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ABSTRACT 

 

The increasing cost of drug design and development is a major hurdle in delivering new 

pharmaceuticals to the market. Efforts have been made to reduce this cost by replacing 

expensive, time consuming biological evaluation methods with computational strategies. In 

this thesis I present research driven towards enhancing virtual screening through use of a 

natural product library to find drug candidates suitable for development.  

I begin this thesis with a virtual screen against tyrosol DNA phosophodiesterase 1 (TDP1), a 

protein involved in DNA repair. In cancerous cells the repair mechanism is counterproductive 

as it acts to repair cells that are targeted by chemotherapeutics such as camptothecin. Thus, 

inhibition of TDP1 can lead to synergistic activity. The first virtual screen returned three 

compounds with IC50 values in the low micro molar range. Further development and design 

lead to establishing a structure activity relationship (SAR) with a coumarin based compound 

series which then went on to yield a nano molar inhibitor. In vitro testing showed 5 µM of 

compound 25c+ enhanced activity of camptothecin eight-fold. The second virtual screen 

further expanded on the coumarin SAR and identified four additional active compounds in the 

low micro-molar range.  

The next point of investigation was the virtual screen of phospholipase C (PLC), a membrane 

bound protein which has six sub families. The aim was to gauge the ability of the natural 

product library to generate hits compared to a more conventional screening library provided by 

ChemBridge. The natural product virtual screen against PLC-δ yielded six active compounds 

from the sixteen selected for testing, of which five resulted in the mean residual activity falling 

below 50% at 10 µM. The most active compound 57 had a mean residual activity of 27.6% at 
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10 µM. In comparison the virtual screen of the 4.6×104 ChemBridge library produced one 

biologically active compound from the twenty tested.  

The next virtual screen was conducted against Aminocyclopropanecarboxylate oxidase 

(ACCO), an enzyme responsible for the production of ethylene in many plants. In climacteric 

fruits an increase in ethylene concentration signals fruit ripening, thus inhibiting ACCO could 

be a means of delaying or controlling ripening. The virtual screen yielded five hits confirmed 

by a thermal shift assay. The affinity of the hits was reconfirmed using NMR finding that 

compound 82 had the greatest affinity (~40% 1:1 protein-ligand ratio). Further advancements 

are being made by purchasing and testing analogues of the active compounds. 

Finally, in this thesis I investigate potential binding motifs of bioorganometallic compounds. 

Molecular modelling was used to investigate the biological activity of biotin-ruthenium 

conjugates against streptavidin and ferrocene-taxane conjugates in tubulin. Both showed 

plausible binding modes that may be attributed to the bioactivity of the compounds.  

In total, four virtual screens were conducted using approximately 4×104 natural products. 

Twenty two active compounds were obtained directly from the screen leading to further 

development and design of more potent compounds. Based on my results the natural product 

library obtained from Interbioscreen with the methods outlined here can reliably yield positive 

results from a virtual screen, leading to tractable compounds for further drug development. 
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CHAPTER 1 

VIRTUAL SCREENING USING A 
NATURAL PRODUCT COLLECTION 
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INTRODUCTION 

 

MODERN DRUG DEVELOPMENT  

 

Drug discovery and development is a key part of the pharmaceutical industry. As one of 

the largest industries in the world, developing new methods for pharmaceutical 

advancement is crucial in tackling the rigours trial compounds must go through before 

gaining approval to be classified as a drug.1 In 2003 the widely accepted average cost to 

develop a drug was US$800 million.1 As of 2013, a study using the same methods 

suggested that the average drug development cost was US$2.6 billion dollars when failures 

were accounted for.1,2 The discovery process can take up to 10-15 years and each project 

has very little probability of success.1-3 The process outlined in Figure 1 demonstrates the 

difficulties that lie within the process. As each step escalates the cost, it is a challenge for 

small biotech companies and research institutes to develop new pharmaceuticals. The initial 

drug discovery process involves identifying potential lead compounds, optimisation and 

validation. Once completed, the compounds are extensively tested in vitro and in vivo. 

Three stages of human clinical trials follow the preclinical phase, which will see a majority 

of compounds fail to satisfy criteria for further development.4 Finally, should the compound 

make it past the clinical trials, it must gain approval from the Food and Drug Administration 

(FDA) before making it to the market.4 The extensive monetary and time costs call for more 

efficient solutions to the drug discovery process.  
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Figure 1. Modern day drug development. The pre-clinical phases (purple) are the initial steps to drug discovery, and the clinical 

trials (light blue) involve a rigours series of testing in order to ensure the drug candidate has an acceptable safety profile. The 

final stages (dark blue) involve a final review of the candidate and ongoing monitoring of the drug to see if any adverse effects 

are observed.2  

Before the emergence of modern drug development most drugs were either natural or 

naturally derived with serendipity playing a significant role.5,6 The progression of 

technology, like the development of High Throughput Screening (HTS) in the mid-eighties, 

allowed for new methods to be implemented in drug discovery.7 This made it economically 

viable to screen hundreds of thousands of molecules to identify potential hit compounds. 

However, recently HTS has somewhat fallen out of favour due to the high costs and 

relatively low hit rates.8 Increasing accessibility to high performance computing, readily 

purchasable compound libraries and reliable software has made computational methods, 

specifically virtual screening (VS), an attractive option. Recent estimates suggest one third 

of all submissions to the Journal of Medicinal Chemistry feature a degree of computational 
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work.9 This indicates that computational chemistry now plays a large part in the drug 

discovery process.  

 

DRUG AND LEAD LIKE SPACE     

 

In order to improve drug development and design it is important to understand essentially 

what defines a drug. Various molecular descriptors have given rise to a range of 

characteristics that can define ideal properties and boundaries of desirable compounds for 

development. Several common sets of rules exist in order to assist compound selection.  

DRUG-LIKE 

The term drug-like was defined as compounds that are lipophilic enough to cross the 

intestinal wall into the blood stream, essentially defining the properties of an oral drug.7 

The molecular descriptors that define the drug-like space are given by Lipinski’s rule of 5. 

This has given chemists developing drugs a set of guidelines (Table 1) that can assist in 

determining if a compound is likely to be orally active. The study by Lipinski et al.10  was 

conducted on 2245 candidates entering phase II clinical trials; 90% of the candidates fit 

within the drug-like space defined in Table 1. 

Table 1. Threshold values for the lead-like, drug-like and known drug chemical spaces. 11 

 
Lead-Like 

Space 
Drug-like 

Space 
Known Drug 

Space 
Molecular Weight 300 500 800 
Lipophilicity (log P) 3 5 6.5 
Hydrogen Bond Donors 3 5 7 
Hydrogen Bond Acceptors 3 10 15 
Polar Surface Area (Å2) 60 140 180 
Rotatable bonds 3 10 17 
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LEAD-LIKE  

Oprea’s results show a different set of guidelines based on the concept of lead-like 

compounds, which can be further developed into drug-like compounds. If a molecule is 

within the described parameters (Table 1) it is within lead-like chemical space.12,13 Lead-

like space has smaller boundaries in comparison to drug-like space. This difference is a 

result of the anticipation of the increased molecular weight and lipophilicity that will be 

added to the lead compound during development.12 Once a lead compound is identified, 

the medicinal chemists alter and develop it in order to be a more effective candidate. 

Nevertheless, just because the final molecule developed fits into these parameters it does 

not necessarily mean that the molecule is guaranteed to be an effective drug.13 The rules 

were designed to give a guideline for more desirable pharmacokinetic properties. There are 

also many drugs that do not lie within the limits of these parameters, however it is generally 

considered that if more than two of the parameters are not met then the drug candidate will 

have undesirable physiochemical properties.14 

KNOWN DRUG SPACE 

Known drug space (KDS) encompasses the chemical space of all marketed drugs. This 

concept is based on the idea that marketed drugs have successfully passed clinical trials 

and therefore have acceptable pharmacokinetic profiles.15 This concept has been used to 

selectively remove undesirable moieties from screening libraries and identify proportions 

of natural, naturally derived and synthetic drugs on the market.15,16 Figure 2 shows that the 

space of KDS (Table 1) is greater than drug-like chemical space, which is due to the number 

of known drugs that do not conform to all of Lipinski’s rules.16 Another potential use of 

KDS is to identify if there are any overlooked molecules that have great drug potential but 
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are not within drug-like space. By analysing all drugs, and not just synthetic drugs, there is 

the potential to redefine what we look for in drug compounds.    

 

Figure 2. Theoretical view of Known Drug Space (KDS) in Chemical space. KDS is shown to be greater than drug-like space as 

it includes undesirable moieties and larger sets of molecular descriptors.16 

UNDESIRABLE MOIETIES 

In addition to identifying the ideal limits of molecular descriptors, understanding which 

moieties are undesirable for drug development holds its own importance. Undesirable 

moieties have been defined and classified into six categories (Figure 3).16 Many of these 

moieties can interfere with results through the various testing methods by generating false 

positives i.e., heteroatom-heteroatom single bonds, or be compromised by moieties which 

make the compound more susceptible to nucleophilic attack. However, despite being 

classified as undesirable, 26% of marketed drugs have one of these moieties.16 The 

inclusion of undesirable moieties in known drug space (Figure 2) indicates that complete 

removal of undesirable moieties from a compound collection is not ideal. It may be best 

left for the later stages of drug development.   
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Figure 3. Categories of undesirable moieties of the portion (26%) of known drugs containing them.16   

  

VIRTUAL SCREENING 

 

Virtual screening (VS) is a relatively new in silico tool first used in the late 90’s. The aim 

is to produce a score and rank for a set of structures relative to a target crystal structure. 

Within the field of drug discovery it can be used to select which compounds to 

experimentally test, refine the number of compounds to purchase from external sources 

and/or model existing experimental results.  

The two major methods of VS are comprised of structure based screening and ligand based 

screening (Figure 4). The different methods can be employed depending on the quantity 

and quality of the data available. Ligand based screening is typically used when data is 

limited to one or two known compounds. A greater number of active compounds allows 

the employment of a pharmacophore based search. Furthermore, a greater number of active 

1

2

3

4
5 6
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and inactive compounds will give more information to further grow and develop the 

pharmacophore or docking scaffold. Protein-ligand docking can be utilised when the 

structure of the target is known. For this thesis, the structure based method will be further 

explained as it was the primary method used. 

STRUCTURE BASED 

The availability of crystal structures of biologically relevant enzymes or proteins allows for 

structure based virtual screening. In general, it entails the docking of a molecule into an 

active site of the given structure. There are various methods of carrying out this procedure, 

which, can be conducted using numerous software packages. Commonly used programs 

include Autodock, DOCK, Glide, FlexX and GOLD. There are two main methods by which 

these software packages operate. First, a genetic algorithm or Monte Carlo, is used to 

predict the most suitable conformer by altering the flexible ligand within the binding 

pocket.17 Second, the incremental construction approach is employed, docking rigid 

moieties or fragments connected via rotatable bonds in order to build the most suited 

compound.17   

 

Figure 4. Outline of virtual screening (VS) methods. There are two primary methods of VS, structure based involves the 

development of ligands based on structure of a target. Ligand based utilises the knowledge of known inhibitors to develop new 

candidates. 18,19 
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The method by which a virtual screen is 

conducted can be altered quite easily. 

Alterations can be dependent on the 

testing library, resources available or 

software limitations.17,20 As such, there is 

no set way of running a VS. Figure 5 

shows molecular descriptor filters as the 

first step. This can be applied to remove 

compounds that do not fit within the drug-

like, lead-like or KDS spaces. The second 

step is the docking and ranking of the 

compounds. One or several scoring 

functions identify scores for the ligand’s predicted bound state to quantify the binding 

affinity. These scores can be ranked and the lower scores eliminated from the screen. The 

next step, consensus scoring, can be applied as a method to reduce the uncertainty of a 

single scoring approach.21 Toxicity and promiscuity filters act to remove compounds which 

have unwanted moieties that can generate false positives or unwanted interactions.16 The 

second stage of docking involves a much more rigorous virtual screen, evaluating a greater 

number of poses at a higher efficiency. Finally, the remaining compounds are visually 

inspected within the binding pocket and their interactions with the protein are noted.17,20,22 

Those with favourable interactions, preserved positive fit and consistent pose predication 

among the multiple scoring functions are selected as virtual hits.    

 

 

Figure 5. Virtual screening process. 
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SCORING FUNCTIONS 

 

Scoring functions are an integral part of VS, the output of the functions aim to predict 

protein-ligand binding affinity. There are many scoring functions which use different 

algorithms to help identify the best binding mode. It is important to note that the best 

binding mode is not always the lowest energy conformation.23 The bound conformer or 

pose may be different from the lowest energy state due to binding constraints.24 A few 

classes of algorithms are used to validate docking. They are divided into three main groups 

based on the method used with regards to ligand flexibility and docking. The enumerators 

calculate low energy conformations of a molecule and proceed to dock them in a rigid 

conformation.24 The constructors alter the conformation of the molecule whilst it is being 

docked and calculated, an example of this approach is used in the software FlexX25 and 

DOCK.26 The randomised class of algorithms uses randomised functions, such as  

optimising the pose by score, an example of this is used in the software package GOLD.27        

 

Many of the scoring functions rely on the linear summation of free energy of binding. 

Equation 1 shows the six contributing factors to the overall binding energy.28,24  

 

ΔGbind = ΔGsolvent + ΔGconf + ΔGint + ΔGrot + ΔGt/r + ΔGvib  (1)  

Interactions between the solvent and the protein, ligand and protein-ligand complex 

contribute to this equation as the ΔGsolvent term. This contribution accounts for the absence 

of solvent interactions when docking and scoring a molecule. ΔGconf includes the 

conformational changes of both the ligand and protein. The ligand is not limited to one 
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conformation when bound to a protein, but is most often assumed to have a dominant 

conformation, which may not be necessarily the lowest energy conformation.23 The 

calculation of the energy is determined by various methods. One method is to apply an 

average penalty of 3 kcal/mol to the most optimal conformation in solution.23 ΔGint arises 

from the electrostatic and Van der Waals interactions between the protein and molecule. 

As a consequence of having rigid conformations, there is a penalty associated with the 

freezing of rotatable bonds. A simple method of determining the penalty is derived from 

the assumption that there are three isoenergetic states for each of the rotatable bonds. This 

leads to a loss of ~0.7 kcal/mol. ΔGt/r is defined as the loss of translational and rotational 

degrees of freedom from the protein and ligand. The free energy as a result of a change in 

vibrational state is difficult to calculate, and for this reason ΔGvib  is usually not taken into 

account.  

 

GOLD 

The GOLD (Genetic Optimisation for Ligand Docking) is a ligand docking program 

developed by the Cambridge Crystallographic Data Centre (CCDC) that uses a genetic 

algorithm to generate poses. The docking of a flexible ligand into a partially flexible 

binding site is tested and scored based on the function employed.27 The GOLD program 

has four scoring functions that are used to validate docking of a ligand to a binding site. A 

recent study by Wang et al. identified GOLD as one of the top software packages for correct 

ligand binding poses.29 The GOLD program contains four scoring functions: GoldScore 

(GS),27 ChemScore (CS),30,31 ChemPLP32 and ASP33 that predict protein-ligand affinity.  
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GOLDSCORE 

 

GoldScorefitness = Shb ext + 1.3750Svdw ext + Shb int × (S vdw int + Stors)  (2)                                    

GoldScore is the original scoring function of the GOLD suite software package. Equation 

2 shows that the GoldScore fitness function is comprised of five components. The internal 

and external hydrogen bonding and van der Waals (vdw), and the internal torsional strain. 

The external vdw is factored by 1.375 as a correction to encourage hydrophobic contact 

between the protein and ligand.34 GoldScore operates by intentionally forming the weakest 

hydrogen bonds possible. i.e., the maximum length of a hydrogen bond. Additionally, the 

vdw interactions are highly tolerated during the initial stages of screening. As scoring 

continues the hydrogen bonding and vdw interactions are evolved to identify more stable 

conformers. A drawback to this method is the computational time required for conformer 

evolution.34  

 

CHEMSCORE 

ChemScore is an empirical based scoring function, trained with 82 protein-ligand 

complexes with known binding affinities.30,31  Equation 3 indicates that ChemScore is 

based on the estimated free binding energy (ΔGbinding), a clash penalty and internal torsion 

(Pclash, Pinternal), covalent term (Pcov) and constraint term (Pconstraint). The latter two are 

optional terms. The P term denotes physical contributions that relate to binding. 

ChemScorefinal = ΔGbinding + Pclash + cinternal × Pinternal + (CcovPcov + Pconstraint) (3) 

ΔGbinding = ΔG0 + ΔGhbond + ΔGmetal +  ΔGlipo + ΔGrot (4) 
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ΔG0 = ν0 (5) 

ΔGhbond = ν1 Phbond (6) 

ΔGmetal = ν2 Pmetal (7) 

ΔGlipo = ν3 Plipo (8) 

ΔGrot = ν4 Prot (9) 

The ΔGbinding is determined by the summation of the terms given in equation 4, which 

therein, is determined by the scale factors in equations 5-9. The ν term is given as a 

regression coefficient, which is multiplied by the individual physical factors to give the free 

energy contribution. ChemScore uses block functions to define the contact terms, and is 

then evolved with a Gaussian function to produce a smoother function as shown in Figure 

6. The purpose of the block term is to reduce the contribution depending on how far the 

term deviates from the ideal. Each term listed in equations 5-9 uses a Gaussian smoothed 

function to identify ideal parameters. For the hydrogen bonding term it takes into account 

geometry, distance and angle. The metal term determines all the possible metal ion – 

acceptor pairs and the lipophilic term deduces long range lipophilic atom distances. The 

rotatable-bonds freezing term gives an estimated loss in entropy value when a rotatable 

acyclic bond is frozen.  
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Figure 6. Block functions implemented to describe various contact terms. The black plot describes the function while the purple 

describes the Gaussian smoothed function.  

CHEM PLP (PIECEWISE LINEAR POTENTIAL) 

 

The ChemPLP is a GOLD adaptation of the Piecewise Linear Potential (PLP) scoring 

function.32 ChemPLP is used to model the attraction and repulsion of proteins and heavy 

atoms within the ligand. All heavy atoms are classified as either metal, donor, acceptor, 

donor/acceptor or non-polar. Based on the protein and ligand type a potential is selected. 

Each potential is defined by various sets of parameters depending on the type of atom.  

 

ChemPLPfitness = PLPfitness – (fchem-Hbond + fchem-cho + fchem-met) (10)        

PLPfitness = -(wplpfplp + wclashfclash + wtorftor + fcov + wprotfprot + wconsfcons) (11) 

 

The internal ligand score is considered by the terms shown in equation 11, which is 

composed of the clash potential, torsional potential, covalent docking, flexible side-chain 

and constraints. The coefficients w are the weight contribution of each term. ChemPLP 
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incorporates the PLP score in addition to the ChemScore metal and hydrogen bonding terms 

(fmet, fhb, fCHO ).  

ASP (ASTEX STATISTICAL POTENTIAL) 

 

ASP uses information from the protein databank (PDB)35 to validate the docking of a 

ligand. The large number of known protein-ligand complexes give an insight into the 

molecular recognition process.33 Based on the frequency of protein and ligand atom 

interaction a statistical database was built (statscore) and this knowledge used as the scoring 

term.34 By default the database is set to include all proteins in the PDB, however this can 

be modified to only include related or relevant proteins to provide a targeted scoring 

function. The constantly growing number of protein-ligand complexes available adds to the 

knowledge base that forms the scoring process. The database was originally constructed 

using 9209 ligands in 5839 PDB entries.33  

ASP uses radial distribution functions to determine contacts between atoms, leading to the 

prediction of how many atoms can be in a specific thickness of a spherical shell, defined 

by distances between radius r to r+dr.34  

 

ASPfitness = Cs ∑ ∑𝑙𝑙𝑝𝑝 Statscore(p,l,rpl)  - cint Eint – cclash Eclash   (12) 

Equation 12 is a summation of all potential ligand (l) and protein (p) atom combinations 

within a set radius of 6 Å, rpl being the distance between protein and ligand atoms. Cs is 

defined as the derived scaling factor and the remaining terms are the internal energy (Eint) 

and clash penalty (Eclash), and their respective scaling coefficients (cint, cclash).   
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CONSENSUS SCORING 

 

Virtual high throughput screening serves to give a great advantage in identifying hits. 

Inconsistency in scoring functions is a result of the incomplete understanding of all the 

complex interactions between the ligand itself and ligand-protein interactions during 

binding. This inconsistency reduces the accuracy of the scoring functions which in term 

affects the predicting power to derive a true positive. One method to enhance virtual 

screening is applying multiple scoring functions. The original concept was that multiple 

predictions from the scoring functions can act to decrease the ‘signal to noise’ ratio of the 

calculated affinities of protein-ligand binding. This 

would be a result of different scoring methods having 

various strengths and weaknesses. The use of multiple 

functions outperforms a single scoring function due to 

the fact that the mean value of repeated samples tends to 

be closer to the true value.21,36 This approach gives a 

more robust and accurate procedure by applying 

consensus scoring (Figure 7). It was suggested that 

three or four scoring functions are required to 

produce accurate results (within a 90% confidence 

range). These values were extracted using equation 13.21 

Pr�−𝛿𝛿 < 𝐸𝐸�− 𝜇𝜇
𝜎𝜎
√𝑛𝑛

< 𝛿𝛿� =  0.95 𝑜𝑜𝑜𝑜 0.90 (13)   

Figure 7. Visual representation of consensus 

scoring, purple areas imply scoring functions show 

consensus. 
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For equation 13 𝐸𝐸� refers to the estimator, 𝜇𝜇 refers to the expectation value, 𝑛𝑛 refers to the 

number of scoring functions (the confidence interval is 0.95 with 4 scoring functions and 

0.9 with 3) and 𝜎𝜎 is the standard deviation.21  

 

NATURAL PRODUCT LIBRARY 

 

A key feature of this thesis is the focus on natural products (NP) used in conjunction with 

virtual screening. Natural products have always played a large role in drug development. 

The natural product library obtained from Interbioscreen is comprised entirely of NP and 

natural product derivatives (NPD). Studies indicate that 34-39% of all FDA approved drugs 

are either NPs or NPDs.15,37 The chemical diversity of NPs gives an enhanced opportunity 

to find potential bioactive compounds. In the past several years natural products have 

continued to be a source of lead compounds that progress to clinical trials in the areas of 

anticancer and antimicrobial drug development.37,38 
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CHAPTER 2 

THE VIRTUAL SCREEN A TYROSOL 
DNA PHOSPHODIESTERASE 1  
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INTRODUCTION 

 

BIOLOGY OF TYROSOL-DNA 

PHOSPHODIESTERASE 1(TDP1) 

 

During cell replication topoisomerase 1 (topo1) assists by uncoiling DNA.39 In order to 

untwist supercoiled DNA, topo1 covalently links its catalytic tyrosine to the 3’-phosphate 

of DNA allowing for the unwinding of the newly broken strand in a controlled manner to 

aid transcription and DNA replication. Once supercoiling is removed topo1 is released and 

the broken strand is re-joined. Camptothecin (CPT) derivatives are potent topo1 inhibitors 

that act by stabilising the topoisomerase cleavage complex (topocc), resulting in topo1 not 

being released from the DNA strand. These complexes can also arise as a result of DNA 

single strand breaks (SSB), which are brought on by oxidative stress and ionising 

radiation.40,41 Tyrosol DNA Phosphodiesterase 1 (TDP1) is a member of the phospholipase 

D superfamily and acts to hydrolyse the phosphodiester bond between topo1 and the 3’-

phosphate of DNA in the event of a stalled complex.42-45 A host of nucleases can then be 

employed once TDP1 has cleaved the complex to remove the strand and prime for 

homologous recombination.46 Cell repair mechanisms combat any negative repercussions 

of topocc.45 In a normal cell the activity of TDP1 is desirable, however, in a cancerous cells 

repair mechanisms are considerably counterproductive.  
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Figure 8. Schematic diagram showing the mechanism of TDP1. Topo1 unwinds a DNA strand, preparing for replication. Upon 

stalling TDP1 is recruited to cleave at the tyrosine, releasing the complex.45 

Many types of cancers involve chemotherapy that selectively inhibits topo1.47 In cancerous 

cells the regulation of cell growth is altered, essentially putting the cell replication into 

overdrive. Drugs targeting topo1 such as camptothecin (CPT) and its derivatives, act by 

preventing DNA ligation.47,48 In doing so, the formation of SSBs and topocc complexes 

increases throughout the nucleus, ultimately leading to cell death and apoptosis.49 TDP1 

acts to repair the complexes, undoing the work of the chemotherapeutic agent and 

potentially saving the cancerous cell (the mechanism is outlined in Figure 8). Selectively 

inhibiting TDP1 would in theory improve the activity of topo1 inhibitors.46,45 This is 

supported by TDP1 gene knockout studies that showed hypersensitivity to CPT, in addition 

to the TDP1 mutant SCAN1 which contains the H493R mutation, the conversion of His493 

to Arg493.44  Overexpression of TDP1 showed reduced DNA damage from CPT.50 

Furthermore, TDP1 is also involved in the repair of damage caused by other 

chemotherapeutic agents e.g., temozolomide, bleomycin, and etoposide making it a 

promising target to enhance anticancer treatment.51  

Mutations in the TDP1 gene can lead to spinocerebellar ataxia with axonal neuropathy, 

which gives the name of the mutated protein SCAN.52 TDP1 has also been suggested to 

interact with mitochondrial DNA repair, suggesting that repair of topocc is not the sole 

function of TDP1. Thus, the mutation may have more implications than just sensitivity to 
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CPT and other chemotherapeutic agents. The mutation occurs at histidine 493, causing a 

change to arginine (Figure 9).53,54 The disease has a late childhood onset that slowly 

progresses to cerebellar ataxia. Disease progression leads to reduced pain and touch 

sensation in the extremities, and eventually the individual will be wheelchair bound. 

Interestingly, SCAN patients show no increase in cancer predisposition, myocardial 

toxicity or immunodeficiency.42 The mechanism behind the development of this pathology 

is still unknown but experimental data suggests SCAN1 protein mutation leads to a change 

in function as opposed to a loss.52 Evidence supports the idea that the mutation may reduce 

the catalytic activity of TDP1 but not entirely diminish it, suggesting that the change in 

enzyme catalytic activity is not the sole inducer of SCAN. On this basis, inhibitors of TDP1 

or the mutated protein may be beneficial to patients with SCAN. 
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Figure 9. Mechanism of action of TDP1. His493 and His263 are required to cleave Topo1 and the 3’ DNA strand. When the 

H493R mutation occurs the mechanism is altered and the resulting enzyme is unable to complete the cleavage.45  

Currently there are few TDP1 inhibitors described in the literature, as the potency of these 

compounds varies and the target is not often specific to TDP1.46 An example of this is the 

compound furamidine (Figure 10), which was shown to have an inhibitory effect on TDP1 

in the low micro molar range. This activity of furamidine was unexpected as it had already 

been confirmed as a DNA intercalator. The interaction with TDP1 was determined to be a 

result of a low degree of binding to single stranded DNA. More active inhibitors have been 

synthesised, including methyl-3,4-dephostatin a sub micro molar inhibitor, and NSC88915 
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a phosphotyrosine mimetic a micro molar inhibitor.46 Recently, a class of 

benzopentathiepine derivatives were developed, Figure 10 shows the most active one, 

which had an IC50 of 0.2 µM.55 These compounds were not found to be specific to TDP1 

as they induced cell death, which, is not expected from compounds that solely inhibit TDP1.   
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Figure 10. Known inhibitors of TDP1 and their reported IC50 values where applicable.46,55 

 

TDP1 PROTEIN STRUCTURE 

 

The crystal structure of TDP1 indicates the binding site is relatively large in order to 

accommodate topocc. The binding area depicted in Figure 11 shows that the binding area 

is narrow in most parts but quite elongated. The binding pocket appears to be relatively 

hydrophobic based on the protein rendering shown in Figure 11a. The left hemisphere of 

the binding site has a large hydrophobic pocket (circled in red, Figure 11). Within this area 

there is a small deep pocket that can accommodate smaller moieties. The right hemisphere 

contains greater hydrophilicity and has an increased number of hydrogen bond donors as 
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depicted by Figure 11b. The high density of orange indicates hydrogen bond donors, and 

there is a small grouping of hydrogen bond acceptors (blue) in the lower part of the right 

hemisphere.  The side-on view (Figure 12) shows the depth of the pocket when looking 

down from the left hemisphere, where the large volume around the binding area can 

accommodate topocc.   

 
Figure 11. Binding site of TDP1 from the crystal structure 1MU7. a. The surface is rendered. Blue and white depict 

hydrophilic and hydrophobic areas respectively. The red circle depicts the binding site showing both left and right 

hemispheres. b. The surface is rendered. Orange and blue depict hydrogen bond donors and acceptors respectively.  
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Figure 12. Side view of TDP1 binding site. Light rendering has been exaggerated to emphasise depth of the binding region. 

Binding site depicted within the dashed red box. 

There are a host of potential hydrogen bonding 

interactions within the binding pocket. In total nine 

amino acids near the binding region were identified 

as capable of forming interactions that may be useful 

in developing an inhibitor. While His293/493 are 

suggested to be crucial to the mechanism, Lys 

265/495 have also been indicated as amino acids that 

play a role in the activity of TDP1 (Figure 13).46 

Interestingly, the crystal structure shows that the histidines have the near nitrogens (ND1) 

facing the surface. The interactions shown in Figure 9, suggest that the near nitrogens on 

histidines 293/493 would be facing into the pocket.45  

 

 

  

Figure 13. Amino acids within the TDP1 binding site. 
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METHODOLOGY 

TDP1 

 

The compounds were docked to the crystal structure of TDP1 (PDB ID: 1MU7, resolution 

2.0 Å),56 which was obtained from the Protein Data Bank (PDB).35,57 The SCiGRESS FJ 

2.6 program was used to prepare the crystal structure for docking,58 i.e., hydrogen atoms 

were added, and the co-crystallised tungsten(VI)ion was removed as well as 

crystallographic water molecules.58 The SCiGRESS software suite was also used to build 

the inhibitors and the MM2 force field was used to optimise the structures.59 The centre of 

the binding pocket was defined as the position of the hydrogen atom of His263, the ND1 

nitrogen formed a coordination bond with the tungsten ion (x = 8.312, y = 12.660, z = 

35.452) with 10 Å radius. For the initial screen 30% search efficiency was used with ten 

runs per compound. For the second phase (re-dock) and the molecular modelling 100% 

efficiency was used in conjunction with fifty docking runs. The basic amino acids lysine 

and arginine were defined as protonated. Furthermore, aspartic and glutamic acids were 

assumed to be deprotonated. The GoldScore (GS),27 ChemScore (CS),30,31 ChemPLP32 and 

ASP33 scoring functions were implemented to validate the predicted binding modes and 

relative energies of the ligands using the GOLD v5.4 software suite.27 The first virtual 

screen was conducted with of 9.2×103 molecular entities and the second different portion 

with 9.6×103 molecules obtained from the InterBioScreen natural product collection. The 

QikProp 4.6 software package was used to calculate the molecular descriptors of the 

compounds. 60 The reliability of QikProp is established for the molecular descriptors.61 



 

28 

 

GENERAL BIOLOGICAL METHODS 

 

For general biological methods used see reference62 and references therein. All biological 

work, i.e., biochemical testing and cell based testing was completed by the Volcho, and 

Lavrik groups at the Novosibirsk Institute of Organic Chemistry and the Novosibirsk 

Institute of Chemical Biology. 

SCAN1 

 

The 1MU7 protein structure was edited using SCiGRESS to satisfy the H493R mutation. 

The remaining amino acids were locked in position and the PM3 function63 was used to 

optimize the geometry of Arg493. The Maestro 2015-2 protein preparation tool was then 

used to carry out a local minimization of the binding site with 5Å radius of the mutated 

residue.64 The remainder of the method was identical to the TDP1 procedure. The screen 

was conducted with 9.2×103 molecules from the InterBioScreen natural product collection. 

 

LIBRARY 

 

A natural product library containing ~5x104 compounds was obtained from 

Interbioscreen.65 Hydrogens were added to the structures followed by a 2D to 3D MM259 
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energy optimisation using SCiGRESS.58 The library was screened for high energy 

compounds, compounds containing salts and general errors i.e., unusual atom distances 

between hydrogens, unlikely bond lengths and improper optimisation of rings. Compounds 

with such issues were further worked on and re-optimised. Compounds were not filtered 

based on the molecular descriptors, particularly with regards to mass as natural products 

tend to be larger than their synthetic counterparts. Excluding compounds would reduce the 

pool of compounds to be confined to drug-like or lead-like space. Since a more KDS like 

space was desired, any compounds outside of this space were investigated during the virtual 

screening process as required. The final selection was split into five sections totalling 

~46,000 compounds. All of the compounds are available from the supplier. In this thesis, 

compounds also feature the supplier identification number. 
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 SCREEN 1 RESULTS  

 VIRTUAL SCREENING 

 

A pilot screen was developed to identify the potential binding site for the TDP1 protein as 

there is no crystal structure with a co-crystallised ligand available. The crystal structure 

(1MU7, 2.0Å)43,56 was used for docking against a series of known TDP1 inhibitors. Five 

compounds were docked into the crystal structure to observe predicted hydrogen bonding 

interactions and pose prediction.  

A virtual screen was conducted using 9.2×103 compounds from the InterBioScreen natural 

product library. The GoldScore (GS), ChemScore (CS), ChemPLP and ASP scoring 

functions were used to assess the binding of the ligands. The virtual screen was done in two 

phases using relatively low screening efficiency, weeding out compounds that were 

predicted to not have binding affinity followed by a more robust search for the remaining 

ligands. First, all ligands were screened and those with no or weak predicted hydrogen 

bonding (<1) were eliminated, as well as those with low predicted binding energies 

(GS<45, CS<22, ChemPLP<51 and ASP<36). This left 470 candidates, which were 

screened again with high search efficiency and again were eliminated based on their 

binding energies (GS<49, CS<26, ChemPLP<61 and ASP<38) and poor hydrogen bonding 

(<1) resulting in 111 candidates. The remaining compounds were visually inspected and 

selected based on the following criteria: at least three of the four scoring functions agree 

on a pose, the ability to fill at least one of the two hydrophobic domains and show that the 

compound features a predicted hydrogen bonding interaction. The results from the visual 
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inspection showed most compounds as having a predicted hydrogen bonding interaction 

with either histidines (263 and 493) or lysines (265 and 495) which were indicated by the 

literature to be key interactions for successful binding.46  Based on the listed criteria sixteen 

compounds were selected for further testing.  

The virtual hits from the pilot screen shown in Figure 14 share similar structural features. 

Fifteen compounds were comprised of varying chromanone or pyranone moieties. When 

comparing the molecular descriptors (Table 2), the compounds tended to feature more 

hydrogen bonding acceptors as opposed to donors. Eleven of the compounds had a high 

degree of rotatable bonds. Many of these compounds had a long alkyl chain in particular, 

4, 5 and 14. There is a large range of calculated log P values for the compound set, with 

1.5 as the lowest and 6.5 the largest. This was somewhat expected for a natural product 

library.  
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Figure 14. Virtual hit compounds 1-16 selected for experiemental testing against TDP1.  
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The primary results from the biochemical assay, gave a rough indication of protein-ligand 

binding ability. Compounds were deemed active if they had an IC50 < 5 µM. Compounds 

11, 14 and 15 displayed good level of activity, each featured a high log P (Table 2), and 

only depended on hydrogen bond acceptor, as opposed to donor interactions with the 

protein. All three active compounds featured a substituted pyranone moiety, 11 and 14 had 

a pyran-2-one with a benzene and a cycloalkyl group forming a coumarin, 15 differs in that 

it had a pyran-4-one. However, this moiety was also seen in the nonactive compounds 

suggesting that it was not the sole contributor to binding affinity. In general, the compounds 

showed a uniform score overall, and the active compounds scored no differently from the 

inactive (Table 3). 

The three active compounds were relatively long whilst maintaining a short width, making 

for a good fit in the binding pocket as shown in Figure 15. It can be seen that the substituted 

methoxybenzene of compound 14 was directed into the pocket. The long alkyl chain was 

predicted to remain within the shallow hydrophobic cavity. Compound 11 showed a very 

similar binding pose, where the benzene was directed onto the surface within the left 

hemisphere. The carbamate benzene sat along the surface of the protein within a 

hydrophobic area as shown in Figure 16. Compound 15 showed a slightly different 

predicted binding pose as the pyranone group was tilted upward as seen in Figure 17. The 

hydrophobic pocket was occupied by the isopropanyl and the remainder of the molecule is 

directed towards the solvent space but was still within the cavity of the pocket. 
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Figure 15. Bound configuration of compound 14 in the TDP1 (1MU7) binding pocket. The surface is rendered, blue and red 

depict positive and negative charges respectively.  

 

Figure 16. Docked conformation of compound 11 in the TDP1 binding pocket. The surface is rendered, blue and red depict 

positive and negative charges respectively. 
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Figure 17. Docked conformation of compound 15. The surface is rendered, blue and red depict positive and negative charges 

respectively. 

 

The three active compounds all featured a consistent degree of predicted hydrogen bonding. 

11 and 14 were predicted to bind with His493 and Asn283. 15 only had one predicted 

binding interaction with Asn283. A simplified binding model is displayed in Figure 18.  
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Figure 18. Predicted hydrogen bonding interactions of compounds 11 (a), 14 (b) and 15 (c). Hydrogen bonds are shown as dashed 

green lines. 

 

When comparing the docked configuration of the ligands, it was hypothesised that in order 

to achieve ligand affinity the compound had to feature; a coumarin/substituted pyranone 

head in order to fill the hydrogen bonding requirements with either His493 and/or Asn283 

and a hydrocarbon group directed into the hydrophobic pocket. A key difference between 

the three compounds was that unlike 11 and 14, compound 15 did not have a benzene or 

any hydrophobic group positioned in the left hemisphere, directed into the pocket. This 

suggests that a set number of hydrophobic interactions within the left hemisphere may not 

be a requirement. Alternatively, it may indicate that a hydrophobic group directed toward 

the surface was not a requirement. However, as all three of the active compounds had 

hydrophobic groups directed into the pocket it was deemed an important feature.   
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Table 2. Molecular descriptors for the virtual hit compounds 1-16. 

Molecule 
 

ID 
 

Molecular 
Weight 

Donor 
HB 

Acceptor 
HB 

Rotatable 
Bond 

Log P 
 

IC50 
µM 

STOCK1N-00626 1 347.4 2 8 8 1.5 100 

STOCK1N-01319 2 428.4 0 8 8 3.3 100 

STOCK1N-03503 3 398.5 0 4 6 5.8 50 

STOCK1N-03664 4 373.4 2 8 9 2.0 100 

STOCK1N-04962 5 375.4 2 8 10 2.2 100 

STOCK1N-04990 6 460.5 1 6 5 5.2 100 

STOCK1N-05024 7 457.6 0 7 9 5.2 50 

STOCK1N-05482 8 423.5 0 7 8 3.5 100 

STOCK1N-07788 9 483.5 0 7 7 5.1 100 

STOCK1N-09838 10 435.5 0 7 8 4.3 150 

STOCK1N-10035 11 525.6 0 7 9 6.1 <1 

STOCK1N-19059 12 466.6 0 8 5 4.3 100 

STOCK1N-22767 13 396.4 0 4 2 5.5 n/a 

STOCK1N-24382 14 420.5 0 4 9 6.5 <1 

STOCK1N-24954 15 451.0 0 4 5 6.4 <1 

STOCK1N-25727 16 417.5 1 7 5 4.5 100 
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Table 3. Scores for the virtual hit compounds 1-16. 

Molecule 
 

ID 
 

GS CS ChemPLP 
 

ASP 

STOCK1N-00626 1 50.8 25.7 65.7 35.0 

STOCK1N-01319 2 50.2 31.1 66.8 38.3 

STOCK1N-03503 3 47.6 31.4 64.5 36.2 

STOCK1N-03664 4 53.0 25.6 68.0 36.6 

STOCK1N-04962 5 49.6 23.0 66.7 34.6 

STOCK1N-04990 6 51.7 30.8 63.8 36.0 

STOCK1N-05024 7 56.5 32.8 68.1 34.5 

STOCK1N-05482 8 58.5 30.2 64.6 36.8 

STOCK1N-07788 9 60.0 30.0 74.1 39.5 

STOCK1N-09838 10 60.3 27.9 61.6 32.7 

STOCK1N-10035 11 66.3 32.7 73.0 41.6 

STOCK1N-19059 12 52.9 30.7 59.5 36.8 

STOCK1N-22767 13 48.4 30.9 59.1 36.1 

STOCK1N-24382 14 59.5 32.3 63.7 35.0 

STOCK1N-24954 15 54.8 27.8 57.3 33.2 

STOCK1N-25727 16 54.5 29.3 61.5 37.0 

 

 

COMMERCIALLY AVAILABLE ANALOGUES 

 

In order to further expand the structure activity relationship (SAR) of the active 

compounds, commercially available analogues were purchased, docked and tested. The 

eight compounds are presented in Figure 19. Overall the compounds had similar values for 

calculated molecular descriptors (Table 4) and also scored very similarly to the virtual hits 

(Table 5). 
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Figure 19. Commercially available compounds selected for testing. 

The compounds were tested for residual protein activity at 5 µM, where four of the eight 

reduced the activity of TDP1 to ~ 35%. The most active compound 22 was comprised of a 

coumarin moiety and a 4-methoxyphenoxy group. Similarly, compound 24a shared a 

similar molecular scaffold and exhibited 45.2% residual activity. Structural differences 

between 22 and 24a resulted in a ~20% difference in activity. 22 has the para substituted 

methoxy and 24a contains a meta substituted methoxy group as shown in Figure 20. The 

coumarin moiety both compounds was situated on the right hand side of the cleft (Figure 

20), and directed into the area hypothesised to be responsible for the hydrogen bonding 
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interactions (His263/493 and Asn283). The tail end of the compounds showed greater 

variation than the coumarin, as both were oriented differently. However, due to the level of 

flexibility in the compound series it was difficult to qualify fixed position docking in a 

definite manner. Docking comparisons between 22 and 24a cannot give a clear insight as 

to the difference of activity. Interestingly, none of the compounds were occupying the space 

within the left hemisphere directed into the pocket as seen with compound 11 in Figure 16. 

The remaining compounds, both active and inactive, were used to help assess the 

requirement of the pocket, assisting in finding its importance to the SAR of TDP1. 
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Figure 20. a. 22 docked into the binding site of TDP1. b. The docked conformation of 24a into the binding site of TDP1. The 

surface is rendered, blue and red depict positive and negative charges respectively.   

 

As 17-20 were structurally related compounds, the key differences between the data set 

could help explain the inactivity of 18 and 19. When docked both 17 and 20 have a benzene 

directed into the hydrophobic pocket. 18 and 19 only had an ethyl or methyl group. This 

was the only primary difference between the compounds that were otherwise overlapping. 

Compound 21 was structurally related to 14. The long alkyl chain remained in the same 
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position, similar to Figure 15 and the tail of the compound extended across the pocket in a 

linear fashion. A methyl group was directed towards the pocket.  

It was difficult to establish whether the hydrophobic pocket was critical to binding based 

on docking and assay results. The activity of compounds 21 – 24 indicated that the pocket 

was not required. However, based on the clear difference in activity of the compound class 

of 17-20 there must be a relationship between the polarity of the tail and ligand binding. 

The area to the left of the cleft was rather large, and perhaps too big to be considered a 

pocket though still predicted as a hydrophobic area. Without the additional substituted 

benzene on 17 and 20 the amide linkage may have caused the tail of the compound to be 

too polar, thus not allowing the compound to bind successfully. This hypothesis was 

reflected by the activity seen in compounds 11, 14, 15 and 21.  

The proposed SAR of TDP1 was comprised of a coumarin moiety to satisfy the hydrogen 

bonding requirements and a relatively non-polar or hydrophobic tail as depicted in Figure 

21. A scaffold based on 22 and 24a was designed and consequently additional compounds 

were designed using docking. 

 

 

Figure 21. 2D digram of proposed TDP1 SAR. The coumarin head group is predicted to interact with His263, Asn283 and His493 

to fufil the hydrogen bonding requirements and the hydrophobic tail to occupy the hydrophobic pocket (curved line). 
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Table 4. Molecular descriptors for the virtual hit analogues, compounds 17-24a, and residual TDP1 activity. 

Molecule ID Molecular 
Weight 

Donor 
HB 

Acceptor 
HB 

Rotatable 
Bond Log P Residual 

Activity (%) 

STOCK1N-39912 17 497.5 0 7 7.0 6.8 57.9 
STOCK4S-16531 18 435.5 0 7 6.0 6.8 100 
STOCK1N-25642 19 396.4 0 6 6.0 5.5 100 
STOCK1N-38620 20 497.5 0 7 7.0 6.8 42.1 
STOCK1N-10274 21 491.6 0 7 10.0 6.8 29.9 
STOCK5S-36462 22 336.4 0 4 4.0 4.0 24.7 
STOCK1N-36804 23 421.4 0 7 5.0 6.8 100 
STOCK5S-36825 24a 336.4 0 4 4.0 4.0 45.2 

 

 

Table 5. Scores for the analogues purchased to expand the SAR, compounds 17-24a. 

Molecule ID GS CS ChemPLP ASP 

STOCK1N-39912 17 61.2 32.1 72.8 36.8 
STOCK4S-16531 18 55.2 31.0 68.0 33.2 
STOCK1N-25642 19 50.6 27.5 56.6 33.1 
STOCK1N-38620 20 59.8 33.0 75.4 42.5 
STOCK1N-10274 21 65.5 33.9 76.7 39.4 
STOCK5S-36462 22 49.3 28.2 55.3 30.3 
STOCK1N-36804 23 52.4 31.3 66.9 36.4 
STOCK5S-36825 24a 49.1 28.9 58.8 31.6 

 

DESIGN AND DEVELOPMENT 

 

Compounds were designed based on a set of guidelines given by our collaborators in order 

to keep them synthetically tractable. All theoretical combinations of possible moieties were 

modelled. Twenty compounds were compiled based on possible fragment combinations. 
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There were four derivatives as shown in Figure 22. Similarly shown, the structure of the 

tail was varied with four different fragments.  

Docking results showed that many of the compounds emulated the predicted hydrogen 

bonding interactions of the earlier data series as shown in Figure 18. This was somewhat 

expected as the majority of the chromanone moiety was kept constant, whilst changing the 

tail as seen in Figure 22.  
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Figure 22. Combinations of potential compounds designed for synthesis. R’ can represent OMe or multiple OMe substituents. 

Numbers 24-27 represent the various coumarin groups available. Numbers 1’-4’ represent the various tail options avaiable.  

The moieties were combined to form thirty-two variations based on four chromanone 

analogues and eight substituents on the ether linker. The compounds were virtually 

screened and selected for testing based on visual inspection. This was conducted to confirm 

the presence of hydrogen bonding interactions and hydrophobic contacts in the left 

hemisphere were required. The scoring functions were not implemented in deciding which 
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compounds were selected. This was due to the small data set and low levels of diversity 

between compounds.  

Docking of the 24 and 25 series of coumarins showed very similar results as overlapping 

conformations were predicted for each substituent used.  Figure 23 shows the coumarin 

situated similarly to previous active compounds within the cleft to the right and the terpene 

situated within the pocket in the left hemisphere. The docked conformation often predicted 

a π-π T-shaped interaction (Figure 23) which may factor in the binding affinity of the 

coumarin derivatives.  Overall, there was a high level of consistency between these motifs 

which made them desirable candidates for synthesis and testing.  

 

Figure 23. Docked conformation of 25-2’ to TDP1. A π-π T-shaped interaction is predicted from the Tyr204 to the coumarin 

moiety. 

Docking results using the 24 moiety and various tail substituents showed good consensus 

between compounds, where in a majority of cases the coumarin group was in the right 

hemisphere with the expected hydrogen bonding and π-π interactions. The tail was 

positioned within the larger pocket of the left hemisphere. Substituent 3’ only appeared to 

partially fill the pocket (Figure 24) making it an undesirable compound for testing. 
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Interestingly, the 24-2’ derivatives gave an unexpected reversed binding pose. Figure 25 

shows the coumarin within the larger pocket in the left hemisphere and the terpene tail in 

the right hemisphere. Docking in this position led to one hydrogen bonding interaction with 

Asn512. 

 

Figure 24. Docked conformation of 26-3’ to TDP1.  

 

Figure 25. Docked conformation of 26-2' to TDP1. 
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The final coumarin motif (27) showed similar results to that of 24 and 25. However, further 

analysis of the compounds showed that the benzene coming off the coumarin was directed 

toward the solvent accessible space (Figure 26b). It would be expected that such a pose 

containing a hydrophobic group directed into hydrophilic space would impact binding 

negatively, i.e., entropic penalty. The resulting consequences of this pose, whether positive 

or negative, would be of interest when comparing to other derivatives. Docking of 

substituent 4’ (Figure 26) resulted in the aromatic ring being positioned in a cleft in the far 

left of the pocket, whilst the ester linker occupies the larger pocket. No additional hydrogen 

bonding interactions were observed through the ester moiety. The remaining tail 

substituents showed similar positioning to that of 25 and 26.  

 

Figure 26. a. Docked configuration of 27-4' to TDP1. b. Side view of the docked configuration of 27-4’ showing the coumarin 

phenyl directed into the water environment as predicted.  

Although identifying more active inhibitors was the primary objective, the ability to reduce 

a ligand’s affinity gives insight into the SAR of the compound class. Thus the compounds 

selected for synthesis contained both potentially active and inactive compounds of varying 
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degrees. The compounds suggested as candidates for synthesis and development are shown 

in Figure 27. 
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Figure 27. Compounds proposed for synthesis and testing. 
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BIOLOGICAL TESTING 

 

The aforementioned compounds suggested for synthesis were taken into consideration and 

in addition to other limiting factors i.e., cost, time required, and inherent fluorescence. 

Eighteen compounds were synthesised and tested (Table 6). They were selected based on 

docking results, synthetic design, and diversity in order to form a well-rounded SAR.   

The results for the TDP1 biochemical assay showed increased activity in the coumarin 

derivatives compared to that of the original virtual hit compounds. 24a showed modest 

activity (4.93 µM) and did not differ greatly when the methoxy group was removed (5.62 

µM). Interestingly, the addition of tri-methoxy led to a loss in activity (24d >10 µM), which 

was also seen for the related compounds 25d and 26d. Insertion of the terpene increased 

activity four fold, although there was no difference in activity between the enantiomers 

24c± (+ 1.23, - 1.20 µM).  Extension of the alkyl chain of 24e to the terpene showed little 

variation in binding (1.45 µM). A decrease in activity was observed with compounds 25a 

(>10 µM) and 25b (9.17 µM) as a result of exchanging the cyclohexane (24 series) with a 

cyclopentane (25 series). 25c- showed similar results to its counterpart (1.37 µM) whereas 

its enantiomer 25c+ featured a sharp increase in activity (0.675 µM). The extended terpene 

chain 25e showed similar levels of activity (1.09 µM) to 25c-. 26a showed no activity as 

seen with 25a, however, 26b showed some activity (5.28 µM) similar to 24b. This decrease 

in activity with aromatic substituted compounds in the 25 series suggests that the presence 

of the cyclopentane does indeed make a notable difference compared to that of the 

cyclohexane and methyl. Regardless of the decreased activity between the aromatic 

compounds, 25c+ was the most active compound. All results are shown in Table 6. 
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Table 6. Inhibitory activities of compounds 24a-e, 25a-e and 26a-e against TDP1.62 
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The coumarin derivatives were tested for antiproliferative activity against RPMI 8226 

(human multiple myeloma) and MCF-7 (human breast adenocarcinoma) cell lines. The 

TDP1 expression in MCF-7 cell line was greater than RPMI 8226, which has below average 

levels of TDP1 expression.66 The MTT test was employed to identify the remaining live 

cells after treatment with the compound.67  

Compounds 24c-, 26c- and 26c+ were tested and no cytotoxicity at high concentrations was 

seen. This was indicated by the high percentage of cell viability for RPMI8226 at high 

concentrations as shown in Figure 28.  

 

Figure 28. Dose-dependent action of the coumarin compounds on RPMI 8226 cells. The cell viability was measured with the 

MTT assay.62 

 

Of the seven compounds tested against the MCF-7 cell line, five exhibited cell cytotoxicity. 

Compounds 24c+, 24e, 25e, 26c+ and 26c- reduced cell viability to at least 80% as shown 

in Figure 29. The only compound that showed a concentration dependent dose response 

was 25e. From the data available we were unable to establish a 50% cytotoxic concentration 

value but it can be extrapolated from Figure 29 that the concentration required would be 
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greater than 100 µM. Overall the results suggested that the compounds are not cytotoxic at 

low concentrations and only show cytotoxicity at high concentrations when a TDP1 

expression was high. 

 

Figure 29. Dose-dependent action of the coumarin compounds on MCF-7 cells. The cell viability was measured with the MTT 

assay.62 

The original hypothesis stated that using a TDP1 inhibitor would work synergistically with 

a topo1 inhibitor like camptothecin. To test this hypothesis six compounds were combined 

with varying CPT concentrations to identify their effects. Figure 30 demonstrates that all 

compounds decreased cell viability, therefore increasing cell cytotoxicity. The 

concentration of the TDP1 inhibitors was kept constant at 5 µM, and using varying CPT 

concentrations, CC50 values were obtained as shown in Table 7. Compared to the control 

of CPT all compounds enhanced cytotoxicity. The most active compound 25c+ obtained a 

CC50 of 180±70 nM, compared to the control CC50 of 1430±430 nM ergo, an eight fold 

increase in activity was observed. The only compound to not increase the activity was 24e 

which had a higher CC50 of 2300±840 nM compared to that of CPT. Interestingly, there 

was only difference of two carbons between 25c- and 24e, one in the cycloalkane attached 

to the coumarin and the other adding to the alkane chain connecting to the terpene. There 

was roughly a twofold difference in activity when using the biochemical assay but a drastic 
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difference observed in cell based testing. Overall, the CC50 values of MCF-7 cells treated 

with CPT and the coumarin derivatives strongly indicate a synergistic effect. This supports 

the initial concept that inhibiting TDP1 will act to sensitise cancer cells to CPT and other 

topo1 inhibitors.    
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Figure 30. Dose-dependent activity of the coumarins compounds at 5 µM in combination with CPT in MCF-7 cells. Cell viability 

was measured with the MTT assay.62 
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Table 7. CPT CC50 values for MCF-7 cells in the presence of the coumarin compounds (5 µM).   

Compound    R CC50 for CPT, nM 

CPT   1430 ± 430 

24c+ O

RO

O

 
 410 ± 165 

24e 
 2300 ± 840 

25c- 
O

RO

O

 
 330 ± 20 

25c+ 
 

 180 ± 70 

26c- O

RO

O

 

 340 ± 80 

26c+ 
 320 ± 95 

 

Importantly, the low level cytotoxicity when testing the coumarin derivatives not only 

suggests they are nontoxic, it indicates that the compounds were binding specifically to 

TDP1. 

MOLECULAR MODELLING 

In an attempt to shed light on the experimental results, molecular modelling was employed. 

One of the key observations between the results in Table 6 was the difference in activity 
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between the ‘a’ series (meta-methoxyphenyl). An IC50 of 4.93 µM was observed for 24a 

but the activity was lost when the cyclohexane of the coumarin was altered to either a 

cyclopentane or methyl. When docked, a slight alteration in pose was observed for 24a as 

opposed to 25a and 26a. 24a was shifted further to the right (Figure 31) compared to the 

other inhibitors, which in turn gave rise to a predicted hydrogen interaction with His463. 

The interaction was not predicted for 25a and 26a, which may explain loss in activity. 

However, this claim cannot be made confidently as the difference in docked poses were 

very minor. Interestingly, the same loss in activity was not observed with the ‘b’ series 

(phenyl) analogues. Docking analysis of this series showed very consistent overlap of the 

compounds. The coumarin was positioned to the right and the phenyl to the left, deep within 

the pocket (Figure 32). The predicted hydrogen bonding interactions were the standard 

His263/493 and also Asn283. Additionally, π-π T shaped bonds between the coumarin and 

Tyr204 were predicted for the three compounds. These hydrophobic interactions were not 

predicted with the ‘a’ series, potentially due to the greater angle of the coumarin within the 

right hemisphere.   
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Figure 31. Docked conformation of 24a, 25a and 26a into the binding site of TDP1. The surface is rendered, blue and red depict 

positive and negative charges, respectively. b. 24a (purple) 25a and 26a shown docked in to TDP1. A predicted hydrogen bonding 

interaction (green dash) between 24a and His493 is shown, other hydrogens are hidden.  

 

Figure 32. Docked conformation of 24b, 25b and 26b into the binding site of TDP1. The surface is rendered, blue and red depict 

positive and negative charges, respectively. b. 26b docked into TDP1. Hydrogen bonding interactions (green dash) with 

His263/493 and Asn283 and hydrophobic interactions (pink dash) with Tyr204 are predicted. 

The configuration of the terpene derivatives was of great interest as 25c+ showed the 

highest activity and its enantiomer showed a much lower activity. The 24c derivatives 

displayed very similar activities and the 26c derivatives showed that 26c+ was the less 

active enantiomer. Overlay of the docked configurations (Figure 33) showed a similar 
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binding motif between the compounds. The various coumarin groups were situated in the 

cleft to the right hand side. There was disparity between the exact positioning of the 

coumarin, which appeared to be affected by the substituent bound to it.   However, such 

minor shifts could not be confirmed with the limited data available.  

 

Figure 33. a. Overlay of the coumarin derivatives and the c series analogues. b. Overlay of the terpene moieties 25c- (grey) and 

25c+ (white).  

Docking of 25c+ showed similar results to many of the other coumarin derivatives. Figure 

34b showed the expected coumarin hydrogen bonding pattern. The terpene moiety was 

positioned within the left hemisphere but not fully positioned in the hydrophobic area 

(Figure 34a). The enantiomer showed a similarly positioned terpene with only minor 

differences. Figure 33b shows a close up of the terpene moieties within the pocket. 25c+ 

was predicted to have the methyl groups facing the left whereas 25c- was directed into the 

surface, which, contains a partial charge.  The docked configuration of 25e appeared to be 

much more favourable based on the positioning of the terpene in the hydrophobic areas 

(Figure 35). However, test results did not reflect this as it showed similar binding affinities 

to that of 25c-.  
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Figure 34. a. Docked conformation of 25c+ to TDP1, the surface is rendered, hydrophobic and hydrophilic areas are depicted by 

white and blue, respectively. b. Predicted hydrogen bonding interactions with His263/493 and Asn283 shown by green dashed 

lines. Hydrophobic interactions not shown. 

 

Figure 35. a. Docked configuration of 25c-. b. Docked configuration of 25e to TDP1. The surface is rendered, hydrophobic and 

hydrophilic areas are depicted by white and blue, respectively. 

All of the molecular descriptors for the docked compounds are shown in Table 8. They 

were relatively small all with MW < 400 Da, much lower than the majority of compounds 

obtained from the virtual screen and corresponding derivatives.  The log P values ranged 

from 3.5 to 5.5 with only three derivatives exceeding 5. None of them had hydrogen bond 

donors but had three to six hydrogen bond acceptors. In general, the coumarins were within 

drug-like chemical space.        
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The scores of the compounds (see Table 9) were on average lower than that of the original 

virtual hits and their subsequent analogues. The ranges within the scoring functions were 

reduced, however this was somewhat expected when working with a family of compounds.  

 

Table 8. Molecular descriptors of the coumarin derivatives. 

ID Molecular 
Weight 

Donor 
HB 

Acceptor 
HB 

Rotatable 
Bond Log P 

24a 336.4 0 4 4 4.4 
24b 306.4 0 3 3 4.3 

(-)-24c 350.5 0 3 3 5.1 
(+)-24c 350.5 0 3 3 5.1 

24d 396.4 0 6 6 4.7 
24e 364.5 0 3 4 5.5 
25a 322.4 0 4 4 4.1 
25b 292.3 0 3 3 4.0 

(-)-25c 336.4 0 3 3 4.8 
(+)-25c 350.5 0 3 3 5.1 

25d 382.4 0 6 6 4.4 
25e 350.5 0 3 4 5.2 
26a 296.3 0 4 4 3.6 
26b 266.3 0 3 3 3.5 

(-)-26c 310.4 0 3 3 4.3 
(+)-26c 310.4 0 3 3 4.3 

26d 356.4 0 6 6 3.9 
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Table 9. Scores for coumarin derivatives. 

ID GS CS ChemPLP ASP 

24a 50.3 29.9 57.8 31.4 
24b 43.7 28.4 53.0 30.1 

(-)-24c 44.7 29.6 53.7 30.3 
(+)-24c 44.7 29.0 54.5 30.2 

24d 51.1 27.0 57.9 31.7 
24e 47.3 31.2 54.4 30.0 
25a 48.3 28.4 56.4 30.3 
25b 47.9 27.5 52.1 29.4 

(-)-25c 45.0 29.0 52.5 29.6 
(+)-25c 44.1 29.8 55.0 29.0 

25d 50.7 27.3 57.2 32.5 
25e 45.8 29.5 57.3 30.1 
26a 48.8 27.5 54.6 31.2 
26b 40.2 24.6 53.2 29.8 

(-)-26c 45.1 26.3 51.6 30.7 
(+)-26c 43.1 25.4 52.8 29.9 

26d 51.1 25.4 53.1 32.4 
26e 50.9 28.1 56.3 30.1 
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SCREEN 2 RESULTS  

VIRTUAL SCREENING 

 

The results from the first screen proved promising, yielding a series of TDP1 inhibitors. In 

order to further establish the effectiveness of the natural product library a second screen 

was conducted. 

From the natural product library 9×103 compounds were selected for screening. The virtual 

screen was done in two phases using relatively low screening efficiency (30%) weeding 

out compounds that were unlikely to fit the binding pocket followed by a more robust 

(100%) search for the remaining ligands. First, all ligands were screened and those with no 

or weak predicted hydrogen bonding (<1) were eliminated as well as those with low 

predicted binding energies (GS<46, CS<23, ChemPLP<55 and ASP<33). This left 998 

candidates, which were screened again with high search efficiency and again were 

eliminated based on their binding energies (GS<50, CS<25, ChemPLP<61 and ASP<34) 

and poor hydrogen bonding (<1) resulting in 143 candidates. The remaining compounds 

were visually inspected in their binding modes and selected based on a variety of criteria. 

A change in method was employed to promote a greater variety in compound structure, 

more hydrogen bonding interactions were accepted (Asp 283, 288 and 516, Ser 399, 400, 

459 and 518, Tyr 204). Occupation of the hydrophobic pocket of the left hemisphere 

remained the criteria for hydrophobic interactions. Compounds that scored well, gave a 

consensus pose and met the above criteria were selected for testing (Figure 36).  
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From the twenty selected compounds, twelve (28, 29, 30, 31, 32, 33, 34, 38, 39, 40, 41, 46) 

feature a coumarin, chromanone or related moiety, once again suggesting that it plays an 

important role in binding. The virtual hits show a greater diversity in structure allowing for 

a more diverse data set compared to the results from the initial screen. 
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Figure 36. Compounds 28-47, selected through the virtual screening process. Preliminary activity is displayed in µM. 

The activity results were overall positive, with nine of the twenty compounds exhibiting an 

IC50 less than 15 µM. Of these, compounds 39 and 44 exhibited exceptional IC50 values of 
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0.3 µM and 0.28 µM, respectively. 39 featured a coumarin moiety in the centre of the 

compound with a benzyl-N-propionyl-D-cysteine substituted on the coumarin and a 

phenylfuran moiety attached at the bottom. Docking of compound 39 indicated that the 

positioning of the coumarin moiety was flipped in comparison to 25c+ (Figure 34). 

Predicted hydrogen bonding of the coumarin moiety to His263/493 appeared to be retained. 

There were a host of additional hydrogen bonding interactions due to the benzyl-N-

propionyl-D-cysteine sidechain. Ser400, Asn516 and Ser536 were predicted interactions 

with the carboxyl or carboxylic acid functional groups on the side chain as shown in Figure 

37.  

a

His493
His263

Asn516

O

O

N

O

O O

S

O

H

Ser400Ser536

b  

Figure 37. a. Predicted hydrogen bonding interactions of compound 39 in TDP1. Hydrogen bonding is depicted by a dashed 

lines. B.  Graphical representation of compound 39 bound to TDP1. Green lines indicate predicted hydrogen bonding 

interactions. 

The docked conformation of compound 39 is shown in Figure 38. The thiobenzene chain 

occupied the lipophilic pocket with some degree of flexibility. Interestingly, the carboxylic 

moiety was directed toward a negatively charged area deep within the pocket. Predicted 

hydrogen bonding interactions observed in Figure 37 may explain the conformation of the 

functional group. A key difference in the binding mode of the compound was the extension 
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of the phenyl ring outside the cleft (right hemisphere) and into a larger pocket as shown in 

Figure 38b. The space inside the larger pocket was occupied by the topocc complex in the 

original co-crystallised ligand. When docking with smaller compounds it is a possibility 

that the protein conforms to the smaller ligand or inhibitor. Only further investigation using 

NMR and/or an X-ray crystal structure would give insight into this idea.  

 

Figure 38. a) Compound 39 bound to TDP1. The surface is rendered, red depicts a negative charge and blue depicts positive. b) 

A side on view of compound 39 bound to TDP1 showing the phenyl substituent slightly protruding out of the hydrophobic cleft 

and into a larger pocket.  

Activity of compounds 44 (0.30 ±0.01 µM) and 45 (1.67 ±0.15 µM) indicated that the 

coumarin or any related moieties may not be the only means of inhibiting TDP1. Between 

the two compounds there was a fair amount of variation, thus investigating the binding 

mode of both compounds may give greater insight into the root of the activity. 

Compound 44 (Figure 39) was comprised of a large steroid ring system linked to an indole 

via an amide chain. It featured the second highest log P (5.6) of the selected twenty 

compounds second only to compound 39, which also had nanomolar activity. Docking of 

compound 44 presented unexpected results of three predicted hydrogen bonding 
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interactions (Ser518, Tyr204 and Gly458), shown in Figure 39b. However, hydrophobic T-

shaped π-π interactions with Tyr204 and π-π stacking with the indole to Trp590 were 

predicted. The ring system was positioned in the centre of the pocket, and the indole was 

situated further along the cleft. It should be mentioned that no active compound from screen 

1 was positioned this far i.e., into the cleft outside the in the left hemisphere.  

 

Figure 39. Docked configuration of compound 44 to TDP1. The surface is rendered. b. Predicted hydrogen bonding interactions 

of 44 with Ser518, Tyr204 and Gly458 indicated by dashed green lines. Hydrophobic interactions (π-π stacking) with Trp590 

indicated by dashed dark pink lines. 

Compound 45 a benzo-azepine linked to phenoxy-phenylpropanone group was predicted 

to have three hydrogen bonding interactions with His493, Asn283 and Ser459 as shown in 

Figure 40. A log P of 5.2 made this compound the third highest from the screening 

compound (Table 11). The benzo-azepine was located toward the hydrophobic pocket but 

did not appear to completely occupy it whilst the phenoxy group placed along the top of 

the cleft. Furthermore, the π-π T-shaped interaction was no longer predicted from Tyr204.  
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Figure 40. Binding of compound 45 to TDP1. Surface is rendered. b. The predicted hydrogen bonding interactions of 45 with 

Asn283, His493 and Gly458. 

The activity of hits 44 and 45 indicate that the coumarin moiety was not the sole route to 

binding affinity. Because of the persistence of the coumarin moiety in the first virtual screen 

it was thought to be crucial to binding. However, with the additional data it was observed 

that hydrogen bonding interactions with His263/493 and Asn283 may not be entirely 

required. Determining the requisite hydrogen bonding interactions requires further testing 

of both compounds. As it stands, the binding of compound 44 suggests that the prescribed 

hydrogen bonding interactions are either incorrect or not the only means of inhibition, 

whereas compound 45 suggests that the aforementioned hydrogen bonding interactions are 

required but not by way of a coumarin moiety. 
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Table 10. Scores and IC50 values for compounds 28-47. 

Molecule ID GS CS ChemPLP ASP IC50 (µM) 

STOCK1N-70280 28 56.5 32.1 68.3 43.1 - 
 
 
 

STOCK1N-70450 29 66.1 27.1 70.9 38.3 - 

STOCK1N-70631 30 57.6 29.5 68.7 37.4 3.95 

STOCK1N-70682 31 61.9 28.9 66.1 39.6 - 

STOCK1N-70921 32 60.3 29.8 68.0 38.9 - 

STOCK1N-71311 33 57.8 28.5 66.0 39.1 - 

STOCK1N-71407 34 59.4 30.6 70.4 39.3 10.22 

STOCK1N-71416 35 67.0 29.8 72.4 42.5 - 

STOCK1N-71546 36 62.6 29.9 73.5 41.0 - 

STOCK1N-71708 37 62.0 30.0 72.6 41.8 - 

STOCK1N-71855 38 57.9 33.2 69.4 43.4 14.2 

STOCK1N-72093 39 81.5 38.4 88.2 44.4 0.28 

STOCK1N-72321 40 60.5 31.2 70.8 39.9 13.4 

STOCK1N-72741 41 65.6 30.2 73.0 44.1 1.11 

STOCK1N-74462 42 72.8 29.5 71.4 40.9 - 

STOCK1N-75250 43 61.6 29.5 62.6 39.1 - 

STOCK1N-75334 44 58.0 36.5 72.5 37.2 0.3 

STOCK1N-76376 45 58.6 32.2 68.6 37.2 1.67 

STOCK1N-76755 46 57.6 30.3 65.7 38.4 5.8 

STOCK1N-78071 47 65.1 32.2 74.0 42.1 - 

 

The calculated molecular descriptors (MW, log P, HD, HA, PSA and RB) for the twenty 

derivatives are given in Table 11. The ligands were relatively large sized with molecular 

weight between 405.4 and 569.7 with most of ligands in the mid-400s. This means a 

majority were within the boundaries of drug – like chemical space. The calculated log P 

values range from 0.3 to 6.3, many of the compounds laid outside the ideal lead-like 

region. However, all but two compounds were in the drug-like chemical space of polar 

surface area (PSA) resulting in all compounds lying within the boundaries of known drug 

space.  
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Table 11. Molecular descriptors for compounds 28-47 

Molecule ID Molecular Weight Donor HB Acceptor HB Rotatable 
Bond Log P  

STOCK1N-70280 28 491.5 2 10 7 2.8  
STOCK1N-70450 29 469.5 2 8 10 3.3  
STOCK1N-70631 30 405.4 2 6 7 3.0  
STOCK1N-70682 31 417.5 1 6 8 4.4  
STOCK1N-70921 32 416.4 1 8 6 4.0  
STOCK1N-71311 33 410.5 1 9 9 2.5  
STOCK1N-71407 34 433.5 1 7 8 4.0  
STOCK1N-71416 35 453.5 1 9 9 3.1  
STOCK1N-71546 36 490.6 2 8 9 4.4  
STOCK1N-71708 37 448.5 2 6 9 4.8  
STOCK1N-71855 38 442.5 2 7 7 3.7  
STOCK1N-72093 39 569.7 1 7 9 6.3  
STOCK1N-72321 40 429.5 2 8 9 3.5  
STOCK1N-72741 41 498.5 2 7 8 4.2  
STOCK1N-74462 42 463.5 2 9 9 1.4  
STOCK1N-75250 43 448.5 4 7 10 4.0  
STOCK1N-75334 44 534.8 4 6 9 5.6  
STOCK1N-76376 45 472.5 1 8 8 5.2  
STOCK1N-76755 46 420.5 1 7 7 3.9  
STOCK1N-78071 47 423.5 3 9 10 0.3  

        

 

 

SYNTHETIC ANALOGUES 

 

Further studies were conducted on a series of compound 44 analogues to further expand 

the SAR. Four compounds were synthesised in order to evaluate activity with substructure 

changes to the original scaffold of compound 45. The compounds synthesised are shown 

in Figure 41. Overall we saw a reduced level of activity compared to previous experimental 

results (0.3 µM). Alteration of the hydroxyl group showed no significant variation in IC50 

but removal of the indole saw a decrease in activity.  
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Figure 41. Synthetic analogues of compound 44 

The original hit 44 had a docked conformation that was different to that of compound 25c+ 

and its related analogues. Docking predicts that the far hydroxyl on the steroid sits deep 

within the hydrophobic pocket on the left hand side (Figure 40). The amide linker then 

curves around and beneath the pocket through a small groove to a cleft where the indole 

sits. Although the positioning of the indole coming out of the main binding pocket seemed 

unorthodox it is important to consider protein flexibility and the altering shape of the 

binding pocket. A side view in Figure 42 indicated that the protein did have potential to 

alter the size of pocket, allowing it to change based on the desired substrate. In the case of 

TDP1, the pocket must at least be able to tolerate the large topoisomerase – DNA complex. 

The fit of the compound was supplemented by three predicted hydrogen bonding 

interactions i.e., the far hydroxyl with Ser518, the near hydroxyl with Tyr204 which sits at 

the top of the pocket, and the amide nitrogen to Gly458. All interactions were uncommon 

based on previous docking experience using this scaffold. Furthermore, the indole sat above 

Trp590, resulting in a predicted hydrophobic π-π stacking interaction (Figure 42). This may 

explain the odd positioning of the indole.  
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Figure 42. Side view of the TDP1 binding region. π-π stacking interaction between the indole and Trp590 shown on the surface. 

Docking of compound CDCA-A3 gave a slightly different pose to that of UDCA-A3. The 

position of the indole overlapped, giving the same π-π stacking interaction, however, the 

steroid ring system was flipped over horizontally, and as a result there was a predicted 

hydrogen bonding interaction with His263 (Figure 43).  

 

Figure 43. Overlap of CDCA-A3 and 44 (black). Hydrogens have been hidden for clarity. 
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The pose predicted for compound DCA-A3 was similar to its analogues. The position of 

the near hydroxyl was directed into the pocket, similar to CDCA-A3 and was predicted to 

have a hydrogen bonding interaction with His493. The far hydroxyl was positioned in the 

same manner as the analogues but shifted further into the pocket resulting in a predicted 

hydrogen bonding interaction with Ser518. Between these three analogues we saw no 

variation of IC50 activity. Compounds CDCA-A3 and DCA-A3 were predicted to have 

hydrogen bonds to His263 and 493 which were expected. However, this was not observed 

with 44 but the affinity was still retained. This may be explained by alternate pose 

prediction. If compound 44 had a horizontally flipped steroid the near hydroxyl would be 

in position to bond to either one of the histidines. Alternatively, the activity may be linked 

to the far hydroxyl and its interaction with Ser518. All three analogues were capable of this 

interaction. 

Comparative binding studies between CDCA and DCA showed altered orientations of the 

steroid. In comparison to each other they had slight differences in the ring orientation, 

CDCA showed a flatter conformation which then gave rise to hydrogen interactions with 

Ser518 and Ser536, whereas DCA occupied a greater amount volume within the pocket but 

was predicted to only interact with Ser518 (Figure 44). 
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Figure 44. Predicted hydrogen bonding interactions for compounds CDCA (a) and DCA (b). 

The difference in activity between the two compounds could be a result of the positioning 

of the near hydroxyl facing away from the pocket rather than directed into the pocket as 

seen with DCA. Docking showed that both compounds were vertically flipped relative to 

the A3 counterparts. Based on the limited locations the indole can be positioned in, it was 

more likely that the pose prediction for indole based compounds was correct and the 

carboxylic acid derivatives were shown in the incorrect orientation. Unfortunately, neither 

theories can be confirmed without extensive SAR or a protein-ligand crystal structure.   

FUTURE STUDIES 

 

Currently, a host of new steroid analogues are being docked to identify more prominent 

inhibitors, the development of a SAR will give further insight into the docking motif. 

Further evidence can support the development of either more enhanced steroid or coumarin 

compounds. Additionally, future projects that may be conducted to find more active 

compounds against TDP1. 
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 SCAN1 

VIRTUAL SCREENING 

 

A library of 9×104 natural product compounds were virtually screened against the protein 

mutated TDP1 to form (SCAN1). The GoldScore (GS), ChemScore (CS), ChemPLP and 

ASP scoring functions were used to assess the binding of the ligands. The virtual screen 

was done in two phases using relatively low screening efficiency weeding out compounds 

that were predicted to not have binding affinity followed by a more robust search for the 

remaining ligands. First, all ligands were screened and those with no or weak predicted 

hydrogen bonding (<1) were eliminated as well as those with low predicted binding 

energies (GS<52, CS<24, ChemPLP<60 and ASP<30). This left 380 candidates, which 

were screened again with high search efficiency and again were eliminated based on their 

binding energies (GS<57, CS<25, ChemPLP<63 and ASP<26) and poor hydrogen bonding 

(<1) resulting in 144 candidates.  

Twenty-one compounds were selected for further testing based on the docking results. 

Compounds were chosen based on favourable hydrogen bonding interactions and 

hydrophobic interactions. Based on previous docking studies the key hydrogen bonding 

interaction was with histidine (263 & 493), and due to the H493R mutation the scope of 

potential hydrogen bonding interactions was opened. Compounds that had predicted 

binding to other amino acids were also included. Histidine (263), asparagine (283, 288, 

516), serine (399,400, 518), lysine (295) and tyrosine (204) were all included as acceptable 

hydrogen bonding interactions. The criteria for hydrophobic interactions remained the 
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same as previous screens. Compounds that scored well (Table 12), gave a consensus pose 

and met the above criteria were selected as testing candidates (Figure 45).  
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Figure 45. Compounds S1-S21, selected through the virtual screening process. Preliminary activity is displayed in µM. 
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Preliminary results indicate seven active compounds from the nineteen tested. Two 

compounds were not tested due to inherent fluorescence and precipitation (labelled N/A).  

These results serve as a positive starting point as they indicated at least 50% inhibition at 

the tested concentration. Further testing was conducted on TDP1 to indicate selectivity, 

based on the data there was no apparent selectivity to SCAN1 (Table 12). However, this 

may not arise as a particular issue as patients of SCAN do not have the TDP1 protein.  

Compounds S4, S7, S9, S13, S15, S16 and S18 share structural similarities in that they 

featured two coumarin moieties linked to one another (Figure 45). From this series the 

active compounds (S4, S7, S9 and S15) showed activity when tested at low micromolar 

concentrations. Variation between them was mostly confined to the substituted benzyl 

chain. Based on the preliminary testing the ortho dichloro/chloro (S4, S9) substitution 

shared a similar level of activity to the para chloro derivative S15 but both changes are 

indicated as more active than meta dimethyl substitution of S7. The naphthalene derivatives 

S16 and S18 showed no activity. The structure of compound S10 featured a substituted 

coumarin fused to a furan moiety and a benzyl-cysteine. An initial activity of 0.1 µM 

indicated that the compound binds well. Compounds S20 and S21 shared the same core 

structure but had an indole or cyclohexene at the end of the carboxamide moiety. 

Preliminary results indicated that both compounds show activity at 1 µM.   
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Figure 46. a. Docked configuration of S4 to SCAN1. The surface is rendered. b. Predicted hydrogen bonding interactions of S4 

with His263, Lys265 and Arg493 indicated by dashed green lines. Hydrophobic interactions (π-π t-shaped) with Trp590 not 

shown. 

The docked conformation of S4 into the binding pocket (Figure 46) suggested that the 

substituted phenyl was positioned in the hydrophobic left hemisphere, and the two 

coumarin moieties were positioned in the centre and the right hemisphere of the pocket. 

There were four predicted hydrogen bonding interactions, two interactions with His263 and 

Lys265 and two with Arg493. Additionally, hydrophobic π-π T-shaped interactions were 

also predicted between Tyr204 the central coumarin. The closely related analogues S7 and 

S9 had very similar docked conformations, with the phenyl substituent making the 

difference between them. The single chlorine in S9 had no effect on binding whereas the 

meta dimethyl substituents reduced activity. This may indicate that aromatic groups were 

less tolerated or that the halogen species was preferred. An example of this intolerance was 

the inactivity of compounds S16 and S18. The naphthalene moiety was predicted to be 

positioned in the left hemisphere of the binding region, inside the hydrophobic pocket 

(Figure 47). Previous studies with 25c+ indicated that the large pinene was well tolerated, 

thus the idea that bulkiness of the naphthalene may be causing the inactivity seems unlikely. 
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However, mutation to the protein may have altered the binding pocket more than predicted 

and modified the binding region. 

Compounds S20 and S21 also shared a similar structure, docking predicted similar poses 

(Figure 48). The benzo-dioxole was positioned within the upper left hemisphere whilst the 

cyclohexene carboxamide was in the lower. Within the right hemisphere was the pyrido-

indole was positioned within the cleft. Both compounds were predicted to have two 

hydrogen bonding interactions with Arg549 and Tyr204 in addition to a hydrophobic 

interaction with Tyr204.  

 

 

Figure 47. a. Docked configuration of S16 to SCAN1. The surface is rendered. b. Predicted hydrogen bonding interactions of S16 

with His263, Lys265 and Arg493 indicated by dashed green lines. Hydrophobic interactions (π-π t-shaped) with Trp590 not 

shown. 
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Figure 48. a. Docked configuration of S21 to SCAN1. The surface is rendered. b. Predicted hydrogen bonding interactions of S21 

with Tyr204, His263 and Arg516 indicated by dashed green lines. Hydrophobic interactions (π-π t-shaped) with Trp590 indicated 

by dashed pink lines. 

The calculated molecular descriptors (MW, log P, HD, HA, and RB) for the twenty-one 

derivatives are given in Table 13. The ligands were relatively large with molecular weight 

between 392.4 and 559.6 Da with most of ligands in the mid-400s. This means the majority 

were within the boundaries of drug–like chemical space. The log P values ranged from 2.0 

to 6.1, many of the compounds lie outside the ideal lead-like region. However, all 

compounds were within the boundaries of known drug space. 
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Table 12. Scores of the selected compounds from the SCAN1 virtual screen. 

Molecule ID GS CS ChemPLP ASP SCAN 
(µM) 

TDP1 
(µM) 

STOCK1N-45114 S1 64.8 29.1 65.3 32.8 N/A - 
STOCK1N-45744 S2 67.0 30.8 74.4 32.6 >100 - 
STOCK1N-48486 S3 62.5 28.3 68.5 33.1 >100 - 
STOCK1N-49689 S4 65.6 31.6 66.5 32.1 0.1 <0.1 
STOCK1N-49928 S5 60.7 29.2 67.0 34.9 >50 - 
STOCK1N-50227 S6 66.8 24.9 69.4 37.7 >100 - 
STOCK1N-50680 S7 65.1 29.4 65.8 34.6 1 - 
STOCK1N-50694 S8 60.1 26.9 66.6 33.6 >100 - 
STOCK1N-51792 S9 64.0 29.6 67.4 34.0 0.1 0.25 
STOCK1N-51918 S10 74.4 24.6 73.1 33.7 0.1 0.5 
STOCK1N-52144 S11 66.2 27.6 72.2 34.5 >100 - 
STOCK1N-52466 S12 65.4 24.8 68.4 36.1 >100 - 
STOCK1N-52646 S13 63.2 27.0 70.7 33.7 N/A 2 
STOCK1N-52974 S14 64.6 28.0 71.9 32.0 >100 - 
STOCK1N-52984 S15 59.6 30.0 66.2 34.8 1 <0.1 
STOCK1N-54770 S16 63.6 32.2 73.3 36.5 50 - 
STOCK1N-54924 S17 58.9 28.2 67.6 32.8 100 - 
STOCK1N-55562 S18 62.4 30.6 68.0 34.6 >100 - 
STOCK1N-56104 S19 71.9 25.1 66.2 40.3 >100 - 
STOCK1N-56301 S20 65.8 32.0 69.9 39.2 17.6 0.1 
STOCK1N-56709 S21 62.3 30.7 65.4 32.6 0.1 0.1 
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Table 13. Molecular descriptors of the selected compounds from the SCAN1 virtual screen. 

Molecule ID Molecular 
Weight Donor HB Acceptor HB Rotatable 

Bond 
Log 

P  

STOCK1N-45114 S1 444.5 0 6 1 6.1  
STOCK1N-45744 S2 519.6 1 7 2 5.1  
STOCK1N-48486 S3 496.6 3 8 0 3.0  
STOCK1N-49689 S4 465.3 0 6 0 4.8  
STOCK1N-49928 S5 468.5 0 7 1 5.3  
STOCK1N-50227 S6 459.5 1 8 0 3.7  
STOCK1N-50680 S7 438.5 0 6 1 5.1  
STOCK1N-50694 S8 419.4 1 7 0 2.9  
STOCK1N-51792 S9 430.8 0 6 0 4.6  
STOCK1N-51918 S10 559.6 1 7 2 5.9  
STOCK1N-52144 S11 517.6 1 8 2 5.4  
STOCK1N-52466 S12 548.0 1 7 2 5.8  
STOCK1N-52646 S13 392.4 0 9 0 2.0  
STOCK1N-52974 S14 469.9 2 8 0 3.6  
STOCK1N-52984 S15 474.9 0 7 1 5.0  
STOCK1N-54770 S16 446.5 0 6 0 4.8  
STOCK1N-54924 S17 431.5 2 7 0 4.8  
STOCK1N-55562 S18 446.5 0 6 0 4.9  
STOCK1N-56104 S19 478.5 3 8 0 2.8  
STOCK1N-56301 S20 474.5 3 5 1 5.5  
STOCK1N-56709 S21 439.5 2 5 1 5.8  

 

CONCLUSION 

 

The first virtual screen returned three compounds out of the sixteen tested, giving a hit rate 

of 19%. IC50 values of the active compounds were in the low micro molar range. Further 

development and design lead to establishing a structure activity relationship (SAR) with a 

coumarin based compound series which went on to yield a nanomolar inhibitor. In vitro 

testing showed 5 µM of compound 25c+ enhanced activity of camptothecin eightfold, 

suggesting that the inhibitors were specifically targeting TDP1. The second virtual screen 

further yielded nine active compounds from the twenty tested, resulting in a 45% hit rate. 
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The virtual screen expanded on the coumarin SAR and identified four structurally different 

compounds with activity in the low micro molar range. Derivatives of the steroid based 

compound 44 were tested and the activity of these compounds was linked to the indole 

linker. Future cell based testing with camptothecin will give further insight into the 

steroidal analogues activity and specificity, which in turn gives more detail to the binding 

site and potentially suggests an alternative binding mode to inhibit TDP1.  

Finally, the virtual screen against SCAN1 yielded seven active compounds from the 

twenty-one screened, giving a 33% hit rate. Unfortunately, none of the compounds held 

activity specific to SCAN1. Docking results suggested that the active compounds had a 

similar binding mode to TDP1 active compounds. Interestingly, the mutation of His493 to 

Arg493 did not reduce the effectiveness of the coumarin based compounds and hydrogen 

bonding interactions to His263 were still predicted. Currently further studies are underway 

to give insight into the binding of the active compounds.  
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CHAPTER 3 

THE VIRTUAL SCREEN AGAINST 
PHOSPHOLIPASE C 
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INTRODUCTION 

 

Phospholipase C (PLC) is a membrane bound protein that plays a crucial role in the signal 

transduction pathway. It functions to amplify a received signal and produce secondary 

messengers which control many signalling cascades through the modulation of intracellular 

Ca2+.68 There are six closely related classes in the PLC family; β, δ, γ, ε, ζ and η.69-72  

PLC hydrolyses phophotidylinsitol- 4,5-diphosphate (PIP2) to diacylglycerol (DAG) and 

inositol triphosphate (IP3) as shown in Figure 49.73,74 Both DAG and IP3 are the secondary 

messengers in the signal transduction cascade.68 IP3 binds to a Ca2+ channel in the 

endoplasmic reticulum membrane at the N terminus prompting the release of Ca2+ into the 

cytosol.75 Functions induced by Ca2+ release are then mediated by a small number of 
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proteins in the cytosol, e.g., the protein calmodulin is activated by four Ca2+ ions binding 

in a co-operative manner, leading to the activation of phosphatases.76 

DAG remains in the cell membrane after its formation and primarily acts as an activator 

for the protein kinase C (PKC) family.77 Both IP3 and DAG activation pathways are thought 

to play a role in cell motility, which is a crucial factor in tumorigenesis,74,78 metastasis 

development,79 cancer cell invasion80 and tumour angiogenesis.81  
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Figure 49. Hydrolysis of PIP2 to DAG and IP3 by PLC. 

The binding pocket of PLC-δ1 crystal structure 1DJX82 (Figure 50) has two distinct pockets 

in the left and right hemispheres.82 The pocket in the left hemisphere is much larger than 

the right. The atom charged distribution of the PLC crystal structure (Figure 50a) predicts 

that the centre of the pocket is densely charge whilst the sides are relatively uncharged. The 

hydrophobicity map (Figure 50b) indicates that the left hemisphere contains a hydrophobic 

pocket whilst the right is predicted to be hydrophilic.  
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Previous studies with the 1DJX protein have suggested which amino acid interactions may 

be required for ligand binding.83-85 Glu341 (Figure 51) accounts for the highly charged area 

in the centre of the binding region and is predicted to form a hydrogen bonding interaction 

with the thieno[2,3-b]pyridine series of compounds.83-85 Furthermore, interactions with 

His311/356 are often predicted when docking active compounds.84 

 

Figure 50. Binding pocket of PLC. a. The red line shows the left and right hemispheres of the binding region. The surface is 

rendered, blue and red depict positive and negative charges, respectively. b. the surface is rendered, blue and white depict 

hydrophilic and hydrophobic areas, respectively. 
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Figure 51. a. Binding pocket of PLC and its main amino acid residues important for ligand binding. b. The surface and hydrogens 

are hidden for clarity. 

The aim of the investigation is to gauge the ability to generate hits from two screening 

libraries. The first is a traditional small compound library supplied by ChemBridge, 

specifically designed to diversify chemotypes. The second is the natural product library 

supplied by Interbioscreen.   
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METHODOLOGY 

PLC 

 

The natural product library (9×103) and ChemBridge library (4.6×104) were docked to the 

crystal structure of PLC (PDB ID: 1DJX, resolution 2.3 Å),82 obtained from the Protein 

Data Bank (PDB).35,57 The SCiGRESS FJ 2.6 program was used to prepare the crystal 

structure for docking,58 i.e., hydrogen atoms were added and optimised using MM2,59 co-

crystallised ligands were removed as well as crystallographic water molecules. The 

SCiGRESS software suite was also used to build the compounds and the MM259 force field 

was used to optimise the structures. The centre of the binding pocket was defined as the 

position of the Ca2+ ion (x = 126.257, y = 38.394, z = 22.370) with 10 Å radius. Ten docking 

runs were allowed for each ligand with the virtual screen efficiency (30%). For the second 

phase (re-dock) and the molecular modelling 100% efficiency was used in conjunction with 

fifty docking runs.  The basic amino acids lysine and arginine were defined as protonated. 

Furthermore, aspartic and glutamic acids were assumed to be deprotonated. The GoldScore 

(GS),27 ChemScore (CS),30,31 ChemPLP32 and ASP33 scoring functions were implemented 

to validate the predicted binding modes and relative energies of the ligands using the GOLD 

v5.4 software suite. Compounds which showed a consensus pose between at least three of 

the four scoring functions were deemed satisfactory for further analysis. A visual inspection 

of the remaining ligands in the binding pocket allowed for the analysis of hydrogen bonding 

and any potential hydrophobic interactions. There was no mandatory hydrogen bonding 

interaction that the ligand had to meet. The binding pocket had two potential areas for 



 

90 

hydrophobic interactions, a pocket shown to the left, and neutral pocket to the right (Figure 

50). Compounds void of any hydrophobic interaction were not selected as candidates for 

testing. The QikProp 4.6 software package was used to calculate the molecular descriptors 

of the compounds. 60 The reliability of QikProp has already been established for the 

molecular descriptors.61 

GENERAL BIOLOGICAL METHODS 

The biological work conducted within this chapter was conducted by the Zhang group at 

the UNC School of Medicine. The activity of the PLC-δ enzyme was identified using a 

fluorescence –based assay outlined in references78,86 and references therein. PLC acts to 

cleave WH-15, a non-fluorescent compound, to quinolin-6-amine, thus giving an 

indication of the protein activity. Compound 3013, a confirmed hit identified from a 

previous study, was used as a positive control.78 A control of double the concentration of 

PLC protein was found to give ~200% activity.  

 

 

  



 

91 

 

 SCREEN 1 RESULTS  

VIRTUAL SCREENING 

 

NATURAL PRODUCT LIBRARY 

A virtual screen was conducted using a previously established docking method for the 

protein PLC.84 9×103 compounds were used from the InterBioScreen natural product 

library. The GoldScore (GS),27 ChemScore (CS),30,31 ChemPLP32 and ASP33 scoring 

functions were used to assess the binding of the ligands. The natural product virtual screen 

was done in two phases using relatively low screening efficiency weeding out compounds 

that were unlikely to fit the binding pocket followed by a more robust search for the 

remaining ligands. First, all ligands were screened and those with no or weak predicted 

hydrogen bonding (<1) were eliminated as well as those with low predicted binding 

energies (GS<40, CS<23, ChemPLP<62 and ASP<30). This left 823 candidates, which 

were screened with high search efficiency and again were eliminated based on their binding 

energies (GS<60, CS<29, ChemPLP<77 and ASP<36) and poor hydrogen bonding (<1) 

resulting in 133 candidates. The remaining compounds were visually inspected in their 

binding modes and selected based on the following criteria; at least three of the four scoring 

functions agreed on a pose, the compound had the ability to fill at least one of the two 

hydrophobic domains and the compound featured a predicted hydrogen bonding 

interaction. The results from the visual inspection showed most compounds having a 
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predicted hydrogen bonding interaction with either Glu341, His311/356, Asp312, Arg549 

or Lys440/438. Previous studies have indicated that an interaction with Glu341 plays a 

large role in ligand binding.84 Based on the listed criteria sixteen compounds were deemed 

virtual hits and selected for further testing.  

 

The virtual hits from the screen shown in Figure 52 share some structural features. Eleven 

compounds are comprised of varying chromanone or pyranone moieties  
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Figure 52. Selected compounds from the virtual screen of the natural product library. 
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The biochemical assay produced a relative affinity for the selected candidates. Compound 

52, 54 and 58 had intrinsic fluorescence and were not appropriate for testing. Testing was 

conducted with the compound at 10 µM and 30 µM. A negative and positive (double the 

concentration of protein) control were used as a guideline for activity. Figure 53 shows the 

PLC-δ1 activity, where five compounds reduced the activity by at least 50% at 10 µM. At 

30 µM six compounds reduced the activity by at least 50%. None of the compounds showed 

a lower inhibition than that of the positive control 3013, 9.2% and 20.0% at 30 µM and 10 

µM respectively. The levels of activity for five of the compounds were very similar. At 10 

µM the activity was reduced to within 27-36% and at 30 µM the activity was reduced to 

14-20%.  

 

Figure 53. Activity of PLC-δ1 with selected virtual hits from the natural product library at 10 µM and 30 µM. 

Compounds 48, 57, 59, 60, 61 and 62 reduced the activity of PLC indicating protein ligand 

binding.  They showed a variety of molecular weights ranging from 416.4-607.6 Da. A low 

level of hydrogen bond donors and a high level of hydrogen bond acceptors were 

characteristic of the active compounds. The calculated log P values were mixed ranging 
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from 3.4 to 6.8. In general all the virtual hit compounds had many rotatable bonds and 

hydrogen bond acceptors (Table 14).  

Docked configurations of the active compounds showed similar orientation in their 

conformations as seen in Figure 54. Compounds which did not reduce PLC activity had a 

greater degree of variation in their docking motif. Figure 55 compares the space filled 

models of the compounds. The two space filling models were generated using the docked 

conformations of the active and inactive compounds. The two key differences between the 

docking models were seen on the bottom half of the active site. The white area referring to 

the active compounds had a strong presence to the mid-left whereas the purple area was 

predominantly to the right. The placement of the active site model may be due to the 

hydrogen bonding activity to Ser522, which was not observed with any of the inactive 

compounds.  

 

Figure 54. Binding site comparisons of active (a) and inactive (b) compounds docked into the binding site of PLC. The surface is 

rendered, blue and red depict positive and negatively charged areas, respectively.  
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Figure 55. Binding site comparisons of space modelled active (a) and inactive (b) compounds docked into the binding site of PLC. 

The surface is rendered, blue and red depict positive and negatively charged areas, respectively.   

The two pockets situated to the left and right of the active site shown in Figure 54 were 

occupied by the active compounds. The only contrasting factor within this group was the 

additional sidechain of Compounds 48 and 57. An extended substituted phenyl group 

pointed out of the pocket along a highly charged area. The phenyl ring sat beneath Tyr358 

where it may have incurred π- π stacking interactions, as depicted in Figure 56. However, 

even with the additional sidechain both compounds showed similar levels of PLC activity 

at both 10 and 30 µM doses.   
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Figure 56. a. Docked conformation of compound 48 to PLC. The surface is rendered, blue and red depict positive and negatively 

charged areas, respectively. b. Predicted hydrogen bonding and π-π interactions of 48 within the PLC binding pocket. Hydrogens 

on the amino acids are hidden for clarity. 

The predicted hydrogen bonding interactions of the compounds did not assist in 

distinguishing ligand activity. Between the sixteen compounds, hydrogen bonding to ten 

different amino acids was predicted. The interaction with Ser522 was only present in the 

active compounds, although not all active compounds featured this interaction. 

Interestingly, no active compounds were predicted to have interactions with Lys440 or 

Asn391, which were more frequent among the inactive compounds. The data obtained 

cannot be used to rule out or validate any particular interaction. A greater number of 

compounds and interactions would make it possible to further assess the desirability of 

particular hydrogen bonding interactions.  

Compound 49 had a similar structural make up to that of compounds 60, 61 and 62. 

However, test results indicated no reduction of PLC activity when tested. Docking of the 

active compound 60 in Figure 56 showed the larger pocket on the left was occupied by the 

benzo-dioxole moiety, connected to the coumarin through a linker. The ketone was 

predicted to have hydrogen bonding interactions with both Ser501/522. The coumarin was 
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situated in the centre of the binding region and was also predicted to have a hydrogen 

bonding interactions with Asn312/His311. Finally, the phenyl ring was positioned in the 

hydrophobic pocket on the right. Compounds 61 and 62 share a very similar docking pose. 

The docked conformation of compound 49 (Figure 58) had a chromanone moiety situated 

in a similar position to that of the coumarin. However, no hydrogen bonding interactions 

were predicted for the chromanone. Filling the pocket to the left was a phenyl ring with an 

ester linker. The carboxyl group on the carbamate moiety was predicted to have a hydrogen 

bonding interaction with Asn391. The pocket on the right held a 2,3-dihydrobenzo-dioxine. 

Previous studies indicate that ‘longer’ groups in this pocket may negatively influence 

binding.84  

 

Figure 57. a. Docked conformation of compound 60 to PLC. The surface is rendered, blue and red depict positive and negatively 

charged areas, respectively. b. Predicted hydrogen bonding of 60 within the PLC binding pocket. Hydrogens on the amino acids 

are hidden for clarity. 
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Figure 58. a. Docked conformation of compound 49 to PLC. The surface is rendered, blue and red depict positive and negatively 

charged areas, respectively. b. Predicted hydrogen bonding of 49 within the PLC binding pocket. Hydrogens on the amino acids 

are hidden for clarity. 

When comparing the molecular descriptors (Table 14) none of the compounds were within 

the lead-like space for molecular weight, but twelve fit within the drug-like space. 

Hydrogen bond donors fit within the lead-like space whereas all hydrogen bond acceptors 

were within drug-like space. Only two compounds had a log P that was in lead-like space. 

The majority of compounds were within drug-like space. Interestingly, two compounds 

exceeded the KDS space of 6.5. As expected with the natural product library, there was a 

large range in log P values. A log P of 1.4 was the lowest and 6.8 was the largest. Two 

compounds were within the lead-like space, the majority were within drug-like space, three 

within KDS and the remaining two exceeded the 6.5 recommendation.  

 

 

 

 



 

100 

Table 14 Molecular descriptors for the virtual hit compounds from the natural product screen. 

Molecule ID Molecular 
Weight 

Donor 
HB 

Acceptor 
HB 

Rotatable 
Bond 

Log 
P 

Mean Residual 
Activity % 

10 µM 30 µM 
STOCK1N-

00436 48 607.615 0 9 11 6.7 29.2 20.8 
STOCK1N-

00830 49 501.492 0 8 7 4.6 93.6 95.0 
STOCK1N-

01671 50 395.411 1 7 7 2.7 89.9 88.7 
STOCK1N-

02135 51 415.442 1 7 12 3.4 97.6 87.9 
STOCK1N-

02845 52 408.453 0 4 6 6.4 - - 
STOCK1N-

04682 53 329.395 2 6 8 3.5 114.2 126.3 
STOCK1N-

07788 54 483.52 0 7 7 5.1 - - 
STOCK1N-

08467 55 358.347 1 6 7 3.2 99.2 109.3 
STOCK1N-

09913 56 422.437 2 9 6 1.4 98.4 98.4 
STOCK1N-

11801 57 535.552 0 7 8 6.8 27.6 14.7 
STOCK1N-

11860 58 447.53 0 7 9 5.0 - - 
STOCK1N-

17424 59 511.539 1 10 5 3.4 51.3 15.7 
STOCK1N-

18728 60 428.44 0 7 6 3.8 33.0 15.5 
STOCK1N-

24902 61 434.49 0 5 6 5.6 36.8 29.8 
STOCK1N-

26824 62 416.429 0 6 7 5.0 29.5 18.3 
STOCK1N-

27533 63 488.539 3 7 7 3.4 89.6 91.2 
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Table 15. Scores for the virtual hit compounds from the natural product screen. 

Molecule ID GS CS ChemPLP ASP 
STOCK1N-00436 48 81.8 34.6 105.2 44.8 

STOCK1N-00830 49 63.4 33.1 93.9 39.8 

STOCK1N-01671 50 66.6 31.9 89.2 37.6 

STOCK1N-02135 51 69.6 35.0 94.7 40.7 

STOCK1N-02845 52 61.7 30.4 86.3 36.5 

STOCK1N-04682 53 65.5 33.0 80.8 36.1 

STOCK1N-07788 54 83.3 35.7 96.2 46.3 

STOCK1N-08467 55 67.0 34.0 86.1 37.4 

STOCK1N-09913 56 63.7 29.5 91.9 40.6 

STOCK1N-11801 57 86.3 37.7 107.4 43.9 

STOCK1N-11860 58 68.0 32.1 83.7 37.7 

STOCK1N-17424 59 78.4 30.5 89.9 40.6 

STOCK1N-18728 60 66.6 34.1 98.8 37.0 

STOCK1N-24902 61 70.7 39.1 103.5 38.3 

STOCK1N-26824 62 76.2 32.5 95.8 38.4 

STOCK1N-27533 63 64.3 29.3 87.1 42.7 

 

CHEMBRIDGE LIBRARY 

A virtual screen was conducted using a previously established docking method for the 

protein PLC-δ.84 4.6×104 compounds were used from the ChemBridge diversity set. The 

GoldScore (GS),27 ChemScore (CS),30,31 ChemPLP32 and ASP33 scoring functions were 

used to assess the binding of the ligands The virtual hits from the screen (Figure 59) were 

tested against PLC at 10 and 30 µM concentrations. First, all ligands were screened and 

those with no or weak predicted hydrogen bonding (<1) were eliminated as well as those 

with low predicted binding energies (GS<55, CS<24, ChemPLP<62 and ASP<29). This 

left 692 candidates, which were screened again with high search efficiency and again were 

eliminated based on their binding energies (GS<55, CS<25, ChemPLP<64 and ASP<30) 

and poor hydrogen bonding (<1), resulting in 161 candidates. 
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Figure 59. Virtual hits from the ChemBridge compound library. The active compound C8 is shown in green, percentage relates 

to residual activity of PLC when treated with 10 µM. 
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Testing of the compounds only yielded one active compound as shown in Figure 60. 

Compound C8 reduced the activity of the protein to 40% at 10 µM and to 28% at 30 µM. 

Docking of C8 showed the isoindoline-1,3,-dione positioned in the left hemisphere whilst 

the dibenzofuran was positioned within the right (Figure 61). Three hydrogen bonding 

interactions were predicted: Ser501, Arg549 and His311.  

 

Figure 60. Activity of PLC-δ1 with selected virtual hits from the ChemBridge library at 10 µM and 30 µM. 

 

 

Figure 61. a. Docked conformation of C8 to PLC. The surface is rendered, blue and red depict positive and negatively charged 

areas, respectively. b. Predicted hydrogen bonding of C8 to Ser501, Arg549 and His311. Hydrogens on the amino acids are 

hidden. 
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When comparing the molecular descriptors, none of the compounds were found to be 

within the lead-like space for molecular weight. However, they were all within the 

boundaries of drug-like space. Hydrogen bond donors fit within the lead-like space, 

whereas all hydrogen bond acceptors were within drug-like space. Only one compound had 

a log P that was in lead-like space. The remainder of the compounds were within the 

boundaries of drug-like space.  

Table 16. Molecular descriptors for the virtual hit compounds from the ChemBridge screen. 

Molecule ID Molecular 
Weight Donor HB Acceptor 

HB 
Rotatable 

Bond 
Log P 

5152889 C1 328.3 2 4 4 4.6 
5656310 C2 417.5 1 6 6 2.0 
5890847 C3 355.4 2 3 4 4.8 
7653771 C4 417.5 3 4 6 4.1 
7677433 C5 436.6 0 5 7 3.6 
7724791 C6 382.4 1 5 5 3.1 
7725570 C7 412.4 1 6 5 4.2 
7754704 C8 401.5 1 6 6 4.1 
7779675 C9 428.4 1 5 5 4.3 
7816934 C10 402.4 1 4 4 5.0 
7975398 C11 404.5 2 4 5 2.8 
7989630 C12 416.9 2 4 5 4.2 
7996756 C13 329.4 1 4 4 4.2 
9009888 C14 434.5 1 7 3 2.2 
9023708 C15 305.3 2 3 2 3.1 
9030551 C16 422.5 1 5 6 3.7 
9033852 C17 375.4 1 3 4 1.5 
9040504 C18 381.4 1 3 5 3.8 
9114228 C19 350.4 1 5 4 3.4 
9116933 C20 362.4 1 5 3 3.8 
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Table 17. Scores for the virtual hit compounds from the ChemBridge screen. 

Molecule ID GS CS ChemPLP ASP 
5152889 C1 68.5 35.7 72.1 32.3 
5656310 C2 77.7 32.0 84.1 32.2 
5890847 C3 61.1 31.5 73.0 33.5 
7653771 C4 75.8 26.2 77.6 34.5 
7677433 C5 65.8 30.6 84.2 35.8 
7724791 C6 67.7 32.5 78.1 35.4 
7725570 C7 71.8 27.7 79.1 35.2 
7754704 C8 75.8 28.8 68.1 35.6 
7779675 C9 61.1 25.6 86.5 33.1 
7816934 C10 63.3 28.9 75.9 36.1 
7975398 C11 60.1 30.5 84.7 36.4 
7989630 C12 64.6 30.3 76.3 35.3 
7996756 C13 66.0 28.4 74.7 37.2 
9009888 C14 63.8 26.8 69.1 33.3 
9023708 C15 58.7 25.5 72.8 32.5 
9030551 C16 61.0 30.6 69.3 36.0 
9033852 C17 63.7 28.1 75.7 32.2 
9040504 C18 64.8 27.1 84.7 32.6 
9114228 C19 58.2 26.3 69.9 36.1 
9116933 C20 58.9 27.6 70.2 33.5 
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CONCLUSION 

 

The aim of this chapter was to gauge the ability of the natural product library to generate 

hits over a more conventional screening library provided by ChemBridge. The virtual 

screen against PLC-δ yielded six active compounds, of which five resulted in the mean 

residual activity falling below 50% at 10 µM. The most active compound 57 had a mean 

residual activity of 27.6% at 10 µM. In comparison, the screen from the ChemBridge library 

produced one hit from the twenty compounds tested resulting in only 40% and 28% residual 

activity when treated with 10 µM and 30 µM, respectively. The results indicate that the 

natural product library was more favourable in terms of producing active compounds. 

However, in order to better compare the two libraries a range of proteins would need to be 

considered along with screening an equal amount of compounds.  
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CHAPTER 4 

THE VIRTUAL SCREEN AGAINST 
AMINOCYCLOPROPANECARBOXYLATE 

OXIDASE (ACCO)  
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INTRODUCTION 

 

Ethylene is a plant hormone responsible for the regulation of growth and development. In 

particular, fruit ripening in climacteric fruits is controlled in part by the synthesis of 

ethylene. Proteins involved in the ethylene biosynthesis pathway are therefore candidates 

for inhibition. Currently, no nontoxic growth regulators exist that can be applied to a wide 

range of plants or fruits. The enzyme of focus is key to the synthesis of ethylene and highly 

conserved within plant species. 1-aminocyclopropane-1-carboxylate oxidase (ACCO) 

converts 1-aminocyclopropane-1-carboxylate (ACC) to ethylene as shown in Figure 62.  

To date, there is no commercial growth regulator that specifically targets ACCO on the 

market, making it an interesting target.   

BIOLOGY 

 

The biosynthesis of ethylene with regards to fruit ripening is regulated using a positive 

feedback loop, where ripening within one region of the fruit causes ethylene to diffuse 

among the un-ripened cells.87 As a result the ethylene induces changes to the fruit which 

give rise to colour change, greater sugar content, aroma development and the reduction in 

firmness. However, ethylene continues to affect the cells after ripening, leading to over-

ripening.87,88  
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Figure 62. A brief overview of ethylene biosynthesis. SAM is converted to ACC through the enzyme ACC synthase on to ethylene 

through ACC oxidase. Finally the ethylene receptors are activated by the presence of ethylene resulting in fruit ripening. 

ACCO 

 

The structural features of the binding site suggest possible means of inhibiting ACCO.89 

The proposed mechanism of ACCO is an oxidation of ACC to ethylene through co-

ordination with Fe2+.90,89 The metal is in the centre of the binding domain and is co-

ordinated to His177/234 and Asp179. Additionally, mutagenic studies indicate that Lys158, 

Asp179 and His177 facilitate binding of ACC.91 Residual activity was reduced to 1% when 

the aforementioned residues were substituted.  
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 The binding pocket (Figure 63) appears to have ample space to accommodate compounds 

larger than the natural substrate. The surface rendering suggests that the area in the left 

hemisphere is relatively unchanged and somewhat hydrophobic, and the right hemisphere 

contains a pocket with a hydrophobic core. The centre of the binding region features a 

charged area, and in addition to the charged species, Fe2+ is situated there.    

The key hydrogen bonding interactions within the binding site appear to be retained to the 

centre of the binding domain. Lys158 sits at the top of the pocket whilst Asp179 and His 

177/234 are at the bottom (Figure 64), co-ordinated to the Fe2+.  
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Figure 63. Binding site of ACCO. a. Surface is rendered, red and blue depict negative and positive charges respectively. b. Blue 

and white/brown depict hydrophilic and hydrophobic regions, respectively.  
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Figure 64. Binding site of ACCO showing the position of the Fe2+ ion and selected amino acids. 

 

FLUORESCENCE BASED THERMAL SHIFT 

ASSAY 

 

Thermal shift assays (Tm shift) allow for a fast method of identifying potential protein-

ligand interactions.92,93 Tm shift assays rely on the increased stabilisation of a protein-ligand 

complex, compared to the protein itself.93 The stabilisation is tested through heat 

denaturation, the protein is tested as a control, remaining ligands are tested with the protein 

and those with greater stabilisations suggest protein-ligand interactions.94  The method 

typically uses a fluorescent dye which selectively binds to hydrophobic amino acids (Figure 

65).  Upon denaturation, the hydrophobic core of the protein is exposed and the dye will 

have a greater capacity to bind to the protein, resulting in higher fluorescent emission.94 

The Tm shift is measured at the 50% point of the denaturation curve.95 A higher or more 

positive shift indicates more stability and a lower or negative shift indicates no binding. 
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Figure 65. Simplified schematic of the mechanism of thermal shift assays. Denaturation exposes the hydrophobic core, allowing 

for more fluorescent dye to bind. Further increase in temperature causes protein aggregation and thus dye dissociation, reducing 

the fluorescent value. 

NMR – NUCLEAR MAGNETIC RESONACE  

 

NMR spectroscopy is an effective tool to identify protein ligand relationships. The two 

common approaches for NMR are ligand-observe and protein-observe methods. These 

methods are dependent on changes to the ligand signal or through the nuclear Overhauser 

effect (NOE) and protein observation techniques.96,97 The ligand-observe technique 

monitors parameters such as chemical shift, relaxation time and diffusion rate of the ligand 
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in both the absence and presence of the protein.96 Typically, small molecules 

characteristically have short correlation times resulting in sharper peaks, whereas large 

molecules tend to have broader peaks. Recognising a protein-ligand interaction is possible 

as the behaviour changes from the unbound to the bound state. Once bound to the protein 

the sharper resonances of the ligand are broadened.96 The use of NOE based techniques 

allow observation the magnetisation transfer from protein to ligand, i.e., Water-Ligand 

Observed via Gradient SpectroscopY (waterLOGSY) experiments observe the partial 

transfer of magnetisation of the water in a selective manner, through the protein-ligand 

complex to the unbound ligand.97 Resonances of non-binding compounds appear weaker 

and with the opposing sign to that of the binding compounds.    

  



 

115 

 

METHODOLOGY 

MOLECULAR MODELLING 

 

The natural product library (9×103) was docked to the crystal structure of ACCO (PDB ID: 

1WA6, resolution 2.55 Å),89 obtained from the Protein Data Bank (PDB).34,57 The 

SCiGRESS FJ 2.6 program was used to prepare the crystal structure for docking,58 i.e., 

hydrogen atoms were added and optimised using MM2,59 and sulphate and phosphate ions 

were removed as well as crystallographic water molecules. The SCiGRESS software suite 

was also used to build the inhibitors and the MM259 force field was used to optimise the 

structures. The centre of the binding pocket was defined as the position of the iron ion (x = 

27.675, y = 35.486, z = 37.772) with 10 Å radius. The GoldScore (GS),27 ChemScore 

(CS),30,31 ChemPLP32 and ASP33 scoring functions were implemented to validate the 

predicted binding modes and relative energies of the ligands using the GOLD v5.4 software 

suite. Ten docking runs were allowed for each ligand with the virtual screen efficiency 

(30%). For the second phase (re-dock) and the molecular modelling 100% efficiency was 

used in conjunction with fifty docking runs. The basic amino acids lysine and arginine were 

defined as protonated. Furthermore, aspartic and glutamic acids were assumed to be 

deprotonated. The data set was reduced based on how well the compounds scored and the 

hydrogen bonding interactions. If a compound was not predicted to contain hydrogen bonds 

or did not meet the scoring threshold it was removed. Compounds which showed a 

consensus poses between at least three of the four scoring functions were deemed 
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satisfactory for further analysis. A visual inspection of the remaining ligands in the binding 

pocket allowed for the analysis of hydrogen bonding and any potential hydrophobic 

interactions. There was no mandatory hydrogen bonding interaction that the ligand had to 

meet. As the crystal structure did not contain a co-crystallised ligand it was decided for the 

pilot screen to be open to various bonding interactions. The binding pocket had two 

potential areas for hydrophobic interactions, a cleft and a pocket shown to the left and right, 

respectively (Figure 63). Compounds void of any hydrophobic interaction were removed 

as candidates for testing. Lastly, iron ion binding was deemed important based on the 

literature and thus a metal-ligand interaction was deemed desirable.98 The QikProp 4.6 

software package was used to calculate the molecular descriptors of the compounds. 60 The 

reliability of QikProp has been established for the molecular descriptors.61 Nineteen 

compounds were selected for testing as shown in Figure 66. 

BIOLOGICAL METHODS 

NMR and Tm shift experiments were conducted by the Leung group at The University of 

Auckland using methods outlined in reference 99 and references therein. 
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RESULTS  

VIRTUAL SCREENING 

 

A screen was run in order to help define the criteria for compound selection. Docking the 

substrates and other likely inhibitors from the literature gave us insight into the binding 

mode in the protein. 100,98 The crystal structure 1WA6 (resolution = 2.55 Å, e.coli)89 was 

chosen as it contained a co-crystallised iron which according to the literature was involved 

in the function of the protein.89 Sixteen compounds that had been experimentally tested 

were docked into the binding site of ACCO. Smaller compounds (fragment sized) were 

omitted from the docking process as they showed large variation when screened. Docking 

of the compounds indicated that the hydrogen bonding interactions of Lys158 and His177 

were frequent, thus they were deemed them favourable which is also indicated by the 

literature.98 A hydrophobic pocket and cleft were identified (Figure 63) and deemed 

appropriate to be considered part of the criterion. Finally, all compounds featured a distinct 

interaction with the iron ion situated deeper in the pocket, thus it was set as a requirement 

for the virtual screen.  

A library of 9×103 natural product compounds were virtually screened against the protein 

amino cyclopropane carboxylate oxidase (ACCO)89. The four scoring functions were 

implemented to validate the predicted binding modes and relative energies of the ligands 

using the GOLD v5.4 software suite. The virtual screen was done in two phases using 

relatively low screening efficiency (30%), weeding out compounds that were unlikely to 
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fit the binding pocket followed by a more robust search (100%) for the remaining ligands. 

First, all ligands were screened and those with no or weak predicted hydrogen bonding (<1) 

were eliminated as well as those with low predicted binding energies (GS<54.6, CS<27.5, 

ChemPLP<62.8 and ASP<32.8). This left 962 candidates, which were screened with high 

search efficiency and again were eliminated based on their binding energies (GS<64, 

CS<33.4, ChemPLP<75 and ASP<36) and poor hydrogen bonding (<1) resulting in 76 

candidates. The remaining compounds were visually inspected and chosen based on 

favourable hydrogen bonding and hydrophobic and ligand-metal interactions. Nineteen 

compounds were selected for testing and are shown in Figure 66.  
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Figure 66. Selected compounds from the virtual screen for testing. Activity is based on a positive Tm shift. 
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TM SHIFT 

Tm shift studies were conducted by the Leung research group at The University of 

Auckland. The tests acted as a preliminary screen before attempting NMR studies. Results 

indicated four of the nineteen compounds showed a positive Tm shift, three of which 

indicate a greater shift than that of the natural substrate of the protein ACC. Compounds 

70, 71, 72, and 82  all exhibited a positive Tm shift, indicating protein-ligand binding. Due 

to the possibility of false positives NMR spectroscopy was used to confirm the hits. 

Table 18. Positive Tm shift compounds derived from the virtual screen, the natural substrate ACC is highlighted. 

ID  Structure MW 
(Da) 

Molecular 
formula 

∆ Tm 
Shift 

72 

 

406.4 C20H26N2O7 0.44 

82 

 

421.5 C23H27N5O3 0.99 

ACC 

 

101.1 C₄H₇NO₂ 1.12 

70 

 

450.5 C24H26N4O5 2.81 

71 

 

448.5 C25H28N4O4 1.38 
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NMR 

1H NMR studies were conducted using a 1:1 protein:ligand ratio in order to confirm the 

ligand affinity of the selected compounds. It was expected that ligands with high affinity 

would have a slower rate of dissociation (koff). Results from the NMR experiments 

confirmed that the hits were indeed ligands of ACCO. However, binding affinities were 

found not to be consistent with Tm shift values.    

Compound 82 had the smallest Tm shift of the hit compounds. Interestingly, NMR studies 

indicated that it featured the greatest affinity (Figure 67). Likewise, compound 71 had a 

higher affinity than 70 (which had a lower Tm shift). The affinity was observed with 

compound 72, which agreed with the Tm shift data. WaterLOGSY experiments were carried 

out to confirm affinity of compounds 70, 71 and 72. All three were positive hits and 

therefore their binding to ACCO was confirmed.   
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Figure 67. Graphical representation of the hit compounds binding to ACCO as observed by NMR experiments. Samples 

contained 20 µM apo-ACCO.  

 

 

MODELLING 

 

Compounds 70 and 71 serve as an interesting starting point for evaluation. Both share a 

similar structure where the only difference was that 70 consists of a para methoxy phenyl 

ring whereas 71 featured a meta substituted di-methyl phenyl ring (Figure 68 and Figure 

69). Both had a positive Tm shift higher than that of the substrate.  Docking indicated a 

similar pose between the two ligands, and an overlap of the two is shown in Figure 70. The 
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two compounds did not share a perfect overlap but were predicted to have hydrogen 

bonding interactions with His177 and Lys 158, in addition to sharing an interaction with 

iron.  The phenyl ring sat in a large pocket with the methoxy directed into the solvent space 

of the compound. When using a rendered surface as a measure we saw the methyl groups 

of 71 facing neutral areas. This hydrophobic interaction may explain the greater affinity of 

71.  

 

Figure 68. a. Docked configuration of compound 70 to ACCO. The surface is rendered, blue and red depict positive and negative 

charges, respectively. b. Predicted hydrogen bonding of 70 to Lys158 and His177 as indicated by green dashed lines.  

 

Figure 69. a. Docked configuration of compound 71 to ACCO. The surface is rendered, blue and red depict positive and negative 

charges, respectively. b. Predicted hydrogen bonding of 71 to Lys158 and His177 as indicated by green dashed lines. 
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Figure 70. Overlay of compounds 70 (red) and 71 (grey). Hydrogens have been hidden for clarity. 

Contrasted with the docking of compound 68, here the benzodioxole was positioned 

slightly to the left, leaving the substituted imidazole further to the right (Figure 71). This 

altered the hydrogen bonding interactions to Ser160/246 and His177. Based on the 

observations and docking results it was proposed that the difference in activity may arise 

due to unfavourable positioning of the imidazole group within the binding pocket. The 

inactivity may be attributed to the loss of the indole or the addition of the benzyodixole.  
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Figure 71. Configuration of compound 68 to the ACCO protein. 

 

Figure 72. a. Docked configuration of 72 to ACCO. The surface is rendered, blue and red depict positive and negative charges, 

respectively. b. Predicted hydrogen bonding of 72 to Ala180, Asp179 and Lys158 as indicated by green dashed lines. 

Compound 72 contained a different structural scaffold where the main moiety was the 

chromanone positioned within the left hemisphere (Figure 72). The remainder of the 

compound extended over to the right hand side, as a result the ester occupied much of the 
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hydrophobic space. Hydrogen bonding interactions were different to those previously 

predicted. Interactions with Ala180, Asp179 and Lys158 were seen.  

The most active compound (82) was comprised of an indole connected to a tertiary amine 

through a series of linkers. It also showed a different pose prediction to the other virtual 

hits as seen in Figure 73. The indole sat below the pocket and within a small hydrophobic 

area. Furthermore, the indole was predicted to have a hydrogen bonding interaction with 

Arg175, whilst the remainder of the compound featured the more expected interactions 

with Lys158, His177 and iron.  

The presence of the indole situated within this pocket may have been an influencing factor 

in the activity of 82. However, compounds 70 and 71 featured an indole, albeit substituted 

with methoxy, and whilst deemed active they did not bind to the same degree. It is quite 

possible that the positioning of the methoxy resulted in a predicted conformation change, 

which in turn gave contrasting docking results when compared to 82. Although, it cannot 

be ruled which is the true conformation without a crystal structure.  

 

Figure 73. a. Docked configuration of compound 82 to ACCO. The surface is rendered, blue and white/brown depict hydrophilic 

and hydrophobic areas, respectively. b. Predicted hydrogen bonding of 82 to Arg175, His177 and Lys158 as indicated by green 

dashed lines. 
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All of the molecular descriptors for the docked compounds are shown in Table 19. Most 

compounds had a molecular weight around 500 Da. The log P values ranged from 1.6 to 

6.1 with only three derivatives exceeding 5. In general, the coumarins were within drug-

like chemical space. Scores for the compounds are given in Table 20. 

Table 19. Molecular descriptors for compounds 64-82. 

Molecule ID Molecular 
Weight 

Donor 
HB 

Acceptor 
HB 

Rotatable 
Bond Log P 

STOCK1N-70216 64 495.6 2 9 9 3.6 
STOCK1N-70239 65 449.5 1 8 9 3.8 
STOCK1N-70255 66 414.5 0 5 8 6.1 
STOCK1N-70280 67 491.5 2 11 7 2.8 
STOCK1N-70300 68 409.4 2 8 8 2.8 
STOCK1N-70336 69 634.1 1 12 11 3.6 
STOCK1N-70343 70 450.5 3 8 9 3.9 
STOCK1N-70437 71 448.5 3 7 8 4.4 
STOCK1N-70592 72 406.4 0 9 5 1.6 
STOCK1N-70619 73 562.6 1 12 9 2.4 
STOCK1N-70631 74 405.4 2 6 7 3.0 
STOCK1N-70686 75 504.6 1 9 6 4.3 
STOCK1N-70733 76 454.5 2 6 9 5.3 
STOCK1N-70864 77 386.5 3 7 8 2.6 
STOCK1N-70902 78 408.5 2 5 5 4.8 
STOCK1N-70941 79 379.4 2 6 6 2.4 
STOCK1N-70955 80 464.5 2 6 4 5.1 
STOCK1N-71003 81 393.4 2 6 6 3.0 
STOCK1N-71255 82 421.5 2 8 9 3.1 
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Table 20. Scores for compounds 64-82. 

Molecule ID GS CS ChemPLP ASP 
STOCK1N-70216 64 69.9 33.8 82.1 36.5 
STOCK1N-70239 65 77.0 32.2 82.4 36.9 
STOCK1N-70255 66 68.3 38.1 76.2 36.3 
STOCK1N-70280 67 64.6 32.2 79.3 41.5 
STOCK1N-70300 68 68.3 31.5 82.0 38.3 
STOCK1N-70336 69 72.5 27.5 81.5 42.8 
STOCK1N-70343 70 73.6 32.0 80.1 37.7 
STOCK1N-70437 71 76.0 33.5 78.1 35.7 
STOCK1N-70592 72 59.8 26.8 64.3 35.0 
STOCK1N-70619 73 58.6 28.5 73.7 36.9 
STOCK1N-70631 74 68.8 36.6 80.8 36.7 
STOCK1N-70686 75 62.6 37.0 74.5 36.3 
STOCK1N-70733 76 75.3 40.1 87.5 38.5 
STOCK1N-70864 77 67.6 27.5 68.8 33.2 
STOCK1N-70902 78 71.3 37.9 79.4 38.0 
STOCK1N-70941 79 69.9 34.7 78.2 35.7 
STOCK1N-70955 80 74.0 39.6 86.9 39.5 
STOCK1N-71003 81 66.0 34.8 78.0 34.3 
STOCK1N-71255 82 70.1 35.2 82.2 35.3 

 

CONCLUSION 

 

The use of virtual high throughput screening with the natural product library produced 

nineteen virtual hits, of these four were confirmed active as hits using Tm shift assays and 

NMR spectroscopy. Although there is no solid evidence to draw a conclusion regarding the 

binding motif of the inhibitors, a few potential possibilities have been established. Thus far 

the project has completed its goal of developing traction for a SAR study for ACCO.  

 

 



 

129 

FUTURE WORK 

 

Currently analogues of the active compounds have been purchased and are undergoing the 

same testing procedure. With enough data the docking scaffold of ACCO will be developed 

further.  
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CHAPTER 5 

MOLECULAR MODELLING OF 
BIOORGANOMETALLIC COMPLEXES 

FOR ANTI-CANCER THERAPY 

 

  



 

131 

INTRODUCTION 

 

The growing number of bioorganometallic compounds being developed as drugs has 

increased considerably in recent years.101,102 Development has stemmed from platinum 

based anticancer drugs and extended to antimalarial and antibacterial bioorganometallic 

compounds.103-105 The variation in metal oxidation state gives these compounds a new 

dimension of structural diversity and properties compared to traditional organic 

compounds.106 The two sections of this chapter will employ the use of molecular modelling 

to aid the development of medicinal bioorganometallic drug candidates.  

BIOTIN - INTRODUCTION 

 

A promising strategy for targeting tumour cells is based on selectively identifying and 

exploiting high demand resources i.e., compounds required to maintain rapid cell growth. 

One such target is the vitamin uptake system.107 Vitamin receptors are upregulated within 

many tumour cells and more so in the terminal stage.108 In order to exploit this mechanism, 

the vitamin motif is combined with the intended anticancer compound and used as a 

prodrug.109 Thus, adding an element of selective high uptake in cancerous cells as opposed 

to the theorised low uptake in healthy cells. Therefore, the combination of vitamins with 

anticancer prodrugs is an interesting mechanism to target cancer cells.110  

Studies carried out by the Hartinger group107 at The University of Auckland focused on 

substrates of the sodium-dependent multivitamin transporter (SMVT). It is encoded by the 
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SLC5A6 gene which has been reported as activated in many cancer cell lines.111,112 

Converting compounds to SMVT substrates via biotinylation has been explored in other 

studies.110,113-116 Ruthenium-biotin conjugates have been investigated, but did not produce 

a marked increase in cytotoxicity when compared to similar non-biotinylated analogues.  

The protein crystal structures of avidin and streptavidin were employed in order to 

determine the likelihood of the ruthenium complexes binding to the SMVT transporter. 

Both have biotin as a high affinity natural substrate and thus may indicate the impact of 

this mode of action.  

The avidin protein in its tetrameric form is capable of binding up to four biotin molecules. 

A monomer consists of eight anti-parallel beta strands forming a beta barrel (Figure 74).117 

Avidin-biotin is reported as one of the highest affinities of a non-covalent interaction, 

reportedly with a very small dissociation constant (Kd) between 10-14 - 10-16M.118,119 

Binding is facilitated with three hydrogen bonds (though this may vary based on crystal 

structure), the ureido carbonyl, the far nitrogen and the sulphur have interactions with 

Tyr33, Asn118 and Thr77, respectively.117  
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Figure 74. a. Binding site of avidin with the biotin ligand. The surface is rendered, red and blue depict negative and positive 

charges respectively. b. The beta barrel of avidin showing the biotin ligand with the hydrogen bonding interactions (green dashed 

lines). 

Like avidin, streptavidin has a high binding affinity for biotin (Kd ~ 5.9×10-14M)120, is 

tetrameric in structure and has similar secondary structure.121 Differences in structure are 

made apparent with a rendered surface (Figure 73 & Figure 76), where the protein binding 

site appears to almost envelop biotin in comparison to avidin. The interactions taking place 

are also different to that of avidin, streptavidin has hydrogen bonding interactions with 

Asp128, Ser27/45/88, Asn23/49 and Tyr43.121 Although both avidin and streptavidin bind 

biotin well, evidence suggests that streptavidin is more accommodating to biotin-conjugate 

binding.117 Molecular modelling was employed to assess the likelihood of biotin-ruthenium 

conjugate affinity to streptavidin.        

BIOLOGICAL DATA 

Ruthenium(II)-arene complexes with biotin containing ligands were prepared by our 

collaborators to exploit tumour specific vitamin-receptor mediated endocytosis.107 The 
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designed complexes were characterised using spectroscopy and their activity determined 

using cancer cell lines that featured high levels of biotin receptors. To explain the activity 

and findings from the cytotoxicity assays docking studies were conducted.  

In vitro studies of the ruthenium complexes and relevant ligands (Figure 75) were 

determined in COLO205, HCT116 and SW620 colon carcinoma cells.107 The cell lines 

were chosen for their varying levels of the SLC5A6 gene which codes for SMVT 

expression. SW620 has close to threefold the expression levels compared to COLO205 and 

HCT116.107 Tests were conducted using a colorimetric MTT assay using an exposure time 

of 70 hours, the results are shown in Table 21. 

The results indicate that in general the COLO205 cell line exhibited reduced activity 

compared to the other cell lines. Furthermore, the cell lines tended to illustrate an increased 

sensitivity towards the pyridine complexes (range of the complexes). Compounds U6 and 

U8 gave similar results between the high and low SMVT expression cell lines whereas U7 

and U10 displayed much higher activity in the high SMVT cell line. Contrastingly, 

compound U11 exhibited an activity fourfold higher when tested with the HCT116 cell 

line, which had low SMVT expression. The pyridine based biotinylated compounds 

exhibited higher potency in the SW620 cell lines than the nonbiotinylated analogue U9 (4.1 

µM), as shown by compounds U7 and U8 which obtained an IC50 of 1.1 and 2.1 µM 

respectively. Interestingly, biotin containing compounds with the indazole moiety were less 

active in SW620 cell lines than the nonbiotinylated analogue. No clear relationships 

appeared to exist between the compound structure, cytotoxicity and SLC5A6 expression. 



 

135 

Ru
N

R

Ru
N

H
N

R

U6: R = H
U7: R = CH2 - Biotin
U8: R = CH2 - Spacer - Biotin

U9: R = H
U10: R = CH2 - Biotin
U11: R = CH2 - Spacer - Biotin

S

NHHN

O

O

H
N

O

N
H Py/Ind

Biotin Spacer Heterocycle  

Figure 75. RuII conjugates U6-U11. 

Table 21. Cytotoxicity of ruthenium complexes U6 - U11 in colon adenocarcinoma (COLO205), colon carcinoma (HCT116) and 

colon adenocarcinoma (SW620). IC50 was determined by the MTT assay and calculations were based on results of 

three independent experiments. Numbers given in parentheses are 95% confidence intervals. 

Compound  IC50 (µM) 
 

 COLO205 HCT116 SW620 

U6  >100 3.4 (2.2-5.1) 4.1 (2.3-5.5) 

U7  4.6 (2.1-10.2) 6.7 (4.6-9.6) 1.1 (0.8-1.7) 

U8  17 (9-36) 2.5 (1.4-4.5) 2.1 (1.3-3.4) 
 

    
U9  23(18-31) 33 (18-60) 14 (12-17) 

U10  >100 >100 19 (15-24) 

U11  >100 6.7 (4.6-9.7) 29 (22-37) 

 

 

In order to determine if the compounds have avidin affinity, a biochemical assay using 

Biotective Green reagent, a fluorescent derivative of avidin was used. It uses 2-(4’-

hydroxyazobenzene)benzoic acid as a quencher, if it is displaced from the binding pocket 
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fluorescence was observed. The Kd for the compounds tested (U7,U8, U10 and U11) was 

greater than that of biotin (Table 22). The activity of U9 may be a result of extended π 

conjugation as it was relatively consistent throughout testing.     

 

While no compound showed a better Kd than that of biotin, the pyridines showed a higher 

affinity than the indazole derivatives. The hill coefficients were used to indicate how 

cooperatively the ligands bound to avidin. The results from Table 22 show positive 

cooperativity in protein binding, where the values do not have significant variation. This 

may suggest that steric hindrance from the conjugated ligands was not a factor in binding, 

as interactions between the biotin binding sites was unchanged.   

Table 22. Biotective Green reagent assay results. Numbers given in parentheses are 95% confidence intervals. 

Compound  Kd (nM) Hill coefficient 
Biotin  680 (610-751) 2.752 (1.985–3.520) 

Pyridine U7 895 (823-967) 2.851 (2.257–3.445) 

 U8 1124 (1050-1198) 2.785 (2.390–3.179) 
Indazole U10 1194 (1112-1275) 2.371 (2.085–2.658) 

 U11 1980 (1144-2816) 2.012 (1.030–2.994) 

 

 

METHODOLOGY 

DOCKING STUDIES 

The structures were docked to a streptavidin crystal structure (3RY2, resolution 0.95 Å, 

e.coli),121 which was obtained from the Protein Data Bank (PDB35,57 The SCiGRESS FJ 

2.6 program was used to prepare the crystal structure for docking,58 i.e., hydrogen atoms 
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were added and optimised using MM259, and co-crystallised ligands were removed as well 

as crystallographic water molecules. The SCiGRESS software suite was also used to build 

the compounds and the MM259 force field was used to optimise the structures. The centre 

of the binding pocket was defined as the oxygen atom on the bicyclic system (x = 27.048, 

y = 10.773, z = 12.293) in biotin with a 10 Å radius. Fifty docking runs were allowed for 

each ligand with default search efficiency (100%). The basic amino acids lysine and 

arginine were defined as protonated. Furthermore, aspartic and glutamic acids were 

assumed to be deprotonated. All  the  bonds  to  the  metal  centre  were  fixed  for  the  

docking  runs. The GoldScore (GS),27 ChemScore (CS),30,31 ChemPLP32 and ASP33 

algorithms in the GOLD v5.1 software suite were implemented to predict binding modes 

and relative energies of the ligands. Biotin was redocked into the binding pocket and the 

Root Mean Square Deviation (RMSD) calculated for the scoring functions compared to the 

co-crystalized ligand. The results were 1.24 Å (GS), 0.34 Å (CS), 0.27 Å (ChemPLP) and 

0.52 Å (ASP), demonstrating the robustness of the docking procedure. The structures were 

docked into an avidin crystal structure (1LDQ, resolution 2.7 Å, gullus gullus) using the 

same settings as for streptavidin. Again the centre of the binding pocket was defined based 

on the oxygen atom on biotin in the bicyclic system (x = 12.051, y = 38.011, z = 6.565). 

Biotin was redocked into the binding pocket and the RMSD calculated for the scoring 

functions compared to the co-crystallised ligand. The results were 1.16 Å (GS), 0.72 Å 

(CS), 0.80 Å (ChemPLP) and 0.77 Å (ASP).  

GENERAL BIOLOGICAL METHODS 

All biological work, i.e., cell line sensitivity, cellular accumulation and avidin interactions 

were completed by those mentioned within the reference. 107 Methodology for the cell line 
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sensitivity, cellular accumulation and avidin interaction studies can be found in107 and 

references therein.  
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RESULTS 

 

MOLECULAR MODELLING 

 

To shed light on the cancer cell line and affinity studies, and in an effort to identify 

likelihood of binding to the SMVT transporter, molecular modelling was done using the 

crystal structure of avidin (PDB: 1LDQ) and streptavidin (PDB:3RY2). GS was the only 

scoring function able to treat the ruthenium complexes. The docking studies were 

conducted with streptavidin after initial experiments with both crystal structures. 

Redocking the co-crystallised biotin into avidin yielded a good RMSD (root-mean-square 

deviation) of 1.920 Å. However, upon docking the conjugated compounds none of the 

predicted conformations had placed biotin in its expected position within the binding site. 

Thus, avidin docking studies were not thoroughly conducted. Docking studies with 

streptavidin were assessed by redocking biotin into the protein. The RMSD value of 1.24 

Å indicated positive docking and a good score (GS 71) suggested it was a suitable docking 

scaffold. The docking mode of pyridine derivatives U6-U8 to streptavidin were compared 

with that of biotin. The biotin moieties of U7 and U8 showed good overlap with the co-

crystallised biotin in the streptavidin crystal structure, reproducing the hydrogen bonding 

pattern (Figure 76 and Figure 77). The top three docking conformations for compound U7 

had scored around 70, which was comparable to that of biotin. Docking of U8 gave a higher 

average score of 80, indicating stronger binding than biotin. However, the increase may be 

due to the larger molecular size. The addition of the spacer appeared to provide greater 

flexibility to the ruthenium moiety as pictured in (Figure 77). Compound U6 only obtained 
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a mean score of 36 ± 1, and the docked conformation was positioned in place of biotin 

within the pocket. The absence of hydrogen bonding further indicated unfavourable binding 

(Figure 78).  

 

Figure 76. a. Docked conformation of compound U7 to streptavidin. The surface is rendered, blue depicts hydrophilic areas and 

white/brown indicate hydrophobic areas. b. Hydrogen bonding interactions of U6 to Tyr43, Ser27, Asn23, Asp128 and Ser88 

(obstructed view). 

 

Figure 77. a. Docked conformation of compound U8 to streptavidin. The surface is rendered, blue depicts hydrophilic areas and 

white/brown indicate hydrophobic areas. b. Hydrogen bonding interactions of U6 to Asn49, Ser45, Tyr43, Ser27, Asn23 and 

Asp128. 
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Figure 78. a. Docked conformation of compound U6 to streptavidin. The surface is rendered, blue depicts hydrophilic areas and 

white/brown indicate hydrophobic areas. b. Shows that there is no hydrogen bonding interactions between U6 and streptavidin. 

 

The same set of experiments were conducted with the indazole substituted biotin 

derivatives. For U10, all the docked conformations showed consensus in pose, but in the 

expected position, resulting in no overlap with the co-crystallized biotin of the protein 

structure. The biotin head of the structure was positioned outside of the pocket as shown in 

Figure 79. Scoring of U10 was below the standard of biotin at 57 ± 1, which suggests less 

favourable binding. Compound U11 showed no consensus at all, the flexibility introduced 

by the spacer may be why the poses were spread out in various positions. The score of 56.5 

± 1 was much lower than the corresponding pyridine compound U8 (GS 80 ± 1). Compound 

U9 showed a similar binding pose to that of U6. The indazole occupied the binding pocket 

but was void of any hydrogen bonding interactions. A low score of 40 ± 1 indicated 

unfavourable binding. Compound U12 featured a Ru fragment directly coordinated to the 

sulfur of biotin (Figure 80). Although, the scoring was low (GS 55 ± 2), docking of 

compound U12 had partial overlap of the biotin moiety to the co-crystallised biotin. The 

compound was not tested but would make an interesting point of study for future projects.  
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Figure 79. a. Docked conformation of compound U10 to streptavidin. The surface is rendered, blue depicts hydrophilic areas 

and white/brown indicate hydrophobic areas. b. Hydrogen bonding interactions of U10 to Asn49 and Ser112. 

           

 

Figure 80. a. Docked conformation of compound U12 to streptavidin. The surface is rendered, blue depicts hydrophilic areas 

and white/brown indicate hydrophobic areas. b. Hydrogen bonding interactions of U12 to Asn23 and Asp128. 
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CONCLUSION 

 

The results of the docking experiments explain to some extent the in vitro anticancer data. 

Overall, the pyridine-biotin based compounds U7 and U8 scored higher than U9-U11. The 

scoring was consistent with the level of activity in cancer cell lines and in particular SW620, 

which had a higher expression of SMVT. These compounds showed reduced activity in 

low SMVT cell lines. The observed results suggest that the compounds may rely on a 

SMVT mediated mode of action. This being said, activity could be a result of an unknown 

or additional modes of action due to the unexpected activity exhibited by compounds U6 

and U9 as seen in Table 21. 
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TUBULIN - INTRODUCTION 

 

The taxane family are an established class of anticancer therapeutic drugs. Paclitaxel (taxol) 

is a member of the taxane family and acts to promote polymerisation of tubulin and stabilise 

microtubules.122 As a result, many of the cellular processes that are dependent on 

microtubule depolymerisation are disrupted, e.g. mitosis, cell motility and intracellular 

transport.123 The rearrangement of microtubules is prevented by paclitaxel, leading to 

mitotic arrest and cell death.123,124  Since the discovery of paclitaxel many analogues have 

been derived and are currently in use, e.g., docetaxel (figure 81).125 These mitotic inhibitors 

are used in the treatment of ovarian, breast, lung, pancreatic, prostate and multiple other 

types of cancers.126-128   
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Figure 81. Structure of paclitaxel, docetaxel and the ferrocene analogue. 

  

The modification of taxanes been extensively researched.129-132 The main areas of focus for 

paclitaxel modification were on the side chain and the taxol skeleton. Side chain 

modification alters the antiproliferative activity, through replacement of 3’ phenyl with 

alkyl, alkenyl or aryl functional groups, or 3’-N-acyl modification.129 Altering cytotoxicity 

by paclitaxel skeleton modification is site dependent. Changes to the 7-hydroxyl made no 
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difference to the cytotoxicity, whereas alterations made to 3-benzoyloxy were shown to 

improve cytotoxicity.133 Ferrocene conjugation looks to be an appealing pathway for 

paclitaxel modification.134 When conjugated to compounds that exhibit biological activity, 

ferrocene can further potentiate cytotoxic activity. Preparation of ferrocene conjugates have 

led to high activity anticancer, antimalarial and antibacterial compounds.135-137 

Furthermore, recent studies have indicated that ferrocenyl analogues of taxanes have 

increased activity against multidrug resistant cells (MDR).134  This study focuses the 

ferrocenyl analogue of paclitaxel, which has the conjugated ferrocenyl on the side chain of 

the taxol scaffold.  

The tubulin family consists of multiple isoforms which have specialised functional roles. 

The make-up of human cytoskeletal microtubules content is primarily α- and β-tubulin.138 

The two isoforms come together to form microtubule subunits which then are capable of 

assembling into a helical structure. The β-tubulin protein is arranged by an initial 

combination of alternating helices and parallel β strands leading into a mixed β sheet 

surrounded by helices.139  

The binding site of taxanes is different to that of the natural cofactor that is required for 

polymerisation and other functions. Figure 82 shows the binding of paclitaxel to tubulin. 

The ligand showed three predicted hydrogen bonding interactions to the protein, one of 

which is to Thr276 and the remaining two to Gly370. The surface rendering (Figure 83) 

showed two hydrophobic pockets in the binding region, each pocket within one of the 

hemispheres indicated in Figure 82. The binding area itself appears to be a more 

hydrophobic than surrounding areas. The 3’phenyl was buried the right hemisphere pocket 

and the 2-phenylester was situated in the left hemisphere.  
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Figure 82. Binding site of paclitaxel (F1) to tubulin, circled in red and divided to show the two hemispheres. The surface is 

rendered to show interpolated charge, red and blue depict negative and positive charges respectively.  

 

 

Figure 83. a. Binding of paclitaxel (F1), the surface is rendered to show hydrophobicity. b. Hydrogen bonding interactions of 

paclitaxel to Thr276 and Gly370.  
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BIOLOGICAL TESTING 

In order to test antiproliferative activity, cytotoxicity, and the ability to overcome multidrug 

resistant cells the ferrocenyl taxanes were tested in vitro against SW620 cell line. A panel 

of five SW620-derived drug resistant cancer cell lines (cisplatin, doxorubicin, etoposide, 

methotrexate and vincristine) were chosen based on their expression of the ATP-binding 

cassette (ABC) B1 transporters. Resistance to taxanes is linked to ABCB1 expression.143,144 

The cell lines with respect to the type of drug resistant as indicated by the letter are listed 

in order of expression are as follows; SW620V > SW620D > SW620E >> SW620C > 

SW620M = SW620.144 

 

Table 23. Cytotoxicity of compounds F1, F2 and F10 as determined by the MTT-reduction viability assay. 95%-confidence 

intervals are given in brackets. Calculations are based on results of three independent experiments.142 

Compound IC50 [µM] 

 

SW620 SW620C SW620D SW620E SW620M SW620V 

F1 1.11 >>30 >>30 >>30 6.72 >>30 

 [0.46-1.49]    [4.26-10.60]  
F2 0.31 43.82 >>30 42.21 1.49 39.33 

 [0.22-0.43] [23.94-69.23]  [22.75-59.12] [1.02-2.19] [23.88-62.32] 

F10 0.11 >>30 >>30 >>30 6.65 >>30 

 [0.07 – 0.19]    [2.97-14.86]  
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Compound F10 exhibited increased antiproliferative or cytotoxic effects compared to 

paclitaxel in the parent cell line. Table 23 indicates that the ferrocenyl derivative has a ten-

fold increase in activity. However, with the large range of error it may be closer to two - 

three fold.  Other than the parent cell line and SW620M (methotrexate), 10 showed no 

activity. This was comparable to paclitaxel 

and docetaxel. Although docetaxel showed 

some activity in SW620C/E above ideal IC50 

ranges. In order to assess the activity of the 

ferrocenyl derivative, docking studies were 

conducted.   

Tubulin polymerisation studies were also 

conducted to assist in validating tubulin as a 

primary target of the ferrocenyl analogue. A fluorescence real time assay was conducted in 

order to identify the rate of tubulin polymerisation. Compound 10 was shown to induce 

polymerisation at a greater rate than paclitaxel. Tests results were based on a combined 

study from a series of three independent experiments.  

 

 

 

 

 

 

Figure 84. Polymerisation of tubulin in the presence of 1µM 

concentrations of F10 and paclitaxel. 
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METHODOLOGY 

 

The tubulin crystal structures (PDB ID: 1JFF, resolution 3.5 Å, bovine),140,141 were 

obtained from the Protein Data Bank (PDB).35  The SCiGRESS FJ 2.6 program was used 

to prepare the crystal structure for docking,58  i.e., hydrogen atoms were added, proteins 

were optimized using MM2 force field.59 The SCiGRESS software suite was used to build 

the compounds and the MM2 force field was used to optimise the structures. The centre of 

the binding pocket was based on the positioning of the co-crystalized ligand (x = -0.221, y 

= -19.343, z =16.788). One hundred runs were allowed for each ligand with a 100% search 

efficiency. The basic amino acids lysine and arginine were defined as protonated. 

Furthermore, aspartic and glutamic acids were assumed to be deprotonated. All the bonds 

to the metal centre were fixed for the docking runs. The GS scoring function was 

implemented to validate the predicting binding modes and relative energies of the ligands 

using the GOLD v5.4 software suite. 27 

GENERAL BIOLOGICAL METHODS 

All biological work, i.e., cell line sensitivity and polymerization assays were completed by 

those mentioned within the reference. 142 General biological testing methods can be found 

in reference142 and references therein. 
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RESULTS 

 

MOLECULAR MODELLING 

To explain the findings from the cytotoxicity and tubulin polymerization assays, docking 

studies with the most active ferrocenyl analogue of paclitaxel, i.e., compound F10, were 

conducted and compared to that of F1 and F2.  

The tubulin protein (PDB: 1JFF)140 was use for docking with GoldScore (GS) as it was the 

only scoring function able to treat the metal complexes. Docking of paclitaxel F1 resulted 

in two predicted hydrogen bonding interactions, one with Gly370 and the other with Thr276 

resulting with a score of 68 (Figure 85). The binding site showed buried hydrophobic 

pockets that the ligand appeared to conform to fit within (Figure 85). In proximity to His229 

there were the 3’ and the benzoyl amide phenyl rings that filled in the hydrophobic pockets, 

whilst the tetracyclic fragment sat partially above the surface of the protein.  

 

Figure 85. a. Paclitaxel docked into Tubulin. The surface is rendered, blue and red depict positive and negative charges 

respectively. b. Predicted hydrogen bonding interactions of docetaxel with Gly370 and Thr276. 
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Docking of docetaxel F2 did not fully overlap with the position of paclitaxel in the binding 

region but had a similar score of 67. However, a hydrogen bonding interaction with Thr276 

was predicted (Figure 86). Similar positioning of the compound resulted in comparable 

protein ligand hydrophobic interactions with the tert-butyl carbamate ester directed into the 

pocket within the top of the right hemisphere (Figure 86).  

 

Figure 86. a. Docetaxel docked into Tubulin. The surface is rendered, blue depicts hydrophilic whilst white/brown shows 

hydrophobic surface. b. Predicted hydrogen bonding interactions of docetaxel with His229 and Thr276.  

The ferrocenyl analogue of paclitaxel F10 docked well into the binding pocket, with a GS 

of 69, close to that of paclitaxel. Despite the structural similarity to F1, a different hydrogen 

bonding pattern was observed, i.e., a hydrogen bond with His229 (Figure 87). The 

hydrophobic interactions appeared to be similar to paclitaxel. The 2-benzoyl, side-chain 

phenyl and ferrocenyl moieties were in the hydrophobic pockets.  
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Figure 87. Compound F10 docked into tubulin. The surface is rendered, blue depicts hydrophilic whilst white/brown depict 

hydrophobic. b. Predicted hydrogen bonding interactions of F10 with His229. 

 

CONCLUSION 

 

The similarity in docking between compound F10, paclitaxel, and docetaxel, and the 

hydrophobic interactions between the ferrocenyl moiety and the binding pocket for F10 

suggests plausible binding to tubulin. However, due to the small data set, it was difficult to 

draw conclusions. Currently further studies are underway investigating a greater number of 

structures which may give additional insight into the docking scaffold of tubulin.  
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