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 Lastly, experimental characterization was performed on three previously identified 

potential ligands for a cancer-related receptor tyrosine kinase, EphB4. Two in vitro assay formats 

were used: a homogenous time-resolved fluorescence assay and an enzyme-coupled 

spectrophotometric assay. One candidate, DNP-L-Arg, was the only one of the three with some 

experimental evidence of affecting kinase activity. The first assays suggested that DNP-L-Arg 

may have an activating effect on EphB4. The plausibility of this effect discussed with respect to 

mechanisms found in the literature, and using predicted and experimental structures for docked 

ligands. The coupled assay format did not conclusively confirm this effect. 

 The research presented underscores the ability for computational tools to be incorporated 

into a variety of different areas within the fields of biochemistry and drug design. Future 

complementary experimental work will be crucial both in evaluating and refining the suggested 

probe candidates and in further validating and improving the computational techniques used. 
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becomes too large.18 A systematic search that uses wide search increments may provide a subset 

of conformations that is very poorly representative of those actually available to the structure.  

Stochastic or random search algorithms are also used in different types of docking 

software. Two popular stochastic techniques are Monte Carlo and genetic search algorithms.18 

Using the Monte Carlo method, a random starting ligand conformer is scored and new 

conformations are randomly generated, scored and compared with the starting structure.18 

Conformers are selected if they have an improved energy relative to other conformers, or 

alternatively, if they passed a probability function test.18 

Simulation-based methods include those relying on molecular dynamics, where the time-

dependent behaviour of a molecular system is modelled to theoretically observe all possible 

conformational states.18 To reach all energy minima, high-energy barriers may need to be 

overcome, which can require excessively long simulation times. However, molecular dynamics 

simulation is a useful way of probing conformational space of a molecular system, if sufficient 

computational resources are available. 

2.2.4. b) Force field-based scoring methods for biological systems 

Force field-based scoring functions are commonly employed for estimating the potential 

energy of protein-ligand interactions. These potential energy functions are based on classical 

mechanics, and represent a compromise between overall accuracy and efficiency. Force fields 

can provide reliable estimates of structural conformation energies using limited resources. A 

force field potential energy function describes intra- and intermolecular forces as a summation of 

bonded (depending on bonds between atoms) and non-bonded terms. Non-bonded and bonded 

interactions are each described by a number of functions to account for multiple contributions to 
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geometry-based algorithm to identify putative binding pockets, basing their shape, size and depth 

relative to the protein surface.22 PASS is freely available and generates output that is generally 

compatible with applications used in later steps.  

HierVLS itself is a hierarchical approach to virtual ligand screening that tests the largest 

number of bound conformations of each ligand using the least computationally expensive 

methods, and proceeds to use more computational resources to obtain more accurate predictions 

of binding energy for the most promising conformers.20 A more detailed account of the HierVLS 

procedure is given in Chapter 3. HierVLS has been validated and used with several data sets and 

targets.20, 23-26 Most recently, HierVLS has been used as a part of a computational approach that 

successfully identified paclitaxel as an inhibitor of botulism neurotoxin A.23 

2.3. MOLECULAR IMAGING AND PROBE DEVELOPMENT 

2.3.1. Overview 

Molecular imaging is a modern medical imaging technique that can be applied both pre-

clinically and clinically during the development and application of therapeutic drugs. Molecular 

imaging differs from traditional anatomical imaging techniques in that it is capable of imaging 

functional processes involving target molecules. Molecular imaging can also provide structural 

information, either inherently or when combined with anatomical imaging techniques. Pre-

clinical molecular imaging is commonly used to assist in drug development, as it enables 

researchers to asses various drug characteristics in vivo using animal models prior to human 

clinical trials. Clinical molecular imaging is used in diagnostics, image-guided therapeutics, 

disease characterization, and assessment of response to therapy.27 

 









 

14 

relative to surrounding tissue. FDG is used to probe relative glucose uptake of bodily tissues, 

exploiting this phenomenon to pinpoint tumour location and activity.28 FDG's utility comes in 

part from the fact that it can be phosphorylated, like glucose, in preparation for glycolysis upon 

entering the cell.28 However, because it lacks a key hydroxyl group at the 2- position occupied by 

18F, it cannot be carried further through the normal glycolytic process.28 Thus, once 

phosphorylated, 18FDG becomes trapped in the cell, accumulating to generate an enhanced 

signal.28 While 18FDG is the most common application of PET in clinical use, there are many 

other types of PET tracers that either are being used or have a potential for development as 

clinically useful molecular probes. Other isotopes used for PET include 15O, 11C, 13N, and 64Cu.28 

These isotopes can be incorporated into various types of tracers for different applications.28 For 

example, water labelled with15O is to examine blood perfusion in tumours.28 PET has the 

advantage of being extremely sensitive (i.e., able to detect pM levels of injected probe) and 

depth-independent, meaning that developed tracers can be used in low enough concentrations so 

as to avoid possible toxic effects.28 The limited half-life of positron emitting isotopes is usually 

in the range of hours and intrinsically limits the overall radiation exposure of the patient. 

Development of novel PET probes and their utility requires compounds that are creatively 

designed to provide physiologically relevant information and that exhibit ideal pharmacokinetic 

profiles. It is also important to consider that, because of their short half-life positron emitting 

isotopes must be easily incorporated into tracers before use. Therefore, only rapid and high 

yielding reactions can be used to synthesize PET tracers. Modern imaging techniques often use 

PET in combination with anatomical imaging modalities such as CT to provide more complete 

and clinically useful information.28 
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2.3.4. c) Fluorescence imaging 

Fluorescence imaging is an optical technique that has recently gained utility in the 

clinical setting, but that has long been useful for pre-clinical work and experimental 

biochemistry. There are various properties that can be exploited in optical and specifically 

fluorescence-based imaging in order to probe various characteristics of biological systems. 

Fluorescence occurs when certain molecules, known as fluorophores, are excited with a photon 

of a particular wavelength. Some of the absorbed energy is reemitted at a higher wavelength of 

light (lower energy) in the process known as fluorescence.30 Simple excitation and emission are 

useful in the context of imaging or detection, but other optical properties can be also used to 

obtain valuable information. These properties include fluorescence anisotropy, polarization, and 

fluorescence-resonance energy transfer.31-32 Fluorescent molecules are commonly imaged using 

fluorescence microscopy. Specific probes, often antibodies, are labelled with a fluorescent dye 

and when bound to proteins or other molecules of interest provide useful molecular-level 

contrast.33 Fluorescence-based imaging techniques have improved to a point that they may be 

used to obtain images through shallow tissue depths of up to a few centimeters.34 Range and 

interference from autofluorescence are improved by utilizing fluorescent moieties that emit light 

in the near-infrared (NIR) range of the electromagnetic spectrum.34 NIR wavelengths are poorly 

absorbed by water and hemoglobin, so use of NIR-emitting probes improves signal penetration 

and reduce changes in signal due to physiological composition.34 While in vitro techniques 

typically use labelled antibodies, and fluorophores with varying optical properties, in vivo 

applications require differently specialized reagents. Antibodies generally have poor 

bioavailability and biodistribution, and have serious problems with immunogenicity and cost-

effectiveness. Fluorophore-labelled small molecules that are specific for molecular targets would 
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two of the most common oncogenic subtypes and account for over 70% of cervical neoplasias.40-

42 While the role of HPV in the etiology of cervical cancer is quite clear, it is also understood that 

there are other factors influencing the progression from oncogenic HPV infection to persistence 

and cervical neoplasia. Though at least half of sexually active women will develop an HPV 

infection during their life, most infections are cleared within a period of several months from the 

time of infection, with no apparent lasting pathology. However, in some cases, infection with an 

oncogenic HPV subtype becomes persistent and leads to the development of either a progressive 

low-grade intraepithelial lesion, or a high-grade intraepithelial lesion, either of which may 

develop into invasive cervical cancer over a period of one to several decades40-41, 43 if left 

untreated. 40-41, 43 

In developed nations, the implementation of screening programs such as cytological Pap 

tests has enabled early detection and treatment of precancerous and cancerous lesions, lowering 

the incidence of invasive cervical cancer as well as its mortality rate.42, 44-46 The recent 

development, approval, and implementation of prophylactic vaccination programs for certain 

HPV subtypes is also expected to further decrease the burden of this disease.47 Despite current 

successes in early diagnosis and treatment of cervical cancer, there remains a clinical application 

for rapid, specific, and selective diagnostic and prognostic tools. Current cytology-based 

methods are quite selective and specific in the detection of abnormal lesions, though there is still 

potential for improvement on this front. Cytology-based methods are intrinsically subjective, 

require complex laboratory infrastructure, and do not necessarily provide a large amount of 

information about the risk status of the HPV infection and the lesion, which would be useful in 

order to better direct therapy.42, 44-46 With the discovery of the role of HPV in cervical cancer, 

and subsequent research, many clinical diagnostic tests have been developed that are designed to 
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test specifically for HPV.42, 44-45 Despite the high specificity of some of these tests, many of them 

are poorly selective for high-risk HPV infections showing signs of precancerous lesion. This is 

likely due to cross-reactivity with other subtypes of HPV.42 The presence of an oncogenic 

subtype of HPV does not necessarily predict that an individual is developing or has developed a 

cancerous lesion. Current clinical recommendations do not include HPV-specific testing as part 

of the screening regimen for young women (ages 18-29) due to these concerns.42 However, 

combining screening with cytological tests is recommended for women between the ages of 30 

and 40.42 

Current re-examination of the screening methodologies used for HPV-related cervical 

cancer highlights the need for specific markers able to detect clinically relevant cases of 

oncogenic HPV, providing prognostic information that can better direct therapy. Pre-clinical and 

clinical cervical cancer monitoring would also benefit from detection tools that are minimally 

invasive that can provide a measurable indication of the response of a tumour to a specific 

therapy or treatment. 

2.4.2. Tumour-related hypoxia 

Tissue hypoxia arises when a particular part of the body is deprived of an adequate 

supply of oxygen. Tumour-associated hypoxia is often characteristic of locally advanced solid 

tumours and is known to play an important role in tumour pathogenesis.48 While it is a complex 

process, tumour hypoxia is generally arises as the result of an imbalance in the supply (through 

blood perfusion and diffusion) and demand of oxygen.48-49 A hypoxic tumour microenvironment 

can lead to gene-regulatory changes that alter the cell phenotype.48 In patients with advanced 

cervical cancer, low tumour oxygenation has been repeatedly associated with an aggressive 

tumour phenotype and poor survival compared to patients whose tumours had normal oxygen 
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specimens tested expressed significant levels of CAIX, and that samples expressing moderate to 

high levels of CAIX were significantly correlated with advanced tumour stage, greater invasion 

depth, and undifferentiated tumour grade.66 There was also a noted correlation between the 

number of metastatic lymph nodes present and expression of CAIX. These and other 

investigations have led CAIX to become the target of imaging probe and anticancer drug 

development.61 Many investigations have identified selective and potent inhibitors of CAIX.36, 61, 

67-68 A 2011 investigation demonstrated that decreased CAIX expression and CAIX inhibition 

separately resulted in decreased metastasis and decreased tumour growth using cell culture and 

animal models.68. Fluorescent inhibitors and other imaging agents have also been identified and 

experimentally tested using cell culture and animal models.36, 69-74 In 2005, Cecchi et al reported 

a series of fluorescent sulfonamides that act as dual imaging probes and therapeutic inhibitors of 

CAIX, and demonstrated that these compounds specifically targeted hypoxic cells expressing 

CAIX.36 CAIX is clearly a high priority target for anti-cancer therapeutics. However, its 

expression and activity have also been shown to provide information about tumour pathology 

that is highly relevant to diagnostic and prognostic applications.49, 61 The development of probes 

for prognostic and diagnostic imaging and response to therapy, particularly for use in pre-clinical 

research, are important and ongoing areas of research.49, 61 

2.5. RECEPTOR TYROSINE KINASES AS DRUG TARGETS 

2.5.1. Structure and function of receptor tyrosine kinases 

Receptor tyrosine kinases (RTKs) are transmembrane proteins that respond to 

extracellular ligands by catalyzing intracellular autophosphorylation and transphosphorylation on 

tyrosine residues, leading to signal transduction across cell membrane and initiating a variety of 

biochemical pathways.75 
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ephrin-B2 signalling have been shown to inhibit angiogenesis and growth in human tumour 

xenografts in mice.104 Several small-molecule inhibitors of the EphB4 kinase domain have been 

reported83, 105-112, but there has yet to be a selective EphB4 kinase inhibitor approved for clinical 

treatment. Nevertheless, previous success in therapeutically targeting tyrosine kinases suggests 

that this approach is warranted in biologically relevant proteins of this family.75 Novel selective 

EphB4 kinase inhibitors are desirable lead compounds to be further optimized for use as 

chemotherapeutic drugs. In addition, the EphB4 ephrin-binding domain can also be selectively 

targeted with the aim of disrupting EphB4-ephrin signalling. Currently, only peptides mimicking 

the ephrin-B2 interaction sequence have been identified as ligands for this domain.84, 113 Previous 

success in RTK-based therapies suggests that this approach is warranted in biologically relevant 

proteins of this family.75 EphB4 specific molecules could also have potential roles in cancer 

diagnosis and treatment. EphB4 involvement in cancer development and prognosis makes it a 

potentially useful biomarker for functional imaging modalities like (PET).114 Probes labelled 

with positron-emitting isotopes could be used with PET to visualize tissues expressing high 

levels of EphB4, indicating the presence of cancerous cells. Information about the expression of 

EphB4 in a tumour could also provide prognostic information, based on the observation that high 

EphB4 expression in some tumours is associated with a higher potential for metastasis and fatal 

disease.88 

2.6. SUMMARY & SCOPE 

The fields of drug design and medicinal chemistry have expanding horizons with the 

advent of novel computational techniques that can aid in the discovery and development process, 

and have an increased scope, as molecular imaging techniques expand the applications of 

targeted small molecules. 
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My project aims to use a series of computational techniques, including high-throughput 

molecular docking and scoring, against two biologically relevant targets, EphB4 and CAIX, with 

the ultimate aim of developing novel therapeutic or diagnostic agents. For CAIX probe 

development, ligand binding site preference will be estimated in order to predict whether the 

probe is likely to be isoform specific, and whether it is likely to interfere with enzymatic activity. 

Certain applications, such as evaluating response to an existing therapy in an experimental 

setting, may require that the probe does not interfere with activity of the molecule of interest 

(CAIX). In the process of attempting to discover selective molecules for these targets, this 

project also aims to develop a protocol for incorporating imaging agents into the screening 

process. Fluorescence imaging, in particular, will be utilized with an approach for producing 

large computational libraries of fluorescently labelled compounds, so that these can be screened 

and examined with the computational techniques available.  

The overall scope of this project has been segmented into three distinct chapters. The first 

chapter outlines the development of a protocol for designing and computationally screening 

libraries of fluorescently labelled compounds. The second describes how a library of fluorescent 

compounds was used to identify potential optical probes for CAIX. The third describes the use of 

virtual ligand screening for identifying putative ligands for EphB4, and subsequent experimental 

validation of selected of candidates. 
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systems. For example, the MOE software used in different subsequent chapters features a set of 

Merck Molecular Force Fields which are specifically designed and parameterized for use with 

small molecules.4 

3.2.2. Hierarchical virtual ligand screening 

Hierarchical virtual ligand screening (HierVLS) is a structure-based method for high-

throughput docking and scoring of large ligand libraries against 3D protein target structures.5 

HierVLS identifies and filters promising binding conformations through a series of steps to 

ensure that the most computational time (and therefore, the best estimates of binding) are 

provided for the most promising conformers of a library.5 

HierVLS is executable through a graphical, interactive user interface (GUI).6 The 

HierVLS protocol begins with an input defining the available binding sites for the given protein 

structure. These binding sites can be user-specified (such as might be the case for an 

experimentally determined structure with a well-defined site of interest) or can be generated 

using an algorithm that scans the surface of the protein structure for cavities. In the following 

chapters, HierVLS is implemented with such an algorithm, PASS, to rapidly identify potential 

sites within the protein structure using a geometric algorithm that characterizes available binding 

cavities by their shape, size, and depth with respect to the surface of the target structure.5, 7-8 

The user supplies molecule structure files for both the protein target and ligand library to 

be screened. Atoms must be appropriately typed for handling by the force field and solvation 

model. Gasteiger atomic charges are set for all ligands to be docked.9 The initial set of docked 

ligand conformations are generated using the Dock4.0 software package.10 Dock4.0 calculates an 

energy grid to determine the energy contribution to docked conformers from the protein 
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Figure 4.2.1-1-N-hydroxysuccinimidyl ester (NHS ester) reactive fluorophores react with 
primary amines to form fluorophore/ligand conjugates that are linked via an amide bond. 

4.2.2. Protein structure preparation, VLS, and hit selection 

4.2.2. a) Protein structure preparation 

The experimental structure of the E6 protein (PDB Code: 2FK4) was obtained from the 

Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB). Energy 

minimization was performed on the structure in MOE using the MMFF94x force field.33, 35 For 

molecular docking, the protein structure was converted into Biograf format using Babel and 

Biograf.v400fsm files were created using an in-house algorithm. YASARA software was used to 

generate a PDB file with hydrogens removed.38-40 A model protein structure for botulinum 

neurotoxin A (BoNT/A) was prepared previously.14 

4.2.2. b) Virtual ligand screening 

The BoNT/A and E6 structures were scanned for docking regions using the PASS 

method.41 Both structures were screened against the PAD with molecular docking and scoring 

performed according to the HierVLS approach.20 Docking and scoring of both PAD and Bodipy-

tagged PAD against BoNT/A and against E6 was carried out using the same methodology 

detailed in Dadgar et al (2013) (manuscript in preparation).14 For the Bodipy-tagged PAD, an 
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4.2.10. Base compound library for conjugation 

 The Molecular Libraries Small Molecule Repository (MLSMR) 

(https://mli.nih.gov/mli/compound-repository/mlsmr-compounds/) was selected as a source of 

molecular structures. There are three subsets each containing approximately 100,000 

compounds, as well as some additional structures, totaling over 400,000 compounds as of June 

2013.47 The Molecular Libraries Initiative describes the selection criteria for these compounds on 

their website (https://mli.nih.gov/mli/compound-repository/mlsmr-compounds/). PubChem 

offers structures for download in both 2D and 3D formats. PubChem generates 3D structures for 

all compounds matching a specific set of criteria (detailed on PubChem3D).48 One 3D conformer 

(if available) was downloaded in SDF format for each MLSMR compound from PubChem3D 

(http://pubchem.ncbi.nlm.nih.gov/), totaling 383,987 structures. The database was refined using 

MOE software (www.chemcomp.com/). SDF structures were loaded into MOE molecular 

databases and checked for counter ions and solvent molecules. Gasteiger atomic charges were 

calculated for each molecule.34 An energy minimization was performed on each database using 

the MMFF94x force field.35 Chirality was preserved for the downloaded structures. 

4.2.11. Generating a library of fluorescent conjugates. 

 The fluorescent labeling script was used to parse the database of MLSMR compounds 

from PubChem3D and conjugate all compounds containing one primary amine to one NHS-ester 

functionalized fluorophore. ATTO680 NHS-ester (PubChemCID 16218508) was used as the 

amine-reactive fluorophore in this case (Figure 4.2.11-1b). 

MOE software (www.chemcomp.com) was used for database preparation and refinement. 

Conjugates were outputted to a molecular database (MDB format) before being assigned 

Gasteiger atomic charges and energy minimized using MMFF94x force-field.34-35 Conjugates 





 

13 

4.3. RESULTS 

4.3.1. Virtually screening fluorescence-labelled compound libraries is effective at 

identifying potential fluorescent probes 

A library of 1,153 primary amine-containing compounds (PAD) was screened using the 

HierVLS approach against two biologically relevant protein targets, botulinum toxin A 

(BoNT/A) and HPV 16 protein E6 (E6). Screening results for the unlabelled PAD against 

BoNT/A and E6 are shown in Figure 4.3.1-1 and Figure 4.3.1-3. The structures in this library 

were subsequently tagged with 3-Bodipy-propanoylaminocaproic acid, N-hydroxysuccinimide 

ester (Bodipy) by manually editing the structures to form an amide bond between primary amine 

nitrogen and the carbonyl carbon of the N-hydroxysuccinimidyl ester reactive group from the 

fluorophore (Figure 4.2.1-1). 

The Bodipy-labelled PAD was rescreened against both targets (Figure 4.3.1-2 and Figure 

4.3.1-4). The Bodipy fluorophore was chosen for virtual labeling because it is commercially 

available and suited for use with the available optical instruments in our laboratory. Aspartame 

and aspartame-Bodipy (Figure 4.3.1-5) both were predicted to bind to BoNT/A according to the 

binding threshold score used. O-Succinyl-L-homoserine was predicted to bind to E6 while its 

labelled counterpart, O-succinyl-L-homoserine-Bodipy (Figure 4.3.1-6) was not. These test cases 

were subject to experimental validation to confirm whether predicted binding or non-binding 

would be replicated in in vitro assays. 
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data also indicates that aspartame and aspartame-Bodipy are competing for the same binding 

region on the BoNT/A-LC because the polarization value is decreased when experiments were 

performed with both aspartame and aspartame-Bodipy, compared to aspartame-Bodipy 

complexed to BoNTA/A.  
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Figure 4.3.2-1-Fluorescence polarization binding assay using aspartame-Bodipy against 
BoNT/A-LC. The data related to unlabelled aspartame (APM) is shown in black whereas 
unlabelled paclitaxel (PAC) results are presented in square pattern. The addition of aspartame at 
1µM (left solid bar) reduces the fluorescence polarization associated with the binding of 
aspartame-Bodipy to BoNT/A (right solid bar), whereas the addition of paclitaxel (left checkered 
bar) increases the polarization of the corresponding aspartame-Bodipy reference (right checkered 
bar). Each labelled/unlabelled competition assay has its own reference because of the influence 
of DMSO on the fluorescence of labelled aspartame-Bodipy. The samples were run in triplicate 
at 37ºC and backgrounds were subtracted for each sample. 

Testing against unlabelled paclitaxel confirms the binding of aspartame-Bodipy to BoNT/A and 

indicates that aspartame-Bodipy and paclitaxel (a confirmed experimental inhibitor14 of 

BoNT/A-LC) bind to two distinct binding sites in BoNT/AL-C. Evidence for this hypothesis is 

provided by the increased polarization value in the sample containing both aspartame-Bodipy 











 

23 

allowing for thousands of molecules to be screened against targets of interest, it is necessary to 

devise a method for generating fluorophore/ligand conjugates rapidly, from large databases of 

substructures. To realize this idea, we designed a script that recognizes the appropriate reactive 

groups associated with conjugating an NHS-ester fluorophore to ligands containing primary 

amines. The script was written using a vector-based programming language known as scientific 

vector language (SVL) used by MOE (www.chemcomp.com) software. This specific language 

and the additional pre-defined applications and functions found in MOE are particularly suited 

for high-throughput applications involving large molecular databases. The script is capable of 

handling a fluorophore database containing multiple entries, and will create conjugates for each 

fluorophore containing an NHS-ester functional group. The script will only create conjugates for 

NHS-ester/primary amine combinations, and will output all conjugates with a name based on the 

concatenated ligand and fluorophore names or IDs. In cases where either the fluorophore or 

ligand is missing the appropriate reactive group, the conjugation is skipped, and a message is 

written to a log file. A SMARTS-based connectivity algorithm, built into MOE, is used for 

recognizing the appropriate functional groups. A database of test compounds containing various 

functional groups was prepared and tested to ensure that functional groups other than primary 

amines were not being inadvertently recognized by the algorithm used. Particular attention was 

given to ensure that other nitrogen-containing functional groups, including nitriles, amides, 

nitrates, and secondary or tertiary amines were being correctly discriminated from primary 

amines. Compounds containing multiple primary amines were completely avoided by the script, 

with a message written to a log file to alert the user. While these compounds would likely react 

with NHS-esters, it would be necessary to determine which amine would be preferentially 

labelled. Moreover, experimental synthesis of these conjugates would likely require additional 

http://www.chemcomp.com/


 

24 

purification or separation steps to ensure that the appropriate conjugate was being selected and 

used for testing. These practical considerations led to the decision to avoid compounds 

containing multiple reactive groups. This version of the script is designed to be a basic 

implementation of our idea, which can be expanded in later versions to include other types of 

reactive fluorophores, and exclude entries containing undesirable molecular features such as 

groups which could confer toxicity or that commonly participate in side reactions with reactive 

fluorophores. 

Once tested, the script was deemed adequate for the virtual labeling of large databases of 

small molecules with reactive NHS-ester fluorophores. We generated a large labelled database 

using publically available small molecule structures and one NHS-ester fluorophore, for later use 

in virtual screening applications.[1-(3-Carboxypropyl)-11-ethyl-2,2-dimethyl-1,8,9,10-

tetrahydro-2H-dipyrido[3,2-b:2',3'-i]phenoxazin-11-ium-4-yl]methanesulfonate, marketed as 

ATTO680 (ATTO-TEC, Siegen, Germany) is the fluorophore moiety that was chosen for this 

database. ATTO680 is a relatively hydrophilic commercial fluorophore that fluoresces in the red 

region, which is more appropriate for cell-based in vitro applications, and possibly in vivo 

applications.49 In comparisons with other popular fluorophore series including AlexaFluor® 

((Molecular Probes Inc.) and BODIPY® (Molecular Probes Inc.), ATTO680 exhibits among the 

best signal to noise ratios for aqueous applications.49 ATTO680 has been shown to be an 

appropriate choice for both steady-state and time-resolved fluorescence applications, which 

would enhance the experimental utility and versatility of any fluorescent conjugates bearing this 

moiety.49 ATTO680 NHS-ester (PubChemCID 16218508) was used as the amine-reactive 

fluorophore (Figure 4.2.11-1b). Its structure is publically available and does not contain exotic 
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complex piece of software could be developed that would enable screening of other reactive 

fluorophores, such as isothiocyanates and maleimides, thus expanding the scope of possible 

conjugation reactions. Additional criteria could also be applied such that the conjugates produced 

are most likely to be feasible experimentally, by ignoring molecules containing functional groups 

that might interfere with the labeling process, for example. While both small-molecule 

conjugates tested in this case were readily synthesized in the laboratory using standard 

techniques, it would be ideal to come up with a range of molecular descriptors that would 

prioritize molecules based on their predicted reactivity for labeling. Fluorophore-ligand 

conjugates are also typically quite large, and thus, have many conformational degrees of 

freedom. It would be important that, in any screening efforts using these molecules, this issue 

would be accounted for by using one or more conformational sampling or simulation techniques, 

such as molecular dynamics simulations. 

The final fluorescently-labelled database numbers 14,862 compounds, each tagged with 

the ATTO680 fluorophore. This library is highly suitable for VLS efforts seeking to identify 

fluorescent probes for biomarkers. While the use of fluorescent labeling technology has been 

highlighted by large biomolecule labeling, there is the demand for labelled small molecules for 

specific in vitro and in vivo applications, the discovery of which can be computationally aided 

through such methods. 
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procedure provided a visual confirmation that residues proximal to the active site had retained 

their relative positions after modeling.  

5.2.2. Multiple sequence alignment and binding site comparison 

The amino acid sequences of 23 known CA isoforms (supplementary material) were 

obtained from NCBI GenBank (http://www.ncbi.nlm.nih.gov/genbank/). A multiple sequence 

alignment was constructed using ClustalX 2.112 using the Gonnet matrix series, gap opening: 10, 

gap extension: 0.2, delay divergent sequences: 30%. 

Binding pockets within the CAIX model structure were identified using PASS, which is a 

freely available algorithm that relies on geometry to identify potential sites.13 Binding site 

centers were used to construct a graphical representation of each binding site within the model 

structure using MOE software. Residues with atoms between 0-5Å of each predicted site center 

were identified, and their position was annotated with respect to the multiple sequence alignment 

of CA isoforms. Percentage of amino acid identity to CAIX at each marked position was 

determined, and each binding site was scored according to its uniqueness to the CAIX isoform 

(Table 5.3.2-1). 

5.2.3. Known inhibitors library for structure validation 

A literature review was conducted to identify 32 small molecule inhibitors of CAIX with 

reported Ki values in the 14-305 nM range.6 Structures for these molecules were obtained either 

from PubChem (http://pubchem.ncbi.nlm.nih.gov/), BindingDB (www.bindingDB.org), or were 

constructed using MOE software (www.chemcomp.com) according to the structure reported in 

the literature. Inhibitor structures were assigned Gasteiger atomic charges and energy-minimized 

using the MMFF94x force-field.14-15 
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unparameterized atoms. Atoms were assigned Gasteiger charges and ligand structures were 

energy-minimized using the MMFF94x force-field.14-15 Various molecular descriptors were 

calculated for both the inhibitor and decoy set using MOE software in order to compare the 

distribution of properties between the groups. 

5.2.5. Validation Screening 

The combined library of 460 decoys and 32 known CAIX inhibitors was computationally 

screened against the 3D model of CAIX using PASS for binding site identification and HierVLS 

for molecular docking and force field-based scoring. PASS is a rapid and efficient program that 

uses a geometry-based algorithm to identify putative binding pockets based their shape, size, and 

depth relative to the protein surface.13 It is freely available and generates output that is generally 

compatible with applications used in later steps. HierVLS is a hierarchical approach to virtual 

ligand screening that tests the largest number of bound conformations of each ligand using the 

least computationally expensive methods, and proceeds to use more computational resources to 

obtain more accurate predictions of binding energy for the most promising conformers.5 

Screening was initiated using a graphical user interface (GUI) known as Cassandra, and 

calculations were run using the SHARCNET high-performance computing network 

(www.sharcnet.ca).20 For each ligand, a maximum number of 10,000 docked conformations were 

generated in level 0 (coarse-grain conformational search), with the 1500 best conformers passed 

to the filter step. Conformations were eliminated by the filter if they had less than 70% buried 

surface area. 150 conformations per ligand were passed from the filter step through to level 1 

(protein-fixed minimization). The best 3 docked conformations for each ligand were subject to 

an all-atoms minimization (level 2). Final raw binding scores (kcal/mol) consider the desolvation 

effects of the protein/ligand complex by applying the analytical volume generalized Borne 
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solvation model to the complex, and the protein and ligand alone. The steps and parameters of 

the HierVLS docking and scoring scheme have been described previously.5 A complete list of 

HierVLS parameters used for this experiment is included in the supplementary material. Raw 

binding scores were collected for each ligand docked to each of the 4 identified binding sites. 

Three separate score-adjustment schemes were applied to the raw scores. Raw binding scores 

were adjusted to give site-specific propensity relative to other binding sites using two separate 

in-house algorithms. In a separate step, raw binding scores for each ligand in all regions were 

subjected to principal components analysis (PCA) using PAST statistical software 

(http://folk.uio.no/ohammer/past/). Ligands without binding data for any of the 4 sites (due to 

failing the buried surface cut-off filter) were excluded from analysis (18 decoys), leaving 460 

and 32 scored decoys and true positives, respectively. PCA was performed using a correlation 

matrix type with singular value decomposition (SVD) enabled and iterative imputation to handle 

missing values with the following other parameters: Boot N=0, Jolliffe cut-off=0.7. An analysis 

of the test characteristics for each score-adjustment scheme (raw scores, in-house algorithms, and 

PCA) was performed using PRISM21 and Microsoft Excel 2010. 

5.2.6. CAIX Virtual Screening 

The CAIX model was screened against two compound libraries. One library contains 

14,862 primary-amine containing compounds that were identified from Molecular Libraries 

Initiative Small Molecule Repository (MLSMR) and tagged virtually with Atto680 NHS-ester 

(database available with supplementary material). Atto680 is a near-IR fluorophore that is 

commercially available in a reactive N-hydroxysuccinimidyl ester form.22 The preparation of this 

database is described in another manuscript (Chapter 4). An additional subset of the MLSMR, 

was identified using PubChem BioAssay data. Molecules with reported activity in a published 
































































































