB: 3ERT) and ERβ (PDB: 1NDE). Based on 

the VS results, 52 compounds were selected for further testing using the in 

vitro yeast two-hybrid (Y2H) assay. The bioassay results indicated that three 

compounds containing a phenol group (1.19, 1.20, 1.21, Figure 1.11) exhibited 

estrogenic activity, while 8 other compounds exhibited anti-estrogenic activity, 

among which compounds 1.22, 1.23, 1.24 selectively modulated ERβ (Figure 

1.11). 
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Figure 1.11. ER-modulating compounds 1.19–1.29. 
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Table 1.3. Agonistic or antagonistic activities of the active compounds on ERα 

and Erβ subtypes. 

 

Agonist ERα EC50 (μM) ERβ EC50 (μM) 

1.19 

1.20 

1.21 

17β-estradiol 

16.12 ± 1.540 

38.200 ± 18.890 

2.030 ± 0.190 

0.00108 ± 

0.00007 

4.890 ± 0.056 

1.860 ± 0.096 

0.500 ± 0.033 

0.00105 ± 0.00006 

Antagonist ERα EC50 (μM) ERβ EC50 (μM) 

1.22 

1.23 

1.24 

1.25 

1.26 

1.27 

1.28 

1.29 

Tamoxifen (positive 

control) 

NA 

NA 

NA 

2.550 ± 0.005 

8.320 ± 1.470 

12.570 ± 0.240 

8.170 ± 0.890 

48.360 ± 6.710 

2.540 ± 0.120 

 25.300 ± 3.100 

72.000 ± 4.500 

33.800 ± 2.400 

4.680 ± 0.360 

2.760 ± 0.020 

17.690 ± 2.890 

4.280 ± 0.500 

49.210 ± 0.290 

1.6600 ± 0.0026 
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ERβ plays key roles in estrogen-inducible neuronal morphological 

plasticity, brain development, and cognition. ERα is more predominantly 

expressed in the breast and the endometrium. Hence, ER agonists for treating 

neurodegenerative diseases should exhibit high selectivity for ERβ to avoid 

unwanted proliferative effects in other tissues. Brinton et al. docked an 

in-house database of 25,000 plant-based NPs and NP derivatives against the 

X-ray co-crystal structure of ERβ with the isoflavone genistein (PDB entry: 

1QKM) using Gold.
[40]

 The highest-scoring 500 molecules from the VS were 

filtered by manual inspection, and 100 compounds were selected for further 

analysis by the docking program Affinity in order to refine the binding modes 

predicted by Gold. Finally, 31 compounds possessing the critical hydrogen 

bonding with His475 of ERβ as well as necessary hydrophilic and hydrophobic 

characteristics matching that of endogenous 17β-estradiol or genistein were 

selected. 5 out of 12 tested compounds exhibited significant selectivity for ERβ 

over ERα (3 of these exhibited over 100-fold selectivity, Figure 1.12). However, 

the neurobiological effects of these compounds will necessitate further in vivo 

investigations as the agonistic or antagonistic activities of weak estrogenic 

binders are dependent on a number of factors, including the concentrations of 

the compound and endogenous estrogens as well as the level of transcriptional 

coactivators or corepressers present in the tissue.
[41] 
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Figure 1.12. ER binders with over 100-fold selectivity for ERβ over ERα. 
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K
+
 channels regulate a variety of cellular processes in both electrically 

excitable and non-excitable cells, such as control of the action potential and 

excitability in nerve and muscle cells, regulation of hormone secretion, cell 

volume, and T lymph cell activation.
[42]

 In 2003, Liu et al. screened the China 

Natural Products Database of 50,000 compounds against a structural model of 

the eukaryotic Shaker K
+
 channel constructed based on homology with the 

crystal structure of the prokaryotic Streptomyces Kcsa K
+
 channel (PDB entry: 

1BL8) using Dock.
[43]

 The search area for docking was confined to the 

extracellular pore binding site formed by the tetramer. Ligands that could 

interact with the residues surrounding the ion-selective filter of the channel had 

the potential to inhibit K
+
 channel function. To reduce the size of the initial hit 

list, the highest-scoring 200 compounds were re-optimized using the Sybyl 

molecular mechanics force field, to generate a final group of 14 compounds of 

which 4 were obtained for biological testing. All four compounds tested (1.33–

1.36, Figure 1.13) inhibited K
+
 channel activity in a electrophysiological assay 

by whole-cell voltage-clamp recording in dissociated hippocampal rat neurons, 

and showed 20–1000-fold higher potency than the well-known K
+
 channel 

blocker tetraethylammonium. 
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Figure 1.13. The structures of K
+
 channel inhibitory compounds 1.33–1.36. 
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The peroxisome proliferator-activated receptors (PPARs) are 

ligand-activated transcription factors of the nuclear hormone superfamily. 

Three isoforms of PPAR have been identified: PPAR-α, -β and -. PPAR- is 

the most abundant receptor in adipocytes and macrophages, where it is 

involved in adipocyte differentiation and lipid storage and also serves as the 

primary receptor modulating insulin sensitization and maintaining glucose 

homeostasis. In the search for new lead PPAR-γ ligands, Hibbs and co-workers 

applied VS of their previously constructed in-house NP library-consisting of 

200 compounds extracted from botanical sources.
[44]

 In this study, the 

molecules were docked into the ligand-binding domain of two PPAR-γ 

templates. Ligands were docked with Glide 4.0 (Glide, v4.0, Schrodinger, 

LLC), utilizing the extra precision (XP) scoring function to estimate protein 

ligand binding affinities. The sites targeted in the docking calculations were 

defined by the position of the molecules in the PPAR-γ⁄RXRα heterodimer 

crystal structure (PDB: 1FM9, receptor (I) for farglitazar; and 1FM6 receptor 

(II) for rosiglitazone). Ligands were ranked based on docking scores where 

more negative values corresponded to greater predicted binding affinities. The 

20 best-scoring compounds from each docking study were combined to create 

an initial hit list totaling 40 compounds. A small number of these compounds 

were regarded as duplicates as they scored in the top 20 against both receptors, 
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and those duplicates were removed from the list. Overall, a final list of 29 

unique candidates were considered as potential PPAR-γ ligands, having 

achieved relatively favorable docking scores (Table 1.4). Among the final list 

were three compound families, including predominantly 17 flavonoids, 10 

gingeroids, and 2 ginkolides. 
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Table 1.4. Hit list of best-scoring docked compounds, along with rankings and 

docking scores determined against receptors (I) and (II). 

 

 

 

Compound name 

Docking 

rank 

Docking 

score
 

(kcal/mol)
 

Key interacting 

residues 

Receptor Receptor Receptor 

I II I II I II 

Farglitazar  –13.7 –7.6 S289, H323, 

Y743, F363 

 

Rosiglitazone  –7.7 –10.5  S289, 

H323 

10-Gingediol 12 13 –12.0 –8.8 S289, H323, 

F363 

Y473 

10-Gingedione 7 43 –12.5 –6.2 S289, H323  

10-Gingerol 10 10 –12.2 –9.2 Y473 S289 

12-Gingerol 24 8 –10.8 –9.6  

4,5-Dihydroxyflavone 15 21 –11.5 –8.2 S289, H323, 

F363 

 

4,7 -Dimethoxyflavone 19 20 –11.1 –8.3 F363  

4,7-Dimethoxyisoflavone 5 27 –12.6 –7.9 S289, H323, 

F363 

 

6-Gingediol 17 16 –11.3 –8.6 F363 S289, 

Y473 

8-Gingediol 11 17 –12.0 –8.5 H323  

8-Gingerol 31 18 –10.2 –8.4  

Acacetin 18 22 –11.2 –8.2 H323, F363  

Apigenin 14 29 –11.6 –7.8 F363  

Bayin 38 11 –8.8 –9.1  
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Biochanin A 6 36 –12.6 –7.5 S289, H323, 

F363 

 

Chrysin 8 14 –12.4 –8.6 S289, H323, 

F363 

 

Daidzein 9 32 –12.3 –7.6 S289  

Dihydroquercetin 39 19 –8.7 –8.4   

Genistein 2 34 –13.5 –7.6 S289, H323, 

F363 

 

Gingerenone A 13 6 –11.7 –10.1  S289, 

Y473 

Gingerenone B 25 1 –10.7 –11.6  S289, 

Y473 

Gingerenone C 4 5 –12.9 –10.6 Y473, F363 S289, 

Y473 

Ginkgol 23 4 –10.9 –10.6  S289, 

H323 

Ginkgolic acid 20 2 –11 .0 –11.3  S289 

Hesperidin 3 3 –13.1 –10.9 H323, Y473 H323, 

Y473 

Naringenin 16 15 –11.3 –8.6 S289, F363  

Psi-baptisin* – 7 – –9.8   

Psi-baptigenin 1 28 –14.0 –7.8 S289, H323, 

F363 

 

Psi-baptigenin acetate 41 12 –8.4 –8.9  

Vitexin 40 9 –8.5 –9.4 
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Tumor necrosis factor-α (TNF-α) is a multifunctional cytokine that 

mediates critical immune functions, including inflammation, infection, and 

antitumor responses.
[45]

 The aberration of TNF-α signaling has been implicated 

in cases of tumorigenesis, diabetes, and autoinflammatory diseases such as 

rheumatoid arthritis, psoriatic arthritis, and Crohn’s disease.
[46]

 Our group has 

applied high-throughput, ligand-docking-based VS methods to identify TNF-α 

inhibitors from a chemical library of over 20,000 NPs and NP-like compounds, 

using the X-ray co-crystal structure of a TNF-α dimer with SPD304 (1.37, 

Figure 1.14) (PDB code: 2AZ5) as the molecular model to develop 

small-molecule inhibitors of TNF-α for therapeutic applications.
[47]

 The 

continuously flexible ligands were docked to a grid representation of the 

receptor and assigned a score reflecting the quality of the complex according to 

the internal coordinate mechanics (ICM) method [ICM-Pro 3.6-1d molecular 

docking software (Molsoft)].
[48]

 Two chemically distinct structures, the 

pyrazole-linked quinuclidine (1.38, Figure 1.14) and the indolo-[2,3-a] 

quinolizidine (1.39, Figure 1.14), emerged as the top candidates from a 

preliminary ELISA measuring their ability to inhibit the binding of TNF-α to 

TNFR-1. The binding poses of these two compounds overlap well with the 

crystallographic pose of SPD304 (1.37) to TNF-α (Figure 1.15). Like SPD304, 

compounds 1.38 and 1.39 are large enough to interact with the residues from 
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both subunits of the TNF-α dimer, thereby occupying and blocking the binding 

site for the third TNF-α subunit. 
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Figure 1.14. Chemical structures of small-molecule TNF-α 

inhibitors: SPD304 (1.37), quinuclidine (1.38) and indoloquinolizidine (1.39). 
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Figure 1.15. Low-energy binding conformations of a) 1.38, b) 1.39, and c) 

SPD304 (1.37) bound to the TNF-α dimer generated by virtual ligand docking. 

The two subunits of the TNF-α dimer are depicted in ribbon form and are 

colored purple (subunit A) and red (subunit B). The small molecules are 

depicted as ball-and-stick models showing carbon (yellow), hydrogen (grey), 

oxygen (red), nitrogen (blue), and fluoride (green) atoms. Hydrogen bonds are 

depicted as dotted lines. The binding pocket of the TNF-α dimer is represented 

as a translucent green surface.  
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1.3.3 NPs targeting DNA 

 

DNA-targeting NPs include some of the most well-known anticancer 

drugs. For example, mitomycin (1.40, Figure 1.16) is a potent DNA crosslinker 

from Streptomyces caespitosus or Streptomyces lavendulae that finds use as a 

chemotherapeutic against gastrointestinal, breast, and bladder cancers,
[49]

 while 

the actinomycins (1.41, Figure 1.16), also from Streptomyces, are 

chemotherapeutics and antibiotics that bind DNA at the transcription initiation 

complex and inhibit RNA polymerase.
[50]
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Figure 1.16. Well-known DNA-targeting NPs: mitomycin (1.40) and 

actinomycin D (1.41). 
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The historic discovery of the classical DNA double-helix structure by 

Watson and Crick in 1953 heralded a new era of structural and molecular 

biology. In recent years, massive interest has been focused on non-canonical 

nucleic acid structures including the triplex,
[51]

 i-motif
[52]

 and G-quadruplex,
[53]

 

and the roles that these structures may play in living organisms. 

G-quadruplexes are four-stranded nucleic acid structures formed from 

guanine-rich sequences,
[54]

 comprising of stacked guanine tetrads stabilized by 

Hoogsteen hydrogen bonding and monovalent cations such as potassium or 

sodium in the central ionic channel.
[53, 55]

 The stabilization of G-quadruplexes 

by divalent cations has also been reported and may also play a part in the 

formation of certain G-quadruplex structures.
[56]

 While the folding of 

G-quadruplexes by guanine-rich sequences in vitro has been extensively 

characterized, the exact structures and functions of G-quadruplexes in vivo is 

still an active area of debate. The identification of G-quadruplex-interacting 

proteins such as nucleolin
[57]

 and NM23-H2
[58]

 provide circumstantial evidence 

of the existence of G-quadruplexes in living organisms. G-quadruplexes can be 

formed from TTAGG repeats in the telomeres of human chromosomes. 

Additionally, bioinformatics analysis has revealed an over-representation of 

G-quadruplex-forming sequences in the promoter regions of genes, including 

oncogenes such as c-myc,
[59]

 bcl-2,
[60]

 VEGF,
[61]

 KRAS,
[62]

 c-kit
[63]

 and RET.
[64]
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Thus, G-quadruplexes have been proposed to be closely associated with 

important biological processes such as transcriptional control of gene 

expression and the regulation of the cell cycle and apoptosis. 

 

To identify G-quadruplex DNA-binding ligands, Ma et al. performed 

high-throughput docking of a drug-like compound database, containing 

100,000 compounds from ZINC
[65] that passed the Lipinski filters, using the 

ICM-Pro 3.4-8a program (Molsoft).
[66]

 The continuously flexible ligands were 

docked to a grid representation of the receptor (PDB code: 1KF1) and assigned 

a score reflecting the quality of the complex by the ICM method (Molsoft). 

The best-scoring molecule, 1H-pyrazole-3-carboxy-4-methyl-5-phenyl- 

(1H-indol-3-ylmethylene) hydrazide (1.42, Figure 1.17), was evaluated for its 

ability to stabilize G-quadruplex DNA. High-throughput fluorescence 

resonance energy transfer (FRET) assay showed that compound 1.42 could 

selectively stabilize G-quadruplex DNA over duplex DNA. Molecular 

modeling of the binding of 1.42 with the X-ray crystal structure (PDB code: 

1KF1) of intramolecular G-quadruplex DNA indicated that 1.42 was stacked 

on the ends of the intramolecular G-quadruplex at the GT quadruplex terminus, 

close to the 3-terminal face of the G-quadruplex, with a binding energy of –

38.46 kcal mol
–1

 (Figure 1.17). Additionally, the unfavorable binding energies 
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of 28–31 kcal mol
–1

 for intercalation suggested that compound 1.42 was 

unlikely to intercalate into G-quadruplex DNA. 
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Figure 1.17. Best scoring G-quadruplex DNA binder 1.42 and molecular 

docking of it to G-quadruplex DNA. 
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The nuclear hypersensitivity element III1 (NHE III1) is a guanine-rich 27 

base-pair sequence located upstream of the c-myc P1 promoter, and is 

responsible for 80–90% of c-myc transcription.
[67]

 In order to develop a HTS 

platform for G-quadruplex binding ligands, a model of the intramolecular 

G-quadruplex loop isomer of NHE III1 was constructed by Ma et al. in 2010
[68]

 

using the X-ray crystal structure of the intramolecular human telomeric 

G-quadruplex DNA (PDB code: 1KF1). Over 20,000 compounds in a NP 

database were screened in silico. The continuously flexible ligands were 

docked to a grid representation of the receptor and assigned a score reflecting 

the quality of the complex according to the ICM method (Molsoft).
[69]

 The five 

highest-scoring compounds were tested in a preliminary polymerase stop assay 

to measure their ability to stabilize the c-myc G-quadruplex, and fonsecin B 

(1.43, Figure 1.18), a naphthopyrone pigment originally isolated from the 

fungus Aspergillus fonsecaeus in 1974,
[70]

 emerged as the top candidate. The 

molecular docking results showed that 1.43 bound strongly to c-myc 

G-quadruplex DNA with a binding energy of –47.88 kcal mol
–1

, and that the 

relatively flat scaffold of 1.43 was stacked on the ends of the G-quadruplex at 

the 3-terminus (Figure 1.19). Interestingly, in this model the phenolic and 

carbonyl oxygen atoms of 1.43 were situated close (4.8–5.1Å) to a potassium 

ion in the central channel of the G-quadruplex, possibly contributing 
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favourable electrostatic interactions to the binding score. The binding energies 

for intercalation (ca. 25 kcal mol
–1

)
 
were markedly higher, suggesting that 

fonsecin B was unlikely to bind c-myc G-quadruplex DNA through an 

intercalative binding mode. Stacking near the 5-terminal (–36.49 kcal mol
–1

) 

was also predicted to be disfavoured relative to 3-end stacking. Polymerase 

chain reaction (PCR) stop assays showed that 1.43 was able to stabilize the 

c-myc G-quadruplex with the similar potency to the well-known G-quadruplex 

ligand TMPyP4 (1.44, Figure 1.18). 
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Figure 1.18 c-myc G-quadruplex stabilizers: fonsecin B (1.43) and TMPyP4 

(1.44). 
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Figure 1.19. Hypothetical molecular models showing the a) side view; b) top 

view of the interactions of fonsecin B (1.43) with the c-myc G-quadruplex 

structure. The G-quadruplex is depicted as a ribbon representation (green), 

while 1.43 is depicted as a space-filling representation showing carbon (beige) 

and oxygen (red) atoms. Potassium ions (grey) are located in the central ionic 

channel of the G-quadruplex.  

a) 

b) 
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Besides HTS of large compound libraries, molecular docking has also 

found application in lead optimization studies. In 2009, Che, Ma and 

co-workers developed a series of Pt(II) complexes as c-myc G-quadruplex 

stabilizing ligands using an in silico structure-based optimization strategy.
[71]

 

Among a series of Pt(II)-salphen complexes tested in preliminary in vitro 

assays, complex 1.45 (Figure 1.20) was found to be most potent and was 

chosen for in silico structural modification. Over 60 derivatives of complex 

1.45 containing side chains of various lengths and with different functional 

groups designed to interact with the grooves of the G-quadruplex were docked 

to the c-myc G-quadruplex using the ICM program. The highest scoring 

compound 1.46 (Figure 1.20) was found to bind more favorably to the c-myc 

G-quadruplex compared to the parent complex 1.45 due to the additional 

interactions between the side chains of 1.46 with the G-quadruplex grooves 

regions. PCR stop assay results showed that 1.46 could stabilize the formation 

of the c-myc G-quadruplex with an IC50 value of 4.4 μM, an order of 

magnitude lower than that of the IC50 of the parent compound 1.45. 
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Figure 1.20. Pt(II) complexes as c-myc G-quadruplex stabilizing ligands. 
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In 2010, Che, Ma and co-workers reported another successful application 

of computer-based lead optimization of Pt(II) complex 1.47 (Figure 1.21).
[72]

 

Attaching side chains of various lengths and with different functionalities to 

the parent complex 1.47, over 550 derivatives were designed and rapidly 

screened in silico. Complexes 1.48–1.50 (Figure 1.21) emerged as three of the 

highest scoring complexes, and were synthesized and subjected to in vitro 

assays. In the UV-Vis absorption experiments, all three complexes showed at 

least 10-fold higher binding affinities towards the c-myc G-quadruplex over 

duplex DNA. Furthermore, the complexes increased the Tm of the c-myc 

G-quadruplex by over 9 °C in UV melting experiments, and displayed 

improved potency in stabilizing the c-myc G-quadruplex in the PCR stop assay 

compared to the parent compound. Subsequent reverse transcriptase PCR 

(RT-PCR) experiments showed that the mRNA level of the c-myc gene could 

be significantly diminished in the presence of complexes 1.48–1.50, suggesting 

that these complexes could be used as suppressors of oncogenic expressing in 

living cells. These two examples demonstrate the power of structure-based 

optimization in G-quadruplex stabilizer development. 

  



 67 

 

 

 

 

 

 

Figure 1.21. Computer-based lead optimization of Pt(II) complexes. 
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Flavones (1.51, Figure 1.22) are a class of oxygenated heterocyclic NPs 

that have been the focus of many research groups due to their various 

biological properties, including anti-cancer, anti-inflammatory and anti-viral 

activities.
[73]

 The application of the related isoflavonoids on G-quadruplex 

stabilization was only recently reported by Zhang et al.
[73]

 Inspired by the 

application of the isoflavone aromatic scaffold for the stabilization of the 

G-quadruplex structure, we designed and screened a series of flavone 

derivatives using an in silico structure-based approach. This part of my thesis 

work will be presented in Chapter 3. 
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Figure 1.22. Computer-based lead optimization of flavone (1.51) and 

methylene blue (MB) (1.52). 
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Our group has recently reported the structure-based optimization of 

FDA-approved drug MB (1.52, Figure 1.22) to generate more potent analogues 

as c-myc G-quadruplex stabilizers.
[74]

 This is another part of my thesis work 

and will be discussed in detail in Chapter 4. 
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Chapter 2   

General Experimental Section 

 

2.1  General procedures and instrumentation  

 
All 

1
H and 

13
C NMR spectra were recorded on a Bruker Avance 400 

spectrometer operating at 400 MHz. The 
1
H and 

13
C chemical shifts were 

referenced internally to solvent shifts (CDCl3: 
1
H δ 7.26, 

13
C δ 77.3; MeOD: 

1
H 

δ 3.31, 
13

C δ 49.15; d6-DMSO: 
1
H δ 2.50, 

13
C δ 39.5; CD3CN:

 1
H, δ 1.94, 

13
C δ 

118.7; d6-acetone: 
1
H δ 2.05, 

13
C δ 206.7). Chemical shifts are quoted in ppm, 

the downfield direction being defined as positive. Uncertainties in chemical 

shifts are typically ±0.01 ppm for 
1
H and ±0.05 ppm for 

13
C. Coupling 

constants are typically ±0.1 Hz for 
1
H-

1
H and ±0.5 Hz for 

1
H-

13
C couplings. 

The following abbreviations are used in reporting the multiplicity of NMR 

resonances: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. 

All NMR data were acquired and processed using standard Bruker software 

(Topspin). MALDI-TOF-MS analysis was performed using a Bruker Autoflex 

II mass spectrometer (Bruker Daltonics, Germany) equipped with a nitrogen 

laser (337 nm, wavelength; 3 ns pulse width) operated in reflectron mode with 
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accelerating voltage, grid voltage and delayed extraction time set to 19 kV, 

90%, and 120 ns, respectively. Unless otherwise stated, each mass spectrum 

was acquired as an average of 200 laser shots at 10.0 Hz frequency. 

 

2.2  Molecular docking 

 
Molecular modeling is a computational method used to predict the 

preferred orientation of two molecules when bound in a stable complex.
[1]

 

Today, this technique is frequently used for the high-throughput virtual 

screening (VS) of natural or synthetic libraries to identify possible protein or 

DNA binders, and to perform lead structure optimization of hit compounds.
[2]

 

 

Molecular docking strategies can be broadly classified into two major 

types: shape complementarity
[3]

 and simulation.
[4]

 Shape complementarity 

methods use molecular surface or complementary surface descriptors to 

describe the protein and ligand. A match between protein and ligand surfaces is 

predicative of a strong interaction between the molecules.
[5]

 While shape 

complementarity methods are usually more efficient and less computationally 

demanding, the dynamic conformational interactions of the ligand and the 

receptor cannot be modeled. In contrast, the simulation approach models the 

dynamic interactions between the protein and ligand, and is hence intrinsically 

more complicated.
[4]

 The energy cost of these moves (e.g. translations, 
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rotations and torsion angle rotations) in the conformation space of the ligand is 

calculated.
[6]

 Furthermore, ligand flexibility can be readily incorporated into 

modeling, although such protocols would be necessarily more time and 

computationally demanding. 

 

Search algorithms and scoring functions are two vital components of a 

docking program.
[6]

 The total search space includes all possible orientations 

and conformations of the protein-ligand complex. However, it is practically 

impossible to exhaust the entire sample space given present computational 

constraints. Thus, different conformational search strategies have been applied 

to incorporate ligand and receptor flexibility,
[7]

 including: systematic methods 

(e.g. FlexX
[8]

), genetic algorithms based on an evolutionary strategy (e.g. 

GOLD
[9]

), and molecular dynamics simulations (e.g. Glide
[7b]

). 

 

Scoring functions are used to provide a quantitative measure of the 

receptor-ligand binding affinity. Most scoring functions estimate the binding 

energy of the interaction, with lower (more negative) energies indicating a 

better interaction. Algorithms used in scoring docking poses may involve 

calculations of statistical potentials or weighted interaction terms that have 

been previously calibrated with “training sets” of known binders and 

non-binders. 

 

In this thesis, molecular docking was used for the high-throughput VS of 
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compound libraries and for in silico lead optimization. The details of the 

docking procedures are as follows: 

 

Molecular docking was performed by using the ICM-Pro 3.6-1d program 

(Molsoft).
[10]

 According to the ICM method, the molecular system was 

described by using internal coordinates as variables. Energy calculations were 

based on the ECEPP/3 force field with a distance-dependent dielectric constant. 

The biased probability Monte Carlo (BPMC) minimization procedure was used 

for global-energy optimization. The BPMC global-energy optimization method 

consists of: 1) a random conformation change of the free variables according to 

a predefined continuous probability distribution; 2) local-energy minimization 

of analytical differentiable terms; 3) calculation of the complete energy 

including non-differentiable terms such as entropy and solvation energy; 4) 

acceptance or rejection of the total energy based on the Metropolis criterion 

and return to step (1). The binding between the compounds and DNA or protein 

was evaluated by binding energy, including grid energy, continuum 

electrostatic, and entropy terms. For example, the initial model of loop isomer 

was built from X-ray crystal structures of human intramolecular telomeric 

G-quadruplex (PDB code: 1KF1)
[11]

 according to a previously reported 

procedure.
[2c]

 Briefly, the structure of human intramolecular telomeric 

G-quadruplex was imported into Insight II package (Accelrys Inc., San Diego, 

CA), and necessary modifications were carried out including replacements and 

deletions of bases. Missing loop nucleotides were added using single-strand 
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B-DNA geometry using the Biopolymer module. Potassium ions were placed 

between the G-tetrad planes to stabilize the tetrad structure. The initial models 

were then immersed in a box of TIP3P water molecules, and an appropriate 

number of sodium ions were added to neutralize the negative charge of the 

phosphate backbone. The molecular dynamics simulations were carried out in 

NAMD with VMD monitoring the process. The CHARMM force field 

parameter was assigned to every atom, and the Particle Mesh Ewald 

electrostatics was used to compute long-range electrostatic interactions. 

Hydrogen atoms were added and minimized by 3,000 steps of conjugate 

gradient minimization. After 4,000 steps of conjugate gradient minimization, 

two stages of molecular dynamics simulations were carried out at 300 K. In the 

first stage, only the loop area atoms were allowed to move, and this process 

involved a 20 ps equilibration and 100 ps simulations. The second stage 

involved unrestrained molecular dynamics simulations with 20 ps equilibration 

and 100 ps simulations at 300 K. Trajectories were recorded every 0.1 ps, and 

the most stable structure was extracted and further refined by 2,500 steps of 

conjugate gradient minimization. In the docking analysis, the binding site was 

assigned across the entire structure of the DNA molecule. The ICM docking 

was performed to find the most favorable orientation. The resulting trajectories 

of the complex between the compounds and G-quadruplex DNA were energy 

minimized, and the interaction energies were computed. 
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2.3  PCR stop assay 

 
Polymerase chain reaction (PCR) is an in vitro method for the enzymatic 

synthesis of specific DNA sequences, using two oligonucleotide primers that 

hybridize to opposite strands and flank the region of interest in the target 

DNA.
[12]

 The PCR concept was originally conceived by Kary Mullis in 1983 

while he was cruising in a Honda Civic on the highway from San Francisco to 

Mendocino.
[13]

 PCR is now a common and indispensable technique used in 

medical and biological research laboratories for a variety of applications.
[14]

 

 

PCR typically requires several components and reagents:
[15]

 

 

1) Excess quantities of two primers. A primer is a short synthetic 

oligonucleotide having a complementary sequence to a region of 

the template/target DNA.  

2) DNA polymerase enzyme (Taq polymerase), which is an enzyme 

that catalyzes the polymerization of deoxyribonucleotides into a 

DNA strand (DNA replication). 

3) Excess quantities of four deoxynucleotide triphosphates building 

block (dATP, dCTP, dGTP and dTTP).  

4) DNA sample, which provides the template for amplification.  

5) Buffer to maintain the correct pH and to supply ions such as Mg
2+

 

that are needed as cofactors by DNA polymerase (cofactors are 
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non-protein chemical components bound to a protein that are 

required for protein function). 

 

Typically, PCR consists of 20–40 repeated temperature change cycles, with 

each cycle consisting of three steps.
[16]

 In the first step (DNA denaturation), the 

reaction temperature is increased to 94–95 °C in order to break the hydrogen 

bonds between complementary base pairs. This denatures the DNA template 

from double-stranded DNA (ds DNA) into single-stranded DNA (ss DNA). In 

the second step (primer annealing), the reaction temperature is lowered to 50–

60 °C for 20–40 seconds to allow annealing of the primers with the 

complementary regions on the DNA template (3-end of the template). In the 

third step (primer extension), the reaction temperature is raised to 72 °C for one 

or several minutes. This allows the polymerase to attach at each priming site 

and extended the primers in the 5′ → 3′ direction by continuous incorporation 

of complementary nucleotides. Afterwards, the next cycle begins. 

 

In this thesis, the PCR stop assay was used to evaluate whether the 

compounds could inhibit the amplification of c-myc DNA sequences through 

the stabilization of the G-quadruplex structure. Stabilization of the 

intramolecular c-myc G-quadruplex structure (formed from the template 

sequence) by our synthesized compounds prevents hybridization of the 

complementary sequence (the primer). Taq polymerase is unable to recognize 

the G-quadruplex structure and DNA amplification is inhibited, which is 
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manifested as a reduction in the 43 bp PCR product observed after agarose gel 

electrophoresis. Therefore, compounds which are able to stabilize the c-myc 

G-quadruplex structure would result in reduced DNA amplification in the PCR 

stop assay. 

 

The PCR stop assay was performed in our lab by using a modified 

protocol of the previously reported method.
[17]

 The wild-type Pu27 

(5-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3), the mutant Pu27Mut 

(5-TGGGGAGGGTGAAAAGGGTGGGGAAGG-3) or the HTS sequence 

(5-TTAGGGTTAGGGTTAGGGTTAGGG-3) were used in the assay. The 

reactions were performed in Tris/HCl buffer (10 mM, 50 mM KCl, 1.5 mM 

MgCl2, pH 8.3), 0.4 µM of each pair of oligomers, 25 µM of deoxynucleotide 

triphosphate, 2.5 µM of Taq polymerase and increasing concentrations of 

synthesized compounds. The reaction mixtures were incubated in a 

thermocycler under the following cycling conditions: 94 °C for 3 min followed 

by 28 cycles at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s. The 

amplified products were resolved on 15% non-denaturing polyacrylamide gels 

in 1 TBE (Tris/borate/EDTA) or resolved on 1.3% agarose gel, and then 

visualized by ethidium bromide staining. 
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2.4  Absorption titration 

 

DNA shows a maximum absorption (λmax) at around 260 nm with a molar 

extinction coefficient (ε) of approximately 10
4
 mol

–1
 dm

-3
 cm

–1
. This 

absorption is caused by electronic transitions in the purine and pyrimidine 

components.
[18]

 The intensity and λmax position are a function of the nucleic 

acid base composition, the state of the base-pairing interactions present, the salt 

concentration of the solution, and the pH of the solution. 

 

The absorption spectra of compounds to be tested in the presence of DNA 

at increasing concentrations show decreases in the peak intensities 

(hypochromicity). The hypochromism was suggested to be due to an 

interaction between the electronic states of the chromophores and that of the 

DNA bases.
[19]

 Since the strength of this electronic interaction is expected to 

decrease as the cube of the distance of separation between the chromophore 

and the DNA bases,
[19d]

 the observed large hypochromism strongly suggests a 

close proximity of the chromophore to the DNA bases. 

 

Absorption titration was carried out with a constant concentration of the 

synthesized compounds while gradually increasing the nucleic acid 

concentration. The absorbance at a selected wavelength was recorded after 

equilibration with each addition of DNA. 
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The intrinsic binding constant K, was determined from a plot of D/Δεap vs 

D according to the equation below:
[20] 

 

D/Δεap = D/Δε +1/(Δε  K) 

                

where D is the concentration of DNA, Δεap = |εA  εF|, εA = Aobs/[ligand], and Δε 

= |εB  εF|; εB and εF correspond to the extinction coefficients of 

DNA-compound adduct and unbound compound, respectively. 

 

UV-visible titration experiments were used to evaluate the selectivity of 

our synthesized compounds towards different kinds of DNA.
[21]

 Absorption 

spectra were recorded on a Cary 300 UV/Vis spectrometer or on a 

Perkin-Elmer Lambda 19 UV/Visible spectrophotometer. The procedure is 

depicted as follows: 

 

A solution of the synthesized compounds was prepared in Tris/HCl buffer 

(10 mM, 10 mM KCl, pH 7.4), and aliquots of a millimolar stock solution of 

DNA in Tris/HCl buffer (10 mM, 10 mM KCl, pH 7.4) were added. Absorption 

spectra were recorded in the spectral range λ = 200–600 nm after equilibration 

at 20.0 °C for 10 min.
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2.5  Circular dichroism (CD) titration 

 

Circular dichroism (CD) is defined as the differential absorption of left 

and right circularly polarized light.
[22]

 This phenomenon was discovered in the 

first half of the 19th century.
[23]

 Circular dichroism is exhibited in the 

absorption bands of optically active chiral molecules. Optical activity can only 

arise if there are parallel molecular electric and magnetic transition moments 

that can interact to produce a helical charge-redistribution path that can couple 

with the oscillating electric field of a circularly polarized light beam.
[24] It has 

been widely used in many different fields, such as protein and DNA 

chemistry.
[25]  

 

The heterocyclic bases of DNA themselves are achiral, but become chiral 

when placed within the framework of the chiral sugar-phosphate backbone.
[25]

 

Stereospecific coupling of degenerate or near-degenerate electronic transitions, 

exciton coupling, of neighboring base chromophores results in a CD signal. 

Many DNA-binding ligands are achiral and are thus optically inactive. 

However, upon interaction with DNA, a ligand can acquire an induced CD 

(ICD) signal through the coupling of electric transition moments of the ligand 

and the DNA bases. The observation of an ICD signal within the absorption 

bands of the achiral ligand is indicative of a ligand-DNA interaction.
 

 

http://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
http://en.wikipedia.org/wiki/Circular_polarization
http://en.wikipedia.org/wiki/Light
http://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
http://en.wikipedia.org/wiki/Optical_activity
http://en.wikipedia.org/wiki/Chirality_(chemistry)
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The characteristic CD peak of a parallel G-quadruplex is at 260 nm. The 

ability of the synthesized compounds to induce the G-quadruplex structure in 

guanine-rich sequences was evaluated using CD spectroscopy. The 

enhancement of the characteristic peak at 260 nm upon increasing 

concentration of synthesized compounds suggests that the synthesized 

compounds are capable of inducing the formation of the G-quadruplex 

structure.
[26]

 The protocol is as follows: 

 

A solution of the un-annealed oligonucleotide was prepared in Tris/HCl 

buffer (20 mM, pH 7.5), and aliquots of a millimolar stock solution of 

synthesized compounds in milli-Q water was added. CD spectra (λ = 200–350 

nm) were measured after equilibration at 20.0 °C for 10 min. 

 

2.6  Fluorescence intensity displacement (FID) assay 

 

Florescence intensity displacement (FID) is a convenient and powerful 

technique used to identify and establish relative binding selectivity and affinity 

for a variety of DNA-binding and RNA-binding ligands.
[27]
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In the FID assay, a fluorescent probe initially bound to nucleic acid can be 

displaced by a ligand, leading to a fluorescence intensity decrease.
[28]

 The 

nucleic acid-ligand binding affinity can be determined from the degree of 

reduction of fluorescence intensity (Figure 2.1). 
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Figure 2.1. The mechanism of the FID assay. 
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In this work, the FID assay was used to examine the ability of the 

synthesized compounds to interact with the c-myc G-quadruplex, using thiazole 

orange (TO) as the fluorophore. Based on the concentration of the compounds 

required to reduce the fluorescence intensity of TO by 50%, an indication of 

the binding affinity of compounds towards the c-myc G-quadruplex can be 

determined. 

 

DNA oligomers were obtained from Tech Dragon Limited (Hong Kong) 

and the emission spectrum was measured on a PTI QM4 spectrometer. The 

procedure is as follows: 

 
To a solution of the annealed oligonucleotide and TO, an increasing 

amount of the appropriate compound was added and the emission spectrum of 

TO was measured using a PTI QM4 spectrometer. The area under the curve 

was determined using Graphpad Prism 5.0 which was then used to calculate the 

percentage of TO displacement using the following equation:
[29]

 

 

%TO displacement = 100 – [(fluorescence area of sample / fluorescence 

area of standard) × 100]   

 

where the fluorescence area of standard is defined as the area under the curve 

for an emission spectrum measured in the absence of active compounds. The 
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DC50 value was estimated by taking the first concentration after which the 

percentage displacement of TO is greater than or equal to 50%. 

 

2.7  Mass spectrometry 

 

Mass spectrometry has long served as an important analytical technique. 

However, it was only about two decades that it was developed as a tool for 

biomolecular analysis. Mass spectrometers equipped with time of flight (TOF) 

analyzers, first developed in the 1950s, separate ions according to their 

mass-to-charge ratio.
[30]

 When coupled with two “soft” ionization methods that 

generate few fragment ions - matrix-assisted laser desorption ionization 

(MALDI) and Electro Spray Ionization (ESI) - even large biomolecules can be 

analyzed by TOF systems.
[31]

 For HPLC-based applications, ESI mass 

spectrometers are generally the tools of choice, because MALDI is a solid-state, 

pulsed technique that cannot be easily coupled online with liquid-based, 

continuous purification methods. Ever since the first description by Malcom 

Dole in the 1960s, ESI has gained prominence as a method for biomolecular 

analysis in the late 1980s through the efforts of Yale University researcher 

John Fenn, who earned a shared 2002 Nobel Prize in Chemistry for his work in 

this field.
[32]
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In ESI, when a liquid sample is passing through a capillary tip in an 

electric field, the liquid is charged and the repulsion between the sample 

molecules makes the sample forming a fine mist of charged droplets. The 

charged analyte molecules are concentrated into smaller droplets when the 

solvent is evaporated by carrier gas. And the droplets then explode owing to 

repulsive forces between like charges. The process continues until analyte ions 

are completely stripped of solvent and only multiply-charged ions remain. 

 

Electrospray ionization reflecting time-of-flight mass spectrometer 

(ESI-TOF-MS) has been widely used in protein chemistry.
[33]

 Its principal 

advantages are the high accuracy in the determination of protein molecular 

masses and the direct qualitative analysis of peptide or protein mixtures 

without preliminary fractionation.
[34]

 

 

In this thesis, ESI-TOF-MS was used to examine the binding affinities of 

the synthesized compounds against different kinds of G-quadruplex structures. 

ESI-TOF-MS experiments were conducted in the negative-ion mode with a 

Bruker MicrOTOFQ mass spectrometer. All oligonucleotides were purchased 

from Invitrogen (Hong Kong). Data were analyzed by the software Bruker 

Daltonics Data Analysis. The procedure is as follows: 

 

The capillary voltage was set at +3500 V, and the dry N2 gas flow was 4.0 

L/min at 100 °C. A solution of the appropriate oligonucleotide and synthesized 



 98 

compounds was prepared in milli-Q water and left to stand at room temperature 

for 1 h and injected directly into the ESI-TOF-MS. The injection rate was 3 L 

/min. Each DNA-compound complex solution was analysed in duplicate.  

 

2.8  Surface plasmon resonance (SPR) 

 

Surface plasmon resonance (SPR) technologies have been widely used 

since the late 1960s.
[35]

 When a beam of light passes onto a prism coated with a 

thin film of a noble metal (e.g. gold),
[36]

 a surface plasmon resonance angle 

(θspr) will be produced due to the oscillation of the mobile electrons at the 

surface of the metal film. When the wave vector of the incident light matches 

the wavelength of the surface plasmons, the electrons resonate. 

 

Biometric membranes are immobilized onto the sensor chip surface by 

non-covalent capture method. The sample is injected over the sensor chip. If 

the analyte in the sample can interact with the biometric membranes, it will 

cause a change in the refractive index, which can be detected by the change in 

surface plasmon resonance angle (θspr).
[37]

 As a result, factors such as the 

concentration of the analyte and binding constant can be determined. SPR 

techniques have been applied to many areas such as biology
[38]

 and solar 

cells.
[39]
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In this thesis, the selectivity of synthesized compounds towards different 

kinds of DNA was examined by using SPR spectroscopy. Biosensor SPR 

experiments were measured on a four-channel BIACORE 2000 optical 

biosensor system (GE Healthcare, Sweden). The 5′-biotin labeled 

oligonucleotides: Tel22, d[AGGGTTAGGGTTAGGGTTAGGG]; c-myc19, 

d[AGGGTGGGGAGGGTGGGGA] and control hairpin, 

d[GCGAATTCGCTCTCGAATTCGC] (loop bases underlined) were 

purchased from Integrated DNA Technologies (Coralville, Iowa) with HPLC 

purification and mass spectrometry characterization. Data processing and 

analysis were performed using Kaleidagraph (Synergy Software) and 

BIAevaluation (GE Healthcare, Sweden) softwares.
[40]

 The procedure is as 

follows: 

 

DNA stock solutions were immobilized on the streptavidin-derivatized 

sensor chip surface by non-covalent capture method. Binding studies were 

performed in filtered, degassed buffer (10 mM HEPES, 100 mM KCl, 3 mM 

EDTA, 2% DMSO, 0.005% v/v of P20 surfactant, pH 7.4) at 25 °C. A series of 

increasing ligand concentrations were injected over the sensor chip (flow rate 

of 25 µL/min for 5 min) until a constant steady-state response was obtained. 

This was followed by a dissociation phase (running buffer for 5 min) and chip 

surface regeneration (10 mM, glycine for 30 s). 

 

The instrument response (RUobs) in the steady-state region is proportional 
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to the amount of bound drug and was determined by linear averaging over 20–

30 s. The predicted maximum response per bound compound (RUmax) was 

determined from the DNA molecular weight, the amount of DNA on the flow 

cell, the compound molecular weight, and the refractive index gradient ratio of 

the compound and DNA. To obtain the binding constants, the data were 

evaluated with a two-site interaction model to obtain an optimal fit for 

nonlinear least-squares optimization of the binding parameters: 

 

RUobs = RUmax (K1Cfree + 2K1K2Cfree2)/ (1 + K1Cfree + 2K1K2Cfree2) 

 

where, K1 and K2 are equilibrium constants for two types of binding sites and 

Cfree is the concentration of the compound in equilibrium with the complex.
[40] 

 

2.9  ELISA assay 

 
Enzyme-linked immunosorbent assay (ELISA), also known as enzyme 

immunoassay (EIA), is a biochemical technique used to detect and quantify 

substances such as peptides, proteins, antibodies and hormones.
[41]

 It was 

conceptualized and developed by Peter Perlmann and Eva Engvall at 

Stockholm University, Sweden.
[42]

 In an ELISA, an antigen immobilized to a 

solid surface is complexed with an antibody that is linked to an enzyme. The 

interaction of this enzyme with appropriate substrates such as 
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3,3′,5,5′-tetramethylbenzidine (TMB) produces a color change, indicating the 

presence of the bound antigen.
[43]

 

 

ELISA can be performed in three formats: direct ELISA, indirect ELISA 

and sandwich ELISA.
[41a, 44]

 In direct ELISA assay, the antigen of interest is 

immobilized onto the assay plate surface, and is detected using an 

enzyme-labeled primary antibody. In indirect ELISA, a primary antibody is 

first used to detect the bound antigen, and a secondary antibody-enzyme 

conjugate then interacts specifically with the primary antibody to quantify the 

levels of antigen. In sandwich ELISA, the antigen of interest is immobilized 

through a capture antibody on the plate surface and the antigen is detected 

indirectly (through the specific interaction of a primary detection antibody and 

an enzyme-linked secondary antibody).  

 

Direct ELISA is not widely used due to the fact that different labeled 

primary antibodies have to be prepared for each antigen, which is time and 

resource-consuming and may affect the immunoreactivity of the antibody.
[41a]

 

In contrast, indirect ELISA is able to make use of the wide variety of labeled 

secondary antibodies that are available commercially. The secondary antibodies 

can be used to detect the presence of bound primary antibodies, which are 

unlabeled and hence retain maximum immunoreactivity.
[41a]

  

 

In indirect ELISA, the following steps are involved: 
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1) The antigen is immobilized onto the well surface of a microtiter plate. 

2) The antibody-containing sample is added to the plate. 

3) The plate is washed to remove unbound antibodies. 

4) The secondary antibody-enzyme complex is added. 

5) Rinsing removes unbound secondary antibody. 

6) The substrate for the enzyme is added to produce a colour change. 

 

The sandwich ELISA is usually used to determine whether the antigen is 

present in a sample or not. The procedure is as follows: 

 

1) The capture antibody is absorbed onto the well surface of a microtiter 

plate. 

2) The antigen-containing sample is applied to the plate. 

3) Rinsing removes unbound antigens. 

4) The primary antibody is added, which binds to the antigen. 

5) The enzyme-linked secondary antibody is added, and binds to the 

primary antibody. 

6) The plate is washed again to remove the unbound secondary antibody. 

7) A substrate is added and activated by enzymes to change the colour, 

which is a signal of the presence of the specific antigen. 

 

An ELISA can also be performed as a competitive assay. In a variation of 
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this method, labeled and purified antigens and unlabeled antigens from a 

sample compete for binding to the capture antibody. An increase in the amount 

of unlabeled antigens in the sample thus leads to a decrease in signal intensity 

arising from the labeled antigens.  

 

In this thesis, the ELISA assay was used to determine the ability of lead 

compounds to inhibit the JAK2-mediated phosphorylation of a biotinylated 

peptide substrate in vitro.   

 

The ELISA assay was performed according to a previously reported 

procedure
[2b]

 as follows: 

 

Recombinant JAK2 was incubated with the indicated concentrations of a 

compound or DMSO for 5 min at room temperature in the reaction buffer. The 

reaction was initiated by the addition of ATP and biotinylated peptide substrate, 

and the mixture was incubated at room temperature for 30 min. The reaction 

was stopped by the addition of EDTA, transferred to a 96-well 

neutravidin-coated plate and incubated at room temperature for 60 min. The 

wells were washed with three times and incubated with anti-phospho-tyrosine 

mouse monoclonal antibody at room temperature for 60 min. The wells were 

washed again and incubated with horseradish peroxide-conjugated anti-mouse 

secondary antibody at room temperature for 30 min. The wells were washed, 

incubated with a TMB solution, quenched with 2N sulfuric acid, and the 
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absorbance was measured at λ = 450 nm. 

 

2.10  Cytotoxicity test with the MTT assay 

 

The 3-(4,5-dimethylthiazol-2-yl)-2,5- tetrazolium bromide (MTT) assay is 

a quantitative colorimetric assay for mammalian cell survival and proliferation. 

The assay detects living, but not dead cells and the signal generated is 

dependent on the degree of activation of the cells.
[45]

 This method can be used 

to measure cytotoxicity, proliferation or activation of a large number of 

samples of cells using a multi-well spectrophotometer.  

 

The MTT assay is based on the reduction of MTT from a pale yellow 

tetrazolium salt to a dark purple formazan product by mitochondrial succinate 

dehydrogenase when incubated with metabolically active cells
[45-46] 

(Figure 

2.2). MTT enters the cells and passes into the mitochondria, where it is reduced 

to an insoluble, dark purple formazan product. The cells are then solubilised 

with an organic solvent (e.g. isopropanol or dimethyl sulfoxide), and the 

released, solubilized formazan reagent is quantified using a microtitre plate 

reader (Figure 2.3).
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Figure 2.2. The mechanism of the MTT assay. 
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Figure 2.3. The flow chart of the protocol of MTT assay. 



 107 

MTT assay was used to determine the cytotoxicity of the synthesized 

compounds against HepG2 (hepatocellular carcinoma) cells or Hela (human 

cervical cancer) cells. HepG2 and Hela cell lines were provided by Prof. W. F. 

Fong of Hong Kong Baptist University. The general protocol for MTT assay of 

our lab is as follows: 

 

Cells were seeded in a 96-well flat-bottomed microplate at 8000 cells/well 

in growth medium solution. Serial dilutions of compounds were added to each 

well. The microplate was incubated at 37 °C, 5% CO2, 95% air in a humidified 

incubator for 24 or 72 h. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl 

tetrasodium bromide (MTT) (10 μL, 5 mg/mL) was added to each well and 

then cells were incubated at 37 °C in 5% CO2 for 4 h. Solubilization solution 

was added to each well. The microplate was further incubated for 18 or 24 h. 

The absorbance at 570 nm was measured using a microplate reader (Tecan 

Group Ltd., Switzerland). The IC50 values of compounds (concentration 

required to reduce the absorbance by 50% compared to the controls) were 

determined by the dose-dependence of surviving cells after exposure to 

compounds for 24 or 72 h.
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2.11  Luciferase reporter assay 

 

Luciferase is an oxidative enzyme used by a variety of organisms in 

bioluminescence. The luciferase-catalyzed bioluminescence reaction involves 

several steps. Initially, D-luciferin is adenylated by MgATP to form luciferyl 

adenylate and pyrophosphate. After activation by ATP, luciferyl adenylate is 

oxidized by molecular oxygen to form a dioxetanone ring, which then 

undergoes a decarboxylation reaction to produce oxyluciferin in an excited 

state, tautomerizing between the keto and enol forms. Light is finally emitted 

as oxyluciferin returns to the ground state
[47]

 (Figure 2.4).  
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Figure 2.4. The mechanism of bioluminescence reactions catalyzed by 

luciferase. 
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In biological research, luciferase is commonly used as a reporter to assess 

transcriptional activity in cells transfected with a genetic construct containing 

the luciferase gene under the control of a promoter of interest.
[48] 

 

In this work, the luciferase reporter assay was used to examine the 

inhibitory activity of the synthesized compounds against c-myc oncogenic 

promoter activity in cancer cells. HepG2 cells were transiently transfected with 

a Del 4 plasmid which harbors either a c-myc P1 

(5-TGGGGAGGGTGGGGAGGGTGGGG-3) promoter G-quadruplex- 

forming sequence or its mutant (GM1, which is not able to form the 

G-quadruplex structure) upstream of the luciferase reporter gene. Compounds 

which are capable of stabilizing the promoter G-quadruplex would reduce 

c-myc promoter activity, leading to a reduction in luciferase activity. As a 

consequence, bioluminescence would be reduced. The general procedure for 

this assay is as follows: 

 

Luciferase report plasmid harboring the G-quadruplex-forming sequence(s) 

within c-myc P1 was purchased from Addgene. Exponentially growing HepG2 

cells cultured in DMEM (Dulbecco's modification of Eagle's medium Dulbecco) 

media supplemented with 10% FBS (fetal bovine serum) were seeded in a 

24-well plate on Day 1. The required plasmid or mutant GM1 (1 μg) were 

transfected into the HepG2 cells growing at 75% confluency using 

Lipofectamine 2000 as per the manufacturer’s protocol. Five hours after 

http://en.wikipedia.org/wiki/Transcription_(genetics)
http://en.wikipedia.org/wiki/Promoter_(biology)
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transfection, the cells were washed with 1 PBS (phosphate buffered solution) 

and fresh media was added into each well. The cells were incubated with the 

synthesized compounds for 24 h. The cells were lysed with 1× Passive Lysis 

Buffer with continuous pipetting at room temperature for 30 min. The 

homogenate was centrifuged for 2 min at 10,000 g. The supernatant was used 

for protein estimation by bicinchoninic acid (BCA) method. Luciferase activity 

was measured using a luminometer (Berthold Detection Systems, Germany). 

The data were performed in triplicate and normalized using total protein 

concentrations. 

 

2.12  Western blot analysis 

 

The Western blot (also known as the protein immunoblot) was discovered 

in the laboratory of Harry Towbin at the Friedrich Miescher Institute,
[49]

 and  

named by W. Neal Burnette.
[50]

 This technique is widely used to detect specific 

proteins in a sample of tissue or extract.
[51]

 

 

There are typically five steps involved in Western blot analysis, which 

include sample preparation, gel electrophoresis, transfer, blocking and 

detection.
[52]

 

 

1) Sample preparation: Samples can be homogenized by using a 
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blender or with lysis buffer at a low temperature in order to prevent 

protein denaturation. 

2) Gel electrophoresis: Proteins are separated by isoelectric point (pI), 

electric charge, molecular weight, or a combination of these factors. 

The most common type of gel electrophoresis employs 

polyacrylamide gels and buffers loaded with sodium dodecyl 

sulfate (SDS). SDS-PAGE (SDS polyacrylamide gel 

electrophoresis) maintains polypeptides in a denatured state once 

they have been treated with strong reducing agents to remove 

secondary and tertiary structure (e.g. disulfide bonds [S-S] are 

reduced to sulfhydryl groups [SH and SH]), and thus allows 

separation of proteins by their molecular weight. Proteins in the 

sample become covered in the negatively charged SDS and move 

to the positively charged electrode through the acrylamide mesh of 

the gel. Smaller proteins migrate faster through this mesh and the 

proteins are thus separated according to size (usually measured in 

kilodaltons, kDa). The concentration of acrylamide determines the 

resolution of the gel, with greater acrylamide concentrations giving 

higher resolution of low molecular weight proteins. On the other 

hand, lower acrylamide concentrations improve the resolution of 

high molecular weight proteins. Samples are loaded into wells in 

the gel. One lane is usually reserved for a marker or ladder, a 

commercially available mixture of proteins having defined 

http://en.wikipedia.org/wiki/KDa


 113 

molecular weights, typically stained so as to form visible, coloured 

bands. When voltage is applied along the gel, proteins migrate 

through it at different speeds depending on their size.  

3) Transfer: Proteins are transferred from within the gel onto a 

membrane to make the proteins accessible to antibody detection. 

The membrane is made of nitrocellulose or polyvinylidene 

difluoride (PVDF). The primary method for transferring the 

proteins uses an electric current to make proteins move from the 

gel into the membrane. The membrane has a strong affinity for 

proteins. 

4) Blocking: As antibodies are also proteins, non-specific interactions 

between the membrane and the antibody must be prevented. 

Blocking of non-specific binding is performed by placing the 

membrane in a dilute solution of protein, typically 3–5% bovine 

serum albumin (BSA), non-fat dry milk in Tris-buffered saline 

(TBS) or I-Block, together with 0.1% of detergent such as Tween 

20 or Triton X-100. The blocking protein binds to the membrane at 

all places where the target proteins have not attached. Thus, when 

the antibody is added, there is no room on the membrane for the 

antibody to bind other than on the binding sites of the specific 

target protein.  

5) Detection: First, a solution of primary antibody is incubated with 

the membrane for 30 min to overnight. The primary antibody 
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specifically binds the protein of interest on the membrane. The 

membrane is then rinsed to remove unbound primary antibody, and 

then incubated with secondary antibody to detect the amount of 

bound primary antibody. The secondary antibody is usually 

labelled with biotin or a reporter enzyme such as alkaline 

phosphatase or horseradish peroxidase. The horseradish peroxidase 

activity of the secondary antibody will cleave a chemiluminescent 

agent, thus producing luminescence in proportion to the amount of 

the target protein bound to the membrane. A sensitive sheet of 

photographic film is placed against the membrane, and exposure to 

the light from the reaction creates an image of the target proteins 

bound to the blot. 

 

In this thesis, the Western blot assay was used to test the effect of the 

synthesized compounds on JAK2 autophosphorylation. The procedure is as 

follows: 

 

Cells were treated with different concentrations of the synthesized 

compounds or the control for 16 h. The cells were washed three times with cold 

PBS, re-suspended in radio immunoprecipitation assay (RIPA) lysis buffer, and 

incubated on ice for 30 min. Cell debris was removed by centrifugation at 4 °C, 

and the protein concentration of the supernatant was determined with the 

Bio-Rad protein assay dye reagent (Bio-Rad). Equal amounts of protein were 
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electrophoresed on a 10% SDS-PAGE and transferred to a PVDF membrane. 

The membranes were blocked with 5% milk for 1 h, and probed with 

anti-phosphotyrosine JAK2 Y1007/1008 in 5% milk overnight at 4 °C. The 

membranes were washed with PBST and incubated with horseradish 

peroxide-conjugated anti-rabbit secondary antibody in 5% milk for 1 h at room 

temperature. Protein bands were detected using enhanced chemiluminescence 

as specified by the manufacturer (ECL, Amersham). Membranes were stripped 

and reprobed with anti-JAK2 goat antibody to confirm equal protein loading.
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Chapter 3  
 

Structure-Based Design of Flavone 

Derivatives as c-myc Oncogene Down-

Regulators 

 

3.1  Introduction 

 

The G-quadruplex is a guanine-rich secondary DNA structure consisting of 

a square-planar arrangement of guanines stabilized by Hoogsteen hydrogen 

bonding and the presence of monovalent cations.
[1]

 G-quadruplex-forming 

sequences have been identified in the promoter regions of a number of proto-

oncogenes such as c-myc,
[2]

 bcl-2,
[3]

 VEGF,
[4]

 KRAS,
[5]

 c-kit
[6]

 and RET.
[7]

 

Proto-oncogenes are involved in the expression of transcription factors that 

regulate the cell cycle and cell division, and the over-expression of oncogenic 

proteins contributes to the activation of malignant cancers.
[8]

 Thus, the 

inhibition of proto-oncogene activity through stabilizing G-quadruplex 

promoters is regarded as a potential approach for the treatment of cancer. A 

number of small molecule G-quadruplex binders and stabilizers have been 

reported in the literature, including porphyrins,
[9]

 quindoline derivatives,
[10]
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isoalloxazines,
[11]

 triarylpyridine,
[12]

 platinum (II) complexes
[13]

 and natural 

products.
[14]

 The proto-oncogene c-myc is primarily responsible for the 

regulation of cell growth and apoptosis, and is believed to regulate the 

expression of up to 15% of all genes.
[15]

 The nuclease hypersensitivity element 

III1 (NHE III1) is a 27-bp guanine-rich sequence located upstream of the P1 

promoter which controls 80–90% of c-myc expression.
[16]

 Small molecule 

stabilizers of the NHE III1 G-quadruplex are known to inhibit the expression of 

c-myc in cancer cells.
[17]

 

 

Flavones are a class of oxygenated heterocyclic natural products that has 

been the focus of many research groups due to their various biological 

properties, including anti-cancer, anti-inflammatory and anti-viral activities 

(Figure 3.1).
[17b]

 The application of the related isoflavonoids on G-quadruplex 

stabilization was only recently reported by Zhang et al.,
[17b] 

who showed that 

natural isoflavone derivatives can stabilize the human telomeric G-quadruplex. 

Inspired by the application of the isoflavone aromatic scaffold for the 

stabilization of the G-quadruplex structure, we decided to develop new flavone 

derivatives as c-myc G-quadruplex stabilizers using an in silico structure-based 

approach. The synthesized compounds were tested for their ability to stabilize 

the c-myc G-quadruplex and inhibit c-myc promoter activity in vitro.  
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Figure 3.1. Chemical structures of flavone and its derivatives 3.5–3.7. 
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3.2  In silico screening 

 

The ability of natural isoflavones to stabilize the human telomeric G-

quadruplex structure was attributed to the presence of the three aromatic rings, 

as reported by Zhang et al.
[17b]

 We reasoned that the structurally related 

flavones would also have the potential to stabilize G-quadruplex structures, 

including the c-myc G-quadruplex. We initially performed molecular modeling 

of a complex between apigenin (3.1, Table 3.1) and the intramolecular G-

quadruplex c-myc NHE III1 loop isomer, in order to investigate the mode of 

binding of the flavone scaffold. The 1:2:1 loop isomer is the predominant 

isomer of the c-myc parallel G-quadruplex. Since neither NMR nor X-ray 

crystallographic information for the NHE III1 1:2:1 loop isomer was available, 

a unique model was built from the known, closely related X-ray crystal 

structure of the human intramolecular telomeric G-quadruplex DNA.
[1b]

 The 

molecular docking results showed that the aromatic scaffold of apigenin (3.1, 

Table 3.1) was end-stacked at the 3-terminus of the c-myc G-quadruplex with a 

binding energy of –35 kcal mol
–1

. We envisaged that the introduction of longer 

side chains could increase the binding affinity and selectivity of the ligands for 

the c-myc G-quadruplex by increasing interactions with the grooves and loops 

of the G-quadruplex, which is a common strategy in the design of quadruplex-

binding ligands. Based on the flavone core template, a total of 30 compounds 

were designed and screened in silico (Table 3.1). Of the 30 compounds 
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screened, the flavone-based compounds bearing cationic pyridinium side 

chains (3.5–3.7, Table 3.1) showed the highest binding affinity, as indicated by 

the most negative binding energies.  

  



 
 

129 

Table 3.1. The molecular structure of the 30 flavone derivatives screened in 

silico and their associated binding energies calculated using MolSoft. 

Compd. Chemical structure 

ICM 

score 

Flavone 

 

–35.45 

3.5 

 

–50.03 

3.6 

 

–51.17 

3.7 

 

–56.28 

3.8 

 

–46.42 
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3.9 

 

–37.78 

3.10 

 

–42.66 

3.11 

 

–34.57 

3.12 

 

–29.43 

3.13 

 

–38.74 

3.14 

 

–41.12 

3.15 

 

–30.03 
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3.16 

 

–40.69 

3.17 

 

–36.2 

3.18 

 

–28.05 

3.19 

 

–39.35 

3.20 

 

–36.76 

3.21 

 

–39.13 

3.22 

 

–37.44 
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3.23 

 

–37.04 

3.24 

 

–33.70 

3.25 

 

–35.93 

3.26 

 

–32.45 

3.27 

 

–44.71 

3.28 

 

–40.35 
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3.29 

 

–38.56 

3.30 

 

–30.12 

3.31 

 

–35.40 

3.32 

 

–34.21 

3.33 

 

–30.47 
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3.3  Synthesis of the highest scoring compounds 

 

The highest scoring compounds 3.5–3.7 as indicated by the in silico 

screening were synthesized according to Scheme 3.1. Commercially available 

apigenin (5,7,4′-trihydroxyflavone) was treated with various alkyl dibromides 

and Na2CO3 in DMF at room temperature for 6 h to give the 7,4′-dialkylated 

products 3.2–3.4 in 30–54% yield. The poor yield of the product might due to 

the decomposition of the starting material under basic conditions. The pure 

flavone dibromides 3.2–3.3 were obtained as yellow solids after 

chromatography on silica gel. The pyridinium pendant arms were introducted 

by the treatment of dibromides intermediates with pyridine at 80 °C for 8 h to 

generate the desired pyridinium salts. The final products 3.5–3.7 were purified 

by washing with ether to give yellow solids in 62–82% yield. 
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Scheme 3.1. Synthesis of the substituted flavone derivatives 3.5–3.7 containing 

pyridinium side chains. 
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3.4  In vitro bioassay tests 

 

3.4.1 PCR stop assay 

 

The ability of flavone derivatives 3.5–3.7 to stabilize the c-myc G-

quadruplex in a cell-free environment was initially examined using the PCR 

stop assay. Preliminary results showed that the bromo-substituted intermediates 

3.2–3.4 were inactive against Pu27 amplification. Encouragingly, the 

pyridinium compounds 3.5–3.7 inhibited the formation of the 43 bp PCR 

product in a dose-dependent fashion, with estimated IC50 values of 1 µM for 

both 3.6 and 3.7 (Figure 3.2). By comparison, the compounds did not 

significantly inhibit the amplification of the non-quadruplex mutant DNA 

sequence, suggesting specific binding of the flavone derivatives to the G-

quadruplex structure. The lower activity of 3.5 could be due to the short length 

of aliphatic linker, preventing effective interaction between pyridinium group 

and the grooves and/or loops of the c-myc G-quadruplex. Additionally, 3.7 

showed a higher binding affinity towards the c-myc G-quadruplex compared to 

3.6. We selected 3.6 and 3.7 for further biophysical and biological evaluation 

because of their promising activities in the preliminary PCR-stop assay. By 

comparison, the unmodified parent flavone apigenin (3.1) displayed 

significantly weaker G-quadruplex binding activity, with IC50 = ca. 40 μM 

(data not shown). This suggested that the addition of pyridinium side chains to 
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the isoflavone scaffold could result in significantly enhanced c-myc G-

quadruplex binding activity. 
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Figure 3.2. PCR stop assays showing that flavone derivatives 3.5–3.7 and the 

positive control TMPyP4 inhibited the amplification of the c-myc G-

quadruplex oligomer Pu27, but not that of the non-quadruplex-forming mutant 

sequence. Representative gel photograph images shown. 

  

3.5 3.6 3.7 

3.5 3.7 3.6 
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3.4.2  Circular dichroism (CD) titration 

 

The ability of the flavone derivatives to induce the G-quadruplex structure 

in guanine-rich sequences was studied using CD spectroscopy. Aliquots of 3.6 

and 3.7 were added to a solution of unannealed Pu27 in the absence of 

potassium ions and the changes in the CD spectrum were examined (Figure 

3.3). The characteristic peak for a parallel G-quadruplex at 260 nm was 

enhanced upon increasing concentrations of 3.6 and 3.7, suggesting that the 

flavone derivatives were capable of inducing the formation of the c-myc G-

quadruplex structure, even in the absence of potassium ions. We reason that the 

large aromatic surfaces and cationic side chains of 3.6 and 3.7 contribute 

favourable enthalpic terms to the G-quadruplex-ligand complex, driving the 

formation of the G-quadruplex structure from random coil DNA. By 

comparison, no significant interactions are expected between the flavone 

derivatives and single-stranded DNA. 
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Figure 3.3. Circular dichroism titration of Pu27 (2 µM) with increasing 

concentrations of a) 3.6, b) 3.7 in Tris/HCl buffer (20 mM, pH 7.5). 

  

3.6 

3.7 b) 2 μM Pu27 + 3.7 (0–25 μM) 

a) 2 μM Pu27 + 3.6 (0–25 μM) 
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3.4.3  UV-Vis titration 

 

To examine the selectivity of 3.6 and 3.7 towards G-quadruplex and 

double-helical DNA structures, the binding affinities of 3.6 and 3.7 towards the 

c-myc G-quadruplex and calf thymus DNA (ct DNA) were examined through 

UV-visible titration experiments (Figure 3.4–3.7). By using the Scatchard 

equation,
[18]

 the binding affinities of 3.6 and 3.7 towards the c-myc G-

quadruplex were determined to be 7.27 × 10
5
 and 2.01 × 10

6
 M

–1
, respectively. 

By comparison, the binding affinities of 3.6 and 3.7 towards ct DNA were 

revealed to be 2.16 × 10
4
 and 2.42 × 10

4
 M

–1
, respectively, which are 

approximately one order of magnitude lower than the binding affinities for G-

quadruplex DNA. This result highlights the selectivity of 3.6 and 3.7 towards 

the c-myc G-quadruplex over duplex DNA. This selectivity could be attributed 

to the presence of bulky side chains on the flavone scaffold, which may prevent 

the intercalation of 3.6 and 3.7 into the DNA duplex while enhancing their 

interactions with the G-quadruplex through groove-binding. Additionally, 3.7 

showed a higher binding affinity towards the c-myc G-quadruplex compared to 

3.6.  
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Figure 3.4. a) UV-Vis absorption titration of 3.6 (1.5 × 10
–5

 M) in Tris/HCl 

buffer (20 mM, 100 mM KCl, pH 7.5) with increasing amounts of c-myc 

oligomer Pu27. b) Plot of D/Δεap versus D. Absorbance was monitored at 340 

nm. 
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Figure 3.5. a) UV-Vis absorption titration of 3.7 (1.5 × 10
–5

 M) in Tris/HCl 

buffer (20 mM, 100 mM KCl, pH 7.5) with increasing amounts of c-myc 

oligomer Pu27. b) Plot of D/Δεap versus D. Absorbance was monitored at 340 

nm.
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Figure 3.6. a) UV-Vis absorption titration of 3.6 (1.5  10
–5

 M) in Tris/HCl 

buffer (20 mM, 100 mM KCl, pH 7.5) with increasing amounts of ct DNA. b) 

Plot of D/Δεap versus D. Absorbance was monitored at 340 nm.
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Figure 3.7. a) UV-Vis absorption titration of 3.7 (1.5  10
–5

 M) in Tris/HCl 

buffer (20 mM, 100 mM KCl, pH 7.5) with increasing amounts of ct DNA. b)  

plot of D/Δεap versus D. Absorbance was monitored at 340 nm. 
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3.4.4  Surface plasmon resonance (SPR) studies 

 

The selectivity of 3.7 against mixed parallel/anti-parallel human telomeric 

G-quadruplex d[AGGGTTAGGGTTAGGGTTAGGG] (Tel22)
[19]

 was 

determined by surface plasmon resonance (SPR) experiments. The binding 

constants of 3.7 for c-myc G-quadruplex and human telomeric G-quadruplex 

were determined to be 1.2 × 10
6
 and 4.3 × 10

5
 M

–1
, respectively, compared to < 

1 × 10
5
 M

–1
 for duplex DNA (Figure 3.8). These results indicate that 3.7 could 

be selective for the c-myc G-quadruplex over the human telomeric G-

quadruplex. The binding affinities of 3.7 determined using SPR were consistent 

with those previously observed using UV-Vis titration. 
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Figure 3.8. a) Sensorgram for the binding of 3.7 to c-myc G-quadruplex; b) A 

binding plot for the interactions of 3.7 with c-myc G-quadruplex (blue), human 

telomeric sequence (red) and DNA duplex (green); c) Sensorgram for the 

binding of 3.7 to the human telomeric sequence; d) Sensorgram for the binding 

of 3.7 to duplex DNA. 

a) b) 

c) d) 
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3.4.5  Luciferase reporter assay 

 

Encouraged by the ability of 3.7 to selectively induce c-myc G-quadruplex 

formation, the inhibitory activity of the flavone derivatives against c-myc 

oncogenic promoter activity in cancer cells was examined using the luciferase 

reporter assay. Human hepatocarcinoma (HepG2) cells were transiently 

transfected with a Del 4 plasmid which harbors either a c-myc P1 (5-

TGGGGAGGGTGGGGAGGGTGGGG-3) promoter G-quadruplex-forming 

sequence or its mutant (GM1, which is not able to form the G-quadruplex 

structure) upstream of the luciferase reporter gene. Compounds which are 

capable of stabilizing the promoter G-quadruplex would reduce c-myc 

promoter activity, leading to a reduction in the luciferase activity. 

Encouragingly, compound 3.7 was effective against wild-type c-myc promoter 

activity in the HepG2 cells (Figure 3.9). At 50 μM of 3.7, the relative luciferase 

activity of the treated cells was reduced to 47% of the control value. By 

comparison, no inhibition of luciferase activity was observed using the mutant 

non-G-quadruplex c-myc promoter, suggesting that the inhibition of wild-type 

c-myc promoter activity was due to the selective interaction between 3.7 and 

the c-myc G-quadruplex structure rather than through non-specific interactions 

with nucleic acids. Furthermore, incubation of cells with well-known G-

quadruplex-binding ligand TMPyP4 (50 μM) resulted in only a 10% decrease 
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in the luciferase activity. Taken together, these results suggest that 3.7 is a 

potent inhibitor of c-myc promoter-driven gene expression in cancer cells.   
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Figure 3.9. Inhibition of c-myc P1 promoter activity by 3.7 or TMPyP4 as 

measured using a luciferase reporter assay. 

  

3.7 /μM 
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3.4.6 Cytotoxicity test (MTT assay) 

 

The cytotoxicity of compound 3.7 towards HepG2 cells was examined 

using a 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide (MTT) assay. The 

IC50 (i.e. the dose required to inhibit 50% of the cell growth over 72 h) for 3.7 

was estimated to be 50 μM (Figure 3.10). This result shows that compound 3.7 

displays moderate cytotoxicity towards human cancer cells. 
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Figure 3.10. Inhibition of HepG2 cell growth by the flavone derivative 3.7 or 

doxorubicin (a known drug used in cancer chemotherapy) as revealed by the 

MTT assay. Error bars represent the standard deviations of the results from 

three independent experiments. 

  

3.7 
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3.5  Molecular modeling 

 

Detailed molecular modeling analysis revealed that 3.7 was bound to the c-

myc G-quadruplex via the 5-terminus (Figure 3.11). The model predicted that 

the aromatic rings of the flavone core interacted with the guanine nucleotides 

G17 and G13, presumably through π-stacking interactions, while the 

pyridinium side chains engaged a loop region of the c-myc G-quadruplex. The 

binding energy of –56 kcal mol
–1

 calculated for the end-stacking binding mode 

for 3.7 was more favorable than the binding energy of +35 kcal mol
–1

 

calculated for an intercalating binding mode. This indicates that end-stacking is 

the most likely binding mode of 3.7 to the c-myc G-quadruplex. 
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Figure 3.11 Hypothetical molecular models showing the interactions of 3.7 

with the c-myc G-quadruplex structure. The G-quadruplex is displayed as a 

ribbon representation (green), while 3.7 is depicted as a space-filling 

representation showing carbon (beige), oxygen (red) and nitrogen (blue) atoms. 

  

a) Side view 

b) Top view 
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3.6  Conclusion 

 

In conclusion, a unique intramolecular G-quadruplex c-myc NHEIII1 loop 

isomer model developed by our group was employed to design and synthesize 

flavone derivatives containing cationic side chains as c-myc G-quadruplex 

stabilizers and inhibitors of c-myc promoter activity. The activities of these 

flavone derivatives as in vitro stabilizers of the c-myc G-quadruplex and 

inhibitors of c-myc promoter activity were examined using PCR stop assays 

and luciferase reporter assays, respectively. The pyridinium-substituted flavone 

3.6 and 3.7 containing 5 or 6-carbon alkyl linkers showed higher activity. The 

binding affinity, selectivity and the binding mode of 3.7 to the c-myc G-

quadruplex were further examined using UV-visible spectroscopy, surface 

plasmon resonance and in silico molecular modeling. Importantly, the 

isoflavone derivatives showed higher c-myc stabilizing activities compared to 

the parent compound, apigenin. In summary, these studies show that molecular 

docking can be used to optimize the isoflavone scaffold to develop more avid 

binders of c-myc G-quadruplex DNA with biological activity in vitro and in 

cellulo. 
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3.7  Materials and Methods 

 

3.7.1 Materials 

 

Deuterated solvents for NMR purposes were obtained from Armar and 

used as received. DNA oligomers were obtained from Tech Dragon Limited 

(Carlsbad, CA). Taq DNA polymerase was purchased from NEB. Absorption 

spectra were recorded on a Cary 300 UV/Vis spectrometer. Circular dichroism 

(CD) spectra were measured on a JASCO 815 spectrophotometer. Surface 

plasmon resonance (SPR) sensorgrams were measured on a BIA 2000 in Prof. 

W. David Wilson’s laboratory (Department of Chemistry, Georgia State 

University).  

 

3.7.2 General experimental 

 

 1
H and 

13
C NMR were recorded on a Bruker Avance 400 spectrometer 

operating at 400 MHz (
1
H) and 100 MHz (

13
C). 

1
H and 

13
C chemical shifts 

were referenced internally to solvent shift (CDCl3:
 1

H δ 7.26, 
13

C δ 77.3; d6-

DMSO: 
1
H δ

 
2.50,

 13
C δ 39.5). Chemical shifts (δ) are quoted in ppm, the 

downfield direction being defined as positive. Uncertainties in chemical shifts 
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are typically ±0.01 ppm for 
1
H and ±0.05 for 

13
C. Coupling constants are 

typically ± 0.1 Hz for 
1
H-

1
H and ±0.5 Hz for 

1
H-

13
C couplings. The following 

abbreviations are used for convenience in reporting the multiplicity of NMR 

resonances: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. 

All NMR data was acquired and processed using standard Bruker software 

(Topspin). Maldi-TOF-HRMS analysis was performed using a Bruker Autoflex 

II mass spectrometer (Bruker Daltonics, Germany). 

 

3.7.3 General procedures for the preparation of 3.2–3.4 

 

 

 

A solution of apigenin (0.37 mmol) in DMF (0.5 mL) was added dropwise 

to a mixture of alkyl dibromide (2.22 mmol) and sodium carbonate (1.11 

mmol) in DMF (1.5 mL). After stirring for 6 h at room temperature, the 

reaction mixture was filtered. The filtrate was diluted by 50 mL of EtOAc and 

washed with water (3 × 20 mL). The organic layer was dried over anhydrous 



 
 

158 

Na2SO4, evaporated to dryness and the residue was purified by column 

chromatography. 

 

4,7-Bis(4-bromobutyloxy)phenyl-5-hydroxychromen-4-one (3.2) 

 

 

 

Yellow solid (60 mg, 30%). m.p. 123–124 °C. 
1
H NMR (400 MHz, 

CDCl3) δ 12.76 (s, 1H), 7.79 (d, J = 8.9 Hz, 2H), 6.97 (d, J = 8.9 Hz, 2H), 6.53 

(s, 1H), 6.43 (d, J = 2.2 Hz, 1H), 6.31 (d, J = 2.2 Hz, 1H), 4.08–4.04 (m, 4H), 

3.51–3.47 (m, 4H), 2.12–2.03 (m, 4H), 2.01–1.94 (m, 4H). 
13

C NMR (100 

MHz, CDCl3) δ 182.3, 164.6, 163.9, 162.1, 161.9, 157.6, 128.0, 123.5, 114.9, 

105.5, 104.2, 98.4, 93.0, 67.5, 67.2, 33.2, 33.1, 29.3, 29.2, 27.8, 27.6. Maldi-

TOF-HRMS: Calcd. for C23H24Br2O5 [M + H]
+
: 541.0044. Found: 541.0020. 

 

 

 

 

 

 



 
 

159 

4,7-Bis(5-bromopentyloxy)phenyl-5-hydroxychromen-4-one (3.3) 

 

 

 

Yellow solid (113.4 mg, 53.9%). m.p. 118−119 °C. 
1
H NMR (400 MHz, 

CDCl3) δ 12.79 (s, 1H), 7.83 (d, J = 9.2 Hz, 2H), 7.00 (d, J = 9.2 Hz, 2H), 6.57 

(s, 1H), 6.47 (d, J = 2.2 Hz, 1H), 6.34 (d, J = 2.2 Hz, 1H), 4.07–4.04 (m, 4H), 

3.47–3.44 (m, 4H), 2.00–1.92 (m, 4H), 1.89–1.81 (m, 4H), 1.70–1.63 (m, 4H). 

13
C NMR (100 MHz, CDCl3) δ 182.6, 165.0, 164.2, 162.4, 162.2, 157.9, 128.2, 

123.7, 115.2, 105.7, 104.5, 98.6, 93.2, 68.4, 68.1, 33.7, 33.6, 32.6, 32.5, 28.5, 

28.4, 25.0, 24.9. Maldi-TOF-HRMS: Calcd. for C25H28Br2O5 [M + Na]
+
: 

591.0177. Found: 591.0175. 

 

4,7-Bis(6-bromohexyloxy)phenyl-5-hydroxychromen-4-one (3.4) 
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Yellow solid (110 mg, 49.8%). m.p. 94–95 °C. 
1
H NMR (400 MHz, 

CDCl3) δ 12.80 (s, 1H), 7.82 (d, J = 8.9 Hz, 2H), 6.99 (d, J = 8.9 Hz, 2H), 6.56 

(s, 1H), 6.46 (d, J = 2.2 Hz, 1H), 6.33 (d, J = 2.2 Hz, 1H), 4.05–4.01 (m, 4H), 

3.48–3.42 (m, 4H), 1.93–1.87 (m, 4H), 1.85–1.81 (m, 4H), 1.53–1.51 (m, 8H). 

13
C NMR (100 MHz, CDCl3) δ 182.4, 164.9, 164.0, 162.1, 162.0, 157.6, 128.0, 

123.3, 114.9, 105.4, 104.2, 98.4, 93.0, 68.3, 68.0, 33.8, 32.6, 28.9, 28.8, 27.9, 

27.8, 25.2, 25.1. Maldi-TOF-HRMS: Calcd. for C27H32Br2O5 [M + H]
+
: 

597.0671. Found: 597.0699.  

 

3.7.4 General procedures for the preparation of 3.5–3.7 
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A solution of 3.2–3.4 (0.088 mmol) in pyridine (1 mL) was heated for 8 h 

at 80 °C. 5 mL of ether was added to the cooled reaction mixture and the pale 

yellow precipitate was collected by filtration. The precipitate was washed with 

ether three times and dried under vacuum to give 3.5–3.7. 

 

4,7-Bis(4-pyridiniumbutyloxy)phenyl-5-hydroxychromen-4-one bromide 

(3.5) 

 

 

 

Yellow solid (30 mg, 62%) m.p. 82–83 °C. 
1
H NMR (400 MHz, d6-

DMSO) δ 12.9 (s, 1H), 9.14 (d, J = 6.4 Hz, 4H), 8.62 (t, J = 7.8 Hz, 2H), 8.18 

(t, J = 6.7 Hz, 4H), 8.05 (d, J = 9.0 Hz, 2H), 7.12 (d, J = 9.0 Hz, 2H), 6.94 (s, 

1H), 6.79 (s, 1H), 6.38 (s, 1H), 4.72–4.69 (m, 4H), 4.17–4.11 (m, 4H), 2.13–

2.07 (m, 4H), 1.81–1.75 (m, 4H). 
13

C NMR (100 MHz, d6-DMSO) δ 182.6, 

165.0, 164.3, 162.3, 161.9, 157.9, 146.3, 145.4, 129.1, 128.8, 123.4, 115.8, 

105.4, 104.4, 99.1, 93.9, 68.4, 67.9, 61.1, 28.3, 28.2, 25.7, 25.6. ESI-TOF-

HRMS: Calcd. for C33H34N2O5 1/2[M – 2Br]
2+

: 269.1228. Found: 269.1234. 
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4,7-Bis(5-pyridiniumpentyloxy)phenyl-5-hydroxychromen-4-one bromide 

(3.6) 

 

 

 

Yellow solid (52.3 mg, 82%) m.p. 143–144 °C. 
1
H NMR (400 MHz, d6-

DMSO) δ 12.9 (s, 1H), 9.14 (d, J = 5.8 Hz, 4H), 8.62 (t, J =7.8 Hz, 2H), 8.17 

(t, J = 6.9 Hz, 4H), 8.05 (d, J = 8.8 Hz, 2H), 7.10 (d, J = 8.9 Hz, 2H), 6.94 (s, 

1H), 6.78 (s, 1H), 6.35 (s, 1H), 4.68–4.64 (m, 4H), 4.13–4.08 (m, 4H), 2.03–

1.99 (m, 4H), 1.83–1.76 (m, 4H), 1.48–1.43 (m, 4H). 
13

C (100 MHz, d6-

DMSO) δ 181.9, 164.4, 163.5, 161.7, 161.2, 157.2, 145.4, 144.7, 128.4. 128.1, 

122.8, 114.9, 104.6, 103.6, 98.3, 93.2, 68.1, 67.5, 30.3, 30.2, 27.8, 27.7 22.0, 

21.9. Maldi-TOF-HRMS: Calcd. for C35H38N2O5 1/2[M – 2Br]
2+

: 566.2775. 

Found: 566.2740. 

 

4,7-Bis(6-pyridiniumhexyloxy)phenyl-5-hydroxychromen-4-one bromide 

(3.7) 
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Yellow solid (39.4 mg, 72%) m.p. 144–145 °C. 
1
H NMR (400 MHz, d6-

DMSO) δ 12.9 (s, 1H), 9.12 (d, J = 5.7 Hz, 4H), 8.61 (t, J = 7.8 Hz, 2H), 8.16 

(t, J = 6.8 Hz, 4H), 8.05 (d, J = 8.9 Hz, 2H), 7.10 (d, J  = 9.0 Hz, 2H), 6.94 (s, 

1H), 6.78 (s, 1H), 6.36 (s, 1H), 4.646.60 (m, 4H), 4.114.06 (m, 4H), 

2.001.90 (m, 4H), 1.76–1.71 (m, 4H), 1.511.46 (m, 4H), 1.39–1.31 (m, 4H). 

13
C (100 MHz, d6-DMSO) δ 182.6, 165.2, 164.3, 162.5, 161.9, 157.9, 146.2, 

145.5, 129.1, 128.8, 123.2, 115.7, 105.3, 104.3, 99.0, 93.8, 68.9, 68.4, 61.3, 

28.9, 28.8, ESI-TOF-HRMS: Calcd. for C37H42N2O5 1/2[M – 2Br]
2+

: 297.1541. 

Found: 297.1556. 

 

3.7.5  PCR stop assay 

 

The polymerase chain reaction (PCR) stop assay was performed by using 

a modified protocol of the previously reported method.
[1b]

 The wild-type Pu27 

(5-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3), the mutant Pu27Mut 

(5-TGGGGAGGGTGAAAAGGGTGGGGAAGG-3) or the HTS sequence 

(5-TTAGGGTTAGGGTTAGGGTTAGGG-3) were used in the assay. The 
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reactions (20 μL) were performed in Tris/HCl buffer (10 mM, 50 mM KCl, 1.5 

mM MgCl2, pH 8.3), 0.4 µM of each pair of oligomers, 25 µM of 

deoxynucleotide triphosphate, 2.5 µM of Taq polymerase and increasing 

concentrations of 3.5–3.7. The reaction mixtures were incubated in a 

thermocycler under the following cycling conditions: 94 °C for 3 min followed 

by 28 cycles at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s. The 

amplified products were resolved on 15% non-denaturing polyacrylamide gels 

in 1 TBE and stained with ethidium bromide. 

 

3.7.6  UV-Vis titration   

 

A solution of 3.6 and 3.7 was prepared in Tris/HCl buffer (20 mM, 100 

mM KCl, pH 7.5), and aliquots of a millimolar stock solution of Pu27 in 

Tris/KCl buffer were added. Absorption spectra were recorded in the spectral 

range λ = 200600 nm after equilibration at 20.0 °C for 10 min. The intrinsic 

binding constant, K, was determined from a plot of D/Δεap vs D according to 

equation below: 

 

D/Δεap = D/Δε +1/(Δε  K)                    

 

where D is the concentration of DNA, Δεap = |εA  εF|, εA = Aobs/[ligand], and 

Δε = |εB  εF|; εB and εF correspond to the extinction coefficients of DNA-
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ligand adduct and unbound ligand, respectively. Similar absorption titration 

experiments were performed using ct DNA. 

 

3.7.7  Surface plasmon resonance studies 

 

Biosensor SPR experiments were performed with a four-channel BIAcore 

2000 optical biosensor system (GE Healthcare, Sweden). The 5′-biotin labeled 

oligonucleotides: Tel22, d[AGGGTTAGGGTTAGGGTTAGGG]; cMyc19, 

d[AGGGTGGGGAGGGTGGGGA] and control hairpin, 

d[GCGAATTCGCTCTCGAATTCGC] (loop bases underlined) were purchased 

from Integrated DNA Technologies (Coralville, Iowa) with HPLC purification 

and mass spectrometry characterization. DNA stock solutions (25–50 nM) 

prepared in HBS buffer was immobilized on the streptavidin-derivatized sensor 

chip surface by non-covalent capture method. Flow cell 1 was left blank as a 

reference, while flow cells 2, 3 and 4 were immobilized with DNA sequences 

by manual injection (flow rate of 1 µL/min) until the desired value of DNA 

response was obtained (350–400 RU). Binding studies were performed in 

filtered, degassed buffer (10 mM HEPES, 100 mM KCl, 3 mM EDTA, 2% 

DMSO, 0.005% v/v of P20 surfactant, pH 7.4) at 25 °C. A series of increasing 

ligand concentrations (1 nM to 10 µM) were injected over the sensor chip 

(flow rate of 25 µL/min for 5 min) until a constant steady-state response was 
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obtained. This was followed by a dissociation phase (running buffer for 5 min) 

and chip surface regeneration (10 mM, glycine for 30 s). 

 

The instrument response (RUobs) in the steady-state region is proportional 

to the amount of bound drug and was determined by linear averaging over 20–

30 s. The predicted maximum response per bound compound (RUmax) was 

determined from the DNA molecular weight, the amount of DNA on the flow 

cell, the compound molecular weight, and the refractive index gradient ratio of 

the compound and DNA. To obtain the binding constants, the data were 

evaluated with a two-site interaction model to obtain an optimal fit for 

nonlinear least-squares optimization of the binding parameters: 

 

RUobs = RUmax (K1Cfree + 2K1K2Cfree
2
)/(1 + K1Cfree + 2K1K2Cfree

2
) 

 

where, K1 and K2 are equilibrium constants for two types of binding sites and 

Cfree is the concentration of the compound in equilibrium with the complex. 

Data processing and analysis were performed using Kaleidagraph (Synergy 

Software) and BIAevaluation (GE Healthcare, Sweden) softwares.
[20]

 

 

3.7.8  Molecular modeling 
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Molecular docking was performed by using the ICM-Pro 3.6-1d program 

(Molsoft).
[10a]

 According to the ICM method, the molecular system was 

described by using internal coordinates as variables. Energy calculations were 

based on the ECEPP/3 force field with a distance-dependent dielectric 

constant. The biased probability Monte Carlo (BPMC) minimization procedure 

was used for global-energy optimization. The BPMC global-energy 

optimization method consists of: 1) a random conformation change of the free 

variables according to a predefined continuous probability distribution; 2) 

local-energy minimization of analytical differentiable terms; 3) calculation of 

the complete energy including non-differentiable terms such as entropy and 

solvation energy; 4) acceptance or rejection of the total energy based on the 

Metropolis criterion and return to step (1). The binding between the 

compounds and DNA was evaluated by binding energy, including grid energy, 

continuum electrostatic, and entropy terms. The initial model of loop isomer 

was built from X-ray crystal structures of human intramolecular telomeric G-

quadruplex (PDB code: 1KF1)
[21]

 according to a previously reported 

procedure.
[13a]

 Briefly, the structure of human intramolecular telomeric G-

quadruplex was imported into Insight II package (Accelrys Inc., San Diego, 

CA), and necessary modifications were carried out including replacements and 

deletions of bases. Missing loop nucleotides were added using single-strand B-

DNA geometry using the Biopolymer module. Potassium ions were placed 

between the G-tetrad planes to stabilize the tetrad structure. The initial models 

were then immersed in a box of TIP3P water molecules, and an appropriate 
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number of sodium ions were added to neutralize the negative charge of the 

phosphate backbone. The molecular dynamics simulations were carried out in 

NAMD with VMD monitoring the process. The CHARMM force field 

parameter was assigned to every atom, and the Particle Mesh Ewald 

electrostatics was used to compute long-range electrostatic interactions. 

Hydrogen atoms were added and minimized by 3,000 steps of conjugate 

gradient minimization. After 4,000 steps of conjugate gradient minimization, 

two stages of molecular dynamics simulations were carried out at 300 K. In the 

first stage, only the loop area atoms were allowed to move, and this process 

involved a 20 ps equilibration and 100 ps simulations. The second stage 

involved unrestrained molecular dynamics simulations with 20 ps equilibration 

and 100 ps simulations at 300 K. Trajectories were recorded every 0.1 ps, and 

the most stable structure was extracted and further refined by 2,500 steps of 

conjugate gradient minimization. In the docking analysis, the binding site was 

assigned across the entire structure of the DNA molecule. The ICM docking 

was performed to find the most favorable orientation. The resulting trajectories 

of the complex between the compounds and G-quadruplex DNA were energy 

minimized, and the interaction energies were computed. 

 

3.7.9 Circular dichroism (CD) titration 
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A solution of the unannealed oligonucleotide Pu27 (2 µM) (5-

TGGGGAGGGTGGGGAGGGTGGGGAAGG-3) was prepared in Tris/HCl 

buffer (20 mM, pH 7.4), and aliquots of a millimolar stock solution of 3.6 or 

3.7 in milliQ water was added. CD spectra (λ = 200–350 nm) were measured.  

 

3.7.10 Luciferase reporter assay 

 

Luciferase report plasmid harboring the G-quadruplex-forming 

sequence(s) within c-myc (P1) was purchased from Addgene. Exponentially 

growing HepG2 cells cultured in DMEM media supplemented with 10% FBS 

were seeded in a 24-well plate on Day 1. The required plasmid or mutant GM1 

(1 μg) were transfected into the HepG2 cells growing at 75% confluency using 

Lipofectamine 2000 as per manufacturer’s protocol. Five hours after the 

transfection, the cells were washed with 1 PBS and fresh media was added 

into each well. The cells were incubated with 3.7 or TMPyP4 for 24 h. The 

cells were lysed with 1× Passive Lysis Buffer with continuous pipetting at 

room temperature for 30 min. The homogenate was centrifuged for 2 min at 

10,000 g. The supernatant was used for protein estimation by Bicinchoninic 

Acid (BCA) method. Luciferase assay was performed in three biological 

replicates and luciferase activity was measured using a luminometer (Berthold 
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Detection Systems, Germany). The data were normalized by total protein 

concentrations. 

 

3.7.11 Cytotoxicity test (MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-

tetrazolium bromide) assay) 

 

HepG2 cells were seeded in a 96-well flat-bottomed microplate at 8,000 

cells/well in 100 μL of MEM-E (Sigma) containing 10% fetal bovine serum 

(Invitrogen) and 1% antibiotic and Antimycotic Solution (Sigma). Compound 

3.7 was dissolved in DMSO and mixed with the growth medium (final DMSO 

concentration ≤ 4%). Serial dilutions of the complex were added to each well. 

The microplate was incubated at 37 °C, 5% CO2, 95% air in a humidified 

incubator for 72 h. After incubation, 10 μL MTT reagent (5 mg/mL) was 

added. The cell was then incubated at 37 °C in 5% CO2 for 4 h. Solubilization 

solution (10% SDS, 0.01 M HCl) (100 μL) was added to each well. The 

microplate was further incubated for 18 h. The absorbance at 570 nm was 

measured using a microplate reader (Tecan Group Ltd., Switzerland). The IC50 

values of 3.7 (concentration required to reduce the absorbance by 50% 

compared to the controls) were determined by the dose-dependence of 

surviving cells after exposure to 3.7 for 72 h. 
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Chapter 4   

 

Structure-Based Optimization of 

FDA-Approved Drug Methylene Blue as a 

c-myc Oncogene Down-Regulator 

 

4.1  Introduction 

 

Pharmaceutical discovery and development is a highly difficult and 

expensive process. Repurposing is an attractive strategy whereby existing 

drugs are redeveloped for new uses.
[1]

 With known pharmacokinetic and 

toxicological profiles, such drugs can enter Phase II clinical trials rapidly, 

allowing a 40% reduction in the overall cost due to the bypassing of 

preliminary assessments.
[2]

 Furthermore, existing drugs tend to have more 

favourable absorption, delivery, metabolism and excretion (ADME) profiles. 

Consequently, marketed drugs can be considered to represent privileged 

scaffolds for the development of new therapeutics. 
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Structure-based design has emerged as a powerful tool in drug design and 

discovery, complementing existing combinatorial and high-throughput 

techniques.
[3]

 By identifying potent small molecule binders in silico, the 

numbers of compounds to be tested in vitro can be vastly reduced. Abagyan 

and co-workers have identified non-steroidal anti-androgens from a library of 

marketed oral drugs using high-throughput virtual screening.
[4]

 Encouraged by 

these ideas, we set out to apply high-throughput virtual screening methods to 

identify interesting molecular scaffolds from existing drugs that could be 

developed as effective G-quadruplex binders.  

 

4.2  Virtual screening of FDA-approved drug database 

 

Despite the publication of a solution-based structure of myc22 by Ambrus 

et al.,
[5]

 we have chosen to construct a model of the c-myc NHE III1 

G-quadruplex loop isomer using the X-ray crystal structure of the 

intramolecular human telomeric G-quadruplex DNA (PDB code: 1KF1).
[6]

 

NMR structures of biomolecules are typically solved as a series of energy 

minimised conformations,
[5]

 and as a result, for a given NMR structure there 

are multiple conformations which needs to be considered during the virtual 

ligand screening process. This not only decreases the accuracy of the virtural 

ligand screening, but also increases the computing resources required to 

undertake such a study. This NHE III1 G-quadruplex loop isomer model has 
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been previously employed to study the interaction between quindoline 

compounds
[7]

 and the c-myc G-quadruplex, and for the structure-based 

optimization of platinum(II) Schiff base complexes with improved c-myc 

G-quadruplex binding activities compared to the parent hit compound.
[8]

 In the 

present study, over 3,000 compounds in a database of FDA-approved drugs 

were screened in silico. To our knowledge, this is the first large-scale 

application of high-throughput virtual screening of an approved drug database 

for c-myc G-quadruplex stabilizing ligands. In the virtual screening campaign, 

the continuously flexible ligands were docked to a grid representation of the 

receptor and assigned a score reflecting the quality of the complex according to 

the ICM method [ICM-Pro 3.6-1d molecular docking software (Molsoft)].
[9]

 

From the database of FDA-approved drugs, the phenothiazinium salt 

methylene blue (MB) (Figure 4.1) emerged as an attractive candidate for 

further structural modification. 
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Figure 4.1. Chemical structures of MB and its derivatives. 
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MB is a well-known DNA-intercalating chromophore that was originally 

developed as a dyestuff during the late nineteenth century. It possesses a broad 

range of biological activities, and has been used for the treatment of malaria, 

nitrate poisoning, methemoglobinemia, dementia and cancers through 

photodynamic therapy.
[10]

 The interaction between MB and the tetramolecular 

human telomeric (5′-TTAGGGTTAGGGTTAGGGTTAGGG-3′) 

G-quadruplex has been studied by spectroscopic techniques, and a binding 

constant of approximately 1  10
6
 dm

3
 mol

–1
 has been reported.

[11]
 MB has also 

been reported to display binding to a few G-quadruplex forms, including the 

human telomeric sequence, as determined by competitive dialysis.
[9, 12]

 

However, to our knowledge, MB has not yet been reported to be a c-myc 

G-quadruplex ligand, nor has the G-quadruplex-binding efficacy of MB been 

evaluated in a biological system. Inspired by the phenothiazinium template, we 

endeavoured to synthesize a series of MB analogues as a proof-of-concept for 

our structure-guided lead optimization approach. As MB is an FDA-approved 

drug, we reasoned that it would be advantageous from a pharmacological point 

of view to develop analogues of the phenothiazinium template rather than of a 

heretofore unknown aromatic scaffold. Based on the phenothiazinium template, 

a total of 50 compounds were designed and screened in silico (Table 4.1). Of 

the 50 compounds screened, the phenothiazinium-based compounds bearing 

the bromophenyl pendant linked by an aliphatic side chain showed the highest 

binding affinity as indicated by their most negative binding energies. Based on 

the predicted binidng energies from the in silico screening, we decided to 
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synthesize the compounds 4.10–4.12 and examine their interaction with the 

c-myc G-quadruplex.  
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Table 4.1. The molecular structure of the 50 MB derivatives screened in silico 

and their associated binding energies calculated using MolSoft. 

Compd. Chemical structure 
ICM 

score 

MB 

 

–32.64 

4.10 

 

–31.67 

4.11 

 

–49.87 

4.12 

 

–45.99 

4.13 

 

–41.06 

4.14 

 

–33.9 

4.15 

 

–41.20 
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4.16 

 

–28.16 

4.17 

 

–31.89 

4.18 

 

–41.03 

4.19 

 

–24.64 

4.20 

 

–31.04 

4.21 

 

–36.09 

4.22 

 

–28.8 

4.23 

 

–12.27 

4.24 

 

–10.71 
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4.25 

 

–38.96 

4.26 

 

–40.75 

4.27 

 

–36.19 

4.28 

 

–33.77 

4.29 

 

–39.2 

4.30 

 

–16.21 

4.31 

 

–23.57 

4.32 

 

–20.89 

4.33 

 

–16.47 
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4.34 

 

–20.09 

4.35 

 

–24.08 

4.36 

 

–11.10 

4.37 

 

–12.55 

4.38 

 

–20.42 

4.39 

 

–26.99 
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4.40 

 

–15.09 

4.41 

 

–18.12 

4.42 

 

–14.95 

4.43 

 

–22.78 
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4.44 

 

–15.61 

4.45 

 

–14.67 

4.46 

 

–15.78 

4.47 

 

–13.32 
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4.48 

 

–15.63 

4.49 

 

–20.78 

4.50 

 

–18.18 

4.51 

 

–13.92 
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4.52 

 

–15.79 

4.53 

 

–16.27 

4.54 

 

–21.69 

4.55 

 

–18.56 
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4.56 

 

–17.23 

4.57 

 

–11.71 
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4.3  Chemical synthesis 

 

To synthesize MB derivatives 4.10–4.12, a modification of Strekowski’s 

procedure was used.
[11]

 10H-Phenothiazine (4.1) was first oxidised to 

phenothiazin-5-ium tetraiodide hydrate (4.2) using excess iodine in chloroform 

at 0 °C. The periodide 4.2 was then reacted with amines 4.7–4.9 in methanol to 

yield the MB derivatives 4.10–4.12, which could be isolated by aqueous 

workup followed by precipitation from a concentrated dichloromethane 

solution using diethyl ether. Further purification if necessary could be carried 

out by column chromatography on silica gel. The MB derivatives 4.10–4.12 

were obtained as dark purple solids that gave intense blue solutions upon 

dissolution. N-methylamines 4.8 and 4.9 were synthesized via conversion of 

the commercially available alcohols 4.3 and 4.4 to the corresponding iodides 

4.5 and 4.6 using the iodine/triphenylphosphine/imidazole system, followed by 

nucleophilic substitution with excess methylamine to afford the desired 

N-methylamines 4.8 and 4.9 (Scheme 4.1). 
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Scheme 4.1. Synthesis of MB derivatives 4.10–4.12. 
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We found that MB derivatives 4.10–4.12 were prone to light-induced 

degradation. Therefore, these compounds were stored in the dark at –20 °C and 

stock solutions of compounds were freshly prepared before use in 

spectroscopic or biological experiments. As expected, MB derivatives 4.10–

4.12 exhibited reduced water solubility compared to the parent compound MB 

due to the presence of additional aliphatic and aromatic functional groups, but 

they could be dissolved at millimolar concentrations in aqueous solution 

containing 10% organic solvent. Stock solutions of 4.10–4.12 were thus 

prepared at 10 mM concentration in DMSO and these could be diluted with 

aqueous buffer without any observable precipitation. 

 

4.4  In vitro bioassay tests 

 

4.4.1 Fluorescence intensity displacement (FID) assay  

 

To determine the ability of the synthesized MB derivatives 4.10–4.12 to 

interact with the c-myc G-quadruplex, a fluorescence intensity displacement 

(FID) assay using thiazole orange (TO) as the fluorophore was carried out 

(Figure 4.2). Based on the concentration of the MB derivatives 4.10–4.12 

required to reduce TO fluorescence intensity by 50%, an indication of the 
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binding affinity of the different MB derivatives 4.10–4.12 towards the c-myc 

G-quadruplex can be determined. The values at which the fluorescence of TO 

was reduced by 50% [Displacement concentration (DC50)] were estimated for 

the MB derivatives 4.10–4.12 and the published G-quadruplex binding-ligand, 

crystal violet (CV) (Figure 4.2). The fluorescence spectrum and %TO 

displacement plots can be found in Figures 4.3–4.6. 
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Compound DC50 (µM) Binding score 

4.10 > 6.00 –31.67 

4.11 0.75 –49.87 

4.12 1.00 –45.99 

CV 4.00 – 

 

 

Figure 4.2. a) Plot of the percentage displacement of TO as a function of the 

concentration of: 4.10 (●); 4.11 (▼); 4.12 (■); and CV (▲). b) Table of DC50 

values for compounds 4.10–4.12 and CV estimated from the fluorescence 

intercalator displacement assay.

a) 

b) 
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Figure 4.3. Fluorescence spectrum of the oligonucleotide Pu27 (0.25 µM) in 

the presence of TO (0.5 µM) in Tris/HCl buffer (20 mM, 100 mM KCl, pH 

7.5) with increasing concentrations (0.5–5.5 µM) of the MB derivative 4.10. 

Inset: A plot of %TO displacement as a function of the concentration of the 

MB derivative 4.10. 
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Figure 4.4. Fluorescence spectrum of the oligonucleotide Pu27 (0.25 µM) in 

the presence of TO (0.5 µM) in Tris/HCl buffer (20 mM, 100 mM KCl, pH 

7.5) with increasing concentrations (0.5–2.5 µM) of the MB derivative 4.11. 

Inset: A plot of the %TO displacement as a function of the concentration of the 

MB derivative 4.11. 
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Figure 4.5. Fluorescence spectrum of the oligonucleotide Pu27 (0.25 µM) in 

the presence of TO (0.5 µM) in Tris/HCl buffer (20 mM, 100 mM KCl, pH 

7.5) with increasing concentrations (0.5–2.5 µM) of the MB derivative 4.12. 

Inset: A plot of the %TO displacement as a function of the concentration of the 

MB derivative 4.12. 

Increasing [4.12] 
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Figure 4.6. Fluorescence spectrum of the oligonucleotide Pu27 (0.25 µM) in 

the presence of TO (0.5 µM) in Tris/HCl buffer (20 mM, 100 mM KCl, pH 

7.5) with increasing concentrations (0.5–10.0 µM) of CV). Inset: A plot of 

the %TO displacement as a function of the concentration of CV. 
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The DC50 results shown in Figure 4.2 show a trend that is consistent with 

the binding scores predicted by molecular modeling (Table 4.1). The MB 

derivative 4.10 was predicted to be the weakest c-myc G-quadruplex binder of 

the series, and this was reflected by a DC50 value of > 6 μM which is highest of 

the DC50 values estimated from the FID assay. The most active compound 

predicted by molecular modeling, 4.11, showed a DC50 of 0.75 μM, suggesting 

that it has a higher binding affinity relative to CV (DC50 = 4 μM). It is worth 

noting that the binding affinity of the compounds, as indicated by the DC50 

values of the MB derivatives 4.10–4.12 estimated using the FID assay, 

reflected the trends in binding energies calculated in silico. This result validates 

the ability of molecular modeling as a tool in the structure-based lead 

optimization of hit compounds. 

 

4.4.2 PCR stop assay 

 

To provide additional validation of our molecular modeling results, a dose 

response experiment with 4.11 was performed using the PCR stop assay. In this 

cell-free assay, the compound was incubated with the oligomer Pu27 and the 

complementary reverse primer in the presence of Taq polymerase. Stabilization 

of the intramolecular c-myc G-quadruplex structure by 4.11 prevents 

hybridization of the complementary sequence. Taq polymerase is unable to 

recognize the G-quadruplex structure and DNA amplification is inhibited, 
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which is manifested as a reduction in the 43 bp PCR product observed after 

agarose gel electrophoresis (Figure 4.7). The results showed that the addition 

of 4.11 led to a dose-dependent decrease in the 43 bp PCR amplification 

product (Figure 4.7). Partial inhibition of Taq polymerase-mediated DNA 

amplification through stabilization of the c-myc G-quadruplex structure was 

observed at 40 μM of 4.11, and complete inhibition was observed at 250 μM. 

By comparison, MB was only slightly active at 250 μM (Figure 4.8). This 

indicates that 4.11 is able to induce or stabilize G-quadruplex formation in 

biological systems. Furthermore, this result confirms that the MB derivative 

4.11 binds more strongly to the c-myc G-quadruplex compared to the parent 

compound MB, which is in agreement with our molecular modeling 

calculations. 
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Figure 4.7. Incubation of c-myc G-quadruplex oligomer Pu27 with 4.11 (0–

250 µM) caused a dose-dependent decrease of the PCR amplification product 

at 43 bp.

4.11/μM 

DMSO   16     40    100    250                            
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Figure 4.8. PCR stop assay with MB (100, 250 μM) and 4.11 (100, 250 μM).

4.11/μM MB 

DMSO   250  100    250   100                            
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4.4.3 Molecular modeling and lead optimization 

 

We performed molecular modeling of MB with the NHE III1 

intramolecular G-quadruplex loop isomer model in order to investigate the 

mode of binding. The 1:2:1 loop isomer is the predominant isomer in the c-myc 

parallel G-quadruplex structure.
[13]

 Since neither NMR nor X-ray 

crystallographic information for the NHE III1 1:2:1 loop isomer is available, a 

model was built from the known, closely related X-ray crystal structure of the 

human intramolecular telomeric G-quadruplex DNA. A truncated 18 base-pair 

sequence [5′-AGGGTGGGGAGGGTGGGG-3′] was used for this work since 

nucleotides G2–G5 in the c-myc sequence 

[5′-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3′] are not involved in the 

G-quartet structure. The molecular docking results showed that the positively 

charged aromatic scaffold of MB is end-stacked at the 3′-terminus of the c-myc 

G-quadruplex, with a binding energy of –32.64 kcal mol
–1

 (Figure 4.9). We 

envisaged that the introduction of longer side chains at the amine position 

could increase the binding affinity and selectivity of the ligands for the c-myc 

G-quadruplex by increasing interactions with the grooves and loops of the 

G-quadruplex, which is a common strategy in the design of quadruplex-binding 

ligands.
[14] 
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Figure 4.9. Hypothetical molecular models showing the a) Side view; b) Top 

view of the interactions of MB with the c-myc G-quadruplex structure. The 

G-quadruplex is displayed as a ribbon representation (green), while MB is 

depicted as a space-filling representation showing carbon (beige), nitrogen 

(blue), sulfur (green-yellow) and bromine (purple) atoms. 

b) 

a) 
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We reasoned that longer side chains could interact with the grooves of the 

c-myc G-quadruplex, which could improve the binding potency and selectivity 

of the quadruplex ligands. We therefore designed over 50 MB derivatives 

containing side chains of various lengths and screened these compounds in 

silico. The 3,7-bis(dialkylamino)phenothiazin-5-ium derivatives 4.10–4.12 

containing 4-bromophenyl substituents linked by short alkyl chains emerged as 

a promising series for in vitro testing. Additionally, the bromide group serves 

as a useful functional handle for future structural modifications. Both 

derivatives showed more negative molecular docking energies compared to 

MB, with 4.11 exhibiting the most negative binding energy of –49.87 kcal mol
–

1
, suggesting that a two-carbon unit is the optimum length for the linker. 

Compared to MB, 4.11 is predicted to form more extensive π-stacking 

interactions with the G-quartet through its additional aromatic substituent 

(Figure 4.10). Furthermore, the other aromatic ring of the phenothiazinium 

scaffold appears to contact the side loops of the G-quadruplex, potentially 

contributing favourable interactions to the binding energy. Notably, the binding 

energy for an intercalative binding mode is vastly higher for 4.11 (+32.79 

kcal/mol) compared to MB (–13.66 kcal/mol), suggesting that the bulky side 

chains of 4.11 prevent intercalation into the G-quadruplex, presumably due to 

steric effects (Figure 4.11). Taken together, our molecular docking results 

suggest that the presence of the additional side chains on the phenothiazinium 

scaffold favour G-quadruplex end-stacking at the expense of intercalation. The 



 
 

206 

molecular modeling calculations also predict that end-stacking of 4.11 at the 

5′-terminus (–34.11 kcal/mol) is disfavoured relative to 3′-end stacking (–49.87 

kcal/mol). 
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Figure 4.10. Hypothetical molecular models showing the a) Side view; b) Top 

view of the interactions of 4.11 with the c-myc G-quadruplex structure. The 

G-quadruplex is displayed as a ribbon representation (green), while 4.11 is 

depicted as a space-filling representation showing carbon (beige), nitrogen 

(blue), sulphur (green-yellow) and bromine (purple) atoms.

a) 

b) 
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Figure 4.11. Calculated binding energies (in kcal mol
–1

) for 4.11 bound to 

different sites of the intramolecular c-myc G-quadruplex. 
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4.4.4 Absorption titration 

 

The abilities of MB derivatives 4.11 to bind c-myc G-quadruplex DNA 

was first studied by an absorption titration experiment. The UV/visible 

spectrum of the MB derivative 4.11 with increasing concentrations of the 

oligonucleotide Pu27 [5′-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3′] is 

shown in Figure 4.12. 
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Figure 4.12. a) UV-Vis absorption titration of 4.11 (1 × 10
–5

 M) in Tris/HCl 

buffer (10 mM, 10 mM KCl, pH 7.4) with increasing amounts of c-myc 

oligomer Pu27 (0–8.8 × 10
–7

 M). b) Plot of D/ap versus D. Absorbance was 

monitored at 678 nm. 
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Hypochromic effects were observed in the UV-visible spectrum of 4.11 

with oligonucleotide Pu27, which is attributed to the strong interaction between 

4.11 and the G-quadruplex. The absorbance of 4.11 increased again upon the 

addition of excess DNA (not shown), a phenomenon previously observed with 

MB and calf thymus (ct) DNA, suggesting the presence of more than one 

binding mode.
[15]

 Nevertheless, a relative value for the binding constant could 

still be estimated from the initial decrease in absorbance
[16]

 using the Scatchard 

equation.
[6b]

 We thus determined the binding constant K of 4.11 with the c-myc 

G-quadruplex to be between 0.96–3.27 × 10
7
 dm

3
 mol

–1
 based on two 

independent UV-visible titration experiments. The parent compound, MB, 

displayed comparatively weaker binding affinities of ca. 5.2  10
6
 dm

3
 mol

–1
 

for the c-myc G-quadruplex (Figure 4.13). We stress that due to the 

complicated DNA-binding behavior of these compounds, the estimated binding 

constants are relative and not absolute values. To investigate the selectivity of 

4.11 for G-quadruplex DNA over duplex DNA, a parallel UV-visible 

absorption titration experiment with ct DNA was performed (Figure 4.14). The 

K value of 4.11 for ct DNA was estimated to be 0.52–1.36  10
5
 dm

3
 mol

–1
 

using two independent UV-visible titration experiments, which are at least one 

order of magnitude lower than the binding constants of 4.11 for the c-myc 

G-quadruplex. By comparison, the binding affinity of MB for ct DNA was 

determined to be ca. 5  10
6
 dm

3
 mol

–1
 (Figure 4.15), which is similar to the K 

value for the c-myc quadruplex and is consistent with a previously reported 

binding constant of MB to ct DNA under a similar ionic strength.
[17]

 Taken 
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together, these data reveal that 4.11 exhibits a ten-fold higher selectivity for 

G-quadruplex DNA over duplex DNA, whereas MB displays no significant 

selectivity for either structural form. This suggests that the introduction of side 

chains to the MB scaffold promotes c-myc G-quadruplex binding at the 

expense of duplex DNA binding, which is consistent with the molecular 

docking results (see above). Compounds 4.11 exhibited constant molar 

extinction coefficients over the concentration ranges used in the absorption 

titration experiments. 
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Figure 4.13. a) UV-Vis absorption titration of MB (1 × 10
–5

 M) in Tris/HCl 

buffer (10 mM, 10 mM KCl, pH 7.4) with increasing amounts of Pu27 (0–1.3 

× 10
–6

 M). b) Plot of D/ap versus D. Absorbance was monitored at 663 nm. 
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Figure 4.14. a) UV-Vis absorption titration of 4.11 (1 × 10
–5

 M) in Tris/HCl 

buffer (10 mM, 10 mM KCl, pH 7.4) with increasing amounts of ct DNA (0–

6.0 × 10
–5

 M). b) Plot of D/ap versus D. Absorbance was monitored at 678 

nm. 
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Figure 4.15. a) UV-Vis absorption titration of MB (1 × 10
–5

 M) in Tris/HCl 

buffer (10 mM, 10 mM KCl, pH 7.4) with increasing amounts of ct DNA (0–

6.0 × 10
–5

 M). b) Plot of D/ap versus D. Absorbance was monitored at 678 

nm. 
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4.4.5 Mass spectrometry 

 

To examine the binding affinities of the MB derivative 4.11 against other 

G-quadruplex structures, high resolution mass spectrometry was used. 

Solutions of the appropriate oligonucleotide were incubated in the presence of 

the MB derivative 4.11 at room temperature for approximately one hour. The 

mass spectra of the solution containing the oligonucleotide in the presence or 

absence of 4.11 were then measured using ESI-TOF-MS. In the mass spectrum 

of the c-myc G-quadruplex in the absence of 4.11 (Figure 4.16a), three peaks 

were identified, where each peak corresponds to a different ionization state of 

the c-myc G-quadruplex in the gas phase. Upon incubating the oligonucleotide 

with the MB derivative 4.11, the resulting mass spectrum (Figure 4.16b) 

showed the appearance of additional peaks at 1556.2023, 1867.4318 and 

1991.8289 mass units, which corresponded to [1:1]
6–

, [1:1]
5–

 and [1:2]
5–

 

c-myc–4.11 complexes, respectively. The appearance of the additional peaks in 

the mass spectra indicated that the MB derivative 4.11 was bound to the c-myc 

G-quadruplex.  
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Figure 4.16. ESI-TOF Mass spectra of: a) the c-myc G-quadruplex; and b) the 

c-myc G-quadruplex incubated in the presence of 4.11 in ammonium acetate 

buffer (500 mM, pH 7.6).  

  

b) 

a) 



 
 

218 

By comparing the area under the peak associated with the free c-myc 

G-quadruplex and the c-myc–4.11 complex in the mass spectrum, the relative 

binding affinity can be estimated. It is important to note that the binding 

affinities determined using mass spectrometry are valid only in the gas phase 

and serve only as an approximation for solution state binding affinities. The 

mass spectrometry experiment was also performed with other biologically 

relevant G-quadruplex structures, such as c-kit 1 (Figure 4.17), c-kit 2 (Figure 

4.18) and bcl-2 (Figure 4.19), to determine the binding affinity of 4.11 to 

various G-quadruplex structures (Table 4.2). The results showed that the MB 

derivative 4.11 was selective towards the c-myc G-quadruplex with an 

measured binding affinity of 0.86, which is higher than the values determined 

for c-kit 1 (0.57), c-kit 2 (0.42) and bcl-2 (0.45). 
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a) 

 

b) 

 

 

 

Figure 4.17. ESI-TOF mass spectra of: a) the c-kit 1 G-quadruplex; and b) the 

c-kit 1 G-quadruplex incubated in the presence of 4.11 in ammonium acetate 

buffer (500 mM, pH 7.6). 
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Figure 4.18. ESI-TOF mass spectra of: a) the c-kit 2 G-quadruplex; and b) the 

c-kit 2 G-quadruplex incubated in the presence of 4.11 in ammonium acetate 

buffer (500 mM, pH 7.6). 
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Figure 4.19. ESI-TOF mass spectra of: a) the bcl-2 G-quadruplex; and b) the 

bcl-2 G-quadruplex incubated in the presence of 4.11 in ammonium acetate 

buffer (500 mM, pH 7.6). 
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Table 4.2. Relative affinity of MB derivatives 4.11 towards five intramolecular 

G-quadruplexes determined by ESI-TOF-MS analysis. 

 

G-quadruplex sequence 

Relative binding affinities 

  Average (n = 2) 

c-myc (27 nt) 

  

0.8604 

c-kit 1 (27 nt) 

  

0.5681 

c-kit 2 (27 nt)   0.4249 

bcl-2 (27 nt) 

  

0.4484 
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4.4.6 Inhibition of c-myc promoter activity in HepG2 cells 

 

We next examined whether compound 4.11 could inhibit c-myc gene 

promoter activity in cancer cells. Human hepatocarcinoma (HepG2) cells were 

transiently transfected with a Del 4 plasmid, which harbors a 22-bp c-myc P1 

promoter G-quadruplex-forming sequence 

(5′-TGGGGAGGGTGGGGAGGGTGGGG-3′) upstream of the luciferase 

reporter gene.
[18]

 The induction or stabilization of the c-myc NHE III1 

G-quadruplex by the compound is expected to decrease the expression of 

luciferase. Gratifyingly, we observed that addition of 4.11 caused a 

dose-dependent decrease in luciferase activity with IC50 = ca. 1 μM (Figure 

4.20). By comparison, the initial lead compound MB was significantly less 

potent in this assay (IC50 = ca. 6 μM). This suggests that the addition of side 

chains to the MB scaffold is able to produce analogues with significantly 

enhanced promoter G-quadruplex stabilization activities in cellulo, and is 

consistent with the molecular modeling and DNA-binding experiments 

presented above. 
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Figure 4.20. Relative luciferase activity after the incubation of HepG2 cells 

transfected with the c-myc P1 promoter upstream of the luciferase reporter 

gene in the presence of different concentrations of 4.11 and MB. 
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4.4.7 Cytotoxicity test (MTT assay) 

 

The cytotoxicity of compound 4.11 was examined using an MTT assay. 

Our results revealed that compound 4.11 was toxic against the human cervical 

cancer (HeLa) cell line with an estimated IC50 value of 5 μM. By contrast, the 

cytotoxicity of the parent compound MB against HeLa cells was significantly 

lower (IC50 = 15 μM) in this assay. We hypothesize that the increased 

cytotoxicity of 4.11 compared to MB against HeLa cells could be attributed, at 

least in part, to the inhibition of c-myc gene promoter activity through 

stabilization of the NHE III1 G-quadruplex. 

 

4.5  Conclusion 

 

In conclusion, we have employed a unique intramolecular G-quadruplex 

c-myc NHE III1 loop isomer model developed by our group to perform 

high-throughput virtual screening on an FDA-approved drug database of over 

3,000 compounds. MB emerged as an attractive scaffold for further structural 

modifications. As a proof-of-concept, we used a structure-based lead 

optimization approach to generate MB derivatives that displayed superior 

binding affinity and selectivity for the c-myc G-quadruplex over 

double-stranded DNA or other G-quadruplex structures. The binding of the 
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compounds 4.10–4.12 was initially investigated using a fluorescence intensity 

displacement assay, revealing derivative 4.11 to be the most potent compound 

of the series. UV-visible titrations indicated that derivative 4.11 was selective 

towards G-quadruplex over duplex DNA, while mass spectrometry 

experiments showed that 4.11 was selective towards the c-myc G-quadruplex 

over other biologically relevant G-quadruplexes such as c-kit 1, c-kit 2 and 

bcl-2. Furthermore, compound 4.11 could induce or stabilize c-myc 

G-quadruplex formation in both cell-free and cellular models. To our 

knowledge, this is the first large-scale application of high-throughput virtual 

screening of an approved drug database for c-myc G-quadruplex-stabilizing 

ligands. Importantly, the MB analogues possessed stronger c-myc 

G-quadruplex-binding affinity and biological potency compared to the parent 

compound, MB, validating the structure-based in silico optimization 

methodology. Given the selectivity of the methylene derivative for the c-myc 

G-quadruplex, there is considerable scope for the further optimization of the 

MB core to improve the activity of the MB derivatives as 

G-quadruplex-stabilizing compounds. 
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4.6  Materials and Methods 

 

4.6.1 Materials 

 

ct DNA was purchased from Sigma Chemical Co. Ltd. and purified 

according to literature methodology.
[6a]

 The DNA per base pair concentration 

was determined by UV/Vis absorption spectroscopy using the following molar 

extinction coefficient at the indicated wavelength: ct DNA, 260 = 13200 cm
–1

 

M
–1

 (base pair).
[10]

 DNA oligomers were obtained from TechDragon Limited 

(Hong Kong). The sequence for oligomer Pu27 is 

[5′-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3′]. The intramolecular 

c-myc G-quadruplex structure was prepared by incubating Pu27 in Tris/HCl 

buffer (10 mM, 10 mM KCl, pH 7.4), which was heated to 95 °C for 10 min 

and cooled to room temperature overnight. The expected G-quadruplex 

secondary DNA structure was confirmed by a positive CD peak at 262 nm and 

a negative CD peak at ca. 240 nm. Unless otherwise stated, spectroscopic 

titration experiments were performed in Tris/HCl buffer (10 mM, 10 mM KCl, 

pH 7.4). Stock solutions of 4.10–4.12 (10 mM) were made in dimethyl 

sulfoxide (DMSO). Further dilutions to working concentrations were prepared 

with double-distilled water. Taq DNA polymerase was purchased from 

QIAGEN (Valencia, CA, USA).  Del 4 plasmid harbouring a 22-bp c-myc P1 

promoter G-quadruplex-forming sequence 
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[5′-GGGGAGGGTGGGGAGGGTGGGG-3′] upstream of the luciferase 

reporter gene was obtained from Addgene (Cambridge, MA, USA). 

Lipofectamine 2000 was obtained from Invitrogen. Passive Lysis Buffer and 

Luciferase Reporter Assay System were obtained from Promega (Madison, WI, 

USA). MB was obtained from Merck (Darmstadt, Germany). All other 

chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

 

4.6.2 General experimental 

 

Compounds 4.2,
[19]

 4.5 and 4.6
[20]

 were synthesized according to literature 

procedures and their purity was confirmed by comparison with literature 

spectroscopic data. The amines 4.8 and 4.9 were synthesized according to a 

general procedure and their purity was confirmed by comparison with literature 

spectroscopic data.
[10]

 Compounds 4.1, 4.3, 4.4 and 4.7 were purchased from 

Sigma-Aldrich and used as received. 

 

4.6.3 Synthesis of top-scoring MB derivatives 

 

General procedures for the preparation of 4.7–4.9 
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The appropriate iodide (5 mmol) and aq. methylamine (40%, 60 mL) were 

stirred in THF at room temperature for 3 h. The volatiles were removed under 

reduced pressure. Water (100 mL) was added, and the solution was acidified to 

pH 2 using 5 M HCl. The solution was washed with ether (2  100 mL) and the 

aqueous layer was basified to pH 12 using 10 M NaOH. The solution was 

extracted with ether (2  100 mL), and the organic layers were combined, dried 

(MgSO4) and evaporated to give 4.7–4.9 as a pale yellow oil (4.8 mmol, 90%). 

 

N-Methyl-2-(4-Bromophenyl)ethyl)amine (4.8)  

 

 

 

Yellow oil (1.03 g, 90%). 
1
H NMR (300 MHz, CDCl3): δ 7.42 (d, J = 8.3 

Hz, 2H), 7.08 (d, J = 8.3 Hz, 2H), 2.85–2.72 (m, 4H), 2.43 (s, 3H), 1.25 (bs, 

1H). 
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N-Methyl-2-(4-Bromophenyl) propyl)amine (4.9) 

 

 

 

Yellow oil (0.83 g, 89%). 
1
H NMR (300 MHz, CDCl3): δ 7.39 (d, J = 8.3 

Hz, 2H), 7.06 (d, J = 8.3 Hz, 2H), 2.64–2.56 (m, 4H), 2.42 (s, 3H), 1.83–1.73 

(m, 2H), 1.30 (bs, 1H).
 13

C NMR (100 MHz, CDCl3): δ 139.3, 131.6, 130.3, 

120.0, 35.6, 34.6, 6.03. Maldi-TOF-HRMS: Calcd. for C10H14BrN [M + H]
+
: 

228.0387. Found: 228.0385. 

 

General procedures for the preparation of 4.10–4.12
[15] 
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The appropriate amine (1.5 mmol) was added to a solution of 

phenothiazinium salt 4.2 (181 mg, 0.25 mmol) in MeOH (50 mL), and the 

reaction was stirred at room temperature for 40 min or until 4.3 or 4.4 was 

consumed as monitored by TLC (3% MeOH/CHCl3). The solvent was removed 

under reduced pressure and the residue was redissolved in CH2Cl2. The 

solution was washed with 1% HCl (4  50 mL) and water (2  20 mL), and the 

organic layer was dried (MgSO4) and concentrated in vacuo. The product was 

precipitated by the addition of ether and collected by filtration. Further 

purification if necessary could be carried out by flash column chromatography 

on silica gel (CHCl3 – 3% MeOH/CHCl3). 

 

3,7-Bis((4-bromophenylamino)phenothiazin-5-ium iodide (4.10) 

 

 

 

 

Purple powder (44 mg, 25%). 
1
H NMR (500 MHz, CDCl3): δ 8.08 (d, J = 

2.4 Hz, 2H), 7.87 (d, J = 9.4 Hz, 4H), 7.70 (d, J = 8.6 Hz, 4H), 7.21 (d, J = 8.6 
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Hz, 4H), 7.09 (dd, J = 9.4, 2.4 Hz), 3.78 (s, 6H).
13

C NMR (100 MHz, CDCl3): 

δ 154.0, 143.1, 138.5, 137.6, 136.5, 134.3, 128.5, 123.0, 121.1, 108.0, 43.0. 

Maldi-TOF-HRMS: Calcd. for C26H20Br2N3SI [M – I]
 +

: 565.9720. Found: 

565.9733. 

 

3,7-Bis((4-bromophenylethyl)(methyl)amino)phenothiazin-5-ium iodide 

(4.11) 

 

 

 

 

     Purple powder (30 mg, 16%). 
1
H NMR (400 MHz, CDCl3): δ 7.88 (d, J 

= 9.5 Hz, 2H), 7.70 (s, 2H), 7.43 (d, J = 8.3 Hz, 4H), 7.17–7.12 (m, 6H), 4.00 

(t, J = 4.9 Hz, 4H), 3.25 (s, 6H), 3.04 (t, J = 4.9 Hz, 4H). 
13

C NMR (100 MHz, 

CDCl3): δ 153.3, 138.5, 136.5, 136.1, 135.5, 132.0, 130.7, 128.1, 121.1, 107.1, 

55.4, 41.1, 33.5. Maldi-TOF-HRMS: Calcd. for C30H28Br2N3SI [M
 
– I]

+
: 

622.0365. Found: 622.0356. 
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3,7-Bis((3-(4-bromophenyl)propyl)(methyl)amino)phenothiazin-5-ium 

iodide (4.12) 

 

 

 

Purple powder (37 mg, 19%). 
1
H NMR (300 MHz, CDCl3): δ 7.90 (d, J = 

9.6 Hz, 2H), 7.57 (s, 2H), 7.44 (d, J = 8.1 Hz, 4H), 7.15–7.12 (m, 6H), 3.73 (t, 

J = 6.7 Hz, 4H), 3.36 (s, 6H), 2.77 (t, J = 7.4 Hz, 4H), 2.10–2.05 (m, 4H). 
13

C 

NMR (100 MHz, CDCl3): δ 153.5, 139.7, 138.8, 136.1, 135.4, 131.9, 130.5, 

128.4, 120.3, 107.0, 53.4, 46.5, 32.4, 29.0. Maldi-TOF-HRMS: Calcd. for 

C32H32Br2N3SI [M
 
– I]

+
: 650.0678. Found: 650.0682. 

 

4.6.4 Fluorescence intensity displacement (FID) assay 

 

The oligonucleotide Pu27 prior to use in the FID assay was annealed in 

Tris/HCl buffer (20 mM, 100 mM KCl, pH 7.5) by incubating at 95 °C for 10 

minutes and cooled to room temperature gradually (0.1 °C/s). To a solution of 

the annealed Pu27 (0.25 µM) and TO (0.5 µM) in Tris/HCl buffer (20 mM, 

100 mM KCl, pH 7.5), an increasing amount of the appropriate MB derivative 
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was added and the emission spectrum was measured between 510–750 nm with 

an excitation wavelength of 501 nm using a PTI QM4 spectrometer. The area 

under the curve was determined using Graphpad Prism 5.0, and was used to 

calculate the percentage of TO displacement using the following equation 

(1):
[15]

 

 

%TO displacement = 100 – [(fluorescence area of sample/fluorescence area of 

standard) × 100]   (1) 

 

where the fluorescence area of standard is defined as the area under the curve 

for an emission spectrum measured in the absence of MB derivative. The DC50 

value was estimated by taking the first concentration after which the 

percentage displacement of TO is greater than or equal to 50%. 

 

4.6.5 Absorption titration 

 

Absorption spectra were recorded on a Perkin-Elmer Lambda 19 

UV/Visible spectrophotometer. A solution of 4.11 or MB (10 μM) was 

prepared in Tris/HCl buffer (10 mM, 10 mM KCl, pH 7.4), and aliquots of a 

millimolar stock solution of Pu27 in Tris/HCl buffer (10 mM, 10 mM KCl, pH 

7.4) were added. Absorption spectra were recorded in the spectral range λ = 

200–600 nm after equilibration at 20 °C for 10 min. The intrinsic binding 
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constant K, was determined from a plot of D/Δεap vs D according to equation 

(2): 
[17] 

 

D/Δεap = D/Δε +1/(Δε  K)                   (2) 

 

where D is the concentration of DNA, Δεap = |εA  εF|, εA = Aobs/[ligand], and Δε 

= |εB  εF|; εB and εF correspond to the extinction coefficients of DNAligand 

adduct and unbound ligand, respectively. Similar absorption titration 

experiments were performed using ct DNA.  

 

4.6.6 PCR stop assay 

 

The PCR stop assay was performed by using a modified protocol of the 

previously reported method.
[7]

 The reactions (40 μL) were performed in 1 

PCR buffer, containing each pair of oligomers (10 µM), deoxynucleotide 

triphosphate (0.16 µM), Taq polymerase (2.5 U), and increasing concentrations 

of the compound (0–250 μM). The reaction mixtures were incubated in a 

thermocycler under the following cycling conditions: 94 °C for 3 min followed 

by 30 cycles at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s. The 

amplified products were resolved on 1.3% agarose gel and visualized by 

ethidium bromide staining. 
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4.6.7 Selectivity experiments using mass spectrometry 

 

Stock solutions of all oligonucleotides (500 μM) were prepared in 

ammonium acetate buffer (500 mM, pH 7.6). A solution (100 μL) of the 

appropriate oligonucleotide (100 μM, final concentration) and 4.11 (200 μM, 

final concentration) was prepared in milli-Q water, left to stand at room 

temperature for 1 h and injected directly into the ESI-TOF-MS. The injection 

rate was 3 L/min. Each sample of DNA–4.11 complex solution was analysed in 

duplicate. ESI-TOF-MS experiments were conducted in the negative-ion mode 

with a Bruker MicrOTOFQ mass spectrometer. All oligonucleotides were 

purchased from Invitrogen. The capillary voltage was set at +3500 V, and the 

dry N2 gas flow was 4.0 L/min at 100 °C. Data were analyzed by the software 

Bruker Daltonics DataAnalysis. 

 

The oligonucleotide sequences used in the mass spectrometry experiments 

are shown below: 

 

(i) c-myc: 5′-TGGGGAGGGTGGGGAGGGTGGGGAAGG-3′ 

(ii) c-kit 1: 5′-AGAGGGAGGGCGCTGGGAGGAGGGGCT-3′ 

(iii) c-kit 2: 5′-CCCGGGCGGGCGCGAGGGAGGGGAGGT-3′ 

(iv)  truncated bcl-2: 

5′-CGGGCGCGGGAGGAAGGGGGCGGGAGC-3′ 
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4.6.8 Luciferase assay  

 

Exponentially growing HepG2 cells cultured in DMEM media 

supplemented with 10% FBS were seeded in a 24-well plate on Day 1. Del 4 

plasmid (1 μg) was transfected into the HegG2 cells growing at 75% 

confluency using Lipofectamine 2000 as per manufacturer’s protocol. After 5 h 

of transfection, the cells were washed 1× PBS and fresh media was added into 

each well. The cells were incubated with 4.11 or MB (0–12.5 μM) for 24 h. 

The cells were lysed with 1× Passive Lysis Reagent buffer with continuous 

pipetting at room temperature for 30 min. The homogenate was centrifuged for 

2 min at 10,000 g. The supernatant was used for protein estimation by 

bicinchoninic acid (BCA) method. The assay was performed in triplicate and 

the luciferase activity was normalized by total protein concentration. 

 

4.6.9 Cytotoxicity test (MTT assay) 

 

HeLa cells were seeded in a 96-well flat-bottomed microplate at 8,000 

cells/well in growth medium solution (100 μL; FBS (10%), L-glutamine (1%), 

and penicillin streptomycin (1%) in MEM). Serial dilutions of compounds 4.10 

or MB were added to each well. The microplate was incubated at 37 °C in 

CO2/air (95:5) in a humidified incubator for 24 h. After incubation, 
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide (MTT) (10 μL, 

5 mg/mL) was added to each well. The microplate was reincubated at 37 °C in 

5% CO2 for 4 h. Solubilization solution (100 μL; sodium dodecyl sulphate 

(10%), 10 mM HCl) was added to each well. The microplate was left in an 

incubator for 24 h. The absorbance at λ =570 nm was measured by a 

microplate reader. The IC50 values of the compounds were determined by the 

dose dependence of the surviving cells after exposure to the compounds for 24 

h. 

 

4.6.10  Molecular modeling 

 

Molecular docking was performed by using the ICM-Pro 3.6-1d program 

(Molsoft).
[9, 12]

 According to the ICM method, the molecular system was 

described by using internal coordinates as variables. Energy calculations were 

based on the ECEPP/3 force field with a distance-dependent dielectric constant. 

The biased probability Monte Carlo (BPMC) minimization procedure was used 

for global-energy optimization. The BPMC global-energy optimization method 

consists of: 1) a random conformation change of the free variables according to 

a predefined continuous probability distribution; 2) local-energy minimization 

of analytical differentiable terms; 3) calculation of the complete energy 

including nondifferentiable terms such as entropy and solvation energy; 4) 

acceptance or rejection of the total energy based on the Metropolis criterion 
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and return to step (1). The binding between the compounds and DNA was 

evaluated by binding energy, including grid energy, continuum electrostatic, 

and entropy terms. The initial model of loop isomer was built from X-ray 

crystal structures of human intramolecular telomeric G quadruplex (PDB code: 

1KF1),
[21]

 according to a previously reported procedure.
[7-8]

 Briefly, the 

structure of human intramolecular telomeric G quadruplex was imported into 

Insight II package (Accelrys Inc., San Diego, CA), and necessary modifications 

were carried out including replacements and deletions of bases. Missing loop 

nucleotides were added using single-strand B-DNA geometry using the 

Biopolymer module. Potassium ions were placed between the G-tetrad planes 

to stabilize the tetrad structure. The initial models were then immersed in a box 

of TIP3P water molecules, and an appropriate number of sodium ions were 

added to neutralize the negative charge of the phosphate backbone. The 

molecular dynamics simulations were carried out in NAMD with VMD 

monitoring the process. The CHARMM force field parameter was assigned to 

every atom, and the Particle Mesh Ewald electrostatics was used to compute 

long-range electrostatic interactions. Hydrogen atoms were added and 

minimized by 3,000 steps of conjugate gradient minimization. After 4,000 

steps of conjugate gradient minimization, two stages of molecular dynamics 

simulations were carried out at 300 K. In the first stage, only the loop area 

atoms were allowed to move, and this process involved a 20 ps equilibration 

and 100 ps simulations. The second stage involved unrestrained molecular 

dynamics simulations with 20 ps equilibration and 100 ps simulations at 300 K. 
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Trajectories were recorded every 0.1 ps, and the most stable structure was 

extracted and further refined by 2,500 steps of conjugate gradient minimization. 

In the docking analysis, the binding site was assigned across the entire 

structure of the DNA molecule. The ICM docking was performed to find the 

most favorable orientation. The resulting trajectories of the complex between 

the compounds and G-quadruplex DNA were energy minimized, and the 

interaction energies were computed.
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Chapter 5   

 

Structure-Based Discovery and 

Development of Natural Products as JAK2 

Inhibitors 

 

5.1  Introduction 

 

Janus kinases (JAKs) play an important role in signal transduction via 

cytokine and growth factor receptors, and the JAK-STAT pathway is the 

principle signalling mechanism for cell proliferation, differentiation, cell 

migration, and apoptosis.
[1]

 Consequently, JAK2 has been considered as a 

possible target for anti-cancer therapy. However, although many potent JAK2 

inhibitors have been reported in the literature as potential anticancer agents,
[2]

 

none of these have yet reached FDA-approval status. Interestingly, the JAK2 

inhibitor AG490 was also found to decrease STAT-3 activity and the hepatitis C 
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virus (HCV) RNA production in HCV-infected cells.
[3]

 This suggests that JAK2 

inhibitors could potentially be utilized for other applications besides 

anti-cancer therapeutics. 

 

Kinase inhibitors that bind to the active site can be broadly classified into 

two types: Type I and Type II.
[4]

 Type I inhibitors bind to the highly conserved 

ATP-binding site in the active (“DFG-in”) form of the kinase, and are directly 

competitive with ATP. On the other hand, Type II inhibitors also bind to a 

hydrophobic pocket vacated by the Asp-Phe-Gly (DFG) loop in the inactive 

(“DFG-out”) conformation of the kinase. Type II inhibitors have the potential 

to be more selective than Type I inhibitors as the hydrophobic pocket exhibits a 

greater degree of structural heterogeneity compared to the ATP-binding site. 

Additionally, no Type II JAK2 inhibitor has yet been reported in the literature. 

 

As mentioned in previous chapters, computer-aided molecular modeling 

has been used for the rational design of biomolecular ligands, to investigate the 

binding of active compounds to biomolecular targets, and for lead optimization 

of the candidate compounds.
[5]

 Due to the high molecular diversity and 

potentially lower toxicity profiles offered by natural products
[5k]

 compared to 
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synthetic compounds, we sought to apply high-throughput virtual ligand 

screening to identify novel and highly selective Type II JAK2 inhibitors from 

natural product scaffolds, as potential anti-cancer or anti-HCV therapeutics. 

 

5.2  Construction of JAK2 molecular model 

 

Twelve JAK2 X-ray crystal structures are known in the literature (PDB 

code: 2B7A, 3LPB, 3JY9, 3KCK, 3IO7, 3IOK, 3FUP, 3EYG, 3EYH, 3E62, 

3E63, 3E64). In order to choose the best structure for our molecular modeling 

campaign, these twelve crystal structures were docked against a panel of 

known JAK2 inhibitors. Our results indicated that the X-ray co-crystal 

structure of JAK2 with pan-Janus kinase inhibitor CMP6
[6]

 (PDB code: 2B7A) 

gave the highest average docking score, suggesting that this is the most 

predictive structure for our molecular modelling methods. Therefore, this 

X-ray crystal structure was adopted for use in our investigation (Figure 5.1). 

The calculated binding coordinates of CMP6 in the JAK2 active site are within 

1.5 Å root-mean-square deviation of the reported values based on the protein 

X-ray crystal structure.
[6]

 



 
 

247 

In order to convert the active form of JAK2 in the X-ray crystal structure 

into an inactive form that can be used to screen for Type II inhibitors, we 

adopted the DOLPHIN model developed by Abagyan and co-workers.
[7]

 This 

allows small molecules to dock into the hydrophobic pocket through deletion 

of the aspartic acid-phenylalanine-glycine (DFG) loop. Briefly, the DOLPHIN 

model preparation protocol consisted of two fully automatic steps: (i) the 

removal of all atoms of the Phe residue of DFG (DFG Phe) and the next four 

residues in the sequence and (ii) the generation of a pharmacophore-like field 

from the side-chain atoms of DFG Phe and backbone atoms of the following 

residues with DFG Gly skipped. The pharmacophore-like density was 

generated using a single property (lipophilicity) and slightly rewarded the 

ligand docking poses occupying the hydrophobic selectivity pocket. No 

ligand-related information was employed by the algorithm. This model has 

been used to correctly predict Type II ligand binding geometry in over 75% of 

cases.
[7]
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Figure 5.1. Low-energy binding conformations of CMP6 bound to the JAK2 

active site as generated by virtual ligand docking. The small molecules are 

depicted as a ball-and-stick model showing carbon (yellow), hydrogen (grey), 

oxygen (red), nitrogen (blue), chlorine (green) and fluorine (orange) atoms. 

Hydrogen bonds are shown as blue lines. The binding site of JAK2 is shown as 

a translucent green surface. 
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5.3  High-throughput virtual screening of a natural 

product and natural product-like database 

 

We performed in silico screening on natural product and natural 

product-like databases on the DOLPHIN kinase model using the internal 

coordinate mechanics (ICM) method [ICM-Pro 3.6-1d molecular docking 

software (Molsoft)]
[8]

 to identify useful natural product scaffolds as Type II 

JAK2 inhibitors. Three natural product databases were used in our virtual 

screening campaign: the Analyticon Discovery NATx and MEGabolite 

databases (20,000 compounds, Germany), the ZINC natural product database 

(90,000 compounds, USA) and the Hongcam natural products database 

(160,000 compounds, China). Due to the overlap of the three databases, the 

total number of unique compounds screened was about 150,000. According to 

the ICM method, the molecular system was described by using internal 

coordinates as variables, and energy calculations was based on the ECEPP/3 

force field with a distance-dependent dielectric constant. The biased probability 

Monte Carlo (BPMC) minimization procedure was used for global energy 

optimization. The binding between the small molecules and JAK2 was 

evaluated with a full-atom ICM ligand binding score from a multi-receptor 
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screening benchmark as a compromise between approximated Gibbs free 

energy of binding and numerical errors. The ICM docking was performed to 

find the most favorable orientation. The resulting trajectories of the complex 

between the small molecules and JAK2 were energy minimized, and the 

interaction energies were computed. Each compound was docked three times 

and the minimum of the three scores was used. 
 

 

The top four highest-scoring compounds (Table 5.1) from the initial 

high-throughput virtual screening campaign were tested in an ELISA to 

determine their ability to inhibit JAK2-mediated phosphorylation of a 

biotinylated peptide substrate in vitro (Figure 5.2a). From these experiments, 

amentoflavone 5.1 (Figure 5.2b), a biflavonoid from the Chinese plant Gingko 

biloba, emerged as a promising candidate for further biological evaluation. In 

dose-response experiments, amentoflavone 5.1 inhibited JAK2 activity in a 

concentration-dependent fashion (Figure 5.2c). The IC50 value for the 

inhibition of JAK2 by 5.1 was estimated to be 5 μM. This level of efficacy is 

considered highly promising for further lead optimization as 5.1 was identified 

through in silico screening of a natural product database with no prior selection 

or modification of the candidate compounds.  
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Table 5.1. Top four highest-scoring compounds from the VS and their 

corresponding ICM scores. 

 

Compd. Chemical structure 

ICM  

score 

5.1 

 

–29.58 

5.34 

 

–27.03 

5.35 

 

–31.31 

5.36 

 

–27.61 
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Figure 5.2. a) Preliminary JAK2 kinase assay of the top four highest scoring 

compounds; b) Chemical structure and numbering of amentoflavone (5.1); c) 

Dose-dependent inhibition of JAK2 enzyme activity by compound 5.1 as 

determined by ELISA; Estimated IC50 value: 5 μM. 
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5.4  Construction of 3D pharmacophore and in silico 

lead optimization 

 

Optimization of the lead natural product or natural product-like structures 

would be advantageous in order to generate more potent compounds as 

selective Type II JAK2 inhibitors. In order to achieve this, we utilized a 

computer-aided structural lead optimization strategy. We observed that the 

deletion of the DFG loop in the DOLPHIN model of JAK2 kinase revealed a 

large hydrophobic pocket, not present in the active (DFG-in) form of the kinase, 

that was partially occupied by compound 5.1 (Figure 5.3a). We calculated that 

the binding energy of 5.1 in the active site of JAK2 was higher with the 

inactive form compared to the active form. These results suggest that the 

scaffold of 5.1 could be developed as a Type II JAK2 inhibitor, and thus 

potentially achieve greater selectivity between kinases compared to inhibitors 

that bind to the highly conserved ATP-binding site alone. We envisaged that 

further modification, especially through addition of a hydrophobic aliphatic 

side chain to the biflavonoid scaffold of 5.1, could allow the molecule to 

further occupy the hydrophobic pocket vacated by the DFG loop. As a 

proof-of-concept, we designed 50 such analogues and docked these compounds 
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in silico against the DFG-out model of JAK2 kinase. We found that long, alkyl 

chains ranked among the top-scoring substituents (Table 5.2). Our molecular 

modeling analysis indicated that the long aliphatic side chain extended deep 

into the hydrophobic pocket, which probably contributed to the high binding 

energy of these compounds (Figure 5.3b).  
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Table 5.2. Chemical structures of representative amentoflavone derivatives and 

their corresponding ICM scores. 

 

Compd. Chemical structure ICM score 

5.1 

  

–29.58 

5.2 

  

–35.73 

5.3 

  

–31.59 

5.4 

  

–27.25 
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5.5 

  

–22.59 

5.6 

  

–35.12 

5.7 

  

–34.55 

5.8 

   

–27.58 
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5.9 

  

–36.20 

5.10 

  

–45.94 
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a) 

b) 

Ser 1016 

Ser 1016 
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Figure 5.3. a) Low-energy binding conformation of 5.1 to the DOLPHIN 

modification of the JAK2 active site as generated by virtual ligand docking; b) 

Low-energy binding conformations of 5.2 to the DOLPHIN modification of the 

JAK2 active site as generated by virtual ligand docking. Note the extension of 

the alkyl chain into the hydrophobic pocket vacated by the DFG loop. 
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5.5  Synthesis of top-scoring candidates 

 

5.5.1 First generation synthetic study 

 

The total synthesis of amentoflavone or its derivatives has not been 

reported. Our retroanalysis of these biflavones relies on metal 

catalyzed-coupling reactions to link the two apigenin monomers. The selective 

introduction of alkyl chains at the 7-OH and 7″-OH positions requires the 

selective deprotection of the two monomers (Scheme 5.1). Protecting groups 

for the aryl halide 5.13 and organometallic compound 5.14 has to be carefully 

selected to ensure that they can be selectively and orthogonally removed. 

Therefore, alkyl (methyl or isopropyl) and benzyl protecting groups were 

chosen for this purpose. 
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Scheme 5.1. Retrosynthetic analysis of the top-scoring compounds. 
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Initially, we tried to synthesize the flavone 8-boronic/boronate acid 5.18 as 

the organometallic coupling partner. Muller et al. have previously reported the 

synthesis of flavone 8-boronic acid and its application in the Suzuki coupling 

reaction to generate biflavones.
[9]

 Thus, apigenin 5.1 was treated with isopropyl 

bromide in the presence of cesium carbonate and DMF to give the fully 

protected intermediate 5.15 (Scheme 5.2). Subsequent iodination with 

iodine/Ag2CO3 afforded 8-iodoapeginin 5.16. However, treatment of 5.16 with 

the Li-iodide exchange/borylation sequence yielded mostly the iodide reduced 

compound 5.15. Therefore, the isopropyl protecting groups were replaced with 

methyl groups to minimize the possible steric hindrance during borylation in 

two steps. Treatment of 5.16 with BCl3 in DCM furnished the removal of the 

isopropyl groups, and the resulting product was re-protected with methyl 

groups by treatment with MeI/K2CO3. However, the methylated iodide also 

failed to undergo borylation at the C8-position. Even the use of the 

Pd-catalyzed borylation method, which has previously been employed to 

synthesize various aryl boronates, failed to give the desired product. 
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Scheme 5.2. Attempted synthesis of apigenin 8-boronic acid/boronate 5.18. 
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Therefore, it was decided to switch the two functionalities of the coupling 

reaction and generate the apigenin 3′-boronate or stannane instead (Scheme 

5.3). The preparation of flavone 3′-boronate 5.24 started from the 

commercially available p-anisaldehyde 5.19. Iodination at the meta position of 

the aldehyde following a literature procedure
[10]

 yielded the iodide 5.20, which 

underwent condensation with the dibenzylated 2,4,6-tihydroxyacetophenone 

5.21 in basic dioxane solution to give the α,β-unsaturated ketone 5.22. 

Iodine-catalyzed cyclization of this enone intermediate in DMSO at above 

130 °C furnished 3′-iodoflavone 5.23 in 92% yield. Caution was required in 

this reaction as prolonged over-heating of the reaction mixture led to 

debenzylation at the C5 position. Unfortunately, treatment of 5.23 under typical 

Li-iodide exchange/borylation conditions
[9]

 failed to produce the desired 

boronic acid. In this reaction, the starting iodide was mostly reduced, with 

minor decomposition at the pyrone ring. Zembower’s transition 

metal-catalyzed borylation conditions,
[11]

 which had been used to prepare a 

fully methyl protected apigenin 3′-boronate, also failed to give the desired 

product. Finally, the apigenin 3′-boronate 5.24 was obtained by using the 

catalyst combination Pd2(dab)3/PCy3/KOAc in dioxane at elevated temperature 

with 60% yield. The apigenin 3′-stannane 5.25 was also synthesized by the 
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Pd-catalyzed stannylation of the 3′-iodide 5.23 with hexabutylditin for 

coupling with the 8-iodoflavones. 
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Scheme 5.3. Synthesis of apigenin 3′-boronate 5.24 and stannane 5.25. 
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Coupling reactions between the isopropyl (5.16) or methyl-protected (5.17) 

8-iodoapigenin and the apigenin 3′-boronate (5.24) or stannane (5.25) were 

attempted to establish the 3′–8′′ connection (Table 5.3). Due to the strong steric 

hindrance at the C8 position of the apigenin iodide and the relatively labile 

nature of the pyrone ring under strong basic conditions, most of the reactions 

were unsuccessful.  
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Table 5.3. Outcomes of Suzuki and Stille coupling reactions. 

 

 

 

 

 
Apigenin 3′-boronate     

5.24
a 

Apigenin 3′-stannane 

5.25
b 

Iodide 5.16 NR
 

NR 

Iodide 5.17 60% NR 

 

Reaction conditions: a) Pd(PPh3)4, K2CO3, DMF-H2O (9:1), 80–90 °C for 

Suzuki-Miyaura coupling; b) Pd(PPh3)4, DMF, 80–90 °C for Stille coupling 

reaction; NR: no coupling product observed. 
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Fortunately, methyl-protected 8-iodide 5.17 was successfully coupled with 

apigenin 3′-boronate 5.24 to give biflavone 5.26 in 60% yield, with some 

iodide and boronate reduction and minor decomposition. The reaction was 

performed with Pd(PPh3)4 as a catalyst in aqueous carbonate solution (Scheme 

5.4). Although stronger bases such as NaOH enhanced the reaction rate, the 

coupling yield was lowered (40–50%) due to increased decomposition.  

 

The next stage in the synthetic sequence of the amentoflavone derivatives 

required selective removal of the protecting groups, in order to facilitate 

alkylation at particular sites. The removal of methyl protecting groups of the 

biflavone required treatment with BBr3 (>20 eq.) in CHCl3 solution under 

reflux overnight. However, the benzyl groups would not survive these harsh 

conditions. Alternatively, the selective removal of the benzyl groups in the 

presence of methyl protecting groups could be achieved by hydrogenolysis. 

However, after subsequent attachment of the long alkyl chain(s), selective 

demethylation would be difficult due to the presence of the new alkyl moieties 

which are also sensitive to the harsh conditions required. Considering all these 

unfavorable possibilities, we decided to completely remove all of the 

protecting groups from this coupling product, and investigate methods towards 
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selective alkylation in order to synthesize the targeted amentoflavone 

derivatives. Thus, benzyl and methyl protecting groups were removed 

simultaneously by treatment of biflavone 5.26 with excess BBr3 in refluxing 

CHCl3 to give the natural product amentoflavone 5.1 in 94% yield. The 

product amentoflavone could be purified by recrystallization from 

EtOAc-MeOH (9:1). 
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Scheme 5.4. Suzuki-Miyaura coupling and deprotection. 
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5.5.2 Synthesis based on selective alkylation of amentoflavone 

 

The amentoflavone derivatives are polyphenolic biflavones and selective 

introduction of alkyl substituents onto only one of the phenolic OH would be 

conceivably very difficult, as all these six hydroxyl groups are acidic with 

insufficient differences in acidity for selective alkylation. Therefore, we 

adopted an indirect alkylation sequence for the preparation of these top-scoring 

JAK2 selective inhibitor candidates (Scheme 5.5). 
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Scheme 5.5. Synthetic procedure for the preparation of top-scoring 

compounds. 
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Starting from the commercially available amentoflavone 5.1, the 

peracylated product 5.27 was obtained by treatment with heptanoyl chloride in 

pyridine. The heptyl protecting group was chosen to tackle the poor solubility 

problem of the biflavone in common organic solvents. The key selective 

deprotection-alkylation sequence exploits the slight acidity difference of the six 

hydroxyl groups. The acidity of the three hydroxyl groups in 

5,7,4′-trihydroxyflavone (apigenin), which is the monomer of the biflavone, 

decreases in the order 7-OH > 4′-OH >> 5-OH.
[12]

 Therefore, while it is 

relatively easy to selectively introduce alkyl groups at the 7-OH position of 

apigenin, the two similar reactive 7-OH and 7″-OH groups in the biflavone 

(amentoflavone) are very difficult to differentiate. Treating the fully protected 

biflavone 5.27 with alkyl/allyl bromide in acetone with K2CO3 as a base only 

gave a mixture of three alkylated products: 7-O-alkyl (5.28), 7″-O-alkyl (5.29) 

and 7,7″-O-dialkyl (5.30) amentoflavone. Tuning the reaction conditions 

(loading of the bromide, base, temperature, solvent) only slightly changed the 

ratio of the three products and the two mono-alkylated products were quite 

difficult to separate by silica gel chromatography. Consequently, 5.28–5.30 

were subjected to the next step as a mixture.   
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For the allyl derivatives, caution was required as the much higher reactivity 

of allyl bromides favoured dialkylation. Consequently, the reaction was 

performed under milder conditions (room temperature) to generate sufficient 

amounts of the mono-alkylated products. For the deprotection of the heptanoyl 

groups, alkyl ethers were stable under acidic hydrolysis condition (3M aq. HCl: 

MeCN = 1:2, reflux). However, as allyl ethers are relatively unstable to acid, 

basic deprotection (NaOMe/MeOH) was employed for these derivatives. The 

final products were purified by preparative TLC or HPLC. 

 

With this procedure, we successfully obtained 9 amentoflavone derivatives 

and their structures were established by NMR spectroscopy. Importantly, the 

substitution position of the alkyl chain on the monoalkylated amentoflavone 

derivatives was confirmed by 2D NOESY spectrum. For example, H-6′′ in 

compound 5.3 was the only aromatic proton that correlated with H-1′′′′ of the 

alkyl chain in the NOESY spectrum. No noe correlations were found between 

H-1′′′′ and H-6, H-8, H-5′ or H-3′′′ (H-5′′′), thus excluding the possibility of 

alkyl chain attachment at the other hydroxyl groups (Figure 5.4). For the 

dialkyl ether derivatives, protons of both of the alkyl chains correlated clearly 

with the adjacent aromatic protons in the NOESY spectrum.  
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Figure 5.4. Observed noe correlations in the NOESY spectra of 5.3 and 5.7. 
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5.6  In vitro bioassay 

 

5.6.1 Western blot analysis 

 

The effect of the amentoflavone analogues on JAK2 autophosphorylation 

was tested using a Western blot assay. Human erythroleukemia cells (HEL), 

which harbour a V617F mutation in JAK2 leading to constitutive JAK2 activity, 

were incubated with the compounds for 16 h (Figure 5.5). Interestingly, 

amongst the 10 compounds tested, the mono-alkylated analogue and 5.3 and 

the dialkylated analogue 5.7 showed inhibition of JAK2 autophosphorylation. 

The IC50 values for compound 5.3 and 5.7 against JAK2 autophosphorylation 

were estimated to be 2.5 and 4 μM, respectively. The activity of 5.3 and 5.7 

against JAK2 autophosphorylation was comparable to that of the known 

inhibitor JAK2 Inhibitor II. Furthermore, the known inhibitor NVP-BBT594 

and analogue 5.2 also reduced total JAK2 protein content, suggesting that they 

may act against other pathways in HEL cells leading to a reduction of JAK2 

expression. However, compounds 5.9 (–36.20) and 5.10 (–45.94), which 

displayed more negative binding energies compared to 5.2 (–35.73) within the 

JAK2 active site, were less potent JAK2 inhibitors. The variations in structure 
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between the compounds may account for their differences in binding energy 

and putative mechanisms of action in cellulo. 

 

Analogues containing relatively long alkyl chains (C13, and C16) showed 

no activity, indicating that the length of the alkyl chain was also an important 

factor governing their activity against JAK2. We envisage that amentoflavone 

analogues with excessively bulky side chains were unable to fit effectively 

within the JAK2 ATP binding pocket. From the existing experimental results, a 

brief structure-activity relationship (SAR) of this type of compounds may be 

concluded. That is, inhibition of JAK2 autophosphorylation may be governed 

by the length of alkyl side chain: compounds with medium-length alkyl side 

chains (compounds 5.2, 5.3, 5.7) showed better inhibition than compounds 

with longer side chains (compounds 5.4, 5.5, 5.9, 5.10).  
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Figure 5.5. Western blot analysis of the effect of compounds on JAK2 

autophosphorylation in cellulo. Compound 5.3 and 5.7 showed inhibition of the 

JAK2 autophosphorylation. Estimated IC50 values; 5.3: 2.5 μM, 5.7: 4.0 μM. 
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5.6.2 MTT assay 

 

The cytotoxicity of the amentoflavone analogues against HEL cells was 

determined by the MTT assay. The results showed that compound 5.2 and 

NVP-BBT594 showed relatively pronounced effects on cell viability compared 

to the other tested compounds (Figure 5.6). The IC50 values of compound 5.2 

and NVP-BBT594 were estimated to be 0.62 and 0.03 μM (Table 5.4). 

Interestingly, compound 5.2 and NVP-BBT594 were also found to reduce total 

JAK2 content in the Western blot assay. This suggests that these two 

compounds may inhibit JAK2 expression and phosphorylation, thereby 

inhibiting cellular growth directed by the JAK/STAT pathway. Alternatively, 

the compounds may exert cytotoxic effects via other mechanisms, leading to a 

reduction in overall gene expression. Given the strong anti-proliferative 

activity of compound 5.2 against HEL cells, we envisage that this compound 

could potentially be used as a useful scaffold for anti-cancer drug development. 

On the other hand, the other amentoflavone analogues were found to be 

relatively non-toxic. This may allow them to be potentially developed as JAK2 

inhibitors for human diseases other than cancer, such as hepatitis C infection, 

where STAT3 expression is an important factor for viral replication in vivo.  
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Figure 5.6. Cytotoxicity assay measuring HEL cell survival after exposure to 

compounds for 72 h.
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Table 5.4. IC50 values of compounds 5.1 to 5.10 in the MTT assay. 

 

 
NVP-BBT594 

JAK2 

Inhibitor 

II 

5.1 5.2 5.3 5.4 

IC50 

(μM) 
0.03 98.65 >100 0.62 >100 >100 

 5.5 5.6 5.7 5.8 5.9 5.10 

IC50 

(μM) 
>100 64.34 >100 25.19 >100 1.40 
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5.7  Conclusion and future work 

 

We performed an in silico screen on natural product and natural 

product-like databases on the DOLPHIN kinase model using the internal 

coordinate mechanics method to identify natural product scaffolds as Type II 

JAK2 inhibitors. The lead compound amentoflavone was optimized in silico, 

and the top-scoring amentoflavone derivatives were synthesized. The activity 

of the synthesised compounds against JAK2 in HEL cells was evaluated using 

a Western blot assay. Notably, two of the amentoflavone derivatives, 5.3 and 

5.7, showed low IC50 (2.5 μM and 4.0 μM) against JAK2 phosphorylation in 

cellulo, and displayed similar potency to the positive control compound JAK2 

inhibitor II. On the other hand, analogue 5.2 inhibited total JAK2 content in 

HEL cells. Importantly, compound 5.2 also displayed potent anti-proliferative 

activity against HEL cells in the MTT assay, indicating that its cytotoxic 

activity could be a consequence (or alternatively, a cause) of its observed 

anti-JAK2 phosphorylation activity in cellulo. While the other amentoflavone 

analogues showed lower anti-proliferative activity, they may yet find use as 

JAK2 inhibitors for the treatment of other diseases associated with JAK/STAT 

signaling, such as hepatitis C.  
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Importantly, several of the analogues synthesized displayed improved 

biological potency compared to the parent compound, amentoflavone. These 

results validate the hypothesis of this chapter, which is that structure-based 

techniques can be used to generate natural product analogues with improved 

efficacy against JAK2 activity. Furthermore, the different biological activities 

of these compounds suggest that the structures of the amentoflavone analogues 

may play an important role in determining their putative mechanism(s) of 

action. Mechanistic investigations will be performed in the future to determine 

whether the amentoflavone analogues are Type II inhibitors of JAK2.   
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5.8  Materials and methods 

 

5.8.1 Materials 

 

Deuterated solvents for NMR purposes were obtained from Armar and 

used as received. DNA oligomers were obtained from Tech Dragon Limited 

(Carlsbad, CA). Taq DNA polymerase was purchased from NEB.  

 

5.8.2 General experimental 

 

 1
H and 

13
C NMR were recorded on a Bruker Avance 400 spectrometer 

operating at 400 MHz (
1
H) and 100 MHz (

13
C). 

1
H and 

13
C chemical shifts 

were referenced internally to solvent shift (CDCl3:
 1

H δ 7.26, 
13

C δ 77.2; 

d6-DMSO: 
1
H δ

 
2.50,

 13
C δ 39.5; CD3CN:

 1
H, δ 1.94, 

13
C δ 118.7; d6-acetone: 

1
H δ 2.05, 

13
C δ 206.7). Chemical shifts (δ) are quoted in ppm, the downfield 

direction being defined as positive. Uncertainties in chemical shifts are 

typically ±0.01 ppm for 
1
H and ±0.05 for 

13
C. Coupling constants are typically 
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± 0.1 Hz for 
1
H-

1
H and ±0.5 Hz for 

1
H-

13
C couplings. The following 

abbreviations are used for convenience in reporting the multiplicity of NMR 

resonances: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. 

All NMR data was acquired and processed using standard Bruker software 

(Topspin). Maldi-TOF-HRMS analysis was performed using a Bruker Autoflex 

II mass spectrometer (Bruker Daltonics, Germany).
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5.8.3 Synthesis of top-scoring candidates 

 

5,7-Diisopropoxy-2-(4-isopropoxyphenyl)-4H-chromen-4-one (5.15)  

 

 

 

To a solution of apigenin (1.0 g, 3.70 mmol) in DMF (5 mL) was added 

Cs2CO3 (2.41 g, 7.40 mmol) and Pr
i
Br (910 mg, 7.4 mmol) at room 

temperature, and the mixture was stirred at room temperature overnight. DCM 

(20 mL) was added to dilute the solution and washed by H2O (3  10 mL) and 

sat. NaCl (20 mL), and dried over anhydrous MgSO4. The product was purified 

by silica gel column chromatography to give compound 5.15 as a yellow solid 

(1.17g, 80%); 
1
H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.0 Hz, 2H), 6.97 (d, 

J = 8.0 Hz, 2H), 6.52 (d, J = 4.0 Hz, 2H), 6.35 (d, J = 4.0 Hz, 1H), 4.69–4.55 

(m, 3H), 1.46 (d, J = 8.0 Hz, 2H), 1.39 (q, J = 8.0 Hz, 12H). 
13

C NMR (100 



 
 

289 

MHz, CDCl3) δ 177.5, 162.1, 160.6, 160.4, 159.5, 127.7, 123.7, 115.9, 110.2, 

107.6, 100.8, 94.6, 72.5, 70.6, 70.2, 22.07, 22.03. Maldi-TOF-HRMS: Calcd 

for C24H28O5 [M + H]
+
: 397.2009 Found: 397.2004. 

 

8-Iodo-5,7-diisopropoxy-2-(4-isopropoxyphenyl)-4H-chromen-4-one (5.16) 

 

 

 

A solution of iodine (3.33 g, 13.1 mmol, 2.6 eq.) in 50 mL of chloroform 

was added dropwise to a mixture of I2 (2.00 g, 5.0 mmol, 1.0 eq.) and silver 

acetate (4.2 g, 25.2 mmol, 5.0 eq.) in 60 mL of refluxing chloroform. The 

reaction mixture was refluxed for 1 h, cooled to room temperature and filtered. 

The solid was washed with 30 mL of chloroform and the filtrate was 

evaporated to dryness. The residue was purified by silica gel column 

chromatography to give 5.16 as a pale yellow solid (1.58 g, 60%); 
1
H NMR 
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(400 MHz, CDCl3) δ 7.99 (d, J = 8.0 Hz, 2H), 6.99 (d, J = 8.0 Hz, 2H), 6.56 (s, 

1H), 6.44 (s, 1H), 4.72–4.56 (m, 3H), 1.46 (d, J = 8.0 Hz, 12H), 1.38 (d, J = 

8.0 Hz, 6H). 
13

C NMR (100 MHz, CDCl3) δ 177.3, 161.0, 160.8, 158.7, 158.5, 

155.7, 128.1, 123.3, 116.1, 111.6, 106.9, 100.1, 93.6, 73.9, 72.7, 70.3, 22.1, 

22.1, 22.09. Maldi-TOF-HRMS: Calcd for C24H27IO5 [M + H]
+
: 523.0981 

Found: 523.0995. 

 

8-Iodo-5,7-dimethoxy-2-(4-methoxyphenyl)-4H-chromen-4-one (5.17) 

 

 

 

To a solution of 5.16 (250 mg, 0.478 mmol) in DCM (10 mL) was added a 

solution of BCl3 (1.0 M, 5.0 mL, 5 mmol) at 0 °C. The mixture was stirred at 

0 °C for 1 h and then allowed to warm to room temperature and stirred for 

another 2 h. Water (10 mL) was added and the mixture was filtered through a 
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filter paper. The cake was washed with ether and dried in vacuo to give a 

yellow solid which was used in the next step without further purification. 

 

The solid was dissolved in dry DMF (3 mL), and K2CO3 (396 mg, 2.87 

mmol) was added at room temperature. The solution was stirred for 10 min 

before MeI (0.3 mL, 4.8 mmol) was added dropwise. The mixture was heated 

at 80 °C overnight. DCM (20 mL) was added and the solution was washed 

with water (20 mL) and dried over anhydrous MgSO4. The solvent was 

evaporated in vacuo to give compound 5.17 as a yellowish solid (134 mg, 64% 

over two steps). mp. 242–244 °C; 
1
H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 

8.9 Hz, 2H), 7.03 (d, J = 8.9 Hz, 2H), 6.64 (s, 1H), 6.43 (s, 1H), 4.03 (s, 5H), 

3.89 (s, 3H). ESI-MS (m/z): 439 [M + H]
+
, 461 [M + Na]

+
; ESI-HRMS: Calcd 

for C18H16IO5 [M + H]
+
 439.0042, found 439.0039.
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3-Iodo-4-methoxybenzaldehyde (5.20) 

 

 

 

To a stirred solution of 5.19 (5.0 mL, 40.3 mmol) in MeOH (200 mL) at 

room temperature was added I2 (11.3 g, 44.4 mmol) and silver nitrate (6.89 g, 

40.3 mmol), and the mixture was stirred in the dark overnight. The reaction 

mixture was filtered through cotton and the filtrate was evaporated in vacuo. 

The product was purified by silica gel column chromatography (hexane/EtOAc 

= 9:1) to give 5.20 as white needles (8.2 g, 78%).
 1

H NMR (400 MHz, CDCl3) 

δ 9.81 (s, 1H), 8.29 (d, J = 1.8 Hz, 1H), 7.84 (t, J = 6.6, 1.8 Hz, 1H), 6.91 (d, J 

= 6.6 Hz, 1H).
 13

C NMR (100 MHz, CDCl3) δ 189.64, 162.99, 141.30, 132.35, 

131.63, 110.79, 86.72, 57.02. 
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1-(2,4-Bis(benzyloxy)-6-hydroxyphenyl)ethan-1-one (5.21) 

 

 

 

To a stirred solution of 2,4,6-trihydroxyacetophenone (3.0 g, 18.0 mmol) 

in DMF (10 mL) at room temperature was added K2CO3 (5.52 g, 39.6 mmol), 

followed by BnBr (4.75 mL, 39.6 mmol). The mixture was stirred at room 

temperature overnight. The reaction was quenched with H2O (10 mL) and 

extracted with DCM (3  50 mL). The organic layer was washed with sat. 

NaCl and dried over anhydrous MgSO4. The product was purified by silica gel 

column chromatography (hexane/EtOAc = 5:1) to give 5.21 white solid (5.5 g, 

88%). 
1
H NMR (400 MHz, CDCl3): δ14.01 (s, 1H), 7.40 (m, 10H), 6.16 (s, 1H), 

6.10 (s, 1H), 5.06 (s, 4H), 2.56 (s, 3H). 
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(E)-1-(2,4-Bis(benzyloxy)-6-hydroxyphenyl)-3-(3-iodo-4-methoxyphenyl)pr

op-2-en-1-one (5.22)  

 

 

 

To a solution of the 1-(2,4-bis(benzyloxy)-6-hydroxyphenyl)ethanone 5.21 

(3.41 g, 9.8 mmol) and 3-iodo-4-methoxybenzaldehyde 5.20 (2.82 g, 10.8 

mmol) in dioxane (30 mL) was added a solution of 50% NaOH (30 mL), and 

the resulting mixture was stirred at room temperature for one day. The solution 

was adjusted to pH 7 by the addition of conc. HCl, followed by the addition of 

50 mL of DCM. Phases were separated and the organic phase was washed with 

H2O (50 mL) and dried over MgSO4. The solvent was evaporated and the 

crude product was recrystallized from MeOH to give compound 5.22 (4.9 g, 

84%) as a yellow solid: mp. 153–154
 
°C; 

1
H NMR (400 MHz, CDCl3) δ 14.41 

(s, 1 H), 7.73 (d, J = 2.1 Hz, 1 H), 7.73 (d, J = 15.5 Hz, 1 H), 7.59 (d, J = 15.5 
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Hz, 1 H), 7.47–7.37 (m, 10 H), 7.02 (dd, J = 8.6 and 2.1 Hz, 1 H), 6.61 (s, J = 

8.6 Hz, 1 H), 6.22 (d, J = 2.3 Hz, 1 H), 6.16 (d, J = 2.3 Hz, 1 H); 
13

C NMR 

(100 MHz, d6-DMSO) δ 192.7, 168.8, 165.5, 161.9, 159.6, 141.1, 139.9, 136.1, 

135.8, 130.4, 130.1, 129.2, 129.0, 128.9, 128.7, 128.5, 128.0, 126.6, 110.9, 

106.8, 95.3, 93.0, 86.5, 71.6, 70.6, 56.7; ESI-MS (m/z): 593 [M + H]
+
; 

ESI-HRMS: Calcd for C30H26IO5 [M + H]
+
: 593.0825 found: 593.0815. 

 

5,7-Bis(benzyloxy)-2-(3-iodo-4-methoxyphenyl)-4H-chromen-4-one (5.23)  

 

 

 

To a solution of 5.22 (300 mg, 0.506 mmol) in DMSO (20 mL) was added 

iodine (13 mg, 0.051 mmol), and the mixture was heated at 130 °C overnight. 

The solution was then diluted with DCM (100 mL) and washed by sat. Na2SO3 

(100 mL) and water (100 mL) and dried over MgSO4. The solvent was 

evaporated and the crude product was purified by recrystallization from MeOH 
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to give yellow solid 5.23 (275 mg, 92%): mp. 202–204 °C; 
1
H NMR (400 MHz, 

CDCl3) δ 8.31 (d, J = 2.2 Hz, 1H), 7.81 (dd, J = 8.7, 2.2 Hz, 1H), 7.61 (d, J = 

7.6 Hz, 2H), 7.49–7.34 (m, 7H), 7.31 (d, J = 7.4 Hz, 1H), 6.91 (d, J = 8.7 Hz, 

1H), 6.68 (d, J = 2.2 Hz, 1H), 6.56 (s, 1H), 6.50 (d, J = 2.2 Hz, 1H), 5.24 (s, 

2H), 5.13 (s, 2H), 3.96 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ 177.3, 163.2, 

160.6, 159.9, 159.3, 137.3, 136.6, 135.9, 129.0, 128.8, 128.7, 127.9, 127.7, 

126.8, 126.0, 110.9, 108.5, 98.7, 94.4, 86.6, 71.0, 70.8, 56.9; ESI-MS (m/z): 

591 [M + H]
+
; ESI-HRMS: Calcd for C30H24IO5 [M + H]

+
: 591.0668 found: 

591.0659. 

 

5,7-Bis(benzyloxy)-2-(4-methoxy-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan

-2-yl)phenyl)-4H-chromen-4-one (5.24)  
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To a solution of 5.23 (200 mg, 0.339 mmol) and B2pin2 (170 mg, 0.67 

mmol) in degassed dry dioxane (2 mL) was added tricyclohexylphosphine (24 

mg, 0.086 mmol) and KOAc (133 mg, 1.36 mmol), followed by Pd2(dba)3 (36 

mg, 0.0393 mmol) under Ar protection. The mixture was stirred at room 

temperature for 1 hour and then heated to 80–90 °C overnight. DCM (50 mL) 

and water (50 mL) were added to the solution and phases were separated. The 

organic phase was washed with water again and dried over MgSO4. The 

solvent was evaporated and the residue was purified by silica gel column 

chromatography (hexane/EtOAc 1:1) to afford the apigenin 3′-boronate 5.24 

(140 mg, 70%) as white solid. 
1
H NMR (400 MHz, CDCl3) δ 8.17 (br s, 1 H), 

7.92 (br d, J = 8.6 Hz, 1 H), 7.61 (d, J = 7.6 Hz, 2 H), 7.45–7.29 (m, 8 H), 6.95 

(d, J = 8.7 Hz, 1 H), 6.69 (br s, 1 H), 6.64 (s, 1 H), 6.49 (br s, 1 H), 5.24 (s, 2 

H), 5.12 (s, 3 H), 3.91 (s, 3 H), 1.39 (s, 12 H); 
13

C NMR (100 MHz; CDCl3) δ 

177.5, 166.4, 162.7, 160.8, 159.75, 159.65, 136.5, 135.7, 134.8, 130.5, 128.77, 

128.58, 128.46, 127.70, 127.59, 126.6, 123.3, 110.5, 109.9, 107.9, 98.3, 94.4, 

83.9, 70.8, 70.5, 56.0, 24.9; Maldi-TOF-HRMS: Calcd for C36H36BO7 [M + 

H]
+
: 591.2554 found: 591.2526.  
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5,7-bis(benzyloxy)-2-(4-methoxy-3-(tributylstannyl)phenyl)-4H-chromen-4

-one (5.25) 

 

 

 

A solution of 5.23 (1.0 g, 1.69 mmol) in dried DMF (20 ml) was degassed 

with Ar for 30 min and then Bu6Sn2 (1.47 g, 2.54 mmol) was added, followed 

by Pd(PPh3)4 (200 mg, 0.17 mmol). The reaction mixture was heated at 90 
o
C 

under the protection of Ar overnight. After cooled to room temperature, the 

mixture was diluted with ether (100 ml) and washed with Sat. NH4Cl (100 ml). 

The organic phase was dried over MgSO4. The product was purified by silica 

column chromatography (hexane/EA, 9:1) to give the apigenin 3′-stannane
 
5.25 

(1.0 g, 79%) as yellow oil. 
1
H-NMR (400 MHz; CDCl3): δ 7.85–7.82 (m, 2 H), 

7.63 (d, J = 7.5 Hz, 2 H), 7.45–7.37 (m, 7 H), 7.31 (d, J = 7.4 Hz, 1 H), 6.89 (d, 

J = 8.3 Hz, 1 H), 6.64 (d, J = 2.3 Hz, 1 H), 6.61 (s, 1 H), 6.50 (d, J = 2.3 Hz, 1 
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H), 5.24 (s, 2 H), 5.11 (s, 2 H), 3.85 (s, 3 H), 1.60–1.52 (m, 6 H), 1.40–1.30 (m, 

6 H), 1.12–1.08 (m, 6 H), 0.91 (t, J = 7.3 Hz, 9 H); 
13

C NMR (100 MHz; 

CDCl3): δ 177.8, 166.6, 163.0, 161.7, 160.05, 159.96, 136.8, 136.0, 135.0, 

132.0, 129.1, 128.8, 128.7, 128.6, 127.9, 127.9, 126.9, 124.2, 110.2, 109.2, 

107.9, 98.6, 94.6, 77.7, 77.3, 77.0, 71.0, 70.7, 55.7, 29.4, 27.6, 14.06, 13.9, 

10.2. ESI-MS (m/z): 755 [M + H]
+
; ESI-HRMS: Calcd for C42H51O5Sn [M + 

H]
+
: 755.2753 found: 755.2760. 

 

8-(5-(5,7-Bis(benzyloxy)-4-oxo-4H-chromen-2-yl)-2-methoxyphenyl)-5,7-di

methoxy-2-(4-methoxyphenyl)-4H-chromen-4-one (5.26)  

 

 



 
 

300 

To a solution of 5.24 (46 mg, 0.0779 mmol) and 5.17 (34 mg, 0.0776 

mmol) in degassed DMF-H2O (9:1, 1.0 mL) was added Pd(PPh3)4 (10 mg, 

0.0084 mmol) and K2CO3 (43 mg, 0.312 mmol). The solution was heated to 

85 °C and stirred for 12 h under Ar protection. The mixture was diluted with 

EtOAc (10 mL), washed with H2O (10 mL) and sat. NaCl (10 mL), and dried 

over MgSO4. The product was purified by preparative TLC (DCM-MeOH 9:1) 

to give biflavone 5.26 (36 mg, 60%) as yellow solid: mp. 146–148
 
°C; 

1
H 

NMR (400 MHz; CDCl3) δ 7.96 (dd, J = 8.7, 2.4 Hz, 1 H), 7.87 (d, J = 2.4 Hz, 

1 H), 7.61 (d, J = 9.1 Hz, 2 H), 7.42–7.29 (m, 10 H), 7.16 (d, J = 8.8 Hz, 1 H), 

6.79 (d, J = 9.1 Hz, 2 H), 6.65 (s, 1 H), 6.61 (s, 1 H), 6.59 (d, J = 2.3 Hz, 1 H), 

6.55 (s, 1 H), 6.49 (d, J = 2.3 Hz, 1 H), 5.23 (s, 2 H), 5.04 (s, 2 H), 4.08 (s, 3 

H), 3.91 (s, 3 H), 3.78 (s, 3 H), 3.76 (s, 3 H); 
13

C NMR (100 MHz; CDCl3) δ 

178.3, 177.6, 163.0, 162.2, 161.2, 161.17, 161.0, 160.7, 160.3, 159.98, 159.91, 

156.4, 136.6, 135.9, 130.8, 129.0, 128.8, 128.7, 127.85, 127.81, 127.78, 127.6, 

126.8, 123.93, 123.87, 122.5, 114.5, 111.3, 110.1, 109.1, 108.2, 107.1, 106.9, 

98.6 94.5, 92.0, 71.0, 70.7, 56.7, 56.4, 56.1, 55.6. ESI-MS (m/z): 775 [M + H]
+
, 

797 [M + Na]; ESI-HRMS: Calcd for C48H39O10 [M + H]
+
: 775.2543 found: 

775.2543. 
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Amentoflavone (5.1)  

 

 

 

To a solution of 5.26 (20 mg, 0.0258 mmol) in anhydrous CHCl3 (3 mL) 

was added BBr3 (1N in CH2Cl2, 0.60 mL) at 0 °C. The mixture was allowed to 

warm to room temperature. After 1 h, the reaction was brought to gentle reflux 

and stirred overnight. MeOH (10 mL) was added to quench the reaction and 

the solvent was evaporated in vacuo. MeOH (10 mL) was added and the 

solvent was evaporated again. The residue was treated with 1 N HCl (3 mL) at 

80 °C overnight and filtered through a filter paper. The cake was washed three 

times with distilled water and vacuum dried to give amentoflavone (5.1) (13 

mg, 94%) as yellow solid: mp. 230–231 °C; 
1
H NMR (400 MHz, d6-DMSO) δ 

13.09 (s, 1 H), 12.96 (s, 1 H), 10.83 (s, 1 H), 10.61 (br s, 2 H), 10.28 (s, 1 H), 
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8.00 (m, 2 H), 7.56 (d, J = 8.7 Hz, 2 H), 7.13 (d, J = 9.3 Hz, 1 H), 6.83 (s, 1 H), 

6.78 (s, 1 H), 6.71 (d, J = 8.7 Hz, 1 H), 6.45 (d, J = 1.9 Hz, 1 H), 6.39 (s, 1 H), 

6.18 (d, J = 1.9 Hz, 1 H); 
13

C NMR (100 MHz, d6-DMSO) δ 183.0, 182.6, 

165.0, 164.7, 164.6, 162.8, 162.3, 161.9, 161.4, 160.4, 158.2, 155.3, 132.3, 

129.1, 128.7, 122.3, 121.8, 120.8, 117.0, 116.6, 104.8, 104.6, 104.5, 103.8, 

103.4, 99.7, 99.5, 94.9; Maldi-TOF-HRMS: Calcd for C20H19O11 [M + H]
+
: 

539.0978 found: 539.0956. 

 

2-(3-(5,7-Bis(heptanoyloxy)-2-(4-(heptanoyloxy)phenyl)-4-oxo-4H-chrome

n-8-yl)-4-(heptanoyloxy)phenyl)-4-oxo-4H-chromene-5,7-diyl diheptanoate 

(5.27) 
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Amentoflavone (100 mg, 0.1857 mmol) was dissolved into 1 mL pyridine 

and heptanoyl chloride was added dropwise. The solution was stirred at room 

temperature for 1 h and then heated at 60 °C overnight. DCM (20 mL) was 

added and the mixture was washed with H2O and 1 N HCl. The organic phase 

was dried over anhydrous MgSO4. The product was purified by silica gel 

column chromatography (hexane/EtOAc, 9:1) to give 193 mg 5.27 as a 

colorless oil, yield: 86%. 
1
H NMR (400 MHz, CDCl3): δ 8.00–7.96 (m, 2H), 

7.48 (t, J = 8.0 Hz, 3H), 7.27 (s, 1H), 7.05 (d, J = 8.0 Hz, 2H), 6.98 (s, 1H), 

6.82 (d, J = 4.0 Hz, 1H), 6.70 (s, 1H), 6.66 (s, 1H), 2.79–2.71 ( m, 4H), 2.57–

2.49 ( m, 4H), 2.35.2.24 ( m, 4H), 1.85–1.59 ( m, 12H), 1.46–1.24 ( m, 36H), 

0.93–0.79 ( m, 18H) 
13

C NMR (100 MHz, CDCl3): δ 176.6, 176.4, 172.3, 

172.2, 171.9, 171.2, 171.0, 170.89, 161.8, 161.0, 157.7, 155.3, 154.4, 153.6, 

152.3, 151.8, 150.5, 150.3, 130.0, 128.7, 128.3, 127.5, 125.4, 124.0, 122.6, 

117.3, 115.4, 115.1, 115.0, 114.2, 109.2, 108.9, 108.3, 34.5, 34.45, 34.4, 34.3, 

34.2, 34.15, 34.1, 31.7, 31.68, 31.6, 31.5, 31.46, 31.4, 29.03, 29.00, 28.96, 28.9, 

28.84, 28.63, 28.6, 25.0, 24.9, 24.8, 24.7, 24.6, 24.56, 24.54, 22.7, 22.6, 22.59, 

22.5, 14.23, 14.2, 14.16, 14.14, 14.13; Maldi-TOF-HRMS: Calcd for 

C72H90O16 [M + Na]
+
: 1233.6146 Found: 1233.6121. 
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General procedure for the synthesis of 5.28–5.30 

 

 

 

Procedure A: 

 

Peracyl-protected amentoflavone 5.27 (121 mg, 0.10 mmol) and the alkyl 

bromide (0.50 mmol) were dissolved into acetone (2 mL), and K2CO3 (138 mg, 

1.0 mmol) was added in one portion. The mixture was stirred at 55 °C for 12 h 

and filtered through a pad of silica gel. The solvent was evaporated in vacuo to 

give a mixture of three alkylation products (5.28, 5.29 and 5.30), which were 

subjected to next step without further purification.  
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Procedure B:  

Peracyl-protected amentoflavone 5.27 (121 mg, 0.10 mmol) and the allyl 

bromide (0.40 mmol) were dissolved into acetone (2 mL) and K2CO3 (138 mg, 

1.0 mmol) was added in one portion. The mixture was stirred at room 

temperature for 4 h before filtered through a pad of silica gel. The solvent was 

evaporated in vacuo to give a mixture of three alkylation products (5.28, 5.29 

and 5.30), which were subjected to next step without further purification.  

 

General procedure for the synthesis of 5.31–5.33 

 

Procedure C: 

The alkylation products mixture 5.28–5.30 was dissolved into 3M 

HCl/MeCN (1:2, 2mL) and stirred at reflux overnight. The reaction was diluted 
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with EtOAc and washed with water and sat. NaHCO3. The solution was dried 

over anhydrous MgSO4 and evaporated in vacuo. Prep. TLC (DCM/MeOH, 

10:1) gave product 5.31–5.33 as a yellow solid.  

 

Procedure D: 

 

The alkylation products mixture 5.28–5.30 was dissolved into MeOH and 

NaOMe (12 eq.) was added in one portion. The mixture was stirred at room 

temperature overnight. The reaction was neutralized with 1 N HCl to pH 2–3 

and evaporated in vacuo. The residue was taken into EtOAc and washed with 

water and sat. NaHCO3. The solution was dried over anhydrous MgSO4 and 

evaporated. Prep. TLC (DCM/MeOH, 10:1) or prep. HPLC isolation gave 

product 5.31–5.33 as yellow solid. 

 

8-(5-(5,7-Dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl)-7-(hexylox

y)-5-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one (5.2) 
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Synthesized according to procedure A and C, yield: 10%. 
1
H NMR (400 

MHz, d6-acetone) δ 13.32 (s, 1H), 13.04 (s, 1H), 8.11 (d, J = 4.0 Hz, 1H), 8.04 

(dd, J = 8.0, 4.0 Hz, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 12 Hz, 1H), 

6.85 (d, J = 8.0 Hz, 2H), 6.73 (s, 1H), 6.69 (s, 1H), 6.58 (s, 1H), 6.52 (d, J = 

4.0 Hz, 1H), 6.24 (d, J = 4.0 Hz, 1H), 4.16 (t, J = 8.0 Hz, 2H), 1.72–1.65 (m, 

2H), 1.40–1.34 (m, 2H), 1.25–1.14 (m, 4H), 0.75 (t, J = 8.0 Hz, 3H); 
13

C NMR 

(100 MHz, d6-acetone) δ 183.9, 183.4, 165.7, 165.5, 165.2, 165.1, 164.0, 163.5, 

162.3, 160.4, 159.3, 155.8, 133.1, 129.7, 129.1, 123.7, 123.6, 121.4, 117.7, 

117.1, 106.1, 105.9, 105.8, 104.8, 104.2, 100.1, 97.3, 95.3, 70.3, 32.0, 26.9, 

23.7, 14.7. Maldi-TOF-HRMS: Calcd for C36H30O10 [M + H]
+
: 623.1912 

Found: 623.19. 

 

8-(5-(5,7-Dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl)-5-hydroxy
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-2-(4-hydroxyphenyl)-7-(octyloxy)-4H-chromen-4-one (5.3) 

 

 

 

Synthesized according to procedure A and C, yield: 20%. 
1
H NMR (400 

MHz, d6-acetone) δ 13.29 (s, 1H), 13.00 (s, 1H), 8.06 (d, J = 4.0 Hz, 1H), 8.00 

(dd, J = 8.0, 4.0 Hz, 1H), 7.67 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 12 Hz, 1H), 

6.84 (d, J = 8.0 Hz, 2H), 6.71 (s, 1H), 6.66 (s, 1H), 6.56 (s, 1H), 6.52 (d, J = 

4.0 Hz, 1H), 6.24 (d, J = 4.0 Hz, 1H), 4.14 (t, J = 8.0 Hz, 2H), 1.70–1.63 (m, 

2H), 1.38–1.28 (m, 2H), 1.21–1.11 (m, 8H), 0.77 (t, J = 8.0 Hz, 3H). 
13

C NMR 

(100 MHz, d6-acetone) δ 183.8, 183.3, 165.6, 165.4, 165.3, 163.8, 163.6, 163.3, 

162.3, 160.4, 159.1, 155.5, 132.9, 129.5, 128.8, 123.3, 123.2, 121.2, 117.5, 

117.0, 106.0, 105.7, 105.5, 104.3, 103.8, 100.0, 97.1, 95.1, 70.0, 32.7, 27.0, 
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23.5, 14.5; Maldi-TOF-HRMS: Calcd for C38H34O10 [M + H]
+
: 651.2224 

Found: 651.2223. 

8-(5-(5,7-Dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl)-5-hydroxy

-2-(4-hydroxyphenyl)-7-(tridecyloxy)-4H-chromen-4-one (5.4) 

 

 

 

Synthesized according to procedure A and C, yield: 18%. 
1
H NMR (400 

MHz, d6-acetone) δ 13.31 (s, 1H), 13.02 (s, 1H), 8.09 (d, J = 4.0 Hz, 1H), 8.03 

(dd, J = 8.0, 4.0 Hz, 1H), 7.68 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 1H), 

6.85 (d, J = 8.0 Hz, 2H), 6.72 (s, 1H), 6.67 (s, 1H), 6.56 (s, 1H), 6.52 (d, J = 

4.0 Hz, 1H), 6.24 (d, J = 4.0 Hz, 1H), 4.15 (t, J = 8.0 Hz, 2H), 1.67 (m, 2H), 

1.37 (m, 2H), 1.30–1.10 (m, 18H), 0.86 (t, J = 8.0 Hz, 3H); 
13

C NMR (100 

MHz, d6-acetone) δ 183.7, 183.1, 165.4, 165.1, 165.0, 163.7, 163.5, 162.0, 
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160.1, 158.9, 155.4, 132.7, 129.3, 128.6, 123.3, 123.1, 121.0, 117.4, 116.8, 

105.6, 105.55, 105.4, 104.3, 103.7, 99.8, 96.9, 94.9, 69.9, 32.7, 26.9, 23.4, 14.4; 

Maldi-TOF-HRMS: Calcd for C43H44O10 [M + H]
+
: 721.3006 Found: 

721.3007. 

 

8-(5-(5,7-Dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl)-7-(hexade

cyloxy)-5-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one (5.5) 

 

 

 

Synthesized according to procedure A and C, yield: 16%. 
1
H NMR (400 

MHz, d6-acetone) δ 13.30 (s, 1H), 13.03 (s, 1H), 9.60 (br s, 1H), 9.20 ( br s, 

1H), 8.09 (d, J = 4.0 Hz, 1H), 8.03 (dd, J = 8.0, 4.0 Hz, 1H), 7.68 (d, J = 8.0 
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Hz, 2H), 7.25 (d, J = 8.0 Hz, 1H), 6.85 (d, J = 8.0 Hz, 2H), 6.72 (s, 1H), 6.67 (s, 

1H), 6.56 (s, 1H), 6.52 (d, J = 4.0 Hz, 1H), 6.24 (d, J = 4.0 Hz, 1H), 4.15 (t, J = 

8.0 Hz, 2H), 1.67 (m, 2H), 1.35 (m, 2H), 1.30–1.10 (m, 24H), 0.87 (t, J = 8.0 

Hz, 3H); 
13

C NMR (100 MHz, d6-acetone) δ 183.7, 183.1, 165.4, 165.1, 164.9, 

163.7, 163.5, 162.0, 160.1, 158.9, 155.4, 132.7, 129.3, 128.6, 123.3, 123.1, 

121.0, 117.4, 116.8, 105.6, 105.56, 105.5, 104.3, 103.7, 99.8, 96.9, 94.9, 69.9, 

32.7, 26.9, 23.4, 14.4; Maldi-TOF-HRMS: Calcd for C46H50O10 [M + H]
+
: 

763.3476 Found: 763.3474. 

 

7-(Hexyloxy)-8-(5-(7-(hexyloxy)-5-hydroxy-4-oxo-4H-chromen-2-yl)-2-hyd

roxyphenyl)-5-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one (5.6) 
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Synthesized according to procedure A and C, yield: 20%. 
1
H NMR (400 

MHz, d6-acetone) δ 13.32 (s, 1H), 12.99 (s, 1H), 8.12 (d, J = 4.0 Hz, 1H), 8.06 

(dd, J = 8.0, 4.0 Hz, 1H), 7.69 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 1H), 

6.85 (d, J = 8.0 Hz, 2H), 6.76 (s, 1H), 6.69 (s, 1H), 6.66 (d, J = 4.0 Hz, 1H), 

6.58 (s, 1H), 6.30 (d, J = 4.0 Hz, 1H), 4.16 (t, J = 8.0 Hz, 2H), 4.09 (t, J = 8.0 

Hz, 2H), 1.82–1.75 (m, 2H), 1.72–1.65 (m, 2H), 1.50–1.43 (m, 2H), 1.39–1.33 

(m, 6H), 1.27–1.14 (m, 4H), 0.89 (t, J = 8.0 Hz, 3H), 0.74 (t, J = 8.0 Hz, 3H); 

13
C NMR (100 MHz, d6-acetone) δ 184.1, 183.7, 166.5, 165.8, 164.1, 163.9, 

163.5, 162.4, 160.7, 159.2, 155.9, 133.2, 129.8, 129.2, 123.7, 123.5, 121.5, 

117.9, 117.3, 106.4, 106.1, 106.0, 104.8, 104.2, 99.6, 97.4, 94.2, 70.3, 69.9, 

32.7, 32.6, 26.9, 26.8, 23.8, 23.7, 14.8, 14.7; Maldi-TOF-HRMS: Calcd for 

C42H42O10 [M + H]
+
: 707.2851 Found: 707.2824. 

 

5-Hydroxy-8-(2-hydroxy-5-(5-hydroxy-7-(octyloxy)-4-oxo-4H-chromen-2-y

l)phenyl)-2-(4-hydroxyphenyl)-7-(octyloxy)-4H-chromen-4-one (5.7) 
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Synthesized according to procedure A and C, yield: 17%. 
1
H NMR (400 

MHz, d6-acetone) δ 13.31 (s, 1H), 12.98 (s, 1H), 8.11 (d, J = 4.0 Hz, 1H), 8.04 

(dd, J = 8.0, 4.0 Hz, 1H), 7.69 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 1H), 

6.86 (d, J = 8.0 Hz, 2H), 6.76 (s, 1H), 6.68 (s, 1H), 6.66 (d, J = 4.0 Hz, 1H), 

6.57 (s, 1H), 6.30 (d, J = 4.0 Hz, 1H), 4.15 (t, J = 8.0 Hz, 2H), 4.08 (t, J = 8.0 

Hz, 2H), 1.82–1.75 (m, 2H), 1.71–1.64 (m, 2H), 1.50–1.42 (m, 2H), 1.36–1.11 

(m, 18H), 0.88 (t, J = 8.0 Hz, 3H), 0.77 (t, J = 8.0 Hz, 3H); 
13

C NMR (100 

MHz, d6-acetone) δ 184.0, 183.5, 166.4, 165.7, 165.6, 164.0, 163.6, 163.2, 

162.3, 160.5, 159.2, 155.8, 133.2, 129.7, 129.1, 123.8, 123.5, 121.4, 117.8, 

117.2, 106.4, 106.1, 106.0, 104.8, 104.2, 99.6, 97.3, 94.2, 70.3, 69.9, 33.04, 

33.01, 27.3, 27.1, 23.8, 23.7, 14.9, 14.8; Maldi-TOF-HRMS: Calcd for 

C46H50O10 [M + H]
+
: 763.3476 Found: 763.3474. 
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7-(Decyloxy)-8-(5-(5,7-dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphen

yl)-5-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one (5.8) 

 

 

 

Synthesized according to procedure A and C, yield: 15%. 
1
H NMR (400 

MHz, d6-acetone) δ 13.32 (s, 1H), 13.04 (s, 1H), 8.12 (d, J = 4.0 Hz, 1H), 8.04 

(dd, J = 8.0, 4.0 Hz, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 1H), 

6.86 (d, J = 8.0 Hz, 2H), 6.74 (s, 1H), 6.69 (s, 1H), 6.58 (s, 1H), 6.53 (d, J = 

4.0 Hz, 1H), 6.25 (d, J = 4.0 Hz, 1H), 4.16 (t, J = 8.0 Hz, 2H), 1.72–1.65 (m, 

2H), 1.40–1.12 (m, 14H), 0.83 (t, J = 8.0 Hz, 3H); 
13

C NMR (100 MHz, 

d6-acetone) δ 184.1, 183.6, 165.8, 165.5, 165.4, 164.1, 163.9, 162.4, 160.5, 

159.3, 155.8, 133.2, 129.8, 129.1, 123.8, 123.6, 121.4, 117.8, 117.2, 106.0, 

105.99, 105.9, 104.7, 104.2, 100.2, 97.4, 95.3, 70.3, 33.1, 27.4, 23.8, 14.9. 
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Maldi-TOF-HRMS: Calcd for C40H38O10 [M + H]
+
: 679.2538 Found: 

679.2511. 

 

8-(5-(5,7-Dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl)-5-hydroxy

-2-(4-hydroxyphenyl)-7-(nonadecyloxy)-4H-chromen-4-one (5.9) 

 

 

 

Synthesized according to procedure A and C, yield: 12%. 
1
H NMR (400 

MHz, d6-acetone) δ 13.32 (s, 1H), 13.04 (s, 1H), 8.10 (d, J = 4.0 Hz, 1H), 8.04 

(dd, J = 8.0, 4.0 Hz, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 1H), 

6.86 (d, J = 8.0 Hz, 2H), 6.73 (s, 1H), 6.69 (s, 1H), 6.58 (s, 1H), 6.53 (d, J = 

4.0 Hz, 1H), 6.25 (d, J = 4.0 Hz, 1H), 4.16 (t, J = 8.0 Hz, 2H), 1.72–1.65 (m, 
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2H), 1.60–1.53 (m, 4H), 1.43–1.12 (m, 28H), 0.87 (t, J = 8.0 Hz, 3H); 
13

C 

NMR (100 MHz, d6-acetone) δ 184.1, 183.6, 165.8, 165.5, 165.4, 164.1, 163.9, 

162.4, 160.5, 159.3, 155.8, 133.2, 129.7, 129.0, 123.8, 123.6, 121.4, 117.8, 

117.2, 106.0, 105.99, 105.9, 104.7, 104.2, 100.2, 97.3, 95.3, 70.3, 33.1, 27.3, 

23.8, 14.8. Maldi-TOF-HRMS: Calcd for C49H56O10 [M + H]
+
: 805.3946 

Found: 805.3921. 

 

8-(5-(5,7-Dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl)-5-hydroxy

-2-(4-hydroxyphenyl)-7-(((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)

oxy)-4H-chromen-4-one (5.10) 
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Synthesized according to procedure B and D, yield: 11%. 
1
H NMR (400 

MHz, d6-acetone) δ 13.28 (s, 1H), 13.01 (s, 1H), 8.06 (d, J = 4.0 Hz, 1H), 7.99 

(br d, J = 8.0, 1H), 7.66 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 1H), 6.84 (d, J 

= 8.0 Hz, 2H), 6.67 ((d, J = 8.0 Hz, 2H), 6.59 (s, 1H), 6.53 (br s, 1H), 6.24 (br 

s, 1H), 5.42 (t, J = 8.0 Hz, 2H), 5.08–5.00 (m, 2H), 4.78–4.68 (m, 2H), 2.09–

2.00 (m, 4H), 1.97–1.95 (m, 2H), 1.91–1.85 (m, 2H), 1.75 (br s, 3H), 1.64–1.57 

(m, 6H), 1.52 (d, J = 8.0 Hz, 3H); 
13

C NMR (100 MHz, d6-acetone) δ 184.0, 

183.5, 165.8, 165.6, 165.5, 163.8, 163.76, 163.7, 162.4, 160.5, 159.3, 155.8, 

142.7, 136.3, 133.0, 132.0, 129.6, 129.0, 125.6, 124.9, 123.6, 123.5, 121.4, 

120.4, 117.8, 117.2, 106.2, 106.0, 105.7, 104.6, 104.0, 100.2, 97.8, 95.3, 67.2, 

40.8, 40.5, 27.8, 27.2, 26.2, 18.1, 17.2, 16.5.  

 

5.8.4 Western blot analysis 

 

1 × 10
6

 HEL cells was treated with 2.5 or 5 μM of compound or DMSO for 

16 h. Cells was washed three times with cold PBS, resuspended in RIPA lysis 

buffer, and incubated on ice for 30 min. Cell debris was removed by 

centrifugation at 14,000 rpm for 30 min at 4 °C, and the protein concentration 
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of the supernatant was determined with Bio-Rad protein assay dye reagent 

(Bio-Rad). Equal protein amounts were electrophoresed on a 10% SDS-PAGE 

and transferred to a PVDF membrane. The membranes were blocked with 5% 

milk for 1 h, and probed with anti-phospho-JAK2 Y1007/Y1008 rabbit 

antibody in 5% milk overnight at 4 °C. The membranes were washed with 

PBST and incubated with horseradish peroxide-conjugated anti-rabbit 

secondary antibody in 5% milk for 1 h at room temperature. Protein bands 

were detected using enhanced chemiluminescence as specified by the 

manufacturer (ECL, Amersham). Membranes were stripped and reprobed with 

anti-JAK2 goat antibody to confirm equal protein loading.  

 

5.8.5 Cytotoxicity test (MTT (3-(4,5-dimethylthiazol-2-yl)-2, 

5-tetrazolium bromide) assay)  

 

HEL cells were seeded in a 96-well flat-bottomed microplate at 3500–

6000 cells/well in 100 μL of DMEM containing 10% fetal bovine serum 

(Invitrogen) and 1% antibiotic and antimycotic solution (Sigma). 

NVP-BBT594, JAK2 type II, amentoflavone, or amentoflavone derivatives 
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were dissolved in DMSO and mixed with the growth medium (final DMSO 

concentration ≤ 4%) respectively. Serial dilution of each complex was added to 

each well. The microplate was incubated at 37 °C, 5% CO2, 95% air in a 

humidified incubator for 24 h. After incubation, 10 μL MTT reagent (5 mg/mL) 

was added to each well. The microplate was re-incubated at 37 °C in 5% O2 for 

4h. DMSO (100 μL) was added to each well. The absorbance at 570 nm was 

measured using a microplate reader. The IC50 values of the compounds 

(concentration require to reduce the absorbance by 50% compared to the 

controls) were determined by the dose-dependence of surviving cells after 

exposure to the compounds for 72 h.  
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