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I 

SUMMARY   

 

Apoptosis, a process of programmed cell death controlled by a defined apoptotic pathway, plays 

an important role in the development of all multicellular organisms. Any alterations in apoptotic 

pathways have been implicated in Cancer, one of the most deadly diseases in the world and 

Bangladesh as well. The pathway of Apoptosis is executed with a cascade of sequential 

activation of initiator and effector caspases, a family of proteases found in Apoptotic pathways to 

induce Apoptosis during abnormal cell growth in the cell cycle. Due to limited number of 

successful inhibitors in the market as well as pharmacological constraints of designed and tested 

peptide and peptidomimetic inhibitors against Caspase protein, In this study, In Silico approach 

like Virtual Screening with Molecular Docking applied to identify potential lead compounds 

against Pro-Caspase 7, one of the effector proteins of Apoptotic signaling proteins and 1571 

drug-like molecules downloaded from the Binding database and ZINC database and identified 

four potential lead compounds.  Noncovalent interactions like hydrogen bond, halogen bond, 

hydrophobic interaction, electrostatic interaction are examined among all the identified potential 

lead compounds and Pro-Caspase 7 after Molecular Docking study. In addition, Molecular 

dynamics study conducted to test the feasibility of the identified compounds in biological 

systems and again checked Molecular Docking energy and binding interactions for the Pro-

Caspase 7 protein. Molecular dynamics study significantly increased binding energies among 

Pro-Caspase 7 and the first and third potential lead compounds and that are -15.8 and -14.3 

kcalmol
−1

 respectively. Pharmacoinformatics analysis predicts that all potential lead compounds 

are non-carcinogenic and nonmutagenic. And, hence considering Molecular Docking study, 

Molecular dynamics study and Pharmacoinformatics study, the identified four potential lead 

compounds can induce Pro-Caspase 7 to Caspase which leads to Apoptosis and ultimately works 

for Cancer treatment. 

Although this in silico study helps the researchers and pave the way for Anti-Cancer drug 

development, further wet lab assessment of these potential lead compounds has to be performed.  
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CHAPTER-1 

INTRODUCTION 

 

Apoptosis plays an essential role in the development of all multicellular organisms and the 

homeostasis of adult tissues [Steller, 1995; Jacobson et al., 1997; Horvitz, 1999]. Though the 

phenomenon had been described for almost a century, in 1972, Kerr, Wyllie, and Currie first 

coined the term ―apoptosis‖ in order to differentiate naturally occurring developmental cell 

death from necrotic cell death that results from acute tissue injury [Kerr et al., 1972]. 

Alterations in apoptotic pathways have been implicated in many diseases, such as cancer and 

neurodegenerative disorders [Thompson, 1995; Yuan and Yankner, 2000].  

 

Cancer cells, in particular, are known to have a decreased sensitivity to proapoptotic signals 

when compared to normal cells. It is well established, however, that anticancer drugs are 

effective at inducing the cell death program by a variety of mechanisms [Fulda and Debatin, 

2004; Kabore et al., 2004; Meng et al., 2006]. Cancer is the reason for one in eight deaths 

worldwide. Cancer cases are expected to flow 57% worldwide in the next 20 years, an 

impending ―Human disaster‖ that will need a renewed focus on hindrance to combat, 

according to the WHO (World Health Organization). Like many other countries in the world, 

cancer is one of the major killer diseases in Bangladesh [Garcia et al., 2007; Hume and 

Christensen, 2014].  

 

The mechanism of apoptosis is remarkably conserved across species, executed with a cascade 

of sequential activation of initiator and effector caspases [Thornberry and Lazebnik, 1998; 

Budihardjo et al., 1999]. Caspases are a family of proteases that are involved in the execution 

of apoptosis and the inflammatory response. Apoptosis is primarily executed by active 

caspases, which are derived from the inactive pro-caspase zymogens through proteolytic 

cleavage [Chai et al., 2012]. If the caspase protein remains inactive during the cell cycle 

process, the apoptosis process remains silent that ultimately induces cancer development. So, 

activation of caspase is necessary for the human body to start apoptosis. To date, Hundreds of 

peptide and peptidomimetic inhibitors have been designed and tested, but only a few have 

advanced to clinical trials because of poor drug-like properties and pharmacological 

constraints. There is the limited number of successful inhibitors found in the market. At this 

moment, identification of new drug would be helpful for overcoming clinical and financial 
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challenge to the nation [Festjens et al., 2006; Fleischer et al., 2006; Lamkanfi et al., 2007; 

MacKenzie et al., 2010; Hensley et al., 2013; Koff et al., 2015].  

 

Recently, it has been proposed that initiator and effector caspases of apoptosis are required 

for non-apoptotic functions [Newton, 2003; Woo et al., 2003; Huh et al., 2003; Fernando  et 

al., 2005; Kuranaga  et al., 2006; Siegel, 2006]. Concerning caspase-3, an active caspase-3 

fragment is immunostained in the proliferative region in rat brain [Yan et al., 2001], caspase-

3 is upregulated just prier to mitosis [Hsu et al., 2006], and the treatment with a caspase-3 

inhibitor induces cell death at late mitosis [Swe & Sit, 2000]. Caspase-8 is pointed out to play 

an essential role in the development and activation of immune cells [Siegel, 2006; Yan et al., 

2001]. In addition, the activity of caspase-3, -7, -8, and -9 is elevated in some tumor cells 

[Yang et al., 2003; Vakkala et al., 1999; Nakopoulou et al., 2001]. We have recently reported 

a possible involvement of caspase-7 to the cell cycle progression at mitosis [Hashimoto et al., 

2008]. The clear evidence, however, has not been available for the role of caspases in the 

regulation of cell proliferation. 

 

The aim of the study has focused on the design of inhibitors against caspases through virtual 

screening of drug databases and molecular docking of that selected drugs. Ligand and 

receptor-based virtual screening approaches will be adopted in the present research. 

 

Virtual screening has been defined as the "automatically evaluating very large libraries of 

compounds" using computer programs [Walters et al., 1998]. As this definition suggests, VS 

has largely been a numbers game focusing on how the enormous chemical space of over 

10
60

 conceivable compounds can be filtered to a manageable number that can be synthesized, 

purchased, and tested [Bohacek et al., 1996]. Although searching the entire chemical universe 

may be a theoretically interesting problem, more practical VS scenarios focus on designing 

and optimizing targeted combinatorial libraries and enriching libraries of available 

compounds from in-house compound repositories or vendor offerings. As the accuracy of the 

method has increased, virtual screening has become an integral part of the drug 

discovery process [McGregor et al., 2007].  Virtual screening is a computational technique 

that represents popular and costs efficient tool for developing potential lead drugs [Kitchen et 

al., 2004; Sliwoski et al., 2013; Song et al., 2009]. The main objective of this method is the 

reduction of the vast virtual chemical space related to the drug-like molecules by screening 
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them against a particular protein receptor. From the receptor-drug interaction, an appropriate 

number of drug-like molecules that strongly and specifically bind with the receptor protein 

can be isolated leading to a potential drug candidate. There are two kinds of virtual screening 

techniques: ligand-based and structure-based [Drwal and Griffith, 2013; Aparoy et al., 2012; 

Wilson and Lill, 2011]. There is a rise of success stories reported by use of structure-based 

virtual screening among which docking based screening is the most popular one. The aim of 

virtual screening is to identify molecules of novel chemical structure that bind to the 

macromolecular target of interest. Thus, success of a virtual screen is defined in terms of 

finding interesting new scaffolds rather than the total number of hits. Interpretations of virtual 

screening accuracy should therefore be considered with caution. Low hit rates of interesting 

scaffolds are clearly preferable over high hit rates of already known scaffolds. Structure-

based drug design is clearly becoming a valuable and integral part of the drug discovery, and 

is perhaps the most elegant approach for discovering compounds exhibiting high specificity 

and efficacy. At the present time, a number of recent successful drugs have in part or in 

whole emerged from a structure-based research approach. Understanding the molecular basis 

of a drug action and exploring the chemical interactions involved in the complex processes of 

drug delivery and reaction with a variety of biological molecules are among the most 

important goals of contemporary drug design [Wilson and Lill, 2011; Lionta et al., 2014; 

Toledo et al., 2014].   

 

Molecular docking is an essential aspect of computer-aided drug design and widely used 

protocol to evaluate the binding affinity of a ligand to its target receptor without considering 

receptor conformers. However, biological phenomenon of ligand-receptor binding is a 

dynamic process, where both ligands and receptors can morph into different conformations 

[Seeliger et al., 2010; Murga et al., 2008]. A major limitation in molecular docking method is 

that of failure to account for receptor flexibility [Kokh et al., 2011; Totrov and Abagyan, 

2008]. It is important to consider receptor flexibility as binding affinity predicted by docking 

against rigid receptor may not provide the accurate image of binding affinity and binding 

interactions between a ligand and a receptor [Totrov and Abagyan, 2008]. Each docking 

mode is termed as a ‗pose‘ [Rahman et al., 2016; Rahman et al., 2016A]. In order to identify 

the energetically most welcoming/favorable pose, each pose is evaluated (‗scored‘) based on 

its compatibility to the target [Saleh et al., 2016; Shawon et al., 2016].  
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Molecular dynamics (MD) is a computer simulation method for studying the physical 

movements of atoms and molecules. The atoms and molecules are allowed to interact for a 

fixed period of time, giving a view of the dynamic evolution of the system. In the most 

common version, the trajectories of atoms and molecules are determined by numerically 

solving Newton's equations of motion for a system of interacting particles, 

where forces between the particles and their potential energies are often calculated 

using interatomic potentials or molecular mechanics force fields. The method was originally 

developed within the field of theoretical physics in the late 1950s but is applied today mostly 

in chemical physics, materials science and the modelling of biomolecules [Fermi et al., 1955; 

Alder & Wainwright, 1959; Rahman, 1964]. MD simulation of protein structure can be 

performed in an aqueous environment to generate conformations predictive of those taken by 

a protein under physiological conditions. Alternatively, different crystallographic structures 

of the same protein bound to different ligands or with different mutations can be used [Totrov 

and Abagyan, 2008].   

 

Objectives of Specific Aims and Possible Outcome  

 

The objectives of the research can be summarized as follows: 

The key focus will be on the development of selective inhibitor by computational approach 

against Pro-Caspase 7.  The overall process summarized below briefly: 

 Ligand Identification to activate Caspase 7 through Virtual screening (VS) of drug 

molecules from BindingDB and ZINC database.  

 In subsequent steps, selected suitable drugs will be used for further computer-aided 

drug design approach. 

 

 

 

 

 

https://en.wikipedia.org/wiki/Computer_simulation
https://en.wikipedia.org/wiki/Motion_(physics)
https://en.wikipedia.org/wiki/Motion_(physics)
https://en.wikipedia.org/wiki/Motion_(physics)
https://en.wikipedia.org/wiki/Atoms
https://en.wikipedia.org/wiki/Molecules
https://en.wikipedia.org/wiki/Dynamics_(mechanics)
https://en.wikipedia.org/wiki/Trajectory
https://en.wikipedia.org/wiki/Numerical_integration
https://en.wikipedia.org/wiki/Numerical_integration
https://en.wikipedia.org/wiki/Numerical_integration
https://en.wikipedia.org/wiki/Newton%27s_laws_of_motion
https://en.wikipedia.org/wiki/Force_(physics)
https://en.wikipedia.org/wiki/Potential_energy
https://en.wikipedia.org/wiki/Interatomic_potential
https://en.wikipedia.org/wiki/Molecular_mechanics
https://en.wikipedia.org/wiki/Force_field_(chemistry)
https://en.wikipedia.org/wiki/Chemical_physics
https://en.wikipedia.org/wiki/Materials_science
https://en.wikipedia.org/wiki/Biomolecule
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The aim of the present study is depicted in Fig 1.  

 
Figure 1 Specific aims and possible outcome of the research. 
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CHAPTER-2 

REVIEW OF LITERATURE  

Scientific communities have been analyzing the mechanism of Apoptosis in various part of 

the world for several decades. Researchers published their findings in different national and 

international scientific journals. Nowadays, a new research cannot be launched without back 

ground information. Review of literature is the easiest method to obtain sufficient 

information and knowledge. Moreover, to evaluate one‘s findings, review of literature plays a 

vital role. In this chapter we have discussed related previous studies which have been 

published in different peer review scientific journals.              

 

2.01 Details about Apoptosis 

Though the phenomenon had been described for almost a century, in 1972, Kerr, Wyllie, and 

Currie first coined the term ―apoptosis‖ in order to differentiate naturally occurring 

developmental cell death from necrotic cell death that results from acute tissue injury [Kerr et 

al., 1972].  

Apoptosis is a type of cell death in which a cell uses specialized machinery to dismantle 

itself. Under normal growth and developmental conditions, apoptosis is a cell suicide 

mechanism that enables eumetazoans to control cell number, that is, to maintain homeostasis 

and to eliminate damaged cells. A healthy adult human produces approximately ten billion 

cells each day by mitosis and a similar number are removed by apoptosis [Jacobson et al., 

1997]. Disregulation of the cell death mechanism results in a loss of homeostasis. Indeed, 

alterations in the cell death program have been implicated in several diseases, including 

neurodegenerative disorders, inflammatory diseases and cancer [Fadeel & Orrenius, 2005]. 

Cancer cells, in particular, are known to have a decreased sensitivity to proapoptotic signals 

when compared to normal cells. It is well established, however, that anticancer drugs are 

effective at inducing the cell death program by a variety of mechanisms [Kabore et al., 2004; 

Fulda & Debatin, 2004, Meng et al., 2006]. 

 

Apoptosis is a highly regulated process that may be triggered by a variety of stimuli 

including, but not limited to, virus infection, toxic stress, environmental insults and hormones 

[Earnshaw et al., 1999]. The morphology of the cell changes during apoptosis due to 

cytoplasmic shrinkage, active membrane blebbing, chromatin condensation and 
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fragmentation of membrane-enclosed vesicles [Wyllie et al., 1980]. In addition, the nuclear 

DNA is degraded, the cytoskeleton in dismantled and cell cycle progression is halted 

[Kaufmann, 1989; Canman et al., 1992]. In short, every aspect of the cell is disrupted so that 

the contents are dismantled and packaged into vesicles, called apoptotic bodies, which are 

phagocytozed by macrophages or surrounding tissue [Jin & El-Deiry, 2005]. 

 

2.02 Types of Apoptosis Signaling Pathways 

 

There are two distinct molecular signaling pathways that lead to apoptotic cell death: (a) the 

intrinsic, or mitochondria-mediated pathway, and (b) the extrinsic, or extracellular activated 

pathway [Danial & Korsmeyer, 2004; Cory & Adams, 2002, Nagata, 1997]. The intrinsic 

pathway is usually activated in response to intracellular stress signals, which include DNA 

damage and high levels of reactive oxygen species (ROS), as well as by viral infection and 

activation of oncogenes. The extrinsic pathway is triggered by the binding of an extracellular 

ligand to a receptor on the plasma membrane. Both pathways activate proteolytic enzymes 

called caspases that mediate the rapid dismantling of cellular organelles and architecture. 

 

2.03 Details about Caspase Proteins and Its classification 

 

A family of cysteine-dependent aspartate-directed proteases, known as caspases, is intimately 

involved in apoptosis. The cleavage of key proteins in the cell by caspases leads to the 

morphological and biochemical changes observed in apoptosis. For example, the cleavage of 

ICAD (inhibitor of CAD) by caspases releases the DNase CAD (caspase activated DNase) 

from an inactive complex and ultimately results in the cleavage of nuclear DNA by CAD 

[Enari et al., 1998; Thornberry et al., 1992; Martinon & Tschopp, 2004; Ahn et al., 2002]  

 

Caspases (cysteinalaspartate-specific proteases) [Alnemri et al., 1996] are enzymes which 

utilize a catalytic cysteine to cleave their peptide substrates after specific aspartate residues. 

The first caspase was discovered in 1992 and because of its function was named interleukin-1 

converting enzyme (ICE) [Cerretti et al., 1992; Thornberry et al., 1992] but was later 

renamed to caspase- 1. In 1993, Ced-3 from C. elegans was found to be homologous to ICE 

[Miura et al., 1993] and the corresponding human protein CPP32 (later named caspase-3) 

was found in 1994 [Fernandes-Alnemri et al., 1994]. The official caspase nomenclature was 
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decided on in 1996 to alleviate the confusion that went along with discovery of ten different 

caspases, some with multiple names [Alnemri et al., 1996]. 

 

Caspases are divided into two main categories based on their function: apoptotic caspases and 

inflammatory caspases. The apoptotic caspases are further divided into two categories based 

on time of entry into the apoptotic cascade: initiator caspases and effector caspases [Fig 2]. 

 

 

 

Figure 2 Domain arrangements of mammalian caspases 

 

2.03.1A Apoptotic Caspases (Initiator Caspases)  

 

Initiator caspases are stable monomers in the cell until they are activated by dimerization. 

Once dimerized, initiator caspases have sufficient activity to autoprocess, cleaving their 

prodomain and intersubunit linker. An induced proximity model for dimerization was first 

invoked for caspases-8 and -10 but now seems to be generalizable to initiator caspases as a 

whole. This model says that activation complexes increase the local concentration of the 

initiator caspases, enabling them to dimerize [Muzio et al., 1998]. The prodomains of 

initiator caspases contain either a CARD (caspase activation and recruitment domain) or 

DED (death effector domain), which allow initiator caspases to bind to activation complexes 

[Fig. 2]. The initiator caspases-2 and -9 are involved in the intrinsic pathway, which is 
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activated by mitochondrial damage, cytotoxic stress, chemotherapeutic drugs or certain 

developmental cues [Gerl, 2004]. Activation of caspase-2 leads to release of cytochrome c 

from the mitochondria, which then binds to Apaf-1 and forms the heptameric apoptosome. 

The apoptosome binds procaspase-9 to dimerize and therefore activate it. Once active, 

caspase-9 activates downstream effector caspases. 

 

2.03.1B Apoptotic Caspases (Effector Caspases) 

 

The effector caspases-3, -6, and -7, are found as inactive dimers in the cell. They are 

activated once an initiator caspase cleaves their intersubunit linkers. Because they do not 

require death scaffolds for dimer formation [Milam & Clark, 2009; Pop et al., 2001], their 

prodomains are short and lack the CARD and DED domains typical of initiator caspases. 

Their prodomains are, however, likely to be involved in targeting within the cell [Mao et al., 

1998; Baliga et al., 2002; Colussi et al., 1998; Yaoita , 2002]. 

  

2.03.2 Inflammatory Caspases 

  

Similarly to the initiator caspases, the inflammatory caspases-1, -4, -5, -11, -12, and -13 are 

activated by dimerization. Their prodomains contain a CARD which allows them to bind to 

activation complexes. Similarly to apoptosome formation, a multiprotein complex called the 

inflammasome consists of a NOD-like receptor such as NLRP1, an adaptor protein such as 

ASC (apoptosis-associated speck like protein containing a CARD), and the inflammatory 

procaspase, particularly procaspase-1 [Martinon et al., 2002]. In some cases, the procaspase 

can also be recruited to CARD domains in the receptor directly, without the aid of an adaptor 

molecule [Faustin et al., 2007].  

 

Once the inflammatory caspases become active, they are activators of cytokines through 

cleavage of their preforms. In monocytes and macrophages, caspase-1 activates interleukin-

1β (IL-1β) [Thornberry et al., 1992] and interleukin-18 (IL-18). These cytokines mediate 

innate immunity and inflammation [Newton & Dixit, 2012]. 

 

The mouse caspase-11 is a homolog of human caspase-4 [Wang et al., 1998]. In humans, 

caspase-12 is generally truncated due to a premature stop codon, but in some people of 

African descent, a read-through mutation causes expression of the full length protein, causing 
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increased risk of sepsis due to decreased inflammatory and immune response to endotoxins 

[Saleh et al., 2004]. Caspase-13 is a bovine ortholog of human caspase-4 [Koenig et al., 

2001]. 

 

2.03.3 Other or Unclassified Caspases 

 

 Caspase-14 expression is restricted to epidermal keratinocytes and is involved in 

differentiation [Rendl et al., 2002]. Like the effector caspases, it has a short prodomain with 

no adaptor regions. Several caspases are not yet classified: 15, 16, and 17 [Eckhart et al., 

2008]. Caspase- 15 is expressed in several mammalian species including pigs, dogs, and 

cattle [Eckhart et al., 2005]. It contains a pyrin-like region in its prodomain similar to that 

found in zebrafish caspases caspy and caspy2 [Masumoto et al., 2003]. Caspase-16 is found 

in marsupials and placental mammals and contains a short prodomain with no adaptor regions 

[Eckhart et al., 2008]. Caspase-17 is found in vertebrates except for marsupials and placental 

mammals and also does not contain adaptor regions in its prodomain. Caspase-18 is found in 

opossums and chickens and, like caspases-8 and -10, contains two DED regions in its 

prodomain, so it is likely also an initiator apoptotic caspase [Eckhart et al., 2008]. 

 

2.04 Structure of Caspase Proteins 

 

Caspases are expressed as proenzymes (zymogens) called procaspases, which then become 

activated to the mature caspase form. Procaspase structure can be divided into three domains: 

an N-terminal prodomain, a large subunit, and a small subunit. The first step in maturation is 

dimerization. Then, proteolytic processing removes the prodomain and cleaves a loop called 

the intersubunit linker between the large and small subunits. 

 

The secondary structure of mature caspases consists of six core β-strands in a slightly twisted 

sheet in each monomer, with two main helices on one face (the ―front‖) of the protein and 

three helices on the other face (the ―back‖) of the protein [Fig. 3]. The first four core β-

strands and helices 1–3 form the large subunit, whereas the last two core ―-strands and helices 

4–5 form the small subunit. The dimer interface consists of the final β-strand from each 

monomer, side by-side in an antiparallel manner. The two monomers are related through a C2 

axis of symmetry such that one monomer is ―upside-down‖ compared to the other monomer. 
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Five loops are important for the formation of the active site. Once the intersubunit linker is 

cleaved, the two halves of the cleaved linker are called L2 and L20. Active site loops L1, L2, 

L3, and L4 come from one monomer, and loop L20 comes from the other. The catalytic 

cysteine is part of loop L2, and the catalytic histidine is part of a loop extending from the C 

terminal end of β3 [In Bose, 2015]. 

 

Figure 3 Procaspase-3 model and crystal structure of caspase-3. Active site loop 

coloring: yellowDL1, redDL2, cyanDL20, blueDL3, tanDL4 

 

2.05 Structure of Pro-Caspase 7 and Its Activation 

 

Procaspase-7, in particular, is expressed as a 303-aa residue polypeptide chain. Upon 

activation in vivo, a short N-terminal peptide is removed, and, more importantly from the 

perspective of generating catalytic activity, an Ile-Gln-Ala-Asp-2-Ser-Gly site is cleaved, 

giving rise to a 175-residue large chain and a 105-residue small chain, comprising the active 

caspase-7. The only known exception to this mode of activation is caspase-9, whose zymogen 

does not require proteolytic processing for activity [Stennicke et al., 1999; Rodriguez & 

Lazebnik, 1999]. 

 

The first crystal structures of active caspase-1 [Walker et al., 1994; Wilson et al., 1994], and 

later the homologous structures of caspases -3, -7, and -8 [Rotonda et al., 1996; Blanchard et 



12 
 

al., 1999; Watt et al., 1999; Wei et al., 2000; Mittl et al., 1997], revealed that the active 

caspases comprise a heterotetramer consisting of two closely associated large and two small 

subunits, aligned together by means of the central small subunits about a 2-fold axis. The 

large subunits harbor the catalytic residues His-237 and Cys-285 [Walker et al., 1994; Wilson 

et al., 1994], whereas the small subunits contribute mainly to formation of the substrate 

binding region. The preference for substrate cleavage after Asp residues is explained by the 

side chains of Arg-179 and Arg-341 lining the S1 specificity pocket. In contrast, no structure 

of an uncleaved caspase zymogen has been reported so far, thus limiting the understanding of 

the procaspase inactivity and the mechanism of procaspase activation. 

 

The structure of cleaved caspase-9 [Renatus et al., 2001] has allowed postulating a zymogen 

conformation, in that the asymmetric dimers have captured two conformations, a catalytically 

competent and an incompetent one. We have postulated that the zymogen form of caspase-9 

is restrained by dislocation of the catalytic and the substrate binding sites. To disclose the 

general mechanism(s) responsible for caspase activation, the C285A variant of human 

procaspase-7 has crystallized and has solved its crystal structure.  

 

The zymogen of the executioner caspase 7 is maintained in a similar inactive conformation to 

the caspase 9 zymogen [Chai et al., 2001; Riedl et al., 2001]. The primary difference is that 

pro-caspase 7, unlike pro-caspase 9, is already a dimer and the driving force for zymogen 

activation is proteolysis. This releases the N-termini of the small subunits and C-termini of 

the large subunits, thereby allowing them to form the four-stranded loop bundles that are 

required to order the catalytic site. 

 

The structures of the caspase 7 zymogen seem to rule out previously proposed models in 

which the two subunits of the active caspase molecule arise from different subunits of each 

zymogen by a domain swapping mechanism. Rather, the two catalytic domains in the 

zymogen are associated by simple dimerization, no domain swapping takes place, and the 

driving force for activation is the large movement of the inter-chain connector that helps to 

align the substrate-binding region and catalytic machinery [Riedl et al., 2001]. 
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2.06 Function of Caspase Proteins 

2.06.1 Apoptosis 

 

The activation of caspases commits the cell to apoptosis. The main hallmarks of apoptosis 

include rounding of cells and retraction from neighbors, membrane blebbing to form vesicles 

called apoptotic bodies, nuclear fragmentation, chromatin condensation, hydrolysis of 

genomic DNA to approximately 200 bp fragments, and translocation of phosphatidylserine 

(PS) to the external surface of cells as an ―eat me‖ signal to phagocytes. The apoptotic 

caspases are necessary for conferring all of these phenotypes. 

In addition to the systematic dismantling of the cell, caspases are also involved in producing 

―find-me‖ signals to cause chemotaxis of phagocytes to apoptotic cells [Lauber et al., 2003; 

Knies et al., 1998; Chekeni et al., 2010]. The recruitment of phagocytes keeps cells from 

releasing their contents into extracellular space and activating an immune response which 

could be harmful to the tissue. 

When the number of apoptotic cells is too great for consumption by phagocytes, secondary 

necrosis can occur. When this happens, the cell releases its contents into extracellular space. 

However, immune cells are somehow able to recognize the cells undergoing apoptosis (and 

secondary necrosis) differently from necrotic cells. This is likely due to the actions of 

caspases. Caspases keep danger-associated molecular patterns (DAMPs) and alarmins from 

being activated [Martin et al., 2012]. This can be thought of as a ―tolerate me‖ signal. 

Caspases are also involved in turning off transcription and translation [Taylor et al., 2008]. 

This keeps any infecting viral particles from replicating using the host‘s machinery. They 

also fragment the Golgi, ER, and mitochondria [Frank et al., 2001, Lane et al., 2002]. 

2.06.2 Inflammatory Response 

 

In contrast to the actions of apoptotic caspases, which systematically dismantle the cell to 

avoid an immune response, the actions of inflammatory caspases lead to cell lysis and 

activation of the immune response in a process called pyroptosis [Lamkanfi, 2011]. In order 

to activate an immune response, caspases cleave cytokine IL-1β and IL-18 to produce the 

mature form [Miao et al., 2011]. 

In addition to activation of cytokines, procaspase-1 is also able to activate the pro-

inflammatory transcription factor NF-κB [Lamkanfi et al., 2004]. Rather than using its 
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catalytic activity, the CARD domain of procaspase-1 binds to a CARD domain in the kinase 

RIP2, which is involved in NF-κB activation. 

 

2.06.3 Other Functions 

 

Caspase expression is kept below a certain threshold required for apoptosis by IAPs (inhibitor 

of apoptosis proteins). At these sub-threshold levels they are able to play roles that are neither 

apoptotic nor inflammatory. Caspase-3 activity was found to be important for differentiation 

of erythroblasts, [Zermati et al., 2001] skeletal muscle, [Fernando et al., 2002] bone marrow 

stromal stem cells, [Miura et al., 2004] and neural stem cells [Fernando et al., 2005]. 

Caspase-3 has several other non-apoptotic functions in nerve cells. In addition to neural cell 

differentiation, caspase-3 has also been implicated in neuronal migration and plasticity, 

[Gulyaeva, 2003] axon pruning, and synapse elimination [Hyman & Yuan, 2012]. 

Caspases have been shown to play a role in cell migration and invasion under certain 

circumstances [Rudrapatna et al., 2013]. They can also induce neighboring cells to proliferate 

to replace dying cells in a process called apoptosis-induced proliferation [Ryoo & Bergmann, 

2012]. These roles for caspases have implications for cancer: moderate activation of caspases 

could, in fact, cause cancer to progress rather than regress [Rudrapatna et al., 2013; Ryoo & 

Bergmann, 2012]. In addition to its apoptotic function, caspase-8 has an anti-apoptotic 

function when it forms a heterodimer with FLIPL (a protein similar to caspase-8 but lacking a 

catalytic site) [Oberst et al., 2011]. This protein complex is able to activate the NF-›B 

signaling pathway leading to proliferation [Kataoka & Tschopp, 2004]. In another pro-

survival capacity, the caspase- 8/FLIPL complex is also able to inhibit RIPK3-dependent 

necrosis [Oberst et al., 2011]. 

 

2.07 Types of Apoptosis Signaling Pathways 

 

Caspases are themselves activated either by so called extrinsic or intrinsic mechanisms. The 

extrinsic pathway for initiator caspase activation ultimately is responsible for the elimination 

of unwanted cells that are produced during development or that have tumorogenic qualities 

[Boatright & Salvesen, 2003]. This pathway is initiated by ligation of a transmembrane death 

receptor in response to an extracellular signal, followed by recruitment and activation of 
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initiator caspases as a part of a multiprotein complex [Fig. 4]. Caspases-8 and -10 are the 

initiator caspases that are activated by way of the extrinsic pathway. In contrast, the intrinsic 

pathway primarily is responsible for the removal of cells in response to cytotoxic stress, 

chemotherapeutic drugs, mitochondrial damage and certain developmental cues [Boatright et 

al., 2003]. The mitochondria release cytochrome c into the cytoplasm in response to one or 

more of these cues [Fig. 4]. The increase in the cytoplasmic concentration of cytochrome c is 

sensed by the protein Apaf-1 (apoptosis activating factor 1), which leads to recruitment of 

caspase-9 to a multiprotein complex, called the apoptosome, followed by activation of the 

caspase in a cofactor-dependent manner. The end result of initiator caspase activation is the 

downstream activation of the effector caspases-3, -6 and -7, which ultimately are responsible 

for cleavage of intracellular proteins that lead to the dismantling of the cell. 

 

2.07.1 The Intrinsic Apoptosis Signaling Pathway 

Bcl-2 family members act by regulating the efflux of apoptogenic proteins from 

mitochondria. Bcl-2 proteins contain from one to four Bcl-2 homology (BH) domains. The 

number and combination of the BH domains dictate whether the proteins are proapoptotic or 

antiapoptotic. Antiapoptotic Bcl-2 members contain all four BH domains and include Bcl-2, 

Bcl-xL, Mcl-1, Bcl-w, and Bf1-1/A1. Proapoptotic members lack the BH4 domain and are 

divided into two groups, the ―BH3-only‖ members and the multidomain BH1-3 proapoptotic 

members Bax and Bak. In mouse cells, deletion of Bax and Bak is sufficient to prevent 

mitochondrial outer membrane permeabilization (MOMP) induced by upstream apoptotic 

events [Lindsten et al., 2000; Wei et al., 2001]. Bax and Bak normally exist as inactive 

monomers. Bax resides in the cytosol or loosely attached to intracellular membranes [Suzuki 

et al., 2000], and Bak is bound by Mcl-1, Bcl-xL, or voltage-dependent anion channel protein 

2 (VDAC-2) in the mitochondrial outer membrane [Scorrano et al., 2003; Willis et al., 2005]. 

 

The generalized scheme of intrinsic pathway activation is the oligomerization of Bax and Bak 

in the mitochondrial outer membrane to activate MOMP, thus permitting release of 

apoptogenic factors such as cytochrome c, second mitochondria–derived activator of 

caspase/direct inhibitor of apoptosis (IAP) binding protein with low pI (Smac/DIA-BLO), 

and Omi stress-regulated endoprotease/high temperature requirement protein A2 (Omi/ 

HtrA2). Once released, cytochrome c binds apoptotic protease-activating factor 1 (Apaf-1), 

which recruits pro-caspase-9, promoting its self-activation. Activated caspase-9 cleaves the 

downstream effectors caspase-3 and caspase-7, which rapidly cleave intracellular substrates. 
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Proteins of the IAP family, including X-linked IAP (XIAP), c-IAP1, and c-IAP2, can bind 

and inhibit the active sites of caspase-3, caspase-7, and caspase-9. When released from 

mitochondria, Smac/DIA-BLO and Omi/HtrA2 can bind these IAPs and prevent their 

inhibition of the activated caspases [Du et al., 2000; Suzuki et al., 2001; Verhagen et al., 

2000]. Antiapoptotic Bcl-2 proteins block oligomerization of Bax and Bak, or their 

associations with BH3-only proteins, thus preventing MOMP [Boatright et al., 2003]. The 

BH3-only proteins are universally proapoptotic, and each can act either to antagonize 

antiapoptotic members or activate proapoptotic members. Members of the BH3-only family 

include Bid, Bad, Bim, Puma, Noxa, Bmf, and several others. BH3-only proteins need to be 

activated in order to elicit their death signal. The proapoptotic activity of BH3-only proteins 

appears to be kept in check by either transcriptional control (mainly by p53) or post-

translational events. For example, cellular stresses, such as ionizing radiation (IR) or 

chemotherapy, activate a DNA damage response that stabilizes the p53 tumor suppressor 

protein. p53 acts to either arrest the cell division cycle by transcriptionally activating the 

cyclin-dependent kinase inhibitor p21, giving the cell time to repair the damage, or else it 

helps to mediate apoptotic cell death. p53 also activates proapoptotic genes, including those 

encoding Bax and the BH3- only proteins Puma, Noxa, and Bid [El-Deiry, 2003]. Another 

role for p53 has been identified showing that p53 acts directly to increase MOMP by binding 

Bcl-2 family members and helping mediate Bax and Bak dimerization [Leu et al., 2004; 

Mihara et al., 2003]. 

 

2.07.2 The Extrinsic Apoptosis Signaling Pathway 

The extrinsic pathway is activated by members of two protein families, the tumor necrosis 

factor (TNF) family and the receptors for these ligands (TNFR) [Locksley et al., 2001]. Most 

TNF family members bind receptors that activate signals involved in proinflammatory 

responses and do not signal cell death. The TNF ligands that can induce apoptosis are TNF-α, 

FasL (also known as CD95L), and TNF receptor apoptosis-inducing ligand (TRAIL; also 

known as Apo2L) [LeBlanc & Ashkenazi, 2003; Peter & Krammer, 2003]. After extracellular 

ligand binding, the cytoplasmic end of the TNFR recruits initiating caspases. TRAIL binding 

to its death inducing receptors acts in a manner similar to FasL, while TNF-mediated 

signaling is more complex [Wajant et al., 2003]. The ligand-bound Fas or TRAIL death 

receptors (DR4 and DR5) recruit the adapter protein Fas-associating death domain-containing 

protein (FADD) [Chinnaiyan et al., 1995]. Bound FADD recruits initiator caspase-8 and 
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caspase-10, and this assembly of proteins (receptor, FADD, and caspases) is termed the 

death-inducing signaling complex(DISC) [Kischkel et al., 1995]. Recruitment of caspase-

8/10 to the DISC leads to their auto proteolytic cleavage [Donepudi et al., 2003; Boatright et 

al., 2003]. Caspase-8/10 activity can be blocked by a protein with which they share high 

homology, FLIP (FADD-like interleukin-1β-converting enzyme inhibitory protein). FLIP can 

oligomerize with caspase-8/10 but lacks critical residues in its caspase domain, including the 

catalytic cysteine, suggesting it to be a dominant-negative inhibitor. In some cells, named 

type I cells, activation of effector caspases by activated caspase-8/10 alone is sufficient to 

induce apoptosis [Scaffidi, 1998]. In type II cells, activated caspase-8/10 stimulates the 

release of factors from mitochondria. The BH3-only protein Bid connects the extrinsic 

pathway to mitochondria. Bid is cleaved by caspase-8, resulting in its myristyolization of a 

newly exposed glycine residue to form tBid. tBid is then targeted to membranes where it 

promotes Bax and Bak oligomerization [Li et al., 1998, Luo et al., 1998]. 

 

Apoptotic cell death is as a key element in maintaining immune homeostasis and preventing 

the emergence of lymphomas or the development of autoimmunity [Bidere et al., 2006]. Cells 

derived from the hematopoietic progenitor cells (CD8+ T cells, natural killer cells [NK], 

dendritic cells) have the capacity to mediate cell death through the use of the extrinsic 

pathway. For example, antigen stimulation of T cells causes the induction of FasL, TNF, and 

TRAIL that mediates contact-dependent destruction of their targets [Brunner et al., 1995; 

Dhein et al., 1995; Ju et al., 1995; Zheng et al., 1995; Janssen et al., 2005]. Cytotoxic 

immune cells can also induce apoptosis through exocytosis of specialized granules that 

contain perforin and caspase-like proteases, called granzymes [Barry & Bleackley, 2002]. 

Entry of these proteins into target cells activates apoptosis, through both caspase-dependent 

and independent mechanisms. 
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Figure 4 The Caspase Cascade. A) Inflammatory caspase activation: a ligand binds to a 

toll-like receptor (TLR), which signals a NALP protein to bind to the TLR. ASC interacts 

with the pyrin domain (PYD) of NALP via PYD:PYD interactions. The CARD domain of 

ASC interacts with the CARD domain of procaspase-1 and the CARD domain of NALP 

interacts with the CARD domain of procaspase-5, forming the inflammasome. The 

inflammasome complex promotes dimerization of caspases-1 and -5, leading to their 

activation and the inflammatory response. B) The extrinsic apoptotic pathway: a death ligand 

binds to a death receptor, which signals an adaptor molecule to bind to the receptor via death 

domain (DD) interactions. The DED motif of the adaptor molecule interacts with the DED of 

procaspases-8 and -10, forming a DISC complex. Dimerization (mechanism unknown) results 

in maturation and full activity. Caspases-8 and -10 then process executioner caspases. C) 

Procaspase-2, a unique caspase, is activated when a ligand binds to a death receptor, which 

signals an adaptor molecule to bind via interactions with the death domain. The CARD of the 

adaptor molecule interacts with the CARD of procaspase-2 to promote dimerization in a 

DISC-like complex. Upon removal of the prodomain, caspase-2 cleaves Bid, a protein 

responsible for the increased permeability of the mitochondria. D) The intrinsic apoptotic 

pathway: an increase in the cytosolic concentration of cytochrome c leads to the formation of 
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the apoptosome. The apoptosome is composed of Apaf-1 monomers that form a heptameric 

structure when cytochrome c binds to the WD40 motifs of Apaf-1, in an ATP-dependent 

manner, leading to interactions of the CARDs. The CARD of procaspase-9 then interacts 

with the CARD of Apaf-1, increasing the local concentration of procaspase-9 monomers and 

thereby promoting dimerization and activation. Caspase-9 then processes effector caspases, 

which leads to apoptosis. Effector caspases are activated by cleavage of their prodomain and 

intersubunit linker [Boatright & Salvesen, 2003]. 

 

2.08 Details about Cancer 

 

Alterations in apoptotic pathways have been implicated in many diseases, such as cancer and 

neurodegenerative disorders [Thompson, 1995; Yuan and Yankner, 2000]. Human bodies are 

made up of billions of cells that grow up, divide, and then die in a predictable manner. Cancer 

occurs when something goes wrong with this system, causing uncontrolled cell division and 

growth. Cancer is not a single disease; it is a group of more than 100 different and distinctive 

diseases. Cancer known medically as a malignant neoplasm, is a broad group of diseases 

involving unregulated cell growth. In cancer, cells divide and grow uncontrollably, forming 

malignant tumors, and invade nearby parts of the body. The cancer may also spread to more 

distant parts of the body through the lymphatic system or bloodstream. Not all tumors are 

cancerous; benign tumors do not invade neighboring tissues and do not spread throughout the 

body. Over 200 different known cancers affect humans [Cancer Research UK, 2012]. 

The causes of cancer are diverse, complex, and only partially understood. Many things are 

known to increase the risk of cancer, including tobacco use, dietary factors, certain infections, 

exposure to radiation, lack of physical activity, obesity, and environmental pollutants [Anand 

et al., 2008]. These factors can directly damage genes or combine with existing genetic faults 

within cells to cause cancerous mutations [Vogelstein and Kinzler, 2002]. Approximately 5–

10% of cancers can be traced directly to inherited genetic defects [American Cancer Society, 

2013]. Many cancers could be prevented by not smoking, eating more vegetables, fruits and 

whole grains, eating less meat and refined carbohydrates, maintaining a healthy weight, 

exercising, minimizing sunlight exposure, and being vaccinated against some infectious 

diseases [Anand et al., 2008; Kushi et al., 2012].  
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Cancer can be detected in a number of ways, including the presence of certain signs and 

symptoms, screening tests, or medical imaging. Once a possible cancer is detected it is 

diagnosed by microscopic examination of a tissue sample. Cancer is usually treated with 

chemotherapy, radiation therapy and surgery. The chances of surviving the disease vary 

greatly by the type and location of the cancer and the extent of disease at the start of 

treatment. While cancer can affect people of all ages, and a few types of cancer are more 

common in children, the risk of developing cancer generally increases with age. In 2007, 

cancer caused about 13% of all human deaths worldwide (7.9 million). Rates are rising as 

more people live to an old age and as mass lifestyle changes occur in the developing world 

[Jemal et al., 2011].  

 

2.09 Frequency of Cancer in Bangladesh  

 

Bangladesh, at 142 million people, is the 9
th

 most populous country in the world. There are 

13 to 15 lac cancer patients in Bangladesh, with about 2 lac patients newly diagnosed with 

cancer each year [Hussain, 2013; Noronha et al., 2012]. Cancer is the most important killer 

diseases in Bangladesh as like as many other countries. Among many types of cancer, lung 

cancer was the commonest cancer among the patients.  A total of 1,231 patients were found 

in 2007, of them 86% were males. The number of lung cancer patients was increasing year by 

year. About 52% had a history of smoking and almost all of them were male. One third of 

them were smoking for three decades. Most (95%) of the female lung cancer patients were 

non smokers. Following Lung cancer, Breast cancer was the commonest cancer among the 

female patients in Bangladesh, which formed the 2
nd

 most common cancer as a whole. The 

mean age of patients was 41 years, with largest proportion of patients in 35-54 year age 

group. Among all breast cancer patients 89% were married. At the time of first reporting two-

third had histopathological diagnosis and one-fourth had cytological diagnosis. A vast 

majority (96%) had duct cell carcinoma. A total of 1,116 breast cancer patients received 

treatment prior to NICRH. Cervical cancer is the second most common cancers among 

females (21.5%) and ranked third among the whole group. Out of 1,718 cervical cancer 

patients around 91% were married while 8% were widowed. Majority (97%) of the cervix 

cancer patients was housewives. A scenario of cancer patients per district is given in Fig. 5 

[Cancer Registry Report, 2008]. 
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Figure 5 Map of Bangladesh showing current resident per districts of the patients 

[Cancer Registry Report, 2008]. 
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2.10 Data mining on Different Cancer around the World 

Lung cancer is characterized by outgoing growth of cell in tissues of the lung. If lung cancer 

left untreated, this type of growth can broaden beyond the lung called metastasis into near 

tissue or different parts of the body. Primary lung cancers are carcinomas that originate from 

epithelial cells [In Broaddus et al., 2016]. The most common cause of lung cancer is 

continuing exposure to tobacco smoke, [O'Reilly et al., 2007] which causes 80–90% of lung 

cancers. It is anticipated that 8 to 14% of lung cancer is occurred by inherited factors [El-

Telbany & Ma, 2012].The risk of lung cancer is increased 2.4 times in relatives of people. 

This is possible due to a combination of genes [Ferlay et al., 2010] Worldwide, It is the most 

frequent cancer in terms of both incidence and mortality.  

Breast cancer is originating from breast tissue, generally from the inner lining of milk ducts 

or the lobules that provide the ducts with milk [Cancer, 2012].  It occurs in humans as well as 

in other mammals. It is 100 times more common in women than in men, although men tend 

to have poorer outcomes due to late in diagnosis [Cavalieri et al., 2006].  Breast cancer, like 

other cancers, occurs because of an interaction between an environmental factor and a 

genetically susceptible host. Worldwide, breast cancer is the most familiar invasive cancer in 

women. It comprises 22.9% of invasive cancers in women [Ferlay et al., 2010].  

Colorectal cancer commonly known as colon cancer or bowel cancer is occurred by 

uncontrolled cell growth in the colon or rectum, in the appendix, or parts of the large 

intestine.  Colorectal cancer is the third most commonly diagnosed cancer in the world, but it 

is comparatively more common in developed countries. Around 60% of this cancer was 

diagnosed in the developed world.  

Ovarian cancer is a cancerous growth arising from the ovary. There is good evidence that in 

some women genetic factors are important. Carriers of certain BRCA mutations are notably 

at risk. The BRCA1 and BRCA2 genes account for 5%–13% of ovarian cancers [Soegaard et 

al., 2009] and certain populations are at a higher risk of both breast cancer and ovarian 

cancer, often at an earlier age than the general population [Wooster & Weber, 2003]. Patients 

with a personal history of breast cancer or a family history of breast and/or ovarian cancer, 

especially if diagnosed at a young age, may have an elevated risk and should be tested for the 

"cancer gene".  
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Pancreatic cancer is a malignant neoplasm starting from transformed cells increasing in 

tissues forming the pancreas. Adenocarcinoma is accounting for 95% of these tumors arising 

within the exocrine part of the pancreas. Minorities arise from islet cells, and are categorized 

as neuroendocrine tumors. It is the eighth most common cause of cancer-related deaths in the 

worldwide [Cancer, 2011].  

2.11 Links between Apoptosis, Proliferation and the Cell Cycle 

 

The cell cycle is divided into four phases, and the cellular decision to initiate mitosis or to 

become quiescent (G0 state) occurs during the G1 phase. Oncogenes have a dual role: they 

can induce both proliferation and apoptosis. As somatic cells proliferate, the cell-cycle 

progression is regulated by positive and negative signals. Apoptosis and mitosis share 

common morphological features such as cell shrinkage, chromatin condensation and 

membrane blebbing. Additionally, cell-cycle genes such as p53, RB and E2F have been 

shown to participate in both the cell cycle and in apoptosis. Thus, the balance between 

apoptosis and proliferation must be strictly maintained to sustain tissue homeostasis. The link 

between apoptosis and proliferation is suggested by studies that have demonstrated the 

presence of large numbers of dying cells in proliferating cell populations in vivo. Cell 

proliferation, differentiation and death are fundamental processes in multicellular organisms, 

and several lines of evidence link apoptosis to proliferation. Firstly, uncontrolled proliferation 

can be associated with a high level of apoptosis.  

 

A number of dominant oncogenes (e.g., c-Myc) appear to induce apoptosis, which suggests 

that the cell proliferation and apoptosis pathways are closely linked [Evan et al., 1992]. Reid 

et al. demonstrated that myeloid progenitors derived from the bone marrow of CCR-/- mice 

(ligand for MCP-1 chemokine) show an increased cycling rate and enhanced apoptosis [Reid 

et al., 1999]. Traver et al. showed that expression of the myeloid activation marker Mac-1 

correlates with Fas expression levels. They also showed that exposure to granulocyte 

macrophage-colony stimulating factor (GMCSF) and interleukin (IL)-3 increased Fas 

expression on myeloid progenitor cells [Traver et al., 1998]. These examples infer a positive 

relationship between apoptosis and proliferation. However, an inverse relationship was 

proposed by Koury, who suggested that when over-production of progenitor cells occurs, the 

excess undergo apoptosis. This means that an increase in the level of demand could be met by 

a reduction in apoptosis [Koury, 1992]. In this case, proliferation may remain constant while 

the rate of apoptosis changes; thus, there is no strict relationship between proliferation and 
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apoptosis. This hypothesis is supported by radiolabelled iron ferrokinetic studies in 

hypertransfused mice that showed continued production of erythroid progenitor cells but no 

increase in their number, indicating the direct involvement of apoptosis in this situation 

[Testa, 1979]. As both hypotheses involve changes in the level of proliferation and apoptosis, 

the difference between them may be only a matter of degree. A final possibility that must be 

considered is that apoptosis in haemopoietic progenitor cell populations is linked to 

pathology or abnormality such as growth factor deprivation or oncogene expression [Alenzi, 

2004]. 

 

2.12 Contribution of Caspase(s) to the Cell Cycle Regulation at Mitotic Phase 

 

Cell cycle is controlled by the ubiquitin-mediated proteolysis of the key regulators 

[Vodermaier, 2004; Pines, 2006; Nakayama & Nakayama, 2006; Van Leuken et al., 2008]. 

Two major classes of ubiquitin ligases, the SKP1-CUL1-F-box-protein (SCF) complex and 

the anaphase-promoting complex/cyclosome (APC/C), play central roles in the cell cycle 

regulation through the ubiquitination of various cell cycle regulators. The SCF complex 

functions from late G1 phase to early M phase, whereas APC/C is active from anaphase to 

the end of G1 phase. There are two activators for APC/C, cell division cycle 20 (Cdc20) and 

Cdh1, which bind with APC/C and recognize respective substrate proteins. APC/ CCdc20 

targets securin and cyclin B1 for their destruction, and promotes sister chromatid separation. 

APC/CCdh1 facilitates exit from M phase and maintains G1 phase by mediating the 

degradation of a variety of substrates including PLK1, cyclin B1, and geminin. 

 

 

2.13 In Silico Approaches and databases used for Drug Design 

 

Molecular docking can demonstrate the feasibility of any biochemical reaction as it is carried 

out before experimental part of any investigation. There are some areas, where molecular 

docking has revolutionized the findings. In particular, interaction between small molecules 

(ligand) and protein target (may be an enzyme) may predict the activation or inhibition of 

enzyme. Such type of information may provide a raw material for the rational drug designing. 

Molecular docking can predict an optimized orientation of ligand on its target. It can predict 

different binding modes of ligand in the groove of target molecule. This can be used to 
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develop more potent, selective and efficient drug candidates [Shoichet et al., 2002; 

Gschwend et al., 1996]. 

 

 Virtual Screening can be used to select in house database compounds for screening, choose 

compounds that can be purchased externally, and to choose which compound should be 

synthesized next. Given a set of structurally diverse ligands that binds to a receptor, a model 

of the receptor can be built by exploiting the collective information contained in such set of 

ligands. These are known as pharmacophore models. A candidate ligand can then be 

compared to the pharmacophore model to determine whether it is compatible with it and 

therefore likely to bind [Sun, 2008].  Another approach to ligand-based virtual screening is to 

use 2D chemical similarity analysis methods to scan a database of molecules against one or 

more active ligand structure [Willett et al., 1998]. A popular approach to ligand-based virtual 

screening is based on searching molecules with shape similar to that of known actives, as 

such molecules will fit the target's binding site and hence will be likely to bind the target.  

 

There are a number of prospective applications of this class of techniques in the literature 

[Rush et al., 2005; Ballester et al., 2009]. Pharmacophoric extensions of these 3D methods 

are also freely-available as webservers [Li et al., 2016; Sperandio et al., 2009]. Structure-

based virtual screening involves docking of candidate ligands into a protein target followed 

by applying a scoring function to estimate the likelihood that the ligand will bind to the 

protein with high affinity [Romano, 2007; Cavasotto & Orry, 2007; Kooistra et al., 

2016]. Webservers oriented to prospective virtual screening are available to all [Irwin et al., 

2009; Li et al., 2014].  

 

A major breakthrough in lead identification in the recent years occurred with the availability 

of fast and cheap computers on one hand and commercially available databases of 

compounds with more than a million small molecules, on the other. With the exponential rise 

in the number of viable novel drug targets, computational methods are being increasingly 

applied to accelerate the drug discovery process. This resulted in Virtual Screening (VS) 

technologies using in silico (computer-aided molecular drug design and chemo-

bioinformatics) techniques, such as, high throughput docking, homology searching and 

pharmacophore searches of 3D databases. VS, has become an integral part of the drug 

discovery process. The generic definition of VS is significantly wide and may encompass 
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many different methods. It is perhaps the cheapest way to identify a lead and several cases 

have already proven successful using this technology.  The dominant technique for the 

identification of new lead compounds in drug discovery is the physical screening of large 

libraries of chemicals against a biological target. This conventional experimental method like 

High Throughput Screening (HTS), continues to be the best method for rapid identification of 

drug leads. HTS identifies lead molecules by performing individual biochemical assays with 

over millions of compounds. However, the huge cost and time consumed with this 

technology has lead to the integration of cheaper and effective computational methodology, 

namely Virtual High Throughput Screening (vHTS), which is an established computational 

screening method to identify drug candidates from large collection of compound libraries. 

vHTS is widely applied to screen in silico collection of compound libraries to check the 

binding affinity of the target receptor with the library compounds. This is achieved by using a 

scoring function which computes the complementarity of the target receptor with the 

compounds. This computational screening of databases has become increasingly popular in 

the pharmaceutical research. 

 

Beginning in theoretical physics, the method of MD gained popularity in materials 

science and since the 1970s also in biochemistry and biophysics. MD is frequently used to 

refine 3-dimensional structures of proteins and other macromolecules based on experimental 

constraints from X-ray crystallography or NMR spectroscopy. In physics, MD is used to 

examine the dynamics of atomic-level phenomena that cannot be observed directly, such as 

thin film growth and ion-subplantation, and also to examine the physical properties 

of nanotechnological devices that have not or cannot yet be created. In biophysics 

and structural biology, the method is frequently applied to study the motions of 

macromolecules such as proteins and nucleic acids, which can be useful for interpreting the 

results of certain biophysical experiments and for modeling interactions with other molecules, 

as in ligand docking. In principle MD can be used for ab initio prediction of protein 

structure by simulating folding of the polypeptide chain from random coil. 

Most tests of virtual screening studies in the literature are retrospective. In these studies, the 

performance of a VS technique is measured by its ability to retrieve a small set of previously 

known molecules with affinity to the target of interest (active molecules or just actives) from 

a library containing a much higher proportion of assumed inactives or decoys. By contrast, in 

prospective applications of virtual screening, the resulting hits are subjected to experimental 
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confirmation (e.g., IC50 measurements). There is consensus that retrospective benchmarks are 

not good predictors of prospective performance and consequently only prospective studies 

constitute conclusive proof of the suitability of a technique for a particular target [Irwin, 

2008; Good & Oprea; 2008; Schneider, 2010; Ballester, 2011]. 

 

Because molecular systems typically consist of a vast number of particles, it is impossible to 

determine the properties of such complex systems analytically; MD simulation circumvents 

this problem by using numerical methods. However, long MD simulations are 

mathematically ill-conditioned, generating cumulative errors in numerical integration that can 

be minimized with proper selection of algorithms and parameters, but not eliminated entirely. 

For systems which obey the ergodic hypothesis, the evolution of one molecular dynamics 

simulation may be used to determine macroscopic thermodynamic properties of the system: 

the time averages of an ergodic system correspond to microcanonical ensemble averages. MD 

has also been termed "statistical mechanics by numbers" and "Laplace's vision of Newtonian 

mechanics" of predicting the future by animating nature's forces and allowing insight into 

molecular motion on an atomic scale [Schlick, 1996; Stigler, 2005]. 

The results of MD simulations can be tested through comparison to experiments that measure 

molecular dynamics, of which a popular method is NMR spectroscopy. MD-derived structure 

predictions can be tested through community-wide experiments in Critical Assessment of 

protein Structure Prediction (CASP), although the method has historically had limited success 

in this area. Michael Levitt, who shared the Nobel Prize partly for the application of MD to 

proteins, wrote in 1999 that CASP participants usually did not use the method due to "a 

central embarrassment of molecular mechanics, namely that energy minimization or 

molecular dynamics generally leads to a model that is less like the experimental structure." 

[Koehl  & Levitt, 1999] Improvements in computational resources permitting more and 

longer MD trajectories, combined with modern improvements in the quality of force 

field parameters, have yielded some improvements in both structure prediction and homology 

model refinement, without reaching the point of practical utility in these areas; many identify 

force field parameters as a key area for further development [Raval et al., 2012; Beauchamp 

et al., 2012; Piana et al., 2014].  

Limits of the method are related to the parameter sets used, and to the underlying molecular 

mechanics force fields. One run of an MD simulation optimizes the potential energy, rather 
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than the free energy of the protein, meaning that all entropic contributions to thermodynamic 

stability of protein structure are neglected, including the conformational entropy of the 

polypeptide chain (the main factor that destabilizes protein structure) and hydrophobic 

effects (the main driving forces of protein folding) [Jaremko et al., 2013]. Another important 

factor are intramolecular hydrogen bonds, which are not explicitly included in modern force 

fields, but described as Coulomb interactions of atomic point charges [Myers & Pace, 1996]. 

This is a crude approximation because hydrogen bonds have a partially quantum 

mechanical and chemical nature. Furthermore, electrostatic interactions are usually calculated 

using the dielectric constant of vacuum, although the surrounding aqueous solution has a 

much higher dielectric constant. Using the macroscopic dielectric constant at short 

interatomic distances is questionable. Finally, van der Waals interactionsin MD are usually 

described by Lennard-Jones potentials based on the Fritz London theory that is only 

applicable in vacuum. However, all types of van der Waals forces are ultimately of 

electrostatic origin and therefore depend on dielectric properties of the environment. The 

direct measurement of attraction forces between different materials (as Hamaker constant) 

shows that "the interaction between hydrocarbons across water is about 10% of that across 

vacuum" [Israelachvili, 2011]. The environment-dependence of van der Waals forces is 

neglected in standard simulations, but can be included by developing polarizable force fields. 

 

Cavities on a proteins surface as well as specific amino acid positioning within it create the 

physicochemical properties needed for a protein to perform its function. CASTp 

(http://cast.engr.uic.edu) is an online tool that locates and measures pockets and voids on 3D 

protein structures. This new version of CASTp includes annotated functional information of 

specific residues on the protein structure. The annotations are derived from the Protein Data 

Bank (PDB), Swiss-Prot, as well as Online Mendelian Inheritance in Man (OMIM), the latter 

contains information on the variant single nucleotide polymorphisms (SNPs) that are known 

to cause disease. These annotated residues are mapped to surface pockets, interior voids or 

other regions of the PDB structures. The updated CASTp web server can be used to study 

surface features, functional regions and specific roles of key residues of proteins. 

 

Characterizing protein functions is an increasingly important challenging problem that has 

been approached from both the sequence and structure levels. The fact that only 4922 of the 

35 000 Protein Data Bank (PDB) structures contain any type of functional annotation 
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illustrates the widening gap between their ability to resolve the proteins structure and our 

ability to locate functionally important residues and to obtain a comprehensive understanding 

of the structural basis of protein function [Berman, 2000]. The 3D structure of a protein and 

its surface topography can provide important information for understanding protein function, 

if a broad knowledge base of the functionally important residues and where they are located 

on the protein structures is provided. This update of the CASTp web server incorporates 

functional information about a large set of annotated residues on PDB structures obtained 

from annotations in PDB, Swiss-Prot and Online Mendelian Inheritance in Man (OMIM) 

[Dundas et al., 2006]. 

 

The Protein Data Bank (PDB) was founded in 1971 to provide a repository for three-

dimensional (3D) structure data of experimentally determined biological macromolecules 

[Berman, 2000; Berman et al., 2003; Bernstein et al., 1977]. The PDB archive contains 3D 

coordinate data, information about the chemical content such as polymer sequence and ligand 

chemistry, information about the experiment used to derive the structure and some qualitative 

descriptions of the structure. When the PDB was in its infancy, the archive contained seven 

structures composed of loosely structured free text. Today, the PDB archive contains close to 

40 000 structures and relies upon strict ontologies that define the content of these entries. The 

data contained in the PDB are generated and submitted by scientists from around the globe to 

sites in the United States, Europe and Asia. The worldwide PDB (wwPDB) was established 

in 2003 to formally recognize the international nature of the PDB archive [Berman et al., 

2003; Henrick et al., 2005] and to ensure that the data files remain uniform in content and 

format. The founding members are the RCSB PDB (USA) [Berman, 2000], the 

Macromolecular Structure Database at the European Bioinformatics Institute (MSD-EBI) and 

the Protein Data Bank Japan (PDBj) at Osaka University [Golovin, 2004]. These wwPDB 

sites share responsibilities in data deposition, processing and distribution of the PDB archive, 

and agree to support a single, standardized archive of structural data. The BioMagRes- Bank 

(BMRB) at the University of Wisconsin-Madison (USA) became a member in 2006 and will 

be a deposition site for primary experimental data and PDB data [Ulrich et al., 1989]. 

 

A wwPDB Advisory Committee (wwPDBAC) consists of representatives appointed by each 

member site as well as representatives of the international X-ray, NMR and electron 

microscopy (EM) communities. wwPDBAC meets yearly and provides advice about policies 
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governing the content, format and distribution of the PDB data files. The website 

(http://www.wwpdb.org/) contains the formal agreement for the operation of the wwPDB 

organization, links to the deposition and access sites, and news and announcements about 

policies and projects related to the wwPDB [Berman et al., 2007]. 

 

2.14. Expected outcome from the present research 

 

This present research has several expected outcomes as follows: 

 

1. Computational study will facilitate in-depth analysis on the designed drugs as well as the 

target receptors. Theoretical calculation will help us to select the best drug from thousand 

potential candidates. Computer-aided drug design (CADD) is a ration choice for designing 

and developing new therapeutic candidates. Development of a lead drug requires billions of 

dollars investment for several years. Computer-aided drug design has been effective in 

reducing the extensive trial-and-error investigation cycle and enormous costs associated with 

drug discovery and development. Computer simulation not only reduces the cost of chemical 

and time; it also saves the environmental pollution associated to pharmaceutical waste. 

Theoretical calculations can also help us to visualize the chemical system or process occurred 

in the test-tube and thus advances our understanding in chemistry and biology. 

 

2. At least one research publication will be emerged from this present research. 
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CHAPTER-3 

MATERIALS AND METHODS 

A scientific research cannot be thought without appropriate methodology, guidelines, and 

planning. This study was performed in Department of Chemistry, Military Institute of 

Science and Technology (MIST), Mirpur Cantonment, Dhaka-1216, Bangladesh as well as 

The Red-Green Computing Centre, 218 Elephant Road [Level 6, Suite 14], Dhaka-1205, 

Bangladesh.  

The flow-chart representing the overall procedures of the Identification of Anticancer Drug 

against Caspase Protein is illustrated in Fig 6.  

 

Figure 6 Steps for Identification of Anticancer Drug against Caspase Protein in the 

present study 
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The materials and methods we used to complete this research have been described below. 

3.01 Structural preparation of Caspase protein 

Crystal structure of Human Procaspase 7 was collected from the Protein Data Bank (PDB) 

database [Rose et al., 2017] (PDB ID: 1GQF) containing Sulfate Ion with it. Prior to docking, 

the Sulfate Ion was removed from the protein structure and the remaining protein structure 

was saved in PDB format, which is the supported format for docking in AutoDockVina 

software (version1.1.2, May 11, 2011) [Trott and Oslon, 2010]. The X-ray diffraction 

resolution of the protein is 2.9Å. The graphical representation of the prepared structure of 

Pro-Case 7 is given below in Fig 7. 

 

 

 

Figure 7 Molecular modeling of Pro-Caspase 7 Protein (PDB ID: 1GQF) 
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3.02 Collection of Drug like Chemical Molecules 

Drug-like chemical structure library of 917 compounds were downloaded from the ZINC 

database and 654 compounds were downloaded from the BindingDB database for molecular 

docking simulation studies. A critical barrier to entry into structure-based virtual screening is 

the lack of a suitable, easy to access database of purchasable compounds. ZINC has a library 

of 727 842 molecules, each with 3D structure, using catalogs of compounds from vendors 

(the size of this library continues to grow). The molecules have been assigned biologically 

relevant protonation states and are annotated with properties such as molecular weight, 

calculated LogP, and number of rotatable bonds. Each molecule in the library contains 

vendor and purchasing information and is ready for docking using a number of popular 

docking programs. Within certain limits, the molecules are prepared in multiple protonation 

states and multiple tautomeric forms. In one format, multiple conformations are available for 

the molecules. This database is available for free download (http://zinc.docking.org) in 

several common file formats including SMILES, mol2, 3D SDF, and DOCK flexibase 

format. A Web-based query tool incorporating a molecular drawing interface enables the 

database to be searched and browsed and subsets to be created. Users can process their own 

molecules by uploading them to a server. This database brings virtual screening libraries to a 

wide community of structural biologists and medicinal chemists.   

 

BindingDB, www.bindingdb.org, is a publicly accessible database of experimental protein-

small molecule interaction data. Its collection of over a million data entries derives primarily 

from scientific articles and, increasingly, US patents. BindingDB provides many ways to 

browse and search for data of interest, including an advanced search tool, which can cross 

searches of multiple query types, including text, chemical structure, protein sequence and 

numerical affinities. The PDB and PubMed provide links to data in BindingDB, and vice 

versa; and BindingDB provides links to pathway information, the ZINC catalog of available 

compounds, and other resources. 

 

The BindingDB website offers specialized tools that take advantage of its large data 

collection, including ones to generate hypotheses for the protein targets bound by a bioactive 

compound, and for the compounds bound by a new protein of known sequence; and virtual 

compound screening by maximal chemical similarity, binary kernel discrimination, and 

support vector machine methods. Specialized data sets are also available, such as binding 
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data for hundreds of congeneric series of ligands, drawn from BindingDB and organized for 

use in validating drug design methods. BindingDB offers several forms of programmatic 

access, and comes with extensive background material and documentation [Irwin and 

Shoichet, 2005; Mysinger & Shoichet, 2010; Gilson et al., 2015]. 

 

3.03 Active Site Analysis  

Computed Atlas of Surface Topography of proteins (CASTp) server was used to identify the 

active site and pocket of the Pro-Caspase 7. CASTp 

(http://sts.bioe.uic.edu/castp/calculation.php) provides an online resource for locating, 

delineating, and measuring concave surface regions on 3D structures of proteins including 

pockets located on protein surfaces and voids buried in the interior of proteins (Tian et al., 

2018). 

3.04 Molecular Docking and Virtual Screening   

Virtual screening is a very useful application when it comes to identifying hit molecules as a 

beginning for medicinal chemistry. As the virtual screening approach begins to become a 

more vital and substantial technique within the medicinal chemistry industry the approach has 

had an expeditious increase [Lavecchia & Giovanni, 2013]. After protein preparation and 

collection of drug-like molecules, the next step was docking simulations and virtual 

screening. Initially, 1571 lead compounds from ZINC and BindingDB database were 

screened using PyRx program to perform docking simulations [Dallakyan and Olson, 2015]. 

During each docking, receptor is kept rigid while ligands remained flexible. 

 

To dock the compounds against Pro-Caspase 7, the center grid box was positioned at the 

center of the protein structure and was expanded in x, y and z directions until the grid box 

fully covered the protein structure. AutoDock Vina protocol was employed for docking 

which can produce several binding modes and predict binding affinities between the drug-

receptor complex [Trott and Oslon, 2010]. The protein was kept rigid but the torsional 

rotation was allowed for all rotatable bonds of optimized drug structures to perform flexible 

docking. The overall fold of the homodimeric procaspase-7 resembles that of the active 

tetrameric caspase-7. Each monomer is organized in two structured sub domains connected 

by partially flexible linkers, which asymmetrically occupy and block the central cavity, a 

typical feature of active caspases [Riedl et al., 2001]. To dock the compounds against 1GQF, 



35 
 

the center grid box were set at 0.3189, 39.8716 and 21.87A° and box size was set at 74.7865, 

79.1043 and 65.5113A° in x, y, and z direction, respectively. Next, the docked pose of lowest 

binding free energy conformer with the respective protein was analyzed using PyMOL 

Molecular Graphics System (version 1.7.4) [DeLano, 2015] and Accelrys Discovery Studio 

4.1 [Dassault Systemes, 2016]. This also helped to ensure that ligands are binding at the 

correct binding pocket of the macromolecule structure after docking.  

 

3.05 Protein-Ligand Interaction Analysis 

 

A non-covalent interaction differs from a covalent bond in that it does not involve the sharing 

of electrons, but rather involves more dispersed variations of electromagnetic interactions 

between molecules or within a molecule [Anslyn, 2004]. The chemical energy released in the 

formation of non-covalent interactions is typically on the order of 1-5 kcal/mol (1000–5000 

calories per 6.02*10
23

 molecules) [Lodish et al., 2000]. Non-covalent interactions can be 

classified into different categories, such as electrostatic, π-effects, and hydrophobic effects 

[Anslyn, 2004; Lodish et al., 2000]. 

 

The hydrogen bond, hydrophobic interactions, ion pair interactions and water bridges 

between ligand and active site residues play important role in accommodation of small 

molecule into the catalytic domain of a protein [Salmas et al., 2015; Leonis et al., 2014; 

Salmas et al., 2015a; Salmas et al., 2015b; Salmas et al., 2015c; Durdagi et al., 2015]. A 

detailed analysis of residues involved in the interaction between ligands and target protein 

was conducted to visualize and interpret the hydrogen bond interactions, hydrophobic 

interactions of the best poses of drugs with the respective protein using the Accelrys 

Discovery Studio 4.1 [Dassault Systemes, 2016], and Web MOE [MOE, 2017]. To identify 

the hydrogen bond, maximum distance and minimum donor angle were considered with 

default parameters. In the case of face to face, 𝜋- 𝜋 stacking interaction, angle and distance 

between the rings were set with default parameters also.  

 

3.06 Molecular dynamics (MD) simulations 

  

MD simulations help in better understanding of biological systems. It provides time-

dependent investigations of protein-ligand interactions and conformational dynamics of 

studied complex systems. A molecular dynamics simulation requires the definition of 

a potential function, or a description of the terms by which the particles in the simulation will 

https://en.wikipedia.org/wiki/Function_(mathematics)
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interact. In chemistry and biology this is usually referred to as a force field and in materials 

physics as an interatomic potential. Potentials may be defined at many levels of physical 

accuracy; those most commonly used in chemistry are based on molecular mechanics and 

embody a classical mechanics treatment of particle-particle interactions that can reproduce 

structural and conformational changes but usually cannot reproduce chemical reactions. 

The reduction from a fully quantum description to a classical potential entails two main 

approximations. The first one is the Born–Oppenheimer approximation, which states that the 

dynamics of electrons are so fast that they can be considered to react instantaneously to the 

motion of their nuclei. As a consequence, they may be treated separately. The second one 

treats the nuclei, which are much heavier than electrons, as point particles that follow 

classical Newtonian dynamics. In classical molecular dynamics, the effect of the electrons is 

approximated as one potential energy surface, usually representing the ground state. 

When finer levels of detail are needed, potentials based on quantum mechanics are used; 

some methods attempt to create hybrid classical/quantum potentials where the bulk of the 

system is treated classically but a small region is treated as a quantum system, usually 

undergoing a chemical transformation. 

In the current study we carried out MD simulation on the docked four complex using 

AMBER14 force field [Maier et al., 2015] implemented in YASARA dynamics program 

[Krieger et al., 2004; Krieger et al., 2003]. 4109 water molecules were added and system was 

neutralized by adding NaCl salt at 0.9% concentration. A cut-off radius of 8.0 Å was used for 

short-range van der Waals and Coulomb interactions. The Particle-Mesh Ewald (PME) 

method [Tom et al., 1993] was applied to calculate the long-range electrostatic interactions. 

MD simulation was equilibrated for 100 picoseconds (ps) followed by 10 nano second (ns) 

production at 298 K. A time step of 2-5 femto second (fs) will be used for the overall 

simulations. To study the change in binding affinity and binding interactions of the four 

complexes after 10 ns MD simulation, drug structures were retrieved from the MD simulated 

drug protein complex and rigid docking was performed against the simulated protein 

structure using Autodock Vina protocol. To perform rigid docking, torsional rotations of all 

rotatable bonds were disallowed. The docked poses were analyzed using same protocol as 

stated before. 
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3.07 Pharmacoinformatics study 

 

Pharmacoinformatics is also referred to as pharmacy informatics. According to the article 

"Pharmacy Informatics: What You Need to Know Now" by the University of Illinois at 

Chicago Pharmacoinformatics may be defined as: ―the scientific field that focuses on 

medication-related data and knowledge within the continuum of healthcare systems. It is the 

application of computers to the storage, retrieval and analysis of drug and prescription 

information. Pharmacy informaticists work with pharmacy information management systems 

that help the pharmacist safe decisions about patient drug therapies with respect to, medical 

insurance records, drug interactions, as well as prescription and patient information. Different 

computational tools and web databases were exploited for the pharmacoinformatics 

elucidation of active compounds that might have the potentiality to exhibit anti-cancer 

activity by interacting with the pro-caspase 7 protein. Pharmacophore is an ensemble of steric 

and electronic features that are needed to have an optimal supramolecular interaction or 

interactions with a biological target structure in order to precipitate its biological response. 

Choose a representative as a set of actives; most methods will look for similar bindings. It is 

preferred to have multiple rigid molecules and the ligands should be diversified, in other 

words ensure to have different features that don't occur during the binding phase. This 

technique is used when merging the results of searches by using unlike reference compounds, 

same descriptors and coefficient, but different active compounds. This technique is beneficial 

because it is more efficient than just using a single reference structure along with the most 

accurate performance when it comes to diverse actives [Leach et al., 2010]. The 

pharmacophoric library screening, ADMET (absorption, distribution, metabolism, excretion, 

and toxicity) and QSAR (quantitative structural-activity relationship) properties were carried 

out by Osiris property explorer [Sander, 2001], Molinspiration [Mishra and Raghava, 2011], 

AcTor [Judson et al., 2008], admetSAR [Cheng et al., 2012], and ACD/I-Lab [Masunov, 

2001]. 

 

Briefly, Osiris property explorer [Sander, 2001] computes various drug related properties like 

tumorigenicity, mutagenicity, irritation, reproductive effect, drug likeness, and drug-score 

prediction based on chemical structure. Molinspiration offers broad range of 

Chemoinformatics software tools that support molecule manipulation and fragmentation, 

calculation of various molecular properties such as QSAR molecular modeling, and drug 
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design [Ertl et al., 2000]. The ACToR (Aggregated Computational Toxicology Resource) 

database, that locates many types and sources of data, has information about in vitro 

bioassays and in vivo toxicology assays on chemical structure derived from more than 150 

sources [Judson et al., 2008]. The admetSAR (absorption, distribution, metabolism, 

excretion, and toxicity structure-activity relationship database) online database has been 

utilized to predict the data related to drug absorption, metabolism and carcinogenicity for the 

selected drug molecules [Cheng et al., 2012]. Structure Data File (SDF) and simplified 

molecular-input line-entry system (SMILES) strings were utilized throughout the generation 

process [Cheng et al., 2012] and ACD/I-Lab [Masunov, 2001] handles existing ADMET-

associated information from the available literature. Default parameters of these online 

servers are used for the pharmacoinformatics analysis. 
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CHAPTER-4 

RESULTS 

After conducting virtual screening through molecular docking, we have selected four 

potential lead compounds based on docking energies. The chemical formula of the four 

potential lead compounds are  C30H31N3O3, C28H22BrN5O4S, C26H21F3N2O5S, and 

C29H24FN5O5S and IUPAC name are 4-(1,3-dioxooctahydro-4,6 ethenocyclopropa[f]isoindol-

2(1H)-yl)-N-[4-(pyridin-4-ylmethyl)phenyl]cyclohexanecarboxamide,2-[1-[(4 bromo phenyl) 

methyl] -2-oxo-5-[ (2S)-2-(pyridin-3-yloxy methyl) pyrrolidin-1-yl] sulfonylindol-3-ylidene] 

propane dinitrile, 5- [(2S)-2- [(3,5- difluoro phenoxy) methyl] pyrrolidin-1-yl] sulfonyl-1- 

[(4-fluorophenyl)methyl]indole-2,3-dione, and 2-[1-[[4-(2-fluoroethoxy)phenyl]methyl]-2-

oxo-5-[(2S)-2-(pyridin-3-yloxy methyl) azetidin-1-yl] sulfonyl-indol-3-ylidene] propane 

dinitrile respectively. Considering long IUPAC name, we denoted all the four compounds as 

D1, D2, D3, and D4 respectively. 

4.01 Active Site Analysis of Pro-Caspase 7 

The active site area of the insulin receptor protein and the number of amino acid residues 

involved in it were determined with the CASTp server. This provides a significant insight of 

the docking simulation study to locate the active site cleft and the amino acid residues that 

interact with different ligands. The preeminent active site is found with 2209.665 areas and a 

volume of 1591 amino acids. The active site of the Pro-Caspase 7 graphically presented in 

Fig 8 and the active site amino acids revealed from CASTp server tabulated in Table 1.  
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Figure 8 Active site amino acids of Pro-Caspase 7 protein (PDB ID: 1GQF) (Green color 

round shapes indicate the active site residues) 

 

Table 1 Active site amino acid residues analysis of Pro-Caspase 7 protein 

 

Properties Binding Pocket amino acid residues 

Volume 1591.375 

Area 2209.665 

Amino Acid residues TYR153, ARG266, GLY267, ASP268, ARG269, CYS270, 

LYS271,  LEU274, GLU275, LYS278, VAL323, GLU324, 

ALA325, ASP 326, THR393, LYS396, ASN170, LYS 171, 

PHE173, LYS175, MET176, GLY177, VAL178, ARG179, 

ASN180, GLY181, THR182, ASP185, LEU235, SER236, 

HIS237, GLY238, GLU239, GLU240, ASN 241, VAL242, 

ILE243, ILE258, ILE282, GLN283, ALA284, ALA285, 

ARG286, GLY287, THR288, GLU289, LEU290, ASP291, 

ASP292, GLY293, ILE294, GLN295, ALA296, SER298, 

GLY299, PRO300, ILE301, ASN311, ASP312, THR313, 

ASP314, ALA315, ASN316, PRO317, TYR319, LYS320, 

TYR331, SER332, THR333, VAL334, PRO335, GLY336, 

TYR337, TYR338, SER339, TRP340, SER342, PRO343, 

GLY344, ARG345, GLY346, SER347, TRP348, ASP375, 

ALA378, ARG379, HIS379, PHE380, HIS381, GLU382, 

LYS383, LYS384, GLN385,   ILE386, PRO387, CYS388. 
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4.02 Binding Affinity and Interaction of selected drug molecules with 1GQF 

 

The binding affinity of the selected drug molecules (D1, D2, D3 and D4) against 1GQF is 

−10.8 kcal mol
−1

, −10.8 kcal mol
−1

, −10.7 kcal mol
−1

, and −10.6 kcal mol
−1

 respectively. The 

chemical structure of the selected drug with Molecular Docking energy presented in Fig 9. 

 

 

 

Figure 9 Chemical structures of the selected compounds with molecular docking energy 

 

 

The surrounding binding pocket residues (generated by MOE program) showing interaction 

with the drug molecules residues of 1GQF which interact with D1, D2, D3 and D4 are 

demonstrated in Fig 10,11,12,13. All the drug molecules have significant interaction with 

different amino acid residues. Nonbonding interactions like hydrogen bond, halogen bond, 

hydrophobic interaction, electrostatic interaction are examined by Discovery Studios 

Software version 4.1 and summarized in Table 2.  
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Figure 10 Docking simulation analysis of the drug molecule D1 with Pro-Caspase 7 

(PDB ID: 1GQF) binding pocket residues showing interaction with the drug molecule 

 

 

In case of D1, we found three hydrogen bonds, two hydrophobic interactions and an 

electrostatic interaction between drug molecules with 1GQF. There have no halogen bond 

found in this stage [Fig 10]. On the other hand, hydrogen bond and hydrophobic interactions 

are significantly increased in the interaction between D2 and 1GQF except halogen bond and 

electrostatic interactions. There has no halogen bond interaction in D2 also [Fig 11].  
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Figure 11 Docking simulation analysis of the drug molecule D2 with Pro-Caspase 7 

(PDB ID: 1GQF) binding pocket residues showing interaction with the drug molecule 

 

 

The highest number of halogen bond and hydrophobic interactions found in the third 

interaction between drug molecules D3 and 1GQF and its total six and eight in number 

respectively. But, there have only five hydrogen bond interaction [Fig 12]. 
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Figure 12 Docking simulation analysis of the drug molecule D3 with Pro-Caspase 7 

(PDB ID: 1GQF) binding pocket residues showing interaction with the drug molecule 

 

Non-covalent interactions such as hydrogen bond, halogen bond and hydrophobic interaction 

are involved in the binding of drug molecules D4 with 1GQF (Fig 13). The D4-1GQF 

complex is stabilized by eleven hydrogen bonds, seven hydrophobic interactions and one 

halogen bond [Table 2]. 
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Figure 13 Docking simulation analysis of the drug molecule D4 with Pro-Caspase 7 

(PDB ID: 1GQF) binding pocket residues showing interaction with the drug molecule 
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Table 2 Binding energy and nonbonding interaction of the drug compound after Molecular docking 

 

Compound Docking against Pro-Caspase 7 (1GQF) 

 

Binding 

energy 

(kcal/ 

mol) 

Hydrogen bond 

 

 

 

Halogen bond 

 

 

 

Hydrophobic 

 Interaction 

 

 

Electrostatic   

Interaction 

 

 

  
(A acid- 

L atom) 

Distance 

(A° ) 

(A acid- 

L atom) 

Distance 

(A° ) 

(A acid- 

L atom) 

Distance 

(A° ) 

(A acid- 

L atom) 

Distance 

(A° ) 

  D1 
 

-10.8 
 

HIS237 
[N-H…O] 2.92 

  

LEU290 
[Alkyl…Pi] 5.19 

GLU382 
[O…H-N] 3.48 

  

HIS381 

[N-H…O] 2.33 

  

PRO300 

[Alkyl…Pi] 4.2 

  

  

HIS381 
[C-H…O] 3.09 

      D2 

 
 

-10.8 

 
 

GLY336 

[N-H…O] 
 3.01 

  

TYR337 

[Pi-Pi T-
shaped] 5.22 

  

  

TYR337 

[N-H…O] 2.8 
  

TYR337 

[Pi-Pi T-

shaped] 4.8 
  

  

SER339 

[N-H…O] 3.06 

  

ALA285 

[Alkyl] 4.71 

  

  

SER236 
[C-H…O] 3.09 

  

ALA285 
[Alkyl] 5.18 

  

  

THR288 

[C-H…O] 2.92 
  

HIS237 

[Alkyl…Pi] 4.83 
  

  

THR288 

[C-H…O] 2.56 

  

PRO335 

[Pi…Alkyl] 4.81 

  

      

PRO300 

[Pi…Alkyl] 4.68 
  D3 

 

 

-10.7 

 

 

TYR337 

[N-H…O] 

 2.96 

GLN385 

[H…F] 

 2.56 

TYR337 

[Pi-Pi T-

shaped] 5.12 
  

  

GLN385 

[N-H…O] 2.56 

SER236 

[H…F] 2.69 

TYR337 

[Pi-Pi T-

shaped] 5.59 
  

  

SER236 

[N-H…O] 2.69 

ASN170 

[O…F] 3.13 

TYR337 

[Pi-Pi T-

shaped] 5.03 

  

  

GLY336 
[N-H…O] 2.8 

LEU235 
[C…F] 3.19 

ALA285 
[Alkyl] 4.34 

  

  

TYR337 

[N-H…O] 3.25 

GLN283 

[O…F] 3.22 

HIS237 

[Alkyl…Pi] 5 
  

    

LYS383 

[O…F] 3.57 

PRO335 

[Pi…Alkyl] 4.67 

  

      

LYS383 

[Pi…Alkyl] 5.32 
  

      

PRO335 

[Pi…Alkyl] 4.95 

  
D4 

 

-10.6 

 

TYR337 

[N-H…O] 2.71 

ASN311 

[O…F] 3.33 

TYR337[Pi-
Pi T-

shaped] 5.31 
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4.03 Molecular dynamics (MD) simulations analysis 

 

MD simulations (10 ns for the each individual system) were performed for the four selected 

complexes. The conformational convergences of the systems were checked using the RMSD 

values of the CA (Alpha) atoms to their initial forms. Judging from the results in Fig 14, 

reasonable converges for all the systems was observed. Then again, molecular docking 

simulation study was performed for the four drug molecules by using PyRx program 

[Dallakyan and Olson, 2015].   Before starting the docking, the 10 ns MD simulated protein 

and drug molecule complexes were separated through PyMOL Molecular Graphics System 

(version 1.7.4) [DeLano, 2015]. PyRx program [Dallakyan and Olson, 2015] used to dock the 

extracted drug molecules with procapase 7 protein and significant changes happen in case of 

docking energy and the binding energies of the selected drug molecules (D1, D2, D3 and D4) 

against 1GQF are −15.8 kcal mol
−1

, −10.1 kcal mol
−1

, −14.3 kcal mol
−1

, and −10.1 kcal mol
−1

 

respectively. To monitor the changes of Protein-Ligand interactions after MD simulation, the 

Accelrys Discovery Studio 4.1 [Dassault Systemes, 2016] and Web MOE [MOE, 2017] 

generated results analyzed. The Protein-ligand interactions of the docking simulation are 

shown in Fig 15, 16, 17, 18 sequentially from compounds D1 to D4.  All the drug molecules 

have significant interaction with different amino acid residues. Nonbonding interactions like 

hydrogen bond, halogen bond, hydrophobic interaction, electrostatic interaction are examined 

by Discovery Studios Software version 4.1 and summarized in Table 3. 

  

SER339 
[N-H…O] 3.01 

  

TYR337[Pi-

Pi T-
shaped] 5.01 

  

  

SER339 

[N-H…O] 3.21 

  

ALA285 

[Alkyl] 4.62 

  

  

SER339 
[N-H…O] 3.13 

  

ARG286 
[Alkyl] 3.94 

  

  

GLN385 

[N-H…O] 3.12 
  

HIS237 

[Alkyl…Pi] 5 
  

  

GLN283 

[O…H-N] 2.16 

  

PRO335 

[Alkyl…Pi] 5.05 

  

  

ARG286 
[C-H…F] 3.74 

  

PRO335 
[Alkyl…Pi] 4.36 

  

  

PRO335 

[N-H…O] 3.4 

      

  

SER236 
[C-H…O] 2.65 

      

  

THR288 

[C-H…O] 2.27 
      

  

THR333 

[C-H…O] 2.4 
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Flexibility of the target binding site is an essential but frequently overlooked aspect to be 

considered in molecular docking. Enzymes and receptors can undergo conformational 

changes during the molecular recognition process [Lin, 2011]. In some cases these structural 

rearrangements are small and the ligand fits in a binding site with little mobility. Otherwise, 

some proteins undertake significant conformational changes, which can involve elements of 

secondary and tertiary structure. Such flexibility issues can be handled by the use of 

techniques such as MD [Salsbury, 2010]. 

 

Molecular dynamics applies Newton‘s equations of motion, as described in classical 

mechanics, to specify the position and speed of each atom in the system under study. As a 

result, the trajectory and temporal evolution of a ligand-receptor complex can be examined 

[Nichols et al., 2011]. Initially, a specific configuration is attributed to the atoms with the 

purpose to reproduce the temperature and pressure of the real system. From the computation 

of the forces acting on each particle, it is possible to determine the position and velocity of 

each of these atoms at a posterior time. These calculations are repeatedly performed until the 

molecular trajectories are integrated for a given time interval [Salsbury, 2010]. 

 

In all the cases of drug-protein complex, RMSD values of the CA (Alpha) atoms remains 

similar in terms of backbone. In case of D1-Pro-Caspase 7 complex, backbone and CA 

(Alpha) atoms remains near about 4 RMSD (A
0
) except during 6ns backbone exceeds 4.5 

RMSD (A
0
). In case of D2-Pro-Caspase 7 complex, backbone and CA (Alpha) atoms remains 

near about 4 RMSD (A
0
) up to 8ns later both exceeds 4.5 RMSD (A

0
). In case of D3-Pro-

Caspase 7 complex, backbone and CA (Alpha) atoms exceed 4 RMSD (A
0
) in 2ns and 

remains same up to 10ns. In case of D4-Pro-Caspase 7 complex, backbone and CA (Alpha) 

atoms rise gradually from the starting point and touches 5 RMSD (A
0
) in 5ns and remains 

same up to 7ns. During 8ns, both move forward to 5.5 RMSD (A
0
) and later go down to 5 

RMSD (A
0
) again and remain same up to last.      
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Figure 14 RMSD values of CA (alpha) atoms of the proteins in the complexes with drug 

molecules along the 10 ns simulations. In this figure, A= the drug molecule D1 with Pro-

Caspase 7 (PDB ID: 1GQF), B= the drug molecule D2 with Pro-Caspase 7 (PDB ID: 

1GQF), C= the drug molecule D3 with Pro-Caspase 7 (PDB ID: 1GQF), D= the drug 

molecule D4 with Pro-Caspase 7 (PDB ID: 1GQF). 

 

 

 

 

 

 

 

 



50 
 

 

 

 

 
 

 

 
 

 

Figure 15 Molecular Docking simulation analysis of the drug molecule D1 with Pro-

Caspase 7 (PDB ID: 1GQF) binding pocket residues showing interaction with the drug 

molecule after Molecular dynamic study 
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Figure 16 Molecular Docking simulation analysis of the drug molecule D2 with Pro-

Caspase 7 (PDB ID: 1GQF) binding pocket residues showing interaction with the drug 

molecule after Molecular dynamic study. 

 

 



52 
 

 
 

 

 
 

 

Figure 17 Molecular Docking simulation analysis of the drug molecule D3 with Pro-

Caspase 7 (PDB ID: 1GQF) binding pocket residues showing interaction with the drug 

molecule after Molecular dynamic study 
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Figure 18 Molecular Docking simulation analysis of the drug molecule D4 with Pro-

Caspase 7 (PDB ID: 1GQF) binding pocket residues showing interaction with the drug 

molecule after Molecular dynamic study 
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4.04 Pharmacophore Study of Drug Compounds  

 

The Pharmacophore and QSAR properties of the compounds were analyzed by using 

different software mentioned in methods section and the results are listed in Tables 4 and 5. 

Among the ADMET properties, human intestinal absorption is highest for Drug 1 and 2 

(D1&D2) (1 out of 1.0) while Caco-2 permeability is highest for Drug 4 (D4) (0.6033 out of 

Table 3 Binding energy and nonbonding interaction of the drug Compound Molecular dynamics analysis 

Compound Docking against Pro-Caspase 7 (1GQF) 

 

Binding 

energy 

(kcal/ 

mol) 

Hydrogen bond 

 

 

 

Halogen bond 

 

 

 

Hydrophobic 

 Interaction 

 

 

Electrostatic  

Interaction 

 

 

  
(A acid- 

L atom) 

Distance 

(A° ) 

(A acid- 

L atom) 

Distance 

(A° ) 

(A acid- 

L atom) 

Distance 

(A° ) 

(A acid- 

L atom) 

Distance 

(A° ) 

  D1 

 

-15.8 

 

ASN311 

[N-H…O] 2.74 

  

PRO335 

[Alky] 5.39 

  

  

GLU240 
[O…H-N] 2.18 

  

TYR337 
[Alkyl…Pi] 5.36 

  

      

TYR337 

[Alkyl…Pi]  4.85 
  

D2 

 

-10.1 

 

ASP381 

[C-H…O] 2.58 

  

PHE381 

[Pi-Pi T-

shaped] 4.36 

  

  

ASP291 

[C-H…O] 2.70 

  

PHE381 
[Pi-Pi T-

shaped] 3.86 

  

  

PHE381 
[N-H…O] 2.89 

      D3 

 

-14.3 

 

ASN180 

[N-H…F] 3.53 

ASN180 

[N…F] 3.53 

    

  

ASN180 
[N-H…F] 3.60 

ASN180 
[N…F] 3.60 

    

  

THR182 

[O-H…F] 2.99 

THR182 

[O…F] 2.99 
    

  

SER339 

[O-H…O] 3.15 

LEU235 

[C…F] 3.17 

    

  

ARG179 
[C-H…O] 3.55 

VAL176 
[O…F] 3.23 

    D4 

 

-10.1 

 

THR333 

[O-H…N] 2.94 

  

LYS383 

[Alkyl] 4.73 

ARG266 

[O…H-N] 4.41 

  

ILE386 
[N-H…O] 3.10 

  

VAL323 
[Alkyl…Pi] 5.08 

  

  

ARG266 

[N-H…O] 2.86 
  

VAL323 

[Alkyl…Pi] 4.14 
  

  

ARG318 

[C-H…O] 3.01 

      

  

ARG318 
[O…H-C] 2.49 
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1). The other two compounds showed very high human intestinal absorption but in case of 

Caco-2 permeability, Drugs showed moderate permeability. No drug seems to cross the blood 

brain barrier as revealed by their score ranging from 0.7188 to 0.988. All the four drugs are 

distributed in Mitochondria.  In terms of metabolism, The Cyp450 2c9 Substrate score 

remained more or less same while the highest and lowest Cyp450 2c9 inhibitor score found in 

Drug 3 and Drug 4 respectively. The toxicity study like human ether-a-go-go-related (hERG) 

gene inhibitory score of the fur drug molecules were ranging from 0.75 to 0.95 and all of the 

drug molecules are categorized as weak inhibitor.   AMES toxicity test is employed to know 

whether a compound is mutagenic or not. All the drug compounds displayed negative AMES 

toxicity test which means that the ligands are non-mutagenic. Carcinogenic profile also 

revealed that the drugs were non-carcinogenic. Important information obtained from 

admetSAR server was the computed LD50 dose in rat model. Comparing the LD50 doses, a 

compound with lower dose is more lethal than the compound having higher LD50. From our 

observation, we found that D2 had almost the same LD50, compared to the D4 (2.5956 

versus 2.6042, resp.). Drug 1 (D1) had the lowest LD50 of 2.46 and was most toxic among 

the selected drugs.  

 

 

 

Table 4 ADMET properties of selected drug compounds. (Most data of ADMET 

properties were measured according to a measuring scale of 1.0.) 

 

Properties 

 

CID-4678256 

D1 

CID-16749271 

D2 

CID-25178949 

D3 

CID-25217031 

D4 

  
Absorption 

 

 

Blood-Brain Barrier 0.988 0.7688 0.904 0.7188 

Human Intestinal Absorption 0.996 1 0.9973 1 

Caco-2 Permeability 0.5344 0.5905 0.5905 0.6033 

  
Distribution 

 

 

 

Mitochondria Mitochondria  Mitochondria  Mitochondria 

  
Metabolism 

 

 

Cyp450 2c9 Substrate 0.7479 0.7698 0.7265 0.7666 

Cyp450 2c9 Inhibitor 

               

0.795 0.7781 0.892 0.6611 

  
Toxicity 

 

 

http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=C1CC%28N%28C1%29S%28%3DO%29%28%3DO%29C2%3DCC3%3DC%28C%3DC2%29N%28C%28%3DO%29C3%3DC%28C%23N%29C%23N%29CC4%3DCC%3DC%28C%3DC4%29Br%29COC5%3DCN%3DCC%3DC5&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=C1CC%28N%28C1%29S%28%3DO%29%28%3DO%29C2%3DCC3%3DC%28C%3DC2%29N%28C%28%3DO%29C3%3DC%28C%23N%29C%23N%29CC4%3DCC%3DC%28C%3DC4%29Br%29COC5%3DCN%3DCC%3DC5&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=C1CC%28N%28C1%29S%28%3DO%29%28%3DO%29C2%3DCC3%3DC%28C%3DC2%29N%28C%28%3DO%29C3%3DC%28C%23N%29C%23N%29CC4%3DCC%3DC%28C%3DC4%29Br%29COC5%3DCN%3DCC%3DC5&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=C1CC%28N%28C1%29S%28%3DO%29%28%3DO%29C2%3DCC3%3DC%28C%3DC2%29N%28C%28%3DO%29C3%3DO%29CC4%3DCC%3DC%28C%3DC4%29F%29COC5%3DCC%28%3DCC%28%3DC5%29F%29F&action=A
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Carcinogens NC (0.9309) NC (0.767) NC (0.6989) NC (0.7483) 

AMES toxicity 0.7377 0.5988 0.6003 0.5868 

Human ether-a-go-go-related 

(hERG) gene Inhibition 

 

WI (0.9463) 

 

WI (0.7485) 

 

WI (0.9174) 

 

WI (0.8418) 

 

LD50 in Rat (mol/kg) 

 

Nontoxic 

(2.4584) 

Nontoxic 

(2.5956) 

Nontoxic 

(2.491) 

Nontoxic 

(2.6042) 

Mutagenicity No No No No 

Irritating effects No No No No 

 

 

Table 5 illustrates the various ADMET parameters obtained from admetSAR tool. Ligand 

properties were found in acceptable range for all the tested drugs [Table 5].  Among the four 

drugs, the highest molecular weight found in Drug 3 (D3) and its molecular formula and 

IUPAC name are  C28H22BrN5O4S and 2-[1-[(4-bromophenyl)methyl]-2-oxo-5-[(2S)-2-

(pyridin-3-yloxymethyl)pyrrolidin-1-yl]sulfonylindol-3-ylidene]propanedinitrile respectively. 

In case of hydrogen, the highest number of hydrogen bond acceptor and rotatable bond fund 

in same drug named drug 4 (D4). All the drugs are poorly soluble except drug 2 (D2) which 

is molecularly soluble. TPSA or Topological Polar Surface Area indicates the surface 

belonging to polar atoms in the compound. The highest TPSA found in drug 4 (D4) on the 

other hand the lowest TSPA found in drug 1 (D1). In case of Bioavilibility, all the four drugs 

showed same score. Finally, the toxicity profile of the selected drug molecules checked and 

found all were non toxic. 

 

 

 

 

 

 

 

 

 

 

 

http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=C1CC%28CCC1C%28%3DO%29NC2%3DCC%3DC%28C%3DC2%29CC3%3DCC%3DNC%3DC3%29N4C%28%3DO%29C5C6C%3DCC%28C5C4%3DO%29C7C6C7&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=C1CC%28N%28C1%29S%28%3DO%29%28%3DO%29C2%3DCC3%3DC%28C%3DC2%29N%28C%28%3DO%29C3%3DC%28C%23N%29C%23N%29CC4%3DCC%3DC%28C%3DC4%29Br%29COC5%3DCN%3DCC%3DC5&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=C1CC%28N%28C1%29S%28%3DO%29%28%3DO%29C2%3DCC3%3DC%28C%3DC2%29N%28C%28%3DO%29C3%3DO%29CC4%3DCC%3DC%28C%3DC4%29F%29COC5%3DCC%28%3DCC%28%3DC5%29F%29F&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=C1CN%28C1COC2%3DCN%3DCC%3DC2%29S%28%3DO%29%28%3DO%29C3%3DCC4%3DC%28C%3DC3%29N%28C%28%3DO%29C4%3DC%28C%23N%29C%23N%29CC5%3DCC%3DC%28C%3DC5%29OCCF&action=A
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C28H22BrN5O4S&sort=mw&sort_dir=asc
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Table 5 ADMET and QSAR properties of selected drug molecules. 

Ligand 

Properties  

CID-4678256  

D1  

CID-16749271  

D2  

CID-25178949  

D3  

CID-25217031  

D4  

IUPAC Name 

 

 

 

  

4-(1,3-

dioxooctahydro-4,6-

ethenocyclopropa[f]

isoindol-2(1H)-yl)-

N-[4-(pyridin-4-

ylmethyl)phenyl]cy

clohexanecarboxami

de  

2-[1-[(4-

bromophenyl)methyl]-

2-oxo-5-[(2S)-2-

(pyridin-3-

yloxymethyl)pyrrolidin

-1-yl]sulfonylindol-3-

ylidene]propanedinitril

e  

5-[(2S)-2-[(3,5-

difluorophenoxy)

methyl]pyrrolidin-

1-yl]sulfonyl-1-

[(4-

fluorophenyl)meth

yl]indole-2,3-

dione  

2-[1-[[4-(2-

fluoroethoxy)phenyl]

methyl]-2-oxo-5-

[(2S)-2-(pyridin-3-

yloxymethyl)azetidin-

1-yl]sulfonylindol-3-

ylidene]propanedinitri

le  

Molecular 

Formula C30H31N3O3  C28H22BrN5O4S  C26H21F3N2O5S  C29H24FN5O5S  

Molecular 

Weight 

(g/mol)  

481.596  

 

604.479  

 

530.518  

 

573.599  

 

Number of H 

donor  1  0  0  0  

Number of H 

acceptor  4  8  9  10  

Number of 

rotatable 

bond  5  7  7  10  

Class  Poorly  Soluble  Molecularly Soluble  Poorly  soluble  Poorly  Soluble  

TPSA  79.37  129.09  85.69  138.33  

Bioavilibility  0.55  0.55  0.55  0.55  

Toxicity  No  No  No  No  

https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
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CHAPTER-5 

 DISCUSSION 

Compounds screening to drug molecules have been an active area of research for many years. 

In recent years, computational compound screening has been pursued extensively due to the 

expensive nature of investigational screening procedures [Bajorath, 2002]. Virtual 

screening (VS), a computational technique used in drug discovery to search libraries of small 

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

typically a protein receptor or enzyme, adopted in this study to screen potential compounds 

downloaded from databases[Rollinger et al., 2008; Raster, 2008]. The main objective of this 

present study was to identify the drug-receptor interactions and it‘s in silico analysis of 

potential drug molecules against Apoptosis executioner protein Pro-Caspase 7. The 

experimentally determined three-dimensional (3D) structure of Pro-Caspase 7 was utilized to 

identify the potential ligands.  

 

5.01. Binding Affinity and Non-Bonding Interaction 

Molecular docking is an important tool in computational drug design which can predict the 

predominant binding mode(s) of a ligand with the target protein [Morris and Lim-Wilby, 

2008]. Molecular docking can demonstrate the feasibility of any biochemical reaction as it is 

carried out before experimental part of any investigation. There are some areas, where 

molecular docking has revolutionized the findings. In particular, interaction between small 

molecules (ligand) and protein target (may be an enzyme) may predict the activation or 

inhibition of enzyme. Such type of information may provide a raw material for the rational 

drug designing. Molecular docking can predict an optimized orientation of ligand on its 

target. It can predict different binding modes of ligand in the groove of target molecule. This 

can be used to develop more potent, selective and efficient drug candidates [Shoichet et al., 

2002; Gschwend et al., 1996]. 

 

Non-covalent interactions [Schally, 2007] are critical in maintaining the three-dimensional 

structure of large molecules, such as proteins and nucleic acids. In addition, they are also 

involved in many biological processes in which large molecules bind specifically but 

transiently to one another. These interactions also heavily influence drug design, crystallinity 
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and design of materials, particularly for self-assembly, and, in general, the synthesis of many 

organic molecules [Cockroft et al., 2007; Brown et al., 2009; Eisler, 2010]. A number of 

conventional hydrogen bonds, carbon hydrogen bonds and hydrophobic interactions are 

observed between the drug molecules and Procaspase protein. In case of hydrophobic 

interactions, a couple of types of hydrophobic interactions such as alkyl, pi-pi T-shaped, pi-

alkyl, and Alkyl-pi are found and presented in Table 2. 

In biology, hydrogen bonding is essential for DNA structure. Depending on the nucleotide 

sequence, a regular helical structure of the DNA helix is dictated by specific hydrogen 

bonding patterns [Zhurkin et al., 2005]. The structures and reactivity of many molecular 

systems can be determined by intermolecular hydrogen bonding [Zhao et al., 2007; Zhao and 

Han, 2008]. Among various factors, hydrogen bonding is the one which can affect selectivity 

of nucleotide incorporation by a DNA polymerase [Lee et al., 2008]. For drug binding, 

hydrogen bonds have important function in determining the accuracy of ligand binding 

[Wade and Goodford, 1989]. Both conventional and nonconventional hydrogen bonds are 

observed in the drug and protein complex. The C-H...O interaction, known as 

nonconventional hydrogen bond, slightly weaker than its classical O-H…O hydrogen 

bonding, is believed to be critical in a large number of biomacromolecules‘ crystal structures 

[Kuduva and Craig, 1999; Meadows et al., 2000]. In case of drug molecules 4 (D4), the 

highest eleven hydrogen bonds are observed in which three hydrogen bonds are 

nonconventional (C-H… O) and these bonds are formed with Ser235 (2.65 A˚), Thr288 

(2.27A˚), and Thr333 (2.4 A˚) [Table 2 and Fig 13]. This nonconventional hydrogen bond 

plays crucial role in biological systems. The strongest hydrogen bond found in Gln283 (2.16 

A˚) of D4-Procaspase complex. In literature, it is suggested hydrogen bond of <2.3 A° can 

increase binding affinity by several magnitudes [Wade and Goodford, 1989]. 

 

Short oxygen–halogen interactions have been known in organic chemistry since the 1950s 

and recently have been exploited in the design of supramolecular assemblies. A survey of 

protein and nucleic acid structures revealed similar halogen bonds as potentially stabilizing 

inter- and intramolecular interactions that can affect ligand binding and molecular folding 

[Auffinger, 2004]. In this present study, in total, seven halogen bonds found within the 

interaction of drug molecule 3 and 4 (D3 & D4) where four are oxygen-halogen bond. The 

amino acids involved in oxygen-halogen interactions are Asn170 (3.13 A°), Gln 283 (3.22 

A°), Lys383 (3.57 A°), and Asn311 (3.33 A°) [Fig 12 and Fig 13]. 
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The concept of the halogen bond (or X-bond) has become recognized as contributing 

significantly to the specificity in recognition of a large class of halogenated compounds 

[Scholfield et al., 2013]. Halogenated compounds are important inhibitors against proteins, 

including those that are involved in carcinogenesis. There have been extensive reviews on the 

role of X-bonds in the recognition of various inhibitors against several classes of protein 

kinases [Voth and Ho, 2007; Liao, 2007]. The structures of halogenated inhibitors in complex 

with epidermal growth factor receptor and maltripase showed that X-bonding can be 

generalized to other antitumor targets [Yun et al., 2007]. Finally, the five-order of magnitude 

lower Ki of a brominated compared with nonbrominated inhibitor against the tumor 

suppressor protein aminopeptidases-N (APN) was suggested to be associated with X-bonds 

rather than general hydrophobic effects, indicating that this concept is becoming invoked 

even in the absence of specific structural evidence [Maiereanu et al., 2011].Two recent 

studies showed that the X-bonding concept can be incorporated at the design stage to increase 

the affinity of ligands as potential anticancer drugs [Wilcken et al., 2012; Carpenter et al., 

2010]. 

 

Importantly among the four selected drug molecules, two of them are halogenated 

compounds and form halogen bonds between drug molecules and Pro-caspase protein 

complex. In this case, drug molecules contained Fluorine and formed oxygen-fluorine, and 

hydrogen-fluorine bond, which may have positive effect on the protein–ligand stability, as 

well as in the binding affinity and selectivity. Interestingly, these two drug molecules formed 

highest non-bonding interactions and Pro-caspase 7 (1GQF) is a cancer causing protein. So, 

these halogen atom containing drug molecules might play significant role in the activation of 

Pro-Caspase 7 to Caspase 7 and activate it to start apoptosis process.  

 

 

5.02 Molecular dynamics (MD) simulations analysis 

 

Usually the ligand stabilizes a subset of several possible conformations of the receptor, 

shifting the equilibrium toward the minimum energy structures [Durrant & McCammon, 

2011]. In such cases, MD simulations can produce alternative conformational states 

corresponding to these ligand-induced structures. Also, when no suitable crystallographic 

structures for a particular molecular target are available (i.e., structures with inaccessible or 
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poorly defined binding sites), MD can be applied to generate a set of docking convenient 

structures [Harvey & Fabritiis, 2012]. Accordingly, potential conformational states are 

sampled by MD simulations based on the available crystallographic data, and accessible 

conformations (i.e., those with accessible and well-defined binding cavities) can be selected 

for molecular docking [Salsbury, 2010]. MD can additionally be used to estimate the stability 

of a ligand-receptor complex proposed by molecular docking [Alonso et al., 2006]. When a 

MD-generated ligand conformation deviates by more than a given RMSD value from the 

corresponding docking solution, the predicted ligand-receptor complex can be considered 

unstable [Chen, 2015]. 

 

After Molecular  dynamics, it was found that the binding affinity of the first (D1) and third 

(D3) drug molecules significantly increased and the molecular docking energy are -15.8 kcal 

mol−1 and     -14.3 kcal mol−1 respectively. On the other hand, the binding affinity of the 

second (D2) and fourth (D4) drug molecules slightly decreased and the molecular docking 

energy is -10.1 kcal mol−1 for both of the molecules. Active site analysis performed to 

identify the active site cavity amino acid residues of Pro-Caspase 7 and later checked with the 

Molecular docking interacting residues. It has found that all of the active site residues of Pro-

Caspase 7 interacted with the potential drug compounds and formed different bonds like 

hydrogen bond, halogen bond, hydrophobic interaction, electrostatic interaction.  

 

5.03 Pharmacoinformatics Elucidation  

A good drug candidate is absorbed in required time and well distributed throughout the 

system for its effective metabolism and action. Toxicity is another very important factor 

which often overshadows the ADME behavior. Failure of drugs at clinical trial stage due to 

adverse effects generated because of their toxicity proves very expensive and detrimental in 

the drug development process. In silico ADMET tools presents an array of opportunities 

which help in accelerating the discovery of new targets and ultimately lead to compounds 

with predicted biological activity. Table 4 depicts the drug-likeness properties of test 

compounds with least binding energies predicted using OSIRIS Property Explorer. 

The drugs show positive response for blood brain barrier (BBB) criteria, predicting that drugs 

will go through BBB. ADMET properties reveal that D2 and D4 had best Human Intestinal 

Absorption (HIA) scores (1.0 out of 1.0). Greater HIA denotes that the compound could be 
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better absorbed from the intestinal tract upon oral administration. However, the selected drug 

molecules show weak inhibitory property for human ethera-go-go-related gene (hERG). 

Inhibition of hERG can lead to long QT syndrome [Sanguinetti and Tristani-Firouzi, 2006], 

so more study on this aspect is necessary. 

 

A lower molecular weight would again enhance the absorption rate and thus most of the 

drugs are tried to be kept at the lowest possible molecular weight [Sander, 2001]. An 

increased TPSA is associated with diminished membrane permeability and compounds with 

higher TPSA were better substrates for p-glycoprotein. Thus comparing the compounds, 

lower TPSA was favorable for drug-like property. It was also predicted that a molecule with 

better CNS penetration should have lower TPSA value [Blake, 2000; Chico et al., 2009].  
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CHAPTER-5 

 CONCLUSION AND FUTURE RECOMMENDATION 

 

Apoptosis, an energy-dependent process, is a process of programmed cell death in which 

caspase protein activation plays a key role. As a number of the key apoptotic proteins that are 

regulated in the activation or inactivation mechanism of apoptotic pathways have been 

identified, in this study, it is prioritized identifying potential anti-cancer drug molecules 

against Pro-Caspase 7, one of the effector caspases of Caspase superfamily. Molecular 

Docking study is investigated for Pro-Caspase 7 with 917 Drug-like compounds of 

BindingDB database and 654 Drug-like compounds of ZINC database and identified 4 

potential lead compounds those showed strong predicted binding affinity for the important 

residues of Pro-Caspase 7. In addition to Molecular Docking study, Molecular dynamics 

conducted to test the feasibility of the identified compounds in biological systems and again 

checked binding interactions for the Pro-Caspase 7 protein. The details analysis of 

nonbonding interactions identified between the selected potential lead compounds and Pro-

Caspase 7 may help to develop the new anticancer drug which can effectively target the Pro-

Caspase 7 and ultimately activated the apoptosis pathway. 

 

Our study discloses that after Molecular dynamics there have found the significant difference 

in binding affinity and binding interactions that play a major role in the drug-receptor 

interaction. For instance, the binding energies among Pro-Caspase 7 and two potential lead 

compounds after the MD significantly improved to -15.8 and -14.3 kcal mol
−1 

from −10.8 and 

−10.7 kcal mol
−1

, respectively. Pharmacoinformatics analysis predicts that all potential lead 

compounds are non-carcinogenic and they have no mutagenic and irritating effects. This 

study results in the identification of potential hit for initiation of apoptosis which ultimately 

works for cancer treatment. 

  

 

Remarkable progress, has been made during the past few years, in almost all the areas 

concerning with drug design and discovery, although it is a complex process, involving the 

application of many different fields of knowledge. Drug design, discovery and development 

are thought as an intense, lengthy and interdisciplinary endeavor. Drug design, sometimes 

referred to as rational drug design or more simply rational design, is the inventive process of 
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finding new medications based on the knowledge of a biological target. Compounds 

screening leading to drug design have been an active area of research for many years. Due to 

the wearisome and expensive nature of investigational screening procedures, Computational 

compound screening has been pursued extensively here in order to identify novel lead 

compounds. This in silico study helps  the future researchers around the world including 

Bangladesh to select Hits to Lead compounds by conducting Bioassay screening, clinical 

trials, and other laboratory-based experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

CHAPTER-6 

REFERENCES 

Abu Saleh, M., Solayman, M., Hoque, M. M., Khan, M. A., Sarwar, M. G., & Halim, M. A. 

(2016). Inhibition of DNA Topoisomerase Type IIα(TOP2A) by Mitoxantrone and Its 

Halogenated Derivatives: A Combined Density Functional and Molecular Docking 

Study. BioMed Research International, 2016, 1-12. doi:10.1155/2016/6817502 

Agarwal, S., Chadha, D., & Mehrotra, R. (2014). Molecular modeling and spectroscopic 

studies of semustine binding with DNA and its comparison with lomustine–DNA adduct 

formation. Journal of Biomolecular Structure and Dynamics, 33(8), 1653-1668. 

doi:10.1080/07391102.2014.968874 

 

Agarwal, S., Jangir, D. K., Mehrotra, R., Lohani, N., & Rajeswari, M. R. (2014). A 

Structural Insight into Major Groove Directed Binding of Nitrosourea Derivative Nimustine 

with DNA: A Spectroscopic Study. PLoS ONE, 9(8), e104115. 

doi:10.1371/journal.pone.0104115 

Ahn, E., Pan, G., Vickers, S. M., & McDonald, J. M. (2002). IFN-?upregulates apoptosis-

related molecules and enhances Fas-mediated apoptosis in human 

cholangiocarcinoma. International Journal of Cancer, 100(4), 445-451. 

doi:10.1002/ijc.10516 

Alder, B. J., & Wainwright, T. E. (1959). Studies in Molecular Dynamics. I. General 

Method. The Journal of Chemical Physics, 31(2), 459-466. doi:10.1063/1.1730376 

 

Alenzi, F. (2004). Links between apoptosis, proliferation and the cell cycle. British Journal 

of Biomedical Science, 61(2), 99-102. doi:10.1080/09674845.2004.11732652 

Alnemri, E. S., Livingston, D. J., Nicholson, D. W., Salvesen, G., Thornberry, N. A., 

Wong, W. W., & Yuan, J. (1996). Human ICE/CED-3 Protease Nomenclature. Cell, 87(2), 

171. doi:10.1016/s0092-8674(00)81334-3 

Alonso, H., Bliznyuk, A. A., & Gready, J. E. (2006). Combining docking and molecular 

dynamic simulations in drug design. Medicinal Research Reviews, 26(5), 531-568. 

doi:10.1002/med.20067 



66 
 

 

Anand, P., Kunnumakkara, A. B., Sundaram, C., Harikumar, K. B., Tharakan, S. T., 

Lai, O. S., Sung, B., Aggarwal, B. B. (2008). Cancer is a Preventable Disease that Requires 

Major Lifestyle Changes. Pharmaceutical Research, 25(9), 2200-2200. doi:10.1007/s11095-

008-9690-4 

Andrea, V., & Ho, P.S. (2007). The Role of Halogen Bonding in Inhibitor Recognition and 

Binding by Protein Kinases. Current Topics in Medicinal Chemistry, 7(14), 1336-1348. 

doi:10.2174/156802607781696846 

Aparoy, P., Kumar Reddy, K., & Reddanna, P. (2012). Structure and Ligand Based Drug 

Design Strategies in the Development of Novel 5- LOX Inhibitors. Current Medicinal 

Chemistry, 19(22), 3763-3778. doi:10.2174/092986712801661112 

Arch Development. Journal of Biological Chemistry, 278(6), 4268-4276. 

doi:10.1074/jbc.m203944200 

Auffinger, P., Hays, F. A., Westhof, E., & Ho, P. S. (2004). Halogen bonds in biological 

molecules. Proceedings of the National Academy of Sciences, 101(48), 16789-16794. 

doi:10.1073/pnas.0407607101 

Bajorath, J. (2002). Integration of virtual and high-throughput screening. Nature Reviews 

Drug Discovery, 1(11), 882-894. doi:10.1038/nrd941  

Baliga, B. C., Colussi, P. A., Read, S. H., Dias, M. M., Jans, D. A., & Kumar, S. (2002). 

Role of Prodomain in Importin-mediated Nuclear Localization and Activation of Caspase-

2. Journal of Biological Chemistry, 278(7), 4899-4905. doi:10.1074/jbc.m211512200 

Ballester, P. J. (2011). Ultrafast shape recognition: method and applications. Future 

Medicinal Chemistry, 3(1), 65-78. doi:10.4155/fmc.10.280 

 

Ballester, P. J., Westwood, I., Laurieri, N., Sim, E., & Richards, W. G. (2009). Prospective 

virtual screening with Ultrafast Shape Recognition: the identification of novel inhibitors of 

arylamine N-acetyltransferases. Journal of The Royal Society Interface, 7(43), 335-342. 

doi:10.1098/rsif.2009.0170 

 



67 
 

Barry, M., & Bleackley, R. C. (2002). Cytotoxic T lymphocytes: all roads lead to 

death. Nature Reviews Immunology, 2(6), 401-409. doi:10.1038/nri819 

Beauchamp, K. A., Lin, Y., Das, R., & Pande, V. S. (2012). Are Protein Force Fields Getting 

Better? A Systematic Benchmark on 524 Diverse NMR Measurements. Journal of Chemical 

Theory and Computation, 8(4), 1409-1414. doi:10.1021/ct2007814 

 

Berman, H. M. (2000). The Protein Data Bank. Nucleic Acids Research, 28(1), 235-242. 

doi:10.1093/nar/28.1.235 

Berman, H., Henrick, K., & Nakamura, H. (2003). Announcing the worldwide Protein Data 

Bank. Nature Structural & Molecular Biology, 10(12), 980-980. doi:10.1038/nsb1203-980 

Berman, H., Henrick, K., Nakamura, H., & Markley, J. L. (2007). The worldwide Protein 

Data Bank (wwPDB): ensuring a single, uniform archive of PDB data. Nucleic Acids 

Research, 35(Database), D301-D303. doi:10.1093/nar/gkl971 

Bernstein, F. C., Koetzle, T. F., Williams, G. J., Meyer, E. F., Brice, M. D., Rodgers, J. R., 

Tasumi, M. (1977). The Protein Data Bank. A Computer-Based Archival File for 

Macromolecular Structures. European Journal of Biochemistry, 80(2), 319-324. 

doi:10.1111/j.1432-1033.1977.tb11885.x 

Bidere, N., Su, H.C., Lenardo, M.J. (2006). Genetic disorders of programmed cell death in 

the immune system. Annu Rev Immunol, 24, 321–352. 

Blake, J. (2000). Chemoinformatics – predicting the physicochemical properties of 'drug-like' 

molecules. Current Opinion in Biotechnology, 11(1), 104-107. doi:10.1016/s0958-

1669(99)00062-2 

Blanchard, H., Kodandapani, L., Mittl, P. R., Marco, S. D., Krebs, J. F., Wu, J. C., 

Tomaselli, K.J., Grütter, M. G. (1999). The three-dimensional structure of caspase-8: an 

initiator enzyme in apoptosis. Structure, 7(9), 1125-1133. doi:10.1016/s0969-

2126(99)80179-8 

 

Boatright, K.M., Salvesen, G.S. (2003). Mechanisms of caspase activation. Current Opinion 

in Cell Biology 15, 725–731. 

 



68 
 

Boatright, K. M., Renatus, M., Scott, F. L., Sperandio, S., Shin, H., Pedersen, I. M.,  Ricci, 

J.E., Edris, W.A., Sutherlin, D.P., Green, D.R., Salvesen, G. S. (2003). A Unified Model for 

Apical Caspase Activation. Molecular Cell, 11(2), 529-541. doi:10.1016/s1097-

2765(03)00051-0 

 

Bohacek, R. S., McMartin, C., & Guida, W. C. (1996). The art and practice of 

structure‐based drug design: A molecular modeling perspective. Medicinal Research 

Reviews, 16(1), 3-50. doi:10.1002/(sici)1098-1128(199601)16:1<3::aid-med1>3.3.co;2-d 

 

Brunner, T., Mogil, R. J., LaFace, D., Yoo, N. J., Mahboubi, A., Echeverri, F., Martin, S.J., 

Force, W.R., Lynch, D.H., Ware, C.F., Green, D. R. (1995). Cell-autonomous Fas 

(CD95)/Fas-ligand interaction mediates activation-induced apoptosis in T-cell 

hybridomas. Nature, 373(6513), 441-444. doi:10.1038/373441a0 

 

Cancer Registry Report, National Institute of Cancer Research and Hospital 2005-2007. [Last 

accessed on 2013 May 03]. Available from: http://whobangladesh. 

healthrepository.org/bitstream/123456789/282/1/Publication_Cancer_Registry_Report.pdf.  

Canman, C. E., Tang, H. Y., Normolle, D. P., Lawrence, T. S., & Maybaum, J. (1992). 

Variations in patterns of DNA damage induced in human colorectal tumor cells by 5-

fluorodeoxyuridine: implications for mechanisms of resistance and cytotoxicity. Proceedings 

of the National Academy of Sciences, 89(21), 10474-10478. doi:10.1073/pnas.89.21.10474 

Cavalieri, E., Chakravarti, D., Guttenplan, J., Hart, E., Ingle, J., Jankowiak, R., Sutter, T. 

(2006). Catechol estrogen quinones as initiators of breast and other human cancers: 

Implications for biomarkers of susceptibility and cancer prevention. Biochimica et 

Biophysica Acta (BBA) - Reviews on Cancer, 1766(1), 63-78. 

doi:10.1016/j.bbcan.2006.03.001 

 

Cavasotto, C., & W. Orry, A. (2007). Ligand Docking and Structure-based Virtual Screening 

in Drug Discovery. Current Topics in Medicinal Chemistry, 7(10), 1006-1014. 

doi:10.2174/156802607780906753 

Cerretti, D., Kozlosky, C., Mosley, B., Nelson, N., Van Ness, K., Greenstreet, T.,  March, 

C.J., Kronheim, S.R., Druck, T., Cannizzaro, L.A., Et, A. (1992). Molecular cloning of the 



69 
 

interleukin-1 beta converting enzyme. Science, 256(5053), 97-100. doi:10.1126/ 

science.1373520 

 

Chai, J., Wu, Q., Shiozaki, E., Srinivasula, S.M., Alnemri, E.S. & Shi, Y. (2001) Crystal 

structure of a procaspase-7 zymogen. Mechanisms of activation and substrate binding. Cell 

107, 399–407 

 

Chekeni, F. B., Elliott, M. R., Sandilos, J. K., Walk, S. F., Kinchen, J. M., 

Lazarowski, E. R., Armstrong, A.J., Penuela, S., Dale W. Laird, D.W., Guy S. Salvesen, 

G.S., Brant E. Isakson, B.E., Douglas A. Bayliss, D. A., Ravichandran, K. S. (2010). 

Pannexin 1 channels mediate ‗find-me‘ signal release and membrane permeability during 

apoptosis. Nature, 467(7317), 863-867. doi:10.1038/nature09413 

 

Chen, Y. (2015). Erratum: Beware of Docking! Trends in Pharmacological Sciences, 36(9), 

617. doi:10.1016/j.tips.2015.01.004 

Cheng, F., Li, W., Zhou, Y., Shen, J., Wu, Z., Liu, G., Lee, P.W., Tang, Y. (2012). 

admetSAR: A Comprehensive Source and Free Tool for Assessment of Chemical ADMET 

Properties. Journal of Chemical Information and Modeling, 52(11), 3099-3105. 

doi:10.1021/ci300367a 

Chico, L. K., Van Eldik, L. J., & Watterson, D. M. (2009). Targeting protein kinases in 

central nervous system disorders. Nature Reviews Drug Discovery, 8(11), 892-909. 

doi:10.1038/nrd2999 

Chinnaiyan, A. M., O'Rourke, K., Tewari, M., & Dixit, V. M. (1995). FADD, a novel death 

domain-containing protein, interacts with the death domain of fas and initiates 

apoptosis. Cell, 81(4), 505-512. doi:10.1016/0092-8674(95)90071-3 

Cockroft, S. L., & Hunter, C. A. (2007). Chemical Double-Mutant Cycles: Dissecting Non-

Covalent Interactions. ChemInform, 38(17). doi:10.1002/chin.200717268 

Colussi, P. A., Harvey, N. L., & Kumar, S. (1998). Prodomain-dependent Nuclear 

Localization of the Caspase-2 (Nedd2) Precursor. Journal of Biological Chemistry, 273(38), 

24535-24542. doi:10.1074/jbc.273.38.24535 

 

https://www.nature.com/articles/nature09413#auth-8
https://www.nature.com/articles/nature09413#auth-9
https://www.nature.com/articles/nature09413#auth-10
https://www.nature.com/articles/nature09413#auth-11
https://www.nature.com/articles/nature09413#auth-12


70 
 

Cory, S., & Adams, J. M. (2002). The Bcl2 family: regulators of the cellular life-or-death 

switch. Nature Reviews Cancer, 2(9), 647-656. doi:10.1038/nrc883 

Dallakyan, S., & Olson, A. J. (2014). Small-Molecule Library Screening by Docking with 

PyRx. Methods in Molecular Biology, 243-250. doi:10.1007/978-1-4939-2269-7_19 

Danial, N.N., Korsmeyer, S.J. (2004), Cell death: critical control points. Cell. 116, 205–219.  

Darden, T., York, D., & Pedersen, L. (1993). Particle mesh Ewald: An N⋅log(N) method for 

Ewald sums in large systems. The Journal of Chemical Physics, 98(12), 10089-10092. 

doi:10.1063/1.464397 

DeNardo, G., Hok, S., Natarajan, A., Cosman, M., DeNardo, S., Lightstone, F., Mirick, G.R., 

Yuan, A., Perkins, J., Sysko, V.V., Lehmann, J., Balhorn, R. (2007). Characteristics of 

dimeric (bis) bidentate selective high affinity ligands as HLA-DR10 beta antibody mimics 

targeting non-Hodgkin's lymphoma. International Journal of Oncology. 

doi:10.3892/ijo.31.4.729 

Deshpande, N. (2004). The RCSB Protein Data Bank: a redesigned query system and 

relational database based on the mmCIF schema. Nucleic Acids Research, 33(Database 

issue), D233-D237. doi:10.1093/nar/gki057 

Detellier, C. (2008). Analytical Methods in Supramolecular Chemistry Edited by Christoph 

A. Schalley (Universität Berlin). Wiley-VCH Verlag GmbH & Co. KgaA: Weinheim. 2007. 

ISBN 978-3-527-31505-5. Journal of the American Chemical Society, 130(1), 382-383. 

doi:10.1021/ja0769649 

Dhein, J., Walczak, H., Bäumler, C., Debatin, K., & Krammer, P. H. (1995). Autocrine T-

cell suicide mediated by APO-1/(Fas/CD95). Nature, 373(6513), 438-441. 

doi:10.1038/373438a0 

 

Donepudi, M., Sweeney, A. M., Briand, C., & Grütter, M. G. (2003). Insights into the 

Regulatory Mechanism for Caspase-8 Activation. Molecular Cell, 11(2), 543-549. 

doi:10.1016/s1097-2765(03)00059-5 



71 
 

Drwal, M. N., & Griffith, R. (2013). Combination of ligand- and structure-based methods in 

virtual screening. Drug Discovery Today: Technologies, 10(3), e395-e401. 

doi:10.1016/j.ddtec.2013.02.002 

Du, C., Fang, M., Li, Y. (2000). Smac, a mitochondrial protein that promotes cytochrome c-

dependent caspase activation by eliminating IAP inhibition. Cell, 102, 33–42.  

 

Dundas, J., Ouyang, Z., Tseng, J., Binkowski, A., Turpaz, Y., & Liang, J. (2006). CASTp: 

computed atlas of surface topography of proteins with structural and topographical mapping 

of functionally annotated residues. Nucleic Acids Research, 34(Web Server), W116-W118. 

doi:10.1093/nar/gkl282 

Durdagi, S., Salmas, R. E., Stein, M., Yurtsever, M., & Seeman, P. (2015). Binding 

Interactions of Dopamine and Apomorphine in D2High and D2Low States of Human 

Dopamine D2 Receptor Using Computational and Experimental Techniques. ACS Chemical 

Neuroscience, 7(2), 185-195. doi:10.1021/acschemneuro.5b00271 

Durrant, J. D., & McCammon, J. A. (2011). Molecular dynamics simulations and drug 

discovery. BMC Biology, 9(1), 71. doi:10.1186/1741-7007-9-71 

Earnshaw, W. C., Martins, L. M., & Kaufmann, S. H. (1999). Mammalian Caspases: 

Structure, Activation, Substrates, and Functions During Apoptosis. Annual Review of 

Biochemistry, 68(1), 383-424. doi:10.1146/annurev.biochem.68.1.383 

Eckhart, L., Ballaun, C., Uthman, A., Kittel, C., Stichenwirth, M., Buchberger, M., Fischer, 

H., Wolfgang Sipos, W., Tschachler, E. (2005). Identification and Characterization of a 

Novel Mammalian Caspase with Proapoptotic Activity. Journal of Biological 

Chemistry, 280(42), 35077-35080. doi:10.1074/jbc.c500282200 

 

Eckhart, L., Ballaun, C., Hermann, M., VandeBerg, J. L., Sipos, W., Uthman, A., Fischer, 

H., Tschachler, E. (2008). Identification of Novel Mammalian Caspases Reveals an 

Important Role of Gene Loss in Shaping the Human Caspase Repertoire. Molecular Biology 

and Evolution, 25(5), 831-841. doi:10.1093/molbev/msn012 

 



72 
 

El-Deiry, W. S. (2003). The role of p53 in chemosensitivity and 

radiosensitivity. Oncogene, 22(47), 7486-7495. doi:10.1038/sj.onc.1206949 

 

El-Telbany, A., & Ma, P. C. (2012). Cancer Genes in Lung Cancer: Racial Disparities: Are 

There Any? Genes & Cancer, 3(7-8), 467-480. doi:10.1177/1947601912465177 

Enari, M., Sakahira, H., Yokoyama, H., Okawa, K., Iwamatsu, A., & Nagata, S. (1998). 

correction: A caspase-activated DNase that degrades DNA during apoptosis, and its inhibitor 

ICAD. Nature, 393(6683), 396-396. doi:10.1038/30782 

Ertl, P., Rohde, B., & Selzer, P. (2000). Fast Calculation of Molecular Polar Surface Area as 

a Sum of Fragment-Based Contributions and Its Application to the Prediction of Drug 

Transport Properties. Journal of Medicinal Chemistry, 43(20), 3714-3717. 

doi:10.1021/jm000942e 

Evan, G. I., Wyllie, A. H., Gilbert, C. S., Littlewood, T. D., Land, H., Brooks, M., 

Hancock, D. C. (1992). Induction of apoptosis in fibroblasts by c-myc protein. Cell, 69(1), 

119-128. doi:10.1016/0092-8674(92)90123-t 

 

Fadeel, B., & Orrenius, S. (2005). Apoptosis: a basic biological phenomenon with wide-

ranging implications in human disease. Journal of Internal Medicine, 258(6), 479-517. 

doi:10.1111/j.1365-2796.2005.01570.x 

 

Faustin, B., Lartigue, L., Bruey, J., Luciano, F., Sergienko, E., Bailly-Maitre, B., Reed, J. C. 

(2007). Reconstituted NALP1 Inflammasome Reveals Two-Step Mechanism of Caspase-1 

Activation. Molecular Cell, 25(5), 713-724. doi:10.1016/j.molcel.2007.01.032 

 

Fernando, P., Brunette, S., & Megeney, L. A. (2005). Neural stem cell differentiation is 

dependent upon endogenous caspase 3 activity. The FASEB Journal, 19(12), 1671-1673. 

doi:10.1096/fj.04-2981fje 

 

Ferlay, J., Shin, H., Bray, F., Forman, D., Mathers, C., & Parkin, D. M. (2010). Estimates of 

worldwide burden of cancer in 2008: GLOBOCAN 2008. International Journal of 

Cancer, 127(12), 2893-2917. doi:10.1002/ijc.25516 



73 
 

Fermi, E., Pasta, P., Ulam, S., & Tsingou, M. (1955). STUDIES OF THE NONLINEAR 

PROBLEMS. doi:10.2172/4376203 

 

Fernandes-Alnemri, T., Litwack, G., Alnemri, E.S. (1994). CPP32, a novel human apoptotic 

protein with homology to Caenorhabditis elegans cell death protein Ced-3 and mammalian 

interleukin-1 beta-converting enzyme. Journal of Biological Chemistry, 269, 30761–30764 

Fernando, P., Brunette, S., & Megeney, L. A. (2005). Neural stem cell differentiation is 

dependent upon endogenous caspase 3 activity. The FASEB Journal, 19(12), 1671-1673. 

doi:10.1096/fj.04-2981fje 

 

Fernando, P., Kelly, J. F., Balazsi, K., Slack, R. S., & Megeney, L. A. (2002). Caspase 3 

activity is required for skeletal muscle differentiation. Proceedings of the National Academy 

of Sciences, 99(17), 11025-11030. doi:10.1073/pnas.162172899 

 

Ferreira, L., Dos Santos, R., Oliva, G., & Andricopulo, A. (2015). Molecular Docking and 

Structure-Based Drug Design Strategies. Molecules, 20(7), 13384-13421. 

doi:10.3390/molecules200713384 

Festjens, N., Cornelis, S., Lamkanfi, M., & Vandenabeele, P. (2006). Caspase-containing 

complexes in the regulation of cell death and inflammation. Biological Chemistry, 387(8). 

doi:10.1515/bc.2006.124 

Fleischer, A., Ghadiri, A., Dessauge, F., Duhamel, M., Rebollo, M. P., Alvarez-Franco, F., & 

Rebollo, A. (2006). Modulating apoptosis as a target for effective therapy. Molecular 

Immunology, 43(8), 1065-1079. doi:10.1016/j.molimm.2005.07.013 

Frank, S., Gaume, B., Bergmann-Leitner, E. S., Leitner, W. W., Robert, E. G., Catez, F., 

Smith, C.L., Youle, R. J. (2001). The Role of Dynamin-Related Protein 1, a Mediator of 

Mitochondrial Fission, in Apoptosis. Developmental Cell, 1(4), 515-525. doi:10.1016/s1534-

5807(01)00055-7 

 

Fuentes-Prior, P., & Salvesen, G. (2004). The protein structures that shape caspase activity, 

specificity, activation and inhibition. Biochemical Journal, 384(2), 201-232. 

doi:10.1042/bj20041142 



74 
 

Fulda, S., & Debatin, K. (2004). Targeting Apoptosis Pathways in Cancer Therapy. Current 

Cancer Drug Targets, 4(7), 569-576. doi:10.2174/1568009043332763 

Gerl, R. (2004). Apoptosis in the development and treatment of 

cancer. Carcinogenesis, 26(2), 263-270. doi:10.1093/carcin/bgh283 

Gibberd, R. (2000). Globocan 1: Cancer Incidence and Mortality Worldwide. J. Ferlay, 

D.M. Parkin and P. Pisani, IARC Press, Lyon, 1999. Price: $90. Statistics in 

Medicine, 19(19), 2714-2715. doi:10.1002/1097-0258(20001015)19:19<2714::aid-

sim478>3.0.co;2-b 

Gilson, M. K., Liu, T., Baitaluk, M., Nicola, G., Hwang, L., & Chong, J. (2015). BindingDB 

in 2015: A public database for medicinal chemistry, computational chemistry and systems 

pharmacology. Nucleic Acids Research, 44(D1), D1045-D1053. doi:10.1093/nar/gkv1072 

Golovin, A. (2004). E-MSD: an integrated data resource for bioinformatics. Nucleic Acids 

Research, 32(90001), 211D-216. doi:10.1093/nar/gkh078 

 

Good, A. C., & Oprea, T. I. (2008). Optimization of CAMD techniques 3. Virtual screening 

enrichment studies: a help or hindrance in tool selection? Journal of Computer-Aided 

Molecular Design, 22(3-4), 169-178. doi:10.1007/s10822-007-9167-2 

 

Gschwend, D. A., Good, A. C., & Kuntz, I. D. (1996). Molecular docking towards drug 

discovery. Journal of Molecular Recognition, 9(2), 175-186. doi:10.1002/(sici)1099-

1352(199603)9:2<175::aid-jmr260>3.0.co;2-d 

 

Guedes, I. A., De Magalhães, C. S., & Dardenne, L. E. (2013). Receptor–ligand molecular 

docking. Biophysical Reviews, 6(1), 75-87. doi:10.1007/s12551-013-0130-2 

 

Gulyaeva, N. V. (2003). Non-apoptotic Functions of Caspase-3 in Nervous 

Tissue. Biochemistry (Moscow), 68(11), 1171-1180. doi:10.1023/ b:biry. 

0000009130.62944.35 

 

Harvey, M. J., & De Fabritiis, G. (2012). High-throughput molecular dynamics: the powerful 

new tool for drug discovery. Drug Discovery Today, 17(19-20), 1059-1062. 

doi:10.1016/j.drudis.2012.03.017 



75 
 

 

Hashimoto, T., Yamauchi, L., Hunter, T., Kikkawa, U., & Kamada, S. (2008). Possible 

involvement of caspase-7 in cell cycle progression at mitosis. Genes to Cells, 13(6), 609-

621. doi:10.1111/j.1365-2443.2008.01192.x 

Hensley, P., Mishra, M., & Kyprianou, N. (2013). Targeting caspases in cancer 

therapeutics. Biological Chemistry, 394(7). doi:10.1515/hsz-2013-0128 

Heredity and Cancer, American Cancer Society. Retrieved July 22, 2013.  

Henrick,K., Berman,H.M. and Nakamura,H. (2005) The Protein Data Bank and the wwPDB. 

In Jorde,L.B., Little,P.F.R., Dunn,M.J. and Subramaniam,S. (eds), Encyclopedia of 

Genomics, Proteomics, and Bioinformatics. John Wiley & Sons Ltd, Chichester, Vol. 7, pp. 

3335–3339. 

 

Holt, P. A., Chaires, J. B., & Trent, J. O. (2008). Molecular Docking of Intercalators and 

Groove-Binders to Nucleic Acids Using Autodock and Surflex. Journal of Chemical 

Information and Modeling, 48(8), 1602-1615. doi:10.1021/ci800063v 

Horvitz, H. R. (1994). Genetic Control of Programmed Cell Death in the Nematode 

Caenorhabditis Elegans. Apoptosis, 1-13. doi:10.1007/978-1-4757-9217-1_1 

How many different types of cancer are there? : Cancer Research UK : Cancer Help UK. 

Retrieved 11 May 2012.  

Hsu, S., Yu, C., Yin, S., Tang, M., Tien, A., Wu, Y., & Huang, C. (2006). Caspase 3, 

periodically expressed and activated at G2/M transition, is required for nocodazole-induced 

mitotic checkpoint. Apoptosis, 11(5), 765-771. doi:10.1007/s10495-006-5880-x 

 

Huh, J. R., Vernooy, S. Y., Yu, H., Yan, N., Shi, Y., Guo, M., & Hay, B. A. (2003). Multiple 

Apoptotic Caspase Cascades Are Required in Nonapoptotic Roles for Drosophila Spermatid 

Individualization. PLoS Biology, 2(1), e15. doi:10.1371/journal.pbio.0020015 

 

Hussain, S. A. (2013). Comprehensive update on cancer scenario of Bangladesh. South 

Asian Journal of Cancer, 2(4), 279. doi:10.4103/2278-330x.119901 

 



76 
 

Hyman, B. T., & Yuan, J. (2012). Apoptotic and non-apoptotic roles of caspases in neuronal 

physiology and pathophysiology. Nature Reviews Neuroscience, 13(6), 395-406. 

doi:10.1038/nrn3228 

In Bose, K. (2015). Proteases in apoptosis: Pathways, protocols, and translational advances. 

In Broaddus, V. C., In Mason, R. J., In Ernst, J. D., In King, T. E., In Lazarus, S. C., In 

Murray, J. F., Nadel, J.A., Gotway, M. B. (2016). Murray & Nadel's textbook of respiratory 

medicine. 

Irwin, J. J., & Shoichet, B. K. (2005). ZINC − A Free Database of Commercially Available 

Compounds for Virtual Screening. Journal of Chemical Information and Modeling, 45(1), 

177-182. doi:10.1021/ci049714+ 

Irwin, J. J. (2008). Community benchmarks for virtual screening. Journal of Computer-

Aided Molecular Design, 22(3-4), 193-199. doi:10.1007/s10822-008-9189-4 

 

Irwin, J. J., Shoichet, B. K., Mysinger, M. M., Huang, N., Colizzi, F., Wassam, P., & 

Cao, Y. (2009). Automated Docking Screens: A Feasibility Study. Journal of Medicinal 

Chemistry, 52(18), 5712-5720. doi:10.1021/jm9006966 

 

Israelachvili, J. N. (2011). Strong Intermolecular Forces. Intermolecular and Surface Forces, 

53-70. doi:10.1016/b978-0-12-391927-4.10003-9 

Jacobson, M. D., Weil, M., & Raff, M. C. (1997). Programmed Cell Death in Animal 

Development. Cell, 88(3), 347-354. doi:10.1016/s0092-8674(00)81873-5 

Janssen, E. M., Droin, N. M., Lemmens, E. E., Pinkoski, M. J., Bensinger, S. J., Ehst, B. D., 

Schoenberger, S. P. (2005). CD4+ T-cell help controls CD8+ T-cell memory via TRAIL-

mediated activation-induced cell death. Nature, 434(7029), 88-93. doi:10.1038/nature03337 

Jaremko, M., Jaremko, Ł., Kim, H., Cho, M., Schwieters, C. D., Giller, K., Zweckstetter, M. 

(2013). Cold denaturation of a protein dimer monitored at atomic resolution. Nature 

Chemical Biology, 9(4), 264-270. doi:10.1038/nchembio.1181 

Jarvis, M. (2010). Encyclopedia of Survey Research Methods 201015 Edited by Paul J. 

Lavrakas. Encyclopedia of Survey Research Methods. Thousand Oaks, CA: Sage 

Publications 2009. , ISBN: 978 1 4129 6394 7. doi:10.1108/09504121011011879 



77 
 

Jemal, A., Bray, F., Center, M. M., Ferlay, J., Ward, E., & Forman, D. (2011). Global cancer 

statistics. CA: A Cancer Journal for Clinicians, 61(2), 69-90. doi:10.3322/caac.20107 

 

Jin, Z., & El-Deiry, W. S. (2005). Overview of cell death signaling pathways. Cancer 

Biology & Therapy, 4(2), 147-171. doi:10.4161/cbt.4.2.1508 

 

Ju, S., Panka, D. J., Cui, H., Ettinger, R., EI-Khatib, M., Sherr, D. H., Stanger, B.Z., 

Marshak-Rothstein, A. (1995). Fas(CD95)/FasL interactions required for programmed cell 

death after T-cell activation. Nature, 373(6513), 444-448. doi:10.1038/373444a0 

Kabore, A., Johnston, J., & Gibson, S. (2004). Changes in the Apoptotic and Survival 

Signaling in Cancer Cells and Their Potential Therapeutic Implications. Current Cancer 

Drug Targets, 4(2), 147-163. doi:10.2174/1568009043481551 

Kataoka, T., & Tschopp, J. (2004). N-Terminal Fragment of c-FLIP(L) Processed by 

Caspase 8 Specifically Interacts with TRAF2 and Induces Activation of the NF- B Signaling 

Pathway. Molecular and Cellular Biology, 24(7), 2627-2636. doi:10.1128/mcb.24.7.2627-

2636.2004 

 

Kaufmann, S. H., Desnoyers, S., Talbot, B., & Poirier, G. G. (1992). Proteolytic Cleavage of 

Poly(ADP-Ribose) Polymerase in Human Leukemia Cells Treated with Etoposide and other 

Cytotoxic Agents. ADP-Ribosylation Reactions, 260-268. doi:10.1007/978-1-4419-8718-

1_46 

Kerr, J. F., Wyllie, A. H., & Currie, A. R. (1972). Apoptosis: A Basic Biological 

Phenomenon with Wideranging Implications in Tissue Kinetics. British Journal of 

Cancer, 26(4), 239-257. doi:10.1038/bjc.1972.33 

Kischkel, F.C., Hellbardt, S., Behrmann, I. (1995). Cytotoxicity-dependent APO-1 

(Fas/CD95)-associated proteins form a death-inducing signaling complex (DISC) with the 

receptor. The EMBO Journal, 14,5579–5588.  

Kitchen, D. B., Decornez, H., Furr, J. R., & Bajorath, J. (2004). Docking and scoring in 

virtual screening for drug discovery: methods and applications. Nature Reviews Drug 

Discovery, 3(11), 935-949. doi:10.1038/nrd1549 



78 
 

Knies, U. E., Behrensdorf, H. A., Mitchell, C. A., Deutsch, U., Risau, W., Drexler, H. C., & 

Clauss, M. (1998). Regulation of endothelial monocyte-activating polypeptide II release by 

apoptosis. Proceedings of the National Academy of Sciences, 95(21), 12322-12327. 

doi:10.1073/pnas.95.21.12322 

 

Koehl, P., & Levitt, M. (1999). A brighter future for protein structure prediction. Nature 

Structural Biology, 6(2), 108-11. 

 

Koenig, U., Eckhart, L., & Tschachler, E. (2001). Evidence That Caspase-13 Is Not a 

Human but a Bovine Gene. Biochemical and Biophysical Research 

Communications, 285(5), 1150-1154. doi:10.1006/bbrc.2001.5315 

Koff, J., Ramachandiran, S., & Bernal-Mizrachi, L. (2015). A Time to Kill: Targeting 

Apoptosis in Cancer. International Journal of Molecular Sciences, 16(2), 2942-2955. 

doi:10.3390/ijms16022942 

Kokh, D. B., Wade, R. C., & Wenzel, W. (2011). Receptor flexibility in small-molecule 

docking calculations. Wiley Interdisciplinary Reviews: Computational Molecular 

Science, 1(2), 298-314. doi:10.1002/wcms.29 

Kooistra, A. J., Vischer, H. F., McNaught-Flores, D., Leurs, R., De Esch, I. J., & De 

Graaf, C. (2016). Function-specific virtual screening for GPCR ligands using a combined 

scoring method. Scientific Reports, 6(1). doi:10.1038/srep28288 

 

Koury, M.J. (1992) Programmed cell death (apoptosis) in hematopoiesis. Exp Hematol, 20, 

391. 

Krieger, E., Darden, T., Nabuurs, S. B., Finkelstein, A., & Vriend, G. (2004). Making optimal 

use of empirical energy functions: Force-field parameterization in crystal space. Proteins: 

Structure, Function, and Bioinformatics, 57(4), 678-683. doi:10.1002/prot.20251 

Krieger, F., Fierz, B., Bieri, O., Drewello, M., & Kiefhaber, T. (2003). Dynamics of 

Unfolded Polypeptide Chains as Model for the Earliest Steps in Protein Folding. Journal of 

Molecular Biology, 332(1), 265-274. doi:10.1016/s0022-2836(03)00892-1 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Koehl%20P%5BAuthor%5D&cauthor=true&cauthor_uid=10048917
https://www.ncbi.nlm.nih.gov/pubmed/?term=Levitt%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10048917


79 
 

Kuduva, S. S., Craig, D. C., Nangia, A., & Desiraju, G. R. (1999). Cubanecarboxylic Acids. 

Crystal Engineering Considerations and the Role of C−H···O Hydrogen Bonds in 

Determining O−H···O Networks. Journal of the American Chemical Society, 121(9), 1936-

1944. doi:10.1021/ja981967u 

Kumar Mishra, N., & P.S. Raghava, G. (2011). Prediction of Specificity and Cross-Reactivity 

of Kinase Inhibitors. Letters in Drug Design & Discovery, 8(3), 223-228. 

doi:10.2174/157018011794578204 

Kuranaga, E., Kanuka, H., Tonoki, A., Takemoto, K., Tomioka, T., Kobayashi, M., 

Miura, M. (2006). Drosophila IKK-Related Kinase Regulates Nonapoptotic Function of 

Caspases via Degradation of IAPs. Cell, 126(3), 583-596. doi:10.1016/j.cell.2006.05.048 

 

Kushi, L. H., Doyle, C., McCullough, M., Rock, C. L., Demark-Wahnefried, W., & 

Bandera, E. V. (2012). American Cancer Society guidelines on nutrition and physical 

activity for cancer prevention. CA: A Cancer Journal for Clinicians, 62(1), 30-67. 

doi:10.3322/caac.20140 

 

Lane, J. D., Lucocq, J., Pryde, J., Barr, F. A., Woodman, P. G., Allan, V. J., & Lowe, M. 

(2002). Caspase-mediated cleavage of the stacking protein GRASP65 is required for Golgi 

fragmentation during apoptosis. The Journal of Cell Biology, 156(3), 495-509. 

doi:10.1083/jcb.200110007 

 

Lamb, M. L., & Jorgensen, W. L. (1997). Computational approaches to molecular 

recognition. Current Opinion in Chemical Biology, 1(4), 449-457. doi:10.1016/s1367-

5931(97)80038-5 

 

Lamkanfi, M. (2011). Emerging inflammasome effector mechanisms. Nature Reviews 

Immunology, 11(3), 213-220. doi:10.1038/nri2936 

Lamkanfi, M., Festjens, N., Declercq, W., Berghe, T. V., & Vandenabeele, P. (2006). 

Caspases in cell survival, proliferation and differentiation. Cell Death and 

Differentiation, 14(1), 44-55. doi:10.1038/sj.cdd.4402047 



80 
 

Lamkanfi, M., Kalai, M., Saelens, X., Declercq, W., & Vandenabeele, P. (2004). Caspase-1 

Activates Nuclear Factor of the κ-Enhancer in B Cells Independently of Its Enzymatic 

Activity. Journal of Biological Chemistry, 279(23), 24785-24793. 

doi:10.1074/jbc.m400985200 

 

Lauber, K., Bohn, E., Kröber, S. M., Xiao, Y., Blumenthal, S. G., Lindemann, R. K., Marini, 

P., Wiedig, C., Zobywalski, A., Baksh, S., Xu, Y., Autenrieth, I.B., Schulze-Osthoff, K., 

Belka, C., Stuhler, G., Wesselborg, S. (2003). Apoptotic Cells Induce Migration of 

Phagocytes via Caspase-3-Mediated Release of a Lipid Attraction Signal. Cell, 113(6), 717-

730. doi:10.1016/s0092-8674(03)00422-7 

 

Lavecchia, A., & Giovanni, C. (2013). Virtual Screening Strategies in Drug Discovery: A 

Critical Review. Current Medicinal Chemistry, 20(23), 2839-2860. 

doi:10.2174/09298673113209990001 

 

Leach, A. R., Gillet, V. J., Lewis, R. A., & Taylor, R. (2010). Three-Dimensional 

Pharmacophore Methods in Drug Discovery. Journal of Medicinal Chemistry, 53(2), 539-

558. doi:10.1021/jm900817u   

 

LeBlanc, H. N., & Ashkenazi, A. (2003). Apo2L/TRAIL and its death and decoy 

receptors. Cell Death and Differentiation, 10(1), 66-75. doi:10.1038/sj.cdd.4401187 

Lee, H. R., Helquist, S. A., Kool, E. T., & Johnson, K. A. (2007). Importance of Hydrogen 

Bonding for Efficiency and Specificity of the Human Mitochondrial DNA 

Polymerase. Journal of Biological Chemistry, 283(21), 14402-14410. 

doi:10.1074/jbc.m705007200 

Leonis, G., Avramopoulos, A., Salmas, R. E., Durdagi, S., Yurtsever, M., & 

Papadopoulos, M. G. (2014). Elucidation of Conformational States, Dynamics, and 

Mechanism of Binding in Human κ-Opioid Receptor Complexes. Journal of Chemical 

Information and Modeling, 54(8), 2294-2308. doi:10.1021/ci5002873 



81 
 

Leu, J. I., Dumont, P., Hafey, M., Murphy, M. E., & George, D. L. (2004). Mitochondrial 

p53 activates Bak and causes disruption of a Bak–Mcl1 complex. Nature Cell Biology, 6(5), 

443-450. doi:10.1038/ncb1123 

 

Li, H., Zhu, H., Xu, C.J. (1998). Cleavage of BID by caspase 8 mediates the mitochondrial 

damage in the Fas pathway of apoptosis. Cell, 94, 491–501. 

  

Li, H., Leung, K., Ballester, P. J., & Wong, M. (2014). istar: A Web Platform for Large-

Scale Protein-Ligand Docking. PLoS ONE, 9(1), e85678. doi:10.1371/journal.pone.0085678 

 

Li, H., Leung, K., Wong, M., & Ballester, P. J. (2016). USR-VS: a web server for large-scale 

prospective virtual screening using ultrafast shape recognition techniques. Nucleic Acids 

Research, 44(W1), W436-W441. doi:10.1093/nar/gkw320 

Liao, J. J. (2007). Molecular Recognition of Protein Kinase Binding Pockets for Design of 

Potent and Selective Kinase Inhibitors. Journal of Medicinal Chemistry, 50(3), 409-424. 

doi:10.1021/jm0608107 

Lin, J. (2011). Accommodating Protein Flexibility for Structure-Based Drug 

Design. Current Topics in Medicinal Chemistry, 11(2), 171-178. 

doi:10.2174/156802611794863580 

 

Lindsten, T., Ross, A. J., King, A., Zong, W., Rathmell, J. C., Shiels, H. A., 

Thompson, C. B. (2000). The Combined Functions of Proapoptotic Bcl-2 Family Members 

Bak and Bax Are Essential for Normal Development of Multiple Tissues. Molecular 

Cell, 6(6), 1389-1399. doi:10.1016/s1097-2765(00)00136-2 

Lionta, E., Spyrou, G., Vassilatis, D., & Cournia, Z. (2014). Structure-Based Virtual 

Screening for Drug Discovery: Principles, Applications and Recent Advances. Current 

Topics in Medicinal Chemistry, 14(16), 1923-1938. doi:10.2174/ 

1568026614666140929124445 

Locksley, R. M., Killeen, N., & Lenardo, M. J. (2001). The TNF and TNF Receptor 

Superfamilies. Cell, 104(4), 487-501. doi:10.1016/s0092-8674(01)00237-9 

 



82 
 

Luo, X., Budihardjo, I., Zou, H. (1998). Bid, a Bcl2 interacting protein, mediates cytochrome 

c release from mitochondria in response to activation of cell surface death receptors. Cell, 

94,481–490.  

Maier, J. A., Martinez, C., Kasavajhala, K., Wickstrom, L., Hauser, K. E., & Simmerling, C. 

(2015). ff14SB: Improving the Accuracy of Protein Side Chain and Backbone Parameters 

from ff99SB. Journal of Chemical Theory and Computation, 11(8), 3696-3713. 

doi:10.1021/acs.jctc.5b00255 

Maiereanu, C., Schmitt, C., Schifano-Faux, N., Le Nouën, D., Defoin, A., & Tarnus, C. 

(2011). A novel amino-benzosuberone derivative is a picomolar inhibitor of mammalian 

aminopeptidase N/CD13. Bioorganic & Medicinal Chemistry, 19(18), 5716-5733. 

doi:10.1016/j.bmc.2011.06.089  

Male Breast Cancer Treatment, National Cancer Institute. Retrieved 2011-02-26, 2011. 

Mao, P., Jiang, Y., Wee, B. Y., & Porter, A. G. (1998). Activation of Caspase-1 in the 

Nucleus Requires Nuclear Translocation of Pro-caspase-1 Mediated by Its 

Prodomain. Journal of Biological Chemistry, 273(37), 23621-23624. 

doi:10.1074/jbc.273.37.23621 

 

Martin, S., Henry, C., & Cullen, S. (2012). A Perspective on Mammalian Caspases as 

Positive and Negative Regulators of Inflammation. Molecular Cell, 46(4), 387-397. 

doi:10.1016/j.molcel.2012.04.026 

Martin, S. J. (2001). Caspase activation and effector function during the demolition phase of 

apoptosis. Biochemical Society Transactions, 29(5), A94.1-A94. doi:10.1042/bst029a094 

Martinon, F., Tschopp, J. (2004). Inflammatory caspases: linking an intracellular innate 

immune system to autoinflammatory diseases. Cell, 117, 561–574.  

 

Martinon, F., Burns, K., Tschopp, J. (2002). The inflammasome: a molecular platform 

triggering activation of inflammatory caspases and processing of proIL-beta. Molecular Cell, 

10, 417–426 

Masumoto, J., Zhou, W., Chen, F. F., Su, F., Kuwada, J. Y., Hidaka, E., Inohara, N. (2002). 

Caspy, a Zebrafish Caspase, Activated by ASC Oligomerization Is Required for Pharyngeal 



83 
 

Arch Development. Journal of Biological Chemistry, 278(6), 4268-4276. 

doi:10.1074/jbc.m203944200 

Masunov, A. (2001). ACD/I-Lab 4.5: An Internet Service Review. Journal of Chemical 

Information and Computer Sciences, 41(4), 1093-1095. doi:10.1021/ci010400l 

McGregor, M. J., Luo, Z., & Jiang, X. (n.d.). Virtual Screening in Drug Discovery. Drug 

Discovery Research, 63-88. doi:10.1002/9780470131862.ch3 

Meadows, E. S., De Wall, S. L., Barbour, L. J., Fronczek, F. R., Kim, M., & Gokel, G. W. 

(2000). Structural and Dynamic Evidence for C−H···O Hydrogen Bonding in Lariat Ethers: 

Implications for Protein Structure. Journal of the American Chemical Society, 122(14), 3325-

3335. doi:10.1021/ja9940672 

Mehrotra, R., Jangir, D. K., Agarwal, S., Ray, B., Singh, P., & Srivastava, A. K. (2013). 

Interaction Studies of Anticancer Drug Lomustine with Calf Thymus DNA using Surface 

Enhanced Raman Spectroscopy. MAPAN, 28(4), 273-277. doi:10.1007/s12647-013-0086-5 

Meng, X. W., Lee, S., & Kaufmann, S. H. (2006). Apoptosis in the treatment of cancer: a 

promise kept? Current Opinion in Cell Biology, 18(6), 668-676. 

doi:10.1016/j.ceb.2006.10.008 

Miao, E. A., Rajan, J. V., & Aderem, A. (2011). Caspase-1-induced pyroptotic cell 

death. Immunological Reviews, 243(1), 206-214. doi:10.1111/j.1600-065x.2011.01044.x 

 

Mihara, M., Erster, S., Zaika, A., Petrenko, O., Chittenden, T., Pancoska, P., & Moll, U. M. 

(2003). p53 Has a Direct Apoptogenic Role at the Mitochondria. Molecular Cell, 11(3), 577-

590. doi:10.1016/s1097-2765(03)00050-9 

 

Milam, S. L., & Clark, A. C. (2009). Folding and assembly kinetics of procaspase-3. Protein 

Science, 18(12), 2500-2517. doi:10.1002/pro.259 

 

Mittl, P. R., Di Marco, S., Krebs, J. F., Bai, X., Karanewsky, D. S., Priestle, J. P., 

Grütter, M. G. (1997). Structure of Recombinant Human CPP32 in Complex with the 

Tetrapeptide Acetyl-Asp-Val-Ala-Asp Fluoromethyl Ketone. Journal of Biological 

Chemistry, 272(10), 6539-6547. doi:10.1074/jbc.272.10.6539 



84 
 

 

Miura, M., Chen, X., Allen, M. R., Bi, Y., Gronthos, S., Seo, B., … Shi, S. (2004). A crucial 

role of caspase-3 in osteogenic differentiation of bone marrow stromal stem cells. Journal of 

Clinical Investigation, 114(12), 1704-1713. doi:10.1172/jci200420427 

Miura, M. (1993). Induction of apoptosis in fibroblasts by IL-1β-converting enzyme, a 

mammalian homolog of the C. elegans cell death gene ced-3. Cell, 75(4), 653-660. 

doi:10.1016/0092-8674(93)90486-a 

Morris, G. M., & Lim-Wilby, M. (2008). Molecular Docking. Methods in Molecular Biology, 

365-382. doi:10.1007/978-1-59745-177-2_19 

Murga, L. F., Ondrechen, M. J., & Ringe, D. (2008). Prediction of interaction sites from apo 

3D structures when the holo conformation is different. Proteins: Structure, Function, and 

Bioinformatics, 72(3), 980-992. doi:10.1002/prot.21995 

Muzio, M., Stockwell, B. R., Stennicke, H. R., Salvesen, G. S., & Dixit, V. M. (1998). An 

Induced Proximity Model for Caspase-8 Activation. Journal of Biological Chemistry, 273(5), 

2926-2930. doi:10.1074/jbc.273.5.2926 

Myers, J., & Pace, C. (1996). Hydrogen bonding stabilizes globular proteins. Biophysical 

Journal, 71(4), 2033-2039. doi:10.1016/s0006-3495(96)79401-8 

 

Mysinger, M. M., & Shoichet, B. K. (2010). Rapid Context-Dependent Ligand Desolvation in 

Molecular Docking. Journal of Chemical Information and Modeling, 50(9), 1561-1573. 

doi:10.1021/ci100214a 

Nagata, S. (1997). Apoptosis by Death Factor. Cell, 88(3), 355-365. doi:10.1016/s0092-

8674(00)81874-7 

 

Nakayama, K. I., & Nakayama, K. (2006). Ubiquitin ligases: cell-cycle control and 

cancer. Nature Reviews Cancer, 6(5), 369-381. doi:10.1038/nrc1881 

 

Nakopoulou, L., Alexandrou, P., Stefanaki, K., Panayotopoulou, E., Lazaris, A. C., & 

Davaris, P. S. (2001). Immunohistochemical Expression of Caspase-3 as an Adverse 



85 
 

Indicator of the Clinical Outcome in Human Breast Cancer. Pathobiology, 69(5), 266-273. 

doi:10.1159/000064337 

 

Newton, K. (2003). Caspases signal not only apoptosis but also antigen-induced activation in 

cells of the immune system. Genes & Development, 17(7), 819-825. 

doi:10.1101/gad.1077403 

 

Newton, K., & Dixit, V. M. (2012). Signaling in Innate Immunity and Inflammation. Cold 

Spring Harbor Perspectives in Biology, 4(3), a006049-a006049. 

doi:10.1101/cshperspect.a006049 

 

Nichols, S. E., Baron, R., Ivetac, A., & McCammon, J. A. (2011). Predictive Power of 

Molecular Dynamics Receptor Structures in Virtual Screening. Journal of Chemical 

Information and Modeling, 51(6), 1439-1446. doi:10.1021/ci200117n 

 

Noronha, V., Piya, M., Prabhash, K., Tsomo, U., Wattegama, S., Baral, R., Jamshed, A. 

(2012). A fresh look at oncology facts on south central Asia and SAARC countries. South 

Asian Journal of Cancer, 1(1), 1. doi:10.4103/2278-330x.96489 

 

Oberst, A., Dillon, C. P., Weinlich, R., McCormick, L. L., Fitzgerald, P., Pop, C., 

Green, D. R. (2011). Catalytic activity of the caspase-8–FLIPL complex inhibits RIPK3-

dependent necrosis. Nature, 471(7338), 363-367. doi:10.1038/nature09852 

 

O'Reilly, K.M., Mclaughlin, A.M., Beckett, W.S., Sime, P.J. (2007). Asbestos-related lung 

disease. Am Fam Physician, 75, 683–688.  

Pancreatic Cancer — National Cancer Institute, U.S. National Institutes of Health. 

Cancer.gov. 9609 Medical Center Drive Bethesda, MD 20892-9760. 

Parrish, D., Trainer, M., Trivikrama Rao, S., & Solomon, P. A. (1995). Regional 

photochemical measurement and modeling studies conference San Diego, California 8–12 

November 1993. Atmospheric Environment, 29(21), 2885-2886. doi:10.1016/1352-

2310(95)93588-x 



86 
 

Peter, M. E., & Krammer, P. H. (2003). The CD95(APO-1/Fas) DISC and beyond. Cell 

Death and Differentiation, 10(1), 26-35. doi:10.1038/sj.cdd.4401186 

 

Piana, S., Klepeis, J. L., & Shaw, D. E. (2014). Assessing the accuracy of physical models 

used in protein-folding simulations: quantitative evidence from long molecular dynamics 

simulations. Current Opinion in Structural Biology, 24, 98-105. 

doi:10.1016/j.sbi.2013.12.006 

 

Pines, J. (2006). Mitosis: a matter of getting rid of the right protein at the right time. Trends 

in Cell Biology, 16(1), 55-63. doi:10.1016/j.tcb.2005.11.006 

 

Pop, C., Chen, Y., Smith, B., Bose, K., Bobay, B., Tripathy, A., Franzen, S., Clark, A. C. 

(2001). Removal of the Pro-Domain Does Not Affect the Conformation of the Procaspase-3 

Dimer. Biochemistry, 40(47), 14224-14235. doi:10.1021/bi011037e 

Portal, C., & Bradley, M. (2007). Approaches to high throughput physical organic 

chemistry. Organic & Biomolecular Chemistry, 5(4), 587. doi:10.1039/b614923e  

Rahman, A. (1964). Correlations in the Motion of Atoms in Liquid Argon. Physical 

Review, 136(2A), A405-A411. doi:10.1103/physrev.136.a405 

Rahman, A., Ali, M. T., Shawan, M. M., Sarwar, M. G., Khan, M. A., & Halim, M. A. 

(2016). Halogen-directed drug design for Alzheimer‘s disease: a combined density functional 

and molecular docking study. SpringerPlus, 5(1). doi:10.1186/s40064-016-2996-5 

Rahman, A., Hoque, M. M., Khan, M. A., Sarwar, M. G., & Halim, M. A. (2016). Non-

covalent interactions involving halogenated derivatives of capecitabine and thymidylate 

synthase: a computational approach. SpringerPlus, 5(1). doi:10.1186/s40064-016-1844-y 

Raval, A., Piana, S., Eastwood, M. P., Dror, R. O., & Shaw, D. E. (2012). Refinement of 

protein structure homology models via long, all-atom molecular dynamics 

simulations. Proteins: Structure, Function, and Bioinformatics, n/a-n/a. 

doi:10.1002/prot.24098 

 

Reid, Ritchie, A., Boring, L.. (1999) Enhanced myeloid progenitor cell cycling and apoptosis 

in mice lacking the chemokine receptor CCR2. Blood, 93,1524. 



87 
 

 

Renatus, M., Stennicke, H. R., Scott, F. L., Liddington, R. C., & Salvesen, G. S. (2001). 

Dimer formation drives the activation of the cell death protease caspase 9. Proceedings of 

the National Academy of Sciences, 98(25), 14250-14255. doi:10.1073/pnas.231465798 

 

Rendl, M., Ban, J., Mrass, P., Mayer, C., Lengauer, B., Eckhart, L., Declerq, W., 

Tschachler, E. (2002). Caspase-14 Expression by Epidermal Keratinocytes is Regulated by 

Retinoids in a Differentiation-associated Manner. Journal of Investigative 

Dermatology, 119(5), 1150-1155. doi:10.1046/j.1523-1747.2002.19532.x 

 

Rester, U. (2008). From virtuality to reality - Virtual screening in lead discovery and lead 

optimization: a medicinal chemistry perspective. Current Opinion in Drug Discovery & 

Development, 11 (4), 559–68. 

Riedl, S. J., Fuentes-Prior, P., Renatus, M., Kairies, N., Krapp, S., Huber, R., Salvesen, G.S., 

Bode, W. (2001). Structural basis for the activation of human procaspase-7. Proceedings of 

the National Academy of Sciences, 98(26), 14790-14795. doi:10.1073/pnas.221580098 

Riedl, S., Bode, W., & Fuentes-Prior, P. (2002). Crystal structure of human procaspase-7. 

doi:10.2210/pdb1gqf/pdb 

Rodriguez, J., & Lazebnik, Y. (1999). Caspase-9 and APAF-1 form an active 

holoenzyme. Genes & Development, 13(24), 3179-3184. doi:10.1101/gad.13.24.3179 

 

Rohs, R. (2005). Molecular flexibility in ab initio drug docking to DNA: binding-site and 

binding-mode transitions in all-atom Monte Carlo simulations. Nucleic Acids 

Research, 33(22), 7048-7057. doi:10.1093/nar/gki1008 

 

Rollinger, J. M., Stuppner, H., & Langer, T. (n.d.). Virtual screening for the discovery of 

bioactive natural products. Progress in Drug Research, 211-249. doi:10.1007/978-3-7643-

8117-26 

 

Romano T. Kroemer. (2007). Structure-Based Drug Design: Docking and Scoring. Current 

Protein & Peptide Science, 8(4), 312-328. doi:10.2174/138920307781369382 

 



88 
 

Rotonda, J., Nicholson, D. W., Fazil, K. M., Gallant, M., Gareau, Y., Labelle, M., Peterson, 

E.P., Rasper , M., Ruel, R., Vaillancourt, J.P., Thornberry, N.A., Becker, J. W. (1996). The 

three-dimensional structure of apopain/CPP32, a key mediator of apoptosis. Nature 

Structural Biology, 3(7), 619-625. doi:10.1038/nsb0796-619 

 

Rudrapatna, V. A., Bangi, E., & Cagan, R. L. (2013). Caspase signalling in the absence of 

apoptosis drives Jnk-dependent invasion. EMBO reports, 14(2), 172-177. 

doi:10.1038/embor.2012.217 

 

Rush, T. S., Grant, J. A., Mosyak, L., & Nicholls, A. (2005). A Shape-Based 3-D Scaffold 

Hopping Method and Its Application to a Bacterial Protein−Protein Interaction. Journal of 

Medicinal Chemistry, 48(5), 1489-1495. doi:10.1021/jm040163o 

 

Ryoo, H. D., & Bergmann, A. (2012). The Role of Apoptosis-Induced Proliferation for 

Regeneration and Cancer. Cold Spring Harbor Perspectives in Biology, 4(8), a008797-

a008797. doi:10.1101/cshperspect.a008797 

 

Saleh, M., Vaillancourt, J. P., Graham, R. K., Huyck, M., Srinivasula, S. M., Alnemri, E. S.,  

Nicholson, D. W. (2004). Differential modulation of endotoxin responsiveness by human 

caspase-12 polymorphisms. Nature, 429(6987), 75-79. doi:10.1038/nature02451 

Salmas, R., Mestanoglu, M., Yurtsever, M., Noskov, S., & Durdagi, S. (2015). Molecular 

Simulations of Solved Co-crystallized X-Ray Structures Identify Action Mechanisms of 

PDEδ Inhibitors. Biophysical Journal, 109(6), 1163-1168. doi:10.1016/j.bpj.2015.08.001 

Salmas, R. E., Yurtsever, M., & Durdagi, S. (2015). Investigation of Inhibition Mechanism of 

Chemokine Receptor CCR5 by Micro-second Molecular Dynamics Simulations. Scientific 

Reports, 5(1). doi:10.1038/srep13180 

Salmas, R. E., Yurtsever, M., Stein, M., & Durdagi, S. (2015). Modeling and protein 

engineering studies of active and inactive states of human dopamine D2 receptor (D2R) and 

investigation of drug/receptor interactions. Molecular Diversity, 19(2), 321-332. 

doi:10.1007/s11030-015-9569-3 



89 
 

Salmas, R. E., Unlu, A., Yurtsever, M., Noskov, S. Y., & Durdagi, S. (2015). In 

silicoinvestigation of PARP-1 catalytic domains inholoandapostates for the design of high-

affinity PARP-1 inhibitors. Journal of Enzyme Inhibition and Medicinal Chemistry, 31(1), 

112-120. doi:10.3109/14756366.2015.1005011 

Salsbury Jr, F. R. (2010). Molecular dynamics simulations of protein dynamics and their 

relevance to drug discovery. Current Opinion in Pharmacology, 10(6), 738-744. 

doi:10.1016/j.coph.2010.09.016 

Sanguinetti, M. C., & Tristani-Firouzi, M. (2006). hERG potassium channels and cardiac 

arrhythmia. Nature, 440(7083), 463-469. doi:10.1038/nature04710 

Scaffidi, C. (1998). Two CD95 (APO-1/Fas) signaling pathways. The EMBO Journal, 17(6), 

1675-1687. doi:10.1093/emboj/17.6.167 

 

Schlick, T. (1996). Pursuing Laplace‘s Vision on Modern Computers. Mathematical 

Approaches to Biomolecular Structure and Dynamics, 219-247. doi:10.1007/978-1-4612-

4066-2_13 

Schneider, G. (2010). Virtual screening: an endless staircase? Nature Reviews Drug 

Discovery, 9(4), 273-276. doi:10.1038/nrd3139 

Scholfield, M. R., Zanden, C. M., Carter, M., & Ho, P. S. (2012). Halogen bonding (X-

bonding): A biological perspective. Protein Science, 22(2), 139-152. doi:10.1002/pro.2201 

Scorrano, L. (2003). BAX and BAK Regulation of Endoplasmic Reticulum Ca2+: A Control 

Point for Apoptosis. Science, 300(5616), 135-139. doi:10.1126/science.1081208 

 

Seeliger, D., & De Groot, B. L. (2010). Ligand docking and binding site analysis with 

PyMOL and Autodock/Vina. Journal of Computer-Aided Molecular Design, 24(5), 417-422. 

doi:10.1007/s10822-010-9352-6 

Shawon, J., Khan, A. M., Rahman, A., Hoque, M. M., Khan, M. A., Sarwar, M. G., & 

Halim, M. A. (2016). Molecular Recognition of Azelaic Acid and Related Molecules with 

DNA Polymerase I Investigated by Molecular Modeling Calculations. Interdisciplinary 

Sciences: Computational Life Sciences. doi:10.1007/s12539-016-0186-3 



90 
 

Shoichet, B. K., McGovern, S. L., Wei, B., & Irwin, J. J. (2002). Lead discovery using 

molecular docking. Current Opinion in Chemical Biology, 6(4), 439-446. 

doi:10.1016/s1367-5931(02)00339-3 

 

Siegel, R. M. (2006). Caspases at the crossroads of immune-cell life and death. Nature 

Reviews Immunology, 6(4), 308-317. doi:10.1038/nri1809 

Sliwoski, G., Kothiwale, S., Meiler, J., & Lowe, E. W. (2013). Computational Methods in 

Drug Discovery. Pharmacological Reviews, 66(1), 334-395. doi:10.1124/pr.112.007336 

Soegaard, M., Frederiksen, K., Jensen, A., Høgdall, E., Høgdall, C., Blaakaer, J., Ramus, 

S.J., Gayther, S.A., Kjaer, S. K. (2009). Risk of ovarian cancer in women with first-degree 

relatives with cancer. Acta Obstetricia et Gynecologica Scandinavica, 88(4), 449-456. 

doi:10.1080/00016340902807207 

Song, C. M., Lim, S. J., & Tong, J. C. (2009). Recent advances in computer-aided drug 

design. Briefings in Bioinformatics, 10(5), 579-591. doi:10.1093/bib/bbp023 

Sperandio, O., Petitjean, M., & Tuffery, P. (2009). wwLigCSRre: a 3D ligand-based server 

for hit identification and optimization. Nucleic Acids Research, 37(Web Server), W504-

W509. doi:10.1093/nar/gkp324 

Steehler, J. (1997). Chemistry: The Central Science, 7th ed. (Brown, Theodore L.; LeMay, H. 

Eugene, Jr.; Bursten, Bruce E.) Chemistry and Chemical Reactivity, 3rd ed. (Kotz, John C.; 

Treichel, Paul, Jr.). Journal of Chemical Education, 74(4), 378. doi:10.1021/ed074p378 

Steinmetz, M. G. (2010). Modern Molecular Photochemistry of Organic Molecules Modern 

Molecular Photochemistry of Organic Molecules . By Nicholas J. Turro (Columbia 

University, USA), V. Ramamurthy (University of Miami, USA), and J. C. Scaiano 

(University of Ottawa, Canada). University Science Books: Sausalito, CA. 2010. xxxvi + 

1084 pp. $134.50. ISBN 978-1-891389-25-2. Journal of the American Chemical 

Society, 132(24), 8524-8524. doi:10.1021/ja1036176 

Steller, H. (1995). Mechanisms and genes of cellular suicide. Science, 267(5203), 1445-1449. 

doi:10.1126/science.7878463 



91 
 

Stennicke, H. R., Deveraux, Q. L., Humke, E. W., Reed, J. C., Dixit, V. M., & 

Salvesen, G. S. (1999). Caspase-9 Can Be Activated without Proteolytic Processing. Journal 

of Biological Chemistry, 274(13), 8359-8362. doi:10.1074/jbc.274.13.8359 

 

Stigler, S. M. (2005). P.S. Laplace, Théorie analytique des probabilités, first edition (1812); 

Essai philosophique sur les probabilités, first edition (1814). Landmark Writings in Western 

Mathematics 1640-1940, 329-340. doi:10.1016/b978-044450871-3/50105-4 

 

Sun, H. (2008). Pharmacophore-Based Virtual Screening. Current Medicinal 

Chemistry, 15(10), 1018-1024. doi:10.2174/092986708784049630 

 

Suzuki, M., Youle, R.J., Tjandra, N. (2000). Structure of Bax: coregulation of dimer 

formation and intracellular localization. Cell, 103, 645–654.  

 

Suzuki, Y., Imai, Y., Nakayama, H., Takahashi, K., Takio, K., & Takahashi, R. (2001). A 

Serine Protease, HtrA2, Is Released from the Mitochondria and Interacts with XIAP, 

Inducing Cell Death. Molecular Cell, 8(3), 613-621. doi:10.1016/s1097-2765(01)00341-0 

 

Swe, M., & Sit, K. H. (2000). APOPTOSIS, 5(1), 29-36. doi:10.1023/a:1009681408367 

 

Taylor, R. C., Cullen, S. P., & Martin, S. J. (2008). Apoptosis: controlled demolition at the 

cellular level. Nature Reviews Molecular Cell Biology, 9(3), 231-241. doi:10.1038/nrm2312 

 

Testa, N. (1979) Erythroid progenitor cells. Their relevance for the study of haematological 

disease. CIin Haematol 8, 311. 

Thornberry, N. A. (1998). Caspases: Enemies Within. Science, 281(5381), 1312-1316. 

doi:10.1126/science.281.5381.1312 

Thornberry, N. A., Bull, H. G., Calaycay, J. R., Chapman, K. T., Howard, A. D., 

Kostura, M. J., … Tocci, M. J. (1992). A novel heterodimeric cysteine protease is required 

for interleukin-1βprocessing in monocytes. Nature, 356(6372), 768-774. 

doi:10.1038/356768a0 



92 
 

Thompson, C. (1995). Apoptosis in the pathogenesis and treatment of 

disease. Science, 267(5203), 1456-1462. doi:10.1126/science.7878464 

Tian, W. A., Chen, C., & Liang, J. (2018). CASTp 3.0: Computed Atlas of Surface 

Topography of Proteins and Beyond. Biophysical Journal, 114(3), 50a. 

doi:10.1016/j.bpj.2017.11.325 

Warshaviak, D. T., Golan, G., Borrelli, K. W., Zhu,  K., & Kalid, O. (2014). Structure-Based 

Virtual Screening Approach for Discovery of Covalently Bound Ligands. Journal of 

Chemical Information and Modeling, 54(7), 1941-1950. doi:10.1021/ci500175r 

Totrov, M., & Abagyan, R. (2008). Flexible ligand docking to multiple receptor 

conformations: a practical alternative. Current Opinion in Structural Biology, 18(2), 178-184. 

doi:10.1016/j.sbi.2008.01.004 

Traver, D., Akashi, K., Weissman, I. L., & Lagasse, E. (1998). Mice Defective in Two 

Apoptosis Pathways in the Myeloid Lineage Develop Acute Myeloblastic 

Leukemia. Immunity, 9(1), 47-57. doi:10.1016/s1074-7613(00)80587-7 

Trott, O., & Olson, A. J. (2009). AutoDock Vina: Improving the speed and accuracy of 

docking with a new scoring function, efficient optimization, and multithreading. Journal of 

Computational Chemistry, NA-NA. doi:10.1002/jcc.21334 

Ulrich,E.L., Markley,J.L. and Kyogoku,Y. (1989) Creation of a nuclear magnetic resonance 

data repository and literature database. Protein Seq. Data Anal., 2, 23–37. 

Uzman, A. (2001). Molecular Cell Biology (4th edition) Harvey Lodish, Arnold Berk, S. 

Lawrence Zipursky, Paul Matsudaira, David Baltimore and James Darnell; Freeman & Co., 

New York, NY, 2000, 1084 pp., list price $102.25, ISBN 0-7167-3136-3. Biochemistry and 

Molecular Biology Education, 29(3), 126-128. doi:10.1016/s1470-8175(01)00023-6 

Verhagen, A.M., Ekert, P.G., Pakusch, M. (2000). Identification of DIABLO, a mammalian 

protein that promotes apoptosis by binding to and antagonizing IAP proteins. Cell, 102,43–

53. 

Vogelstein, B., & Kinzler, K. W. (2002). The genetic basis of human cancer. New York: 

McGraw-Hill, Medical Pub. Division. 



93 
 

Wade, R. C., Clark, K. J., & Goodford, P. J. (1993). Further development of hydrogen bond 

functions for use in determining energetically favorable binding sites on molecules of known 

structure. 1. Ligand probe groups with the ability to form two hydrogen bonds. Journal of 

Medicinal Chemistry, 36(1), 140-147. doi:10.1021/jm00053a018 

Wajant, H., Pfizenmaier, K., & Scheurich, P. (2003). Tumor necrosis factor signaling. Cell 

Death and Differentiation, 10(1), 45-65. doi:10.1038/sj.cdd.4401189 

 

Walker, N., Talanian, R., Brady, K., Dang, L., Bump, N., Ferenza, C. R., Franklin, S., 

Ghayur, T., Hackett, M.C., Hammill, L.D., Wong, W. (1994). Crystal structure of the 

cysteine protease interleukin-1β-converting enzyme: A (p20/p10)2 homodimer. Cell, 78(2), 

343-352. doi:10.1016/0092-8674(94)90303-4 

 

Walters, W., Stahl, M. T., & Murcko, M. A. (1998). Virtual screening-an overview. Drug 

Discovery Today, 3(4), 160-178. doi:10.1016/s1359-6446(97)01163-x 

 

Wang, S., Miura, M., Jung, Y., Zhu, H., Li, E., & Yuan, J. (1998). Murine Caspase-11, an 

ICE-Interacting Protease, Is Essential for the Activation of ICE. Cell, 92(4), 501-509. 

doi:10.1016/s0092-8674(00)80943-5 

 

Watt, W., Koeplinger, K. A., Mildner, A. M., Heinrikson, R. L., Tomasselli, A. G., & 

Watenpaugh, K. D. (1999). The atomic-resolution structure of human caspase-8, a key 

activator of apoptosis. Structure, 7(9), 1135-1143. doi:10.1016/s0969-2126(99)80180-4 

 

Wei, M. C. (2001). Proapoptotic BAX and BAK: A Requisite Gateway to Mitochondrial 

Dysfunction and Death. Science, 292(5517), 727-730. doi:10.1126/science.1059108 

 

Wei, Y., Fox, T., Chambers, S. P., Sintchak, J., Coll, J. T., Golec, J. M., Charifson, P. S. 

(2000). The structures of caspases-1, -3, -7 and -8 reveal the basis for substrate and inhibitor 

selectivity. Chemistry & Biology, 7(6), 423-432. doi:10.1016/s1074-5521(00)00123-x 

Wilcken, R., Liu, X., Zimmermann, M. O., Rutherford, T. J., Fersht, A. R., Joerger, A. C., & 

Boeckler, F. M. (2012). Halogen-Enriched Fragment Libraries as Leads for Drug Rescue of 



94 
 

Mutant p53. Journal of the American Chemical Society, 134(15), 6810-6818. 

doi:10.1021/ja301056a 

Willett, P., Barnard, J. M., & Downs, G. M. (1998). Chemical Similarity Searching. Journal 

of Chemical Information and Computer Sciences, 38(6), 983-996. doi:10.1021/ci9800211 

 

Willis, S. N. (2005). Proapoptotic Bak is sequestered by Mcl-1 and Bcl-xL, but not Bcl-2, 

until displaced by BH3-only proteins. Genes & Development, 19(11), 1294-1305. 

doi:10.1101/gad.1304105 

Wilson, G. L., & Lill, M. A. (2011). Integrating structure-based and ligand-based approaches 

for computational drug design. Future Medicinal Chemistry, 3(6), 735-750. 

doi:10.4155/fmc.11.18 

Wilson, K. P., Black, J. F., Thomson, J. A., Kim, E. E., Griffith, J. P., Navia, M. A.,  

Murcko, M.A., Chambers, S.P., Aldape, R.A., Raybuck, S.A., Livingston, D. J. (1994). 

Structure and mechanism of interleukin-lβ converting enzyme. Nature, 370(6487), 270-275. 

doi:10.1038/370270a0 

 

Wooster, R., & Weber, B. L. (2003). Breast and Ovarian Cancer. New England Journal of 

Medicine, 348(23), 2339-2347. doi:10.1056/nejmra012284 

 

Wyllie, A., Kerr, J., & Currie, A. (1980). Cell Death: The Significance of Apoptosis. 

 International Review of Cytology, 251-306. doi:10.1016/s0074-7696(08)62312-8 

 

Vakkala, M., Pääkkö, P., & Soini, Y. (1999). Expression of caspases 3, 6 and 8 is increased 

in parallel with apoptosis and histological aggressiveness of the breast lesion. British Journal 

of Cancer, 81(4), 592-599. doi:10.1038/sj.bjc.6690735 

 

Van Leuken, R., Clijsters, L., & Wolthuis, R. (2008). To cell cycle, swing the 

APC/C. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer, 1786(1), 49-59. 

doi:10.1016/j.bbcan.2008.05.002 

 

Vodermaier, H. C. (2004). APC/C and SCF: Controlling Each Other and the Cell 

Cycle. Current Biology, 14(18), R787-R796. doi:10.1016/j.cub.2004.09.020 



95 
 

 

Yaoita, Y. (2002). Inhibition of Nuclear Transport of Caspase-7 by Its 

Prodomain. Biochemical and Biophysical Research Communications, 291(1), 79-84. 

doi:10.1006/bbrc.2002.6408 

 

Woo, M., Hakem, R., Furlonger, C., Hakem, A., Duncan, G. S., Sasaki, T., Mak, T. W. 

(2003). Caspase-3 regulates cell cycle in B cells: a consequence of substrate 

specificity. Nature Immunology, 4(10), 1016-1022. doi:10.1038/ni976 

 

Yan, X., Najbauer, J., Woo, C. C., Dashtipour, K., Ribak, C. E., & Leon, M. (2001). 

Expression of active caspase-3 in mitotic and postmitotic cells of the rat forebrain. The 

Journal of Comparative Neurology, 433(1), 4-22. doi:10.1002/cne.1121 

 

Yang, L., Cao, Z., Yan, H., Wood, W.C. (2003) Coexistence of high levels of apoptotic 

signaling and inhibitor of apoptosis proteins in human tumor cells: implication for cancer 

specific therapy. Cancer Res, 63, 6815–6824. 

Yun, C., Boggon, T. J., Li, Y., Woo, M. S., Greulich, H., Meyerson, M., & Eck, M. J. (2007). 

Structures of Lung Cancer-Derived EGFR Mutants and Inhibitor Complexes: Mechanism of 

Activation and Insights into Differential Inhibitor Sensitivity. Cancer Cell, 11(3), 217-227. 

doi:10.1016/j.ccr.2006.12.017 

Zermati, Y., Garrido, C., Amsellem, S., Fishelson, S., Bouscary, D., Valensi, F., Varet, B., 

Solary, E., Hermine, O. (2001). Caspase Activation Is Required for Terminal Erythroid 

Differentiation. The Journal of Experimental Medicine, 193(2), 247-254. 

doi:10.1084/jem.193.2.247 

Zhao, G., Liu, J., Zhou, L., & Han, K. (2007). Site-Selective Photoinduced Electron Transfer 

from Alcoholic Solvents to the Chromophore Facilitated by Hydrogen Bonding: A New 

Fluorescence Quenching Mechanism. The Journal of Physical Chemistry B, 111(30), 8940-

8945. doi:10.1021/jp0734530 

Zhao, G., & Han, K. (2008). Site-Specific Solvation of the Photoexcited Protochlorophyllide 

a in Methanol: Formation of the Hydrogen-Bonded Intermediate State Induced by Hydrogen-

Bond Strengthening. Biophysical Journal, 94(1), 38-46. doi:10.1529/biophysj.107.113738 



96 
 

Zheng, L., Fisher, G., Miller, R. E., Peschon, J., Lynch, D. H., & Lenardo, M. J. (1995). 

Induction of apoptosis in mature T cells by tumour necrosis factor. Nature, 377(6547), 348-

351. doi:10.1038/377348a0 

Zhurkin, V. B., Tolstorukov, M. Y., Xu, F., Colasanti, A. V., & Olson, W. K. (2005). 

Sequence-Dependent Variability of B-DNA. DNA Conformation and Transcription, 18-34. 

doi:10.1007/0-387-29148-2_2 

 


