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¥ZET 

HESAPSAL Y¥NTEMLER ĶLE TĶP 4 PĶLĶ UZAMA ATPAZINI 

ĶNHĶBE EDECEK MOLEK¦LLERĶN KEķFĶ 

G¿n¿m¿zde bakteri kaynaklē hastalēklarēn tedavisinde kullanēlan antibiyotik sēnēflarēnēn 

keĸfinin yavaĸlamasē ve hēzla artan antibiyotik direnci farklē terapºtik yaklaĸēmlar 

gerektirmektedir. Geleneksel antibiyotiklerin etkisi azalērken, bu antibiyotiklere alternatif 

olarak bakteriyel vir¿lansē hedefleyen ila­ molek¿llerinin belirlenmesi ka­ēnēlmazdēr. Bu 

óAntivir¿lans terapileriô insanlarda enfeksiyona neden olan patojenleri ºld¿rmek yerine 

patojenleri saldērē silahlarēndan arēndērērlar. Bu tez ­alēĸmasēnda, P. aeruginosa ve N. 

meningitidis mikroorganizmalarē i­in tip 4 piliônin (T4P) uzama ATPazēnēn inhibisyonu 

hedeflenmiĸtir. Hedef mikroorganizmalar, D¿nya Saĵlēk ¥rg¿t¿n¿n, risk faktºr¿ y¿ksek olan 

bakteriler listesinden, ilgili antibiyotiklerin geliĸtirilme aciliyetine gºre se­ilmiĸtir. Tez 

kapsamēnda piperidin i­eren doĵal ¿r¿nlerin inhibitºr olarak kullanēmēna odaklanēlmēĸ olup, P. 

aeruginosa'nēn PilB ve N. meningitidis'in PilF ATPaz proteinleri ayrēntēlē olarak incelenmiĸtir. 

Hedef yapēdaki olasē baĵlanma bºlgeleri, protein y¿zeyindeki ligand baĵlanma bºlgelerini 

tanēmlayan MetaPocket 2.0 sunucusu tarafēndan belirlenmiĸtir. Ķncelenen ­alēĸmalarda bu 

enzimlerde ADP molek¿l¿n¿n baĵlandēĵē bºlgelerin T4P inhibisyon mekanizmasēnda ºnemli 

rol oynadēĵē gºr¿lm¿ĸt¿r, bu bºlge ligand baĵlanma bºlgesi se­ilmiĸtir. En ­ok doĵal ¿r¿n 

i­eren COlleCtion of Open Natural prodUcTs (COCONUT) k¿t¿phanesi ila­ adaylarē i­in veri 

tabanē olarak se­ilmiĸ, FAF-Drugs4 programē kullanēlarak da filtrelenmiĸtir. Son olarak uzama 

ATPazlarēn iĸlevlerini inhibe eden doĵal ¿r¿nleri belirlemek i­in sanal tarama ve molek¿ler 

yerleĸtirme yºntemleri uygulanmēĸtēr. Her iki reseptºr i­in baĵlanma enerjileri -

9.0kcal/mol'den d¿ĸ¿k olan ligandlar, potansiyel inhibitºrler olarak kabul edilmiĸtir. Se­ilen 

ligandlarēn biyoloji aktivite tahminleri PASS sunucusu ile yapēlmēĸtēr. Ligandlarēn yapēsal 

benzerlikleri, biyolojik aktivitelerdeki tutarlēlēk ve baĵlanmada yer alan rezid¿larēn benerlikleri 

T4P proteinlerinin inhibisyonu hakkēnda ºnemli bilgiler saĵlamēĸtēr. Bu ­alēĸmanēn sonunda P. 

aeruginosa ve N. Meningitidisôe yºnelik bakteri enfeksiyonlarēnda antivir¿lans hedefi olarak 

deĵerlendirilebilecek molek¿ller belirlenmiĸtir. 
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ABSTRACT 

INVESTIGATION OF TYPE 4 PILI ATPASE INHIBITOR 

USING COMPUTATIONAL TOOLS  

The rapidly increasing resistance to available antibiotics and the reduced rate in new antibiotic 

discovery leads to alternative therapeutic approaches. An attractive strategy is to identify 

molecules that target bacterial virulence as an alternative to traditional antibiotics with low 

efficacies. Anti-virulence therapies cleanse the pathogens from their weapons instead of killing 

the pathogens that cause infections. This thesis work investigates the inhibition of the assembly 

ATPase of type 4 piliôs (T4P) in P. aeruginosa and N. meningitidis. These microorganisms are 

among the World Health Organizationôs list of pathogenic bacteria for which there is urgency 

to develop new antibiotics. Based on the finding that the selected target in N. meningitidis is 

inhibited by a compound contining the natural product piperidin in its structure, in this thesis 

piperidine-including natural products were screened for their inhibition. To this end, PilB 

protein of P. aeruginosa and PilF protein of N. meningitidis were studied in detail. The binding 

regions in the target structures were determined by MetaPocket 2.0. Previous studies reported 

the importance of the ADP binding regions in the inhibition of T4P. Based on this information, 

the ligand binding regions were selected. Computational drug library was retrieved from 

COlleCtion of Open Natural prodUcTs (COCONUT), and FAF-Drugs4 was used for filtration. 

Finally, in order to select natural products that inhibit the assembly ATPase, virtual library 

screening was performed. Ligands with binding energies better than -9.0 kcal/mol for both 

structures were accepted as potential inhibitors. Biological activity estimations of the selected 

ligands were performed by PASS server. The structural similarity of these ligands, the 

consistency of their biological activity, and the common residues in their binding regions 

provide valuable information for the inhibition of T4P proteins. In this work, molecules that 

can be considered as antivirulence targets in bacterial infections of P. aeruginosa and N. 

meningitidis were determined. 
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1. INTRODUCTION  

1.1. Bacterial Infections 

Bacteria are everywhere. Although they are vital to the preservation of the ecosystem in which 

we live, infections caused by bacteria have a significant impact on human health. The rapid 

spread of bacterial diseases and the inability to prevent this constitutes a big problem [1]. As 

microorganisms rapidly gain resistance against newly developed antibiotics, the number of 

pathogenic bacteria (which commonly have multiple drug resistance) also rapidly increases. 

One of the primary reasons for this is the horizontal transfer between different strains that cause 

infection. The rapidly increasing resistance to antibiotics that are used in the treatment of these 

diseases and the reduced rate in new antibiotic discovery, lead to different therapeutic 

approaches [1], [2]. In general, antibiotics as antibacterial agents function by  killing bacteria. 

The first antibiotic, penicillin, was coincidentally discovered by Fleming (when Penicillum 

kills bacteria growing in a petri dish). Following this discovery, efforts to uncover different 

molecules using similar screening methods continued [3].  

Based on the properties of their cell walls, bacteria are classified as Gram-positive or Gram-

negative. The majority of bacteria, although not all, fit into one of these two types. One of the 

key clinical distinctions between gram-positive and gram-negative bacteria is that the latter are 

more likely to create an endotoxin, which can induce tissue damage, shock, and death. 

Antibiotic susceptibilities vary between these two types [4]. There is an urgent need to develop 

new treatments for these bacterial infections, due to the rapidly increasing resistance to 

antibiotics and the slowing down in the discovery rate of new antibiotic classes [9]. For this 

purpose, targeting the anti-virulence of bacteria has been the subject of recent studies as a novel 

strategy. 

Current work involves the inhibition of type 4 piliôs (T4P) in Pseudomonas aeruginosa and 

Neisseria meningitidis, which are considered as virulence targets. These microorganisms are 

selected from World Health Organizationôs list of pathogenic bacteria for which there is urgent 

need to develop new antibiotics [5]. Type 4 Pili (T4P) is an important virulence factor in both 

bacteria [6] and is the main target of this study. To this end, PilB protein of P. aeruginosa and 

PilF protein of N. meningitidis have been studied in detail. 
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1.1.1. Neisseria meningitidis  

The Gram-negative diplococcus N. meningitidis, generally known as meningococcus, is one of 

the most common causes of bacterial meningitis across the world [7]. It causes an important 

infectious disease that can result in death or disability in both children and adults all over the 

world [27]. Its lipopolysaccharide, a part of its outer membrane has an endotoxin function and 

causes septic shock [28]. It infects host cells by adhering with the pilus and the Opa and Opc 

proteins on its surface [29]. Meningococcal infection was first characterized as ñan epidemic 

outbreak of fast onset, hemorrhagic eruption, febrile course, and high mortality with gross 

inflammation of the central nervous systemò in late winter and early spring of 1805 in Geneva, 

Switzerland [8]. Invasive meningococcal illness had a death rate of 70% to 90% before passive 

immune or antibiotic therapy became available. Herrick noted in 1919, long before the age of 

antibiotics and intensive care, that ñno other infection so quickly slaysò meningococcal diseases 

[9]. This is still true after more than 100 years. Even when the disease is detected early and 

appropriate treatment is initiated, 8-15% of the patients die within 24 - 48 hours after the 

beginning of the symptoms. Meningococcal meningitis is deadly in 50% of the cases if left 

untreated, and 10- 20% of the survivors may suffer from brain damage, hearing loss, or 

disability [10]. Despite the availability of effective antibiotics, the pathogenic bacteria N. 

meningitidis may still cause sepsis and meningitis and remains a serious medical problem [8], 

[11]. A very recent study indicated that T4P in N. meningitidis could be an important anti-

virulence target against meningococcal diseases [10], [30]. 

Vaccines are the most efficient strategies against selected bacterial meningitis types, despite 

not being 100 percent effective. Consequently, bacterial meningitis can still be observed in 

those who have been vaccinated. Upon detection of  meningitis, it is immediately treated with 

several antibiotics [12]. However, gram-negative infections are particularly concerning since 

gram-negative bacteria develop resistance to almost all antibiotic drugs that are currently 

available, reminding pre-antibiotic era conditions [13].  

1.1.2. Pseudomonas aeruginosa 

One of the common gram-negative opportunistic bacteria related to hospital-acquired illnesses 

is P. aeruginosa. It is the second most common cause of pneumonia, the third most common 

cause of urinary tract infection, and the eighth most frequently isolated pathogen from 

bloodstream, according to a report from the CDC-NNIS (National Nosocomial Infections 

Surveillance, US Department of Health and Human Services) [14]. P. aeruginosa is the reason 
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of about 5% of neonatal meningitis [15]. Pseudomonas infections often result in death, 

especially in people with cystic fibrosis. Due to its opportunistic nature, this bacterium triggers 

serious health problems [16]. According to most recent information, in the United States, 

multidrug-resistant P. aeruginosa caused approximately 32,600 infections and 2,700 deaths 

among patients in 2017 [17]. The first-line therapy is commonly an aminoglycoside combined 

with beta-lactam antibiotics. However, their use clashes with the alarming incidence of 

antibiotic resistance, which is a global health concern [18]. 

A recent study stated that new drugs such as plazomycin, meropenem-vaborbactam and 

aztreonam-avibactam have minor effects on P. aeruginosa [19]. However, resistance continues 

to be a source of concern. New treatment strategies are needed due to high levels of antibiotic 

resistance, abundant biofilm development and a wide range of virulence factors generated by 

these bacteria  [18], [20], [21] . The ability of P. aeruginosa to form biofilm makes it difficult 

to completely eradicate infections related to this bacterium [22]. It has been observed that 

bacteria can be inactivated by inhibiting its virulence factors related to biofilm formation [23]. 

1.2. Antimicrobial R esistance 

Antimicrobial resistance (AMR) has started to emerge as one of the most serious public health 

issues of the twenty-first century, posing threat to the effective prevention and treatment of an 

ever-widening range of infections caused by bacteria, pathogens, viruses, and fungi that are no 

longer susceptible to common antibiotics  [24].  

When bacteria are exposed to antibiotic medications, antibiotic resistance develops naturally. 

Susceptible bacteria are killed or hindered by antibiotics, but bacteria that are natively (or 

inherently) resistant or have acquired antibiotic-resistance characteristics. Limiting a drug's 

uptake, modifying its target, inactivating it, and active drug effluxing are the basic mechanisms 

of resistance. These processes may already be present in bacteria or acquired from other 

microbes [24], [25]. 

Antibiotic resistance in bacteria makes the problem of AMR even more important. Bacteria 

that cause common or serious illnesses have evolved resistance to each new antibiotic that 

comes to market over several decades. Despite the extensive use of antibiotics and vaccines, 

bacterial infections remain a serious cause of death in the whole world. New therapies are 

urgently needed to avoid high death rates owing to untreatable diseases as antibiotic and 

multidrug resistance becomes more widespread in the clinic. Antibiotics which break resistance 

are being developed at an increasing rate and several innovative antimicrobial drugs are already 
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in the clinical stages of development. [26]. However, it is unclear if this traditional method will 

be successful in identifying novel medicines with antimicrobial activity against these pan-

resistant bacteria in the near future [27]. It is inevitable to develop alternative strategies for the 

treatment of these bacterial infections due to the rapid increase of antibiotic resistance and the 

slow discovery of new antibiotic classes [2]. 

1.3. Anti -Virulence 

ñAnti-virulence therapyò, in which only virulence-associated features are targeted rather than 

survival/fitness-relevant ones, is one attractive approach to antibiotic treatment. In other terms, 

the anti-infective medication disrupts the pathogenicity pathways, especially the properties of 

bacteria that cause disease. Anti-virulence therapies cleanse the pathogens from their weapons 

instead of killing the pathogens that cause infections in humans. This approach targets the 

virulence of bacteria rather than the viability of the bacteria with "do not kill, disarm" approach. 

Thereby, it neither applies selective pressure on the target bacteria nor harms other living things 

around it [27], [28]. Targeting virulence has a number of potential benefits, including [3]: 

i. a broader range of potential pharmaceutical targets, 

ii.  developing antimicrobials with novel action mechanisms, 

iii.  lessening the resistance build-up due to lower selective pressure, 

iv. potentially preserving the intestinal microbiota. 

Two of the earliest anti-virulence strategies are the inactivation of tetanus and diphtheria 

(known as bacterial toxins) [29], [30]. Although a large number of anti-viral therapeutics have 

been reported, The Food and Drug Administration (FDA) has only approved three antibody-

based therapies [31], [32]. Recent attempts in the development of anti-virulence medicines have 

focused on specific pathogen features or pathways that are essential for infection and sickness 

[27].  
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Figure 1.1 Factors that cause virulence and their functions.  

Bacteria create a variety of virulence factors that help them invade and infect their hosts. These 

virulence factors are illustrated in Figure 1.1. Initial contacts and adherence to host cells can 

be facilitated by pili, flagella, and surface proteins (e.g., adhesins). Secretion systems are 

protein complexes that allow bacteria to secrete exotoxins and other virulence factors into the 

host, inflicting harm and allowing germs to penetrate the host cell more efficiently. 

Lipopolysaccharide (LPS) is a bacterial endotoxin that causes an immunological response in 

the host. Bacterial capsules allow for immune evasion and host cell attachment [27]. 

All of the available information indicates that the identification of small molecules that can be 

used as anti-virulence drugs is an important opportunity to fill a serious gap in the treatment of 

bacterial infections. 

One of the selected pathogens, a gram negative bacterium P. aeruginosa causes infection with 

various virulence factors and a very recent study indicated that T4P in N. meningitidis could 

be an important anti-virulence target against meningococcal diseases [6], [33].  

The most common virulence factors of bacteria are toxins killing or altering signal transduction 

in mammalian cells, special secretion systems distributing effectors and adhesins attaching to 

host cells and aiding colonization. Since the production of virulence features are metabolically 
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costly, gene expression is meticulously controlled to ensure that it only happens at the 

appropriate place in the host for colonization [34]. The main features of these virulence factors 

are explained below: 

Toxins. Bacterial species release a wide range of toxins, which cause eukaryotic host cells to 

be altered and hence illnesses occur. Bacterial toxins harm the host at the site of bacterial 

infection or at a distance. They induce non-covalent alterations of host protein function or can 

alter host cell characteristics via direct protein-protein interactions. In pathogenesis, these 

poisons are frequently identified as the first virulence factors. The discovery that protein toxins 

are frequently structured into discrete domains containing a catalytic, receptor binding, and 

translocation domain enabled the fast production of disease-controlling vaccinations. [27], 

[35].  

Secretion systems. Many bacterial infections have a secretory system that looks like a syringe 

and is used to inject toxic material (effectors) into the host cell. These effectors imitate host 

protein function and significantly affect mammalian signalling networks, contributing to the 

illness process. Three distinct secretory systems, type III, IV and VI, are involved in the 

translocation of bacterial effectors directly into the host cells. To aid microbial survival, 

invasion, or adhesion, these released effectors frequently affect signal transduction in the host 

cell. Each of these systems differs somewhat in structure and gene content, but they all transfer 

effectors directly into the eukaryotic cytoplasm by releasing energy through ATP hydrolysis. 

Type III secretion systems look like syringes and inject effectors into host cells, whereas type 

IV secretion systems employ a pilus-like structure to inject effectors into host cells, and type 

VI secretion systems are tubular structures and are most recently characterized [36].  

Adhesion. Internalization, deeper tissue penetration, and possibly systemic distribution are 

typically initial steps in an infection process, which also includes adhesion. Bacteria have a 

variety of appendages for sticking to the host surface, including pili, fimbriae, and flagella in 

some circumstances. Bacteria invade and infect host cells by attaching to them [37]. This 

mechanism is illustrated in the Figure 1.2. 
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Figure 1.2 Bacteria attach to host cells in order to colonize and infect the host. Therapeutic 

inhibitors are represented as red circles, and bacteria-blocking techniques are given. a) Pili or 

fimbriae, which are 'hair-like' structures that attach to certain host receptors, are among the 

most prevalent adhesins. As in the case of the P pili of pathogenic Escherichia coli, adhesion 

can be blocked by blocking the formation of the adhesion complex. b) A schematic 

representation of pili assembly on bacterial surface. To create a pilus, the pili subunits 

polymerize. Biogenesis inhibitors are mimics of normal pilin subunits that hinder elongation 

and the creation of a functioning pilus when inserted into the developing pilus. 

Bacterial pathogens must migrate to reach their specific sites of infection once they have 

entered the host to initiate the disease process. Pili/fimbriae and fimbrial adhesins on the 

bacterial cell surface recognize and connect with specific host cell receptors to adhere to the 

host cell when the bacteria reach the infection region. Cell attachment is necessary for the 

development of an infection because it allows pathogens to survive mechanical and 

immunological clearance from the host. Furthermore, adhesion is necessary for the pathogen 

to approach the host cell surface in close proximity, which is necessary for the creation and 

activation of secretion systems.  

Since the adhesion structures are pathogen-specific and only bind to host cells that express the 

matching receptor, they might be used to develop novel anti-infectives. [38]. Bacteria strictly 

limit the development of energy-draining pathogenicity factors and virulence-associated 
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features to save energy and promote their biological fitness. Many control circuits and networks 

implicating distinct regulatory components and sensory working at the transcriptional level 

have been uncovered as a result of recent breakthroughs in virulence regulation. Signal 

transduction and sensory molecules in bacteria, global and particular transcriptional regulators, 

and regulatory mechanisms based on RNA are among some examples. An essential benefit of 

targeting signal transduction and regulatory processes is that these control systems are unique 

to bacteria and are not found in eukaryotic host cells. There is an increasing number and 

diversity of global virulence transcriptional regulators that are mostly conserved among 

bacteria, yet specialized for prokaryotic regulation of gene expression and change coexpression 

of host-adapted metabolism, host stress adaptation, and virulence factors. To be able to 

effectively grow inside the host and thereby develop an infectious disease, bacteria have the 

urgency to adapt to rapid environmental changes. Hence, subject regulators should be targeted 

for an effective treatment [39].  

1.4. Target Virulence Factor: Type 4 Pilus (T4P) 

The filamentous organelles that provide bacteria movement are called bacterial flagella. This 

structure found in gram negative bacteria is called pili or fimbriae. They are shorter and thinner 

than flagella. They are multi-subunit bacterial cell surface protuberances that enhance the 

colonization and adhesion of bacteria. With the help of these structures, they push the cells into 

liquids (swimming) or surfaces (gliding) so that they can move towards suitable environments 

and form colonies. T4P plays a key role in the virulence of a variety of bacterial diseases [40], 

[41].  

1.4.1. Structural details of T4P and pilin  proteins 

T4P are made up of pilin proteins organized in a helical array, with the pilus core filled with 

conserved hydrophobic amino-terminal-helices and the outside shell made up of more variable 

carboxy-terminal globular domains. T4P are essential for DNA uptake, surface detection, 

virulence, protein production, and twitching movement among other microbial activities. T4P 

are predominantly made up of large pilin protein subunits that are polymerized or 

depolymerized by ATPases to facilitate fiber extension and retraction, respectively.  

T4P structures with significantly greater resolution have been discovered, thanks to new 

breakthroughs in cryo-electron microscopy (cryo-EM) [42], offering new insights into pilus 

formation and mechanical characteristics [43], [44].  
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The detailed examination of T4P mechanism is shown in Figure 1.3. 

 

Figure 1.3 The type IV pilus machine's architecture [44]. All T4Ps contain a cytoplasmic 

assembly ATPase (green ovals, assembly ATPase) that polymerizes to grow the pilus (blue and 

dark blue regions, major pili and minor pili) and then helps the pilus to pass through the 

periplasm and exit the channel in the outer membrane (purple regions, secretin). Most T4Ps 

also have an ATPase (red ovals, retraction ATPase) that depolymerizes the pilus for retraction. 

Both ATPases interact with the cytoplasmic domains of the inner membrane platform proteins 

(orange ovals, platform proteins) and are stabilized by the cytoplasmic regions of sequencer 

proteins (grey regions, alignment proteins). Individual protein names of P. aeruginosa, N. 

gonorrhoeae, Myxococcus xanthus and V. cholera are listed in this figure for the complex T4P 

systems [44]. 

In P. aeruginosa PilB ATPase assembles the pilus, while PilT ATPase disassembles it. PilB 

and PilT bind to the N-terminal and C-terminal cytoplasmic domains of PilC, the inner 
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membrane platform protein that coordinates ATPases. PilB ATPase is a hexamer according to 

cryo-electron tomography. Without ATP, full-length PilB forms a hexameric structure, but 

ATP stabilizes the hexameric complex [44].  

T4P has been the focus of attention because of its critical role in the pathogenicity of N. 

meningitidis and P. aeruginosa. T4P in P. aeruginosa aids in twitching motility and adhesion, 

thereby allowing colonization of the opportunistic pathogen. T4P in Neisseria meningitidis is 

required for bacterial aggregation, twitch motility, natural transformation, adhesion, and signal 

transduction with host cells [45]. 

1.4.2. Overview of the T4P assembly ATPases mechanism 

The T4P filament is around, 5-8 nm in diameter and extends a few microns beyond the cell 

body morphologically. PilF or PilB (shown in figure 1.4 as green ovals) assembles this thin 

filament from membrane-embedded monomeric pilins and traverses the whole cell envelope 

of gram-negative bacteria [46]. T4P assembly ATPases are members of the AAA+ superfamily 

of enzymes, which function as molecular motors that use the energy released by ATP 

hydrolysis to perform mechanical transformation. T4P are also capable of fast disassembly, 

which is activated by the PilF or PilB ATPase and creates high motor forces responsible for 

twitching motility [47]. 

An N-terminal PAS-like domain and a conserved C-terminal RecA-like motor domain are 

included in all secretion ATPases. Additional GSPII domains are found at the N-terminus of 

assembly ATPases. Early biophysical tests revealed that these motors are hexameric rings, and 

crystal structures and electron microscopy corroborated this hypothesis [44]. 

 

Figure 1.4 General model for assembly ATPases (PDB ID: 5TSG) [48]. The letters A, B, C, 

D, E and F represent each monomer and ADP molecules are shown in yellow. 
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Only two molecules of ATP bind to two subunits of PilB or PilF in an open conformation, 

resulting to conformational changes, ATP hydrolysis, and the release of the phosphate ion, 

according to this hexamer model in Figure 1.4. The closed state is defined as an ADP-bound 

state. ADP release causes protein subunits to open up, making them ready to bind additional 

ATP molecules. The process continues until all of the hexameric molecules are not removed 

from their pilus machinery bound positions. However, no in-solution evidence exists to support 

the hypothesized process [49]. For this reason, defining and understanding this mechanism will 

guide future studies. 

1.5. Natural Products in Anti -Virulence Therapies 

For more than 4000 years, plants have been used for treatment purposes. Most of the natural 

products (NP) that are found suitable and therefore used for treatment purposes have serious 

biological activities however their Absorption, Distribution, Metabolism, Excretion, and 

Toxicity (ADME/T) properties should be evaluated [32], [50]. Due to their diversity and wide 

range of bio-activities, NPs carry great potential for drug design [28]. In addition to the increase 

in the number of NP suppliers in recent years, the number of NP databases has also rapidly 

increased [51]. After 2000, to date, there are 123 resources listing NP structures in literature. 

Only 92 of them are open access and merely 50 of them contain molecular structures suitable 

for analysis. Furthermore, only a few of them allow downloading all NPs as a single sdf file, 

which is a criteria required for virtual screening. Some of these resources are; ChEBI[52], 

ChEMBL[53], ChemSpider [54], PubChem [55], ZINC15 [56] and ChemBank [57]. On the 

other hand, the COlleCtion of Open Natural ProdUcTs (COCONUT) [58] is a database 

bringing together all these natural product resources. It is one of the biggest and best annotated 

database for NPs, which is available free of charge and without any restrictions [59].   

1.5.1. Biologically active piperidine containing drugs 

Piperidine is an incredibly significant building block in the production of pharmacological 

substances and is the most regularly utilized heterocycle among US FDA approved 

medications. Its derivatives can be extracted from plant sources and manufactured utilizing one 

or more of the several chemical processes. They are widely employed as natural products, 

pharmaceuticals, and agrochemicals, therefore their production has caught the attention of 

scientists in the field. This heterocycle and its derivatives have a variety of functions and have 

been used as anti-aggregants, anticoagulants, antihistamines, anticancer agents, and analgesics. 

Alogliptin, ritalin, and risperidone are pharmaceutically accessible medications that contain the 
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piperidine nucleus and are used to treat diabetes, schizophrenia and concentration increase in 

children [60], [61], [62].  

Piperidine is synthesized from lysine and found in black pepper. There are a wide group of 

synthetic and natural chemicals with this six-membered heterocyclic nucleus shown in Figure 

1.5. Many natural alkaloids contain this nucleus. These molecules are extremely important in 

medicinal chemistry since the nucleus confers substantial biological characteristics [63]. The 

piperidine scaffold has been proven to be useful in a variety of pharmaceutical drugs present 

in the market [61].  

 

Figure 1.5 Chemical structure of piperidine [64]. 

1.6. Computer - Aided Drug Discovery Approach 

The discovery and development of a drug is extremely difficult, costly, and time-consuming. 

Thanks to the advancement of computational tools and procedures; this process has been 

accelerated. Due to its applicability in drug discovery and development, computer aided drug 

design (CADD), also known as in silico screening, has recently become a widely used strong 

technology [65]. Steps of CADD Process are shown in Figure 1.6. 
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Figure 1.6 Representation of CADD process. 

CADD has two major approaches; Ligand Based Drug Design (LBDD) and Structure Based 

Drug Design (SBDD). In the former approach, target is a ligand; while in the latter, target is a 

protein or RNA. When high-resolution structural data of the target protein is available, as in 

the case of soluble proteins that can be crystallized easily, structure-based CADD is often 

preferable. When no or limited structural information is available, as in the case of membrane 

protein targets, ligand-based CADD is often chosen. The main goal of structure-based CADD 

is to develop compounds that strongly bind to the target, have a low free energy, have better 

DMPK/ADMET characteristics, and are target specific with less off-target effects [66]. 

1.6.1. Homology modelling 

The ability to identify the binding specificities of ligands to proteins is limited by the 

availability of 3D structural information of proteins. In such cases, homology modelling can 

be used, which is a cost-effective method for predicting the 3D coordinates of proteins [67]. 

Four primary steps of homology modelling are [68];  

a) identifying structural template(s) 

b) aligning the target sequence and template structure(s) 

c) model construction 

d) model quality evaluation.  

These procedures are implemented in software applications. Most popular servers for 
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homology modelling include Robetta [69], SWISS-MODEL [70], PEPstr [71] and QUARK 

[72].   

1.6.2. Molecular docking theory 

Molecular docking is the most prevalent approach for structure-based drug design, and has 

been utilized in the early 1980s. Molecular docking methodology can be used to represent the 

atomic level interactions between a small molecule and a protein, allowing us to define small 

molecule behaviour in target protein binding sites and elucidate key biochemical processes. It 

also provides useful information such as the extent and uniqueness of interactions, as well as 

binding and transformation energies [65], [66], [73].  

Different molecular docking algorithms exist to estimate protein-ligand poses and rank them 

according to scoring functions. In order to create appropriate ligand poses, docking software 

applications use protein ligand sampling algorithms. Shape matching, systematic search, and 

stochastic algorithms are ligand sampling methods used for positioning the ligand in the active 

site. Ligand conformational sampling is a crucial stage in the ligand sampling process since it 

creates a ligand multi-conformer database. Conformational search can be done separately from 

docking or as a part of the docking process. The allowed degree of potential binding flexibility 

is referred to as protein sampling. Docking methods may treat the protein as rigid or flexible, 

depending on whether it has flexible side chains or specific flexible domains (Table 1.1). 

Multiple conformers or ensembles of rigid protein structures can also be used to depict protein 

flexibility.  The binding affinities of ligand poses are estimated using a variety of scoring 

algorithms. Force-field or molecular mechanics-based, empirical, knowledge-based, and 

consensus scoring functions are the four types of scoring functions. [74]. 

Table 1.1 Advantages and disadvantages of some basic docking methods. 

 

https://omictools.com/robetta-tool
https://omictools.com/swiss-model-repository-tool
https://omictools.com/pepstrmod-tool
https://omictools.com/quark-tool
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Over the last two decades, more than 60 distinct docking tools and applications, including 

DOCK [75], AutoDock [76], GOLD [77], FlexX [78], Surflex [79], ICM [80], LigandFit [75], 

LeDock [81], FRED [82], rDock [83], MOE-Dock [84], AutoDock Vina [85] have been 

developed for both commercial and academic use [86]. 

1.6.2.1. AutoDock Vina 

AutoDock [76] is one of the many protein-ligand docking programs available. It was first 

published in 1990 [87] and later improved [76], [88]. It is released under a free software license 

(GNU GPL since 2007). A Lennard-Jones 12-6 potential, a directional hydrogen-bond term 

based on a 12-10 potential, a screened Coulomb potential, a volume-based desolvation term, 

and an entropic term proportional to the number of rotatable bonds are all included in the 

physics-based and semi-empirical scoring function. Several drugs have been discovered using 

AutoDock [76], [89], [90]. AutoDock Vina was released in 2010 [85] by the same company 

with the aim of improving accuracy and performance. The Vina scoring function is based 

entirely on empirical data, with Gaussian steric interaction terms, a finite repulsion term, 

piecewise linear hydrophobic and hydrogen-bond interaction components, and an entropic term 

proportionate to the number of rotatable bonds [90].  

A scoring function is commonly used in docking algorithms. Using a scoring algorithm, Vina 

attempts to determine the system's estimated standard chemical potential [91]. Gibbs free 

energy (G) is a thermodynamic potential that determines a system's ability to do maximal or 

reversible work under constant circumstances such as temperature and pressure. This implies 

that Gibbs free energy is a measure of thermodynamic favourability. Equation 1.1a is used to 

compute the system's Gibss free energy [92]; 

 G =  GBinding + RT ln(Keq)      (1.1a) 

ɲG represents system's Gibss free energy, Keq is the equilibrium constant (which is equal to 

Kd, the binding affinity constant), T is the absolute temperature in Kelvins, R is the gas constant 

(R=1.99 cal mol-1 K-1) and ɲGBinding is the Gibbs free energy change of interactions. When the 

system reaches thermodynamic equilibrium, ɲG becomes 0, and the equation reduces to 

equation 1.1b [91], [93]. 

 GBinding = RTln(Kd)    (1.1b) 

Vina has the advantage of being able to run several threads in parallel. When multi-core CPUs 

are used, binding free energies and docking locations can be calculated more quickly [94]. 
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1.6.2.2. Docking-based virtual screening 

Virtual screening (VS), also known as virtual ligand screening, is a computational technique 

used in the early stages of the drug discovery process.  Small molecule libraries that are likely 

to bind to one or more drug targets are scanned. Since experimental screening involves 50000 

(academic lab) to 5 million (big pharma) compounds, in silico screening can significantly 

reduce time and cost. Virtual screening aids the process by limiting the selection of molecules 

to test experimentally. There are a variety of online tools to assist in the search for bioactive 

substances [95]. Docking-based VS tools have seen a significant increase in popularity and use 

in recent years as a result of the high costs and time necessary to identify potential drugs. The 

importance and impact of docking-based VS methods will increase significantly in the coming 

years. The development of computational techniques, together with the wide application of 

new experimental data, will aid in the improvement of VS approaches [96]. 
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2. MATERIAL S AND METHODS  

The flowchart of the thesis, which will be detailed in the sections below is given in Figure 2.1. 

To start with, since the 3D structures of the targeted T4P assembly ATPases belonging to N. 

meningitidis and P. aeruginosa microorganisms are not experimentally available, they are 

obtained by homology modelling. To inhibit the target proteins, their active sites are identified 

by binding site prediction tools and recent studies in the literature. To identify the 

corresponding natural drug molecules that will inhibit this mechanism; a relevant library is 

selected and corresponding drug molecules are filtered according to their drug-like properties. 

Then, virtual screening is performed. Finally, drugs are examined and candidates are selected 

according to their binding sites and affinities.  

 

Figure 2.1 The methodology followed in the thesis study. 

2.1. Retrieval of 3D Structures of T4P Assembly ATPase Proteins  

PDB structures are not yet available for PilB in P. aeruginosa and PilF in N. meningitidis. 

Thus, 3-dimensional (3D) structure models of these proteins are created using sequence 

information provided in UNIPROT [97] and the Swiss-Model [98] server.  

The UniProt Knowledgebase (UniProtKB) in UNIPROT is a central repository for functional 

Homology Modelling

Predicting Binding Sites

Filtering Drug Molecules

Molecular Docking

Discoveryof CorrespondingNatural
Inhibitory Drugs
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information on proteins that is accurate, consistent, and comprehensive [97]. Type IV pilus 

assembly protein PilF of N. meningitidis serogroup B (strain MC58) has a UniProtKB ID of 

Q7DDR2. Type IV pilus assembly ATPase PilB of P.aeruginosa (strain ATCC 15692 / DSM 

22644 / CIP 104116 / JCM 14847 / LMG 12228 / 1C / PRS 101 / PAO1) has a UniProtKB ID 

of P22608 ID . Sequence information of these structures is given in Figure 2.2. 

 

Figure 2.2 Sequence information of T4P assembly ATPases PilF and PilB [97]. 

Alignments of PilB and PilF are obtained using the Blastp program [99]. Each proteinsô 

FASTA formats retrieved from UNIPROT are used for alignment. Figure 2.3 shows the 

similarity of these two structures based on sequence alignment. The same template [PDB ID: 

5ZFR] [100], which is T4P biogenesis ATPase PilB of Geobacter sulfurreducens (strain ATCC 

51573 / DSM 12127 / PCA) with a UniProtKB ID of Q74D28 ID, is used in the homology 

modelling of both structures. 
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Figure 2.3 Alignment of the sequences of PilB protein of P. aeruginosa and the PilF protein 

of N. meningitidis. 

Sequence information of this template structure is given in Figure 2.4. This structure is also 

suggested by SWISS-MODEL due to its high sequence similarity. 



20 

 

 

Figure 2.4 Sequence information of Type IV pilus biogenesis ATPase PilB of Geobacter 

sulfurreducens [97]. 

Validation of the created models are evaluated by Saves 5.0 server [101].  

2.2. Binding Site Prediction 

The active sites of the developed models (PilF and PilB) are determined using MetaPocket 2.0 

[https://projects.biotec.tu-dresden.de/metapocket/about.php]. This server uses 8 different 

binding site predictors (LIGSITEcs [102], PASS [103], Q-SiteFinder [104], SURFNET [105], 

Fpocket [106], GHECOM [107], ConCavity [108] and POCASA [109]), which are combined 

together to improve the prediction success rate.  
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Figure 2.5 Illustration of the MetaPocket 2.0 procedure. 

Figure 2.5 illustrates the entire working method of MetaPocket 2.0. The provided protein 

structure is submitted to 8 predictors in the first phase to find pocket sites on its surface; all 

predictors are called in parallel to save time. The pocket sites indicated by these element 

predictors have distinct ranking scoring functions in the second step, making direct comparison 

and evaluation of the predicted pocket locations difficult. A z-score is generated independently 

for each pocket site in various predictors to make the ranking results comparable. Following 

that, only the top three pocket sites in each predictor are considered further. Then, the pocket 

sites are grouped based on their spatial similarity with the final clusters ranked based on their 

overall z-score values. The next and final stage is to find functional residues in the region of 

the discovered meta-pocket location that might be potential ligand binding sites on the protein 

surface [110]. 
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The potential binding sites determined in a recent study [6] and the ADP binding region of the 

related T4P proteins are compared with MetaPocket 2.0 results. The relevant binding sites are 

determined in the light of these comparisons. 

2.3. Library Selection, Database Filtering and Ligand Preparation 

In this work, the online version of the COlleCtion of Open Natural prodUcTs (COCONUT) 

resource is used as a database for accessing piperidine including natural drugs. COCONUT is 

a web interface that allows users to explore, search and download NPs from an aggregated 

dataset of elucidated and predicted NPs gathered from free sources [111]. COCONUT web is 

freely available at https://coconut.naturalproducts.net.  

Currently, there are 4999 natural products containing piperidine in COCONUT. These 

molecules are downloaded in a single sdf file. Then, these 4999 drug molecules are filtered 

using FAF-Drugs4 (Free ADME-Tox Filtering Tool) [112] since not all available ligands are 

suitable for drug use. Similarly, there is no such thing that every plant-derived molecule from 

nature will be useful, for example, some types of mushrooms are among the most toxic 

substances known. Therefore, many factors such as solubility, toxicity, size, pH, atomic type, 

logP, surface polarity of ligands should be considered. Hence, the selected library is filtered 

according to its drug potential. There exists several filtering options within the FAF-Drugs4 

program. Of these, the Drug-Like Soft filter and the PAINS filters are selected. PAINS 

moieties, which stands for Pan Assay Interference Compounds, are molecules that emerge as 

frequent hits (promiscuous compounds) in several biochemical high throughput screens, 

according to Baell et al [113]. Information on Drug-Like Soft filtersô parameters are provided 

in Table 2.1. The Drug-Like Soft filter is created by FAF-Drugs4 by integrating many 

publications [114]ï[116] discussing the physico-chemical features of drugs with an in-house 

statistical analysis of pharmaceuticals.  

 

 

 

 

 

 

 

 

 

 

  

https://coconut.naturalproducts.net/
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Table 2.1 Details of physico-chemical property of Drug-Like Soft filter available in FAF-

Drugs4. 

Propert es Drug-L ke Soft 

MW  100 - 600 

logP -3 to 6 

HBA Ò 12 

HBD Ò 7 

H-Bonds - 

tPSA Ò 180 

Rotatable Bonds Ò 11 

Rigid Bonds Ò 30 

Rings Ò 6 

Max Size System Ring Ò 18 

Carbons 3--35 

Hetero Atoms 1--15 

H/C Ratio 0.1 to 1.1 

Charges Ò 4 

Total Charge -4 to 4 

RO5 Violations - 

Stereo Centers - 

Prior to virtual screening, ligands are prepared to construct 3-dimensional geometries, assign 

proper bond orders, and generate accessible tautomer and ionization states [117]. Molecular 

libraries usually contain 2D structures generated from molecular formulas. To prepare these 

files for docking, OpenBabel 2.3.1.[118] is used. Conversion of 2D sdf (structure-data file) to 

3D sdf is the first step of the ligand preparation part. Second step is adding all the hydrogens 

to the molecules and another step is calculating partial charges. Again using OpenBabel, 

ligands are filtered for a final time. The last filter applied is the Lipinski Rule of five (i.e., a 

molecule with a molecular mass less than 500 Da, no more than 5 hydrogen bond donors, no 

more than 10 hydrogen bond acceptors, and an octanolïwater partition coefficient log P not 

greater than 5) filter. The Lipinski rule of five helps to distinguish drug-like and non-drug-like 

compounds [119]. All l igand preparation scripts are given in Figure 2.6.  
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Figure 2.6 Ligand preparation scripts with using OpenBabel 2.3.1. 

2.4. Molecular Docking 

2.4.1.  Macromolecule preparation step 

In general, protein crystal structures are prepared prior to docking by adding hydrogen atoms, 

optimizing hydrogen bonds, removing atomic clashes, and performing other operations that are 

not a part of the X-ray crystal structure refinement process.  AutoDockTools-1.5.7 [120] is used 

to prepare receptor molecules. In this step, receptor protein molecule is loaded into 

AutoDockTools-1.5.7 workspace as a PDB file. All water molecules are deleted. Missing 

hydrogen atoms are added and hydrogen bonds are optimized. Gasteiger charges are computed. 

Then, it is converted into AutoDock input file (pdbqt file). The same steps are followed for 

both PilB and PilF molecules.  

2.4.2. Grid generation 

Grid box allows us to select the search space (part of the protein, where we are going to perform 

docking, typically the binding region) in a protein. The potential binding sites obtained from 

MetaPocket 2.0 and previous studies [6] are compared with the ADP binding region of the 

protein and the final grid box area is determined. It is important to make sure that the grid box 

size is large enough to allow the ligands to move freely in the search space. As a rule of thumb, 

grid size should be at least twice the maximum distance between any two atoms of the co-
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crystallized candidate ligand [121]. In this study, piperidine molecule is taken as a reference 

and the grid size is selected accordingly, the resulting grid box size is 27 ¡Ĭ27 ¡ Ĭ27 ¡. The 

distance between two connecting grid points is taken as 1 ¡. Details of the grid boxes are given 

in Table 2.2 and Figure 2.7. 

Table 2.2 Grid box details for PilB and PilF. 

 

Grid Coordinates for PilB 
Center x = -8.63 

Center y = -65.45 

Center z = 1.16 

Size x = 27.74 

Size y = 27.99 

Size z = 27.73 

Grid Coordinates for PilF 
Center x = -8.75 

Center y = -65.49 

Center z = 1.25 

Size x = 27.94 

Size y = 27.93 

Size z = 27.86 
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Figure 2.7 The grid box position is shown on the macromolecules using PyRx 0.8. a) PilF 

structure as macromolecule b) PilB structure as macromolecule. 
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2.4.3.  Docking procedure 

PyRx [122] is an open source software for virtual screening. It is a useful tool due to its simple 

user interface and chemical spreadsheet-like capability. Free Version of PyRx which is PyRx 

0.8 is used in this thesis work. PyRx uses AutoDock Vina [85] and AutoDock 4.2 [123] as 

docking softwares. AutoDock Vina is chosen due to its faster screening capability. 

Receptor molecules are obtained from homology modelling. The receptor molecule in a pdbqt 

format is loaded to Pyrx workspace and selected as a macromolecule. Then, the filtered ligands 

in the form of a single sdf file is uploaded to Pyrx and all ligands are minimized. After 

minimization, ligands are converted to pdbqt file format to be used for screening. Virtual 

screening is conducted via Pyrx's AutoDock Vina plugin. The dockings are performed using 

an exhaustiveness value of 8 (default value). All of the other parameters are taken as the default 

values, ligand bonds are allowed to rotate freely while the receptor is kept rigid. Separate virtual 

screenings are performed for PilF and PilB molecules. Each docking is performed for three 

times to have a representative exploration of the docking solutions.  

2.5. Evaluation of the Screening Results 

To evaluate the docking results, four steps are followed. The first strategy is to choose the best 

ligands based on the binding affinities. The ligand with the lowest binding energy is the 

molecule with the highest affinity for the macromolecule. 

Secondly, availability to purchase the candidate drug is considered as another filtering step, 

which is a valid consideration for further in vivo studies. Since molecules in the ZINC or IBS 

NP libraries are accessible, the candidates are checked for existence in these libraries.  

Ligand-protein interactions are important to better understand the inhibition mechanism of the 

drug. Hence, thirdly, hydrogen bond formation is checked and compared with the previously 

defined binding sites using Discovery Studio Visualizer 2020 [124]. Intermolecular hydrogen 

bonding is a fundamental interaction for generating potent binding or selectivity. In protein-

ligand binding studies, H-bonds are carefully examined since these bonds are generally the 

strongest bonds facilitating binding. As the distance between interacting atoms decrease, the 

relative energy contribution value gets higher for H-bonds as seen in Figure 2.8 [125]. Hence, 

H-bonding is used as a parameter to consider in ligand binding since it is the strongest bond. 

Halogen bonds are similar to hydrogen bonds, and halogens are found in about 25% of drugs 

[126]. Halogen elements play a significant role in selectivity and binding affinity properties. In 

proteinïligand complexes, hydrophobic contacts are by far the most prevalent. An aliphatic 
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carbon in the receptor and an aromatic carbon in the ligand generate the most common 

hydrophobic interaction. The side chains of leucine, valine, isoleucine, and alanine are the most 

frequently engaged residues in hydrophobic interactions [127].  

 

 

Figure 2.8 Types of non-covalent interactions, typical distances, and energy contributions in 

protein-ligand binding. The energy contribution is shown on the abscissa, starting at the bottom 

with the lowest [125]. 

Finally, in order to better evaluate potential drug molecules obtained from the docking results, 

PASS [128] online server is used to determine the diseases that these drugs are effective on. 

Based on the structural formula, compoundsô biological activity profiles are predicted and 

compared with the diseases associated by P. aeruginosa and N. meningitidis. This server 

assings probability values. Accordingly, Pa (probability "to be active") calculates the 

probability that the compound of interest belongs to the active compound subclass (resembles 

the structures of molecules, which are the most typical in a sub-set of "actives" in PASS training 

set). Probability to be inactive (Pi) is the probability of the investigated compound belonging 

to the inactive compound sub-class (resembles the structures of molecules, which are the most 

typical in a sub-set of "inactive" in PASS training set) [128]. Probability values vary from 0 to 

1. A Pa value close to 1 indicates a good biological activity, while a Pa value close to 0 indicates 

the opposite; A Pi value close to 1 indicates that it is likely to be biologically inactive, and close 

to 0 indicates that it is less likely to be biologically inactive. 
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3. RESULTS AND DISCUSSION 

3.1. Homology Modelling Results 

In order to obtain 3D PilB and PilF structures, homology modelling was applied. PilB consists 

of 566 amino acids, while PilF consists of 558 amino acids and their sequences have 536 

homologous amino acids. The sequences of the PilB and PilF were aligned to show the 

similarities (Figure 2.3). Due to their similarities, the same template was used for both proteins. 

The only difference between the template and T4P Assembly ATPase proteins (PilF and PilB) 

was observed in the loop structures, as indicated in Figure 3.1.  

Figure 3.1 The differences on the models are indicated by green boxes on the figures. a) The 

homology model of the PilF protein (shown in blue) and the structural alignment result of chain 

A of the template protein, 5ZFR (shown in red). b) The homology model of PilB protein (shown 

in blue) and the structural alignment result of chain A of the template protein, 5ZFR (shown in 

red). 

3.2. Evaluation of PilF and PilB Protein Models with SAVES 5.0 Server 

Models obtained from homology modelling were analysed using Saves 5.0 server. Accordingly 

for a model to be successful; at least 90% of residues in the Ramachandran [129] graph should 

be in the desired area, VERIFY 3D [130] should have a valid score (mean scores of residues 

should be greater than 0.2) and ERRAT [131] quality value should be at least 90%.  

Details of the results for PilF structure is as follows; 93.5% of residues in the model are found 

to be in the desired area in Ramachandran plot (Figure 3.2(a)) with a 91.99% accuracy in the 

VERIFY 3D graph (Figure 3.2(b)) and general quality factor of 98.3516 in the ERRAT module 

(Figure 3.2(c)). In light of these results, the modelled structure of PilF is accepted to be 

successful and used in further studies.  

ŀύ ōύ 
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Figure 3.2 Analysis results of the modelled structure of PilF. a) Ramachandran plot b) Verify 

3D results c) ERRAT result. 

Similarly, PilB structure was also evaluated. Details of the results for PilB structure is as 

follows; 93.2% of residues in the model are found to be in the desired area in Ramachandran 

graph (Figure 3.3(a)) with a 98.18% accuracy in the VERIFY 3D graph (Figure 3.3(b)) and 

general quality factor of 97.18 in the ERRAT module (Figure 3.3(c)). In the light of these 

results, the obtained PilB model was also found to reliable to be used in further studies. 
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Figure 3.3 Analysis results of the model created for PilB. a) Ramachandran plot b) Verify 3D 

results c) ERRAT result. 

3.3. Binding Site Prediction Results 

In a recent study, Aubey et al.[6] tried to identify potential binding sites in PilF structure of N. 

meningitidis aiming to inhibit this protein. They applied mutations to selected potential binding 

sites (Table 3.1) predicted by computational docking and observed that aggregation 

disappeared as a result of  two mutations (K371E and D207R), most likely due to a disruption 

in the enzymatic activity and the absence of pili on the mutant strains' surfaces.  

Table 3.1 Potential binding residues found in the study by Aubey et al. [6]. 

 

The potential binding sites are shown on the 3D structure of PilF (Figure 3.4).  
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Figure 3.4 PilF structure of N. meningitidis is shown in blue. The residues belonging to the 

binding sites are labelled and shown in spheres. 

In their study [6], although 4 active sites were stated for PilF, 3 of these reside in the hexamer 

forming intefaces of the structure; R457, K371 and E390, where monomers bind to each other 

to form a hexamer structure. Hence, these regions were not considered as potential drug binding 

sites for the inhibitors in this work. 

In addition to this information, MetaPocket 2.0 was used for the detection of potential binding 

sites as well. The results were then compared with the previous findings [6]. All  findings are 

presented in Figure 3.5 and Figure 3.6. Only D207 was present in selected pocket of PilF.  

 

Figure 3.5 Comparison between all cluster results of PilF obtained from MetaPocket 2.0 [110] 

(pink clouds) and potential binding residues found in literature (green spheres) for PilF 

structure. 
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Figure 3.6 Potential ligand binding sites (residues) of PilF of N. Meningitidis, obtained from 

MetaPocket 2.0 Server. D207 (ASP 207) is highlighted in red. 

Due to high structural similarities of PilF and PilB (Figure 3.1), the potential binding residues 

of PilF and their corresponding residues in PilB of P.aeruginosa could be deduced from 

sequence alignment. These residues are listed in Table 3.2 and shown in Figure 3.7 along with 

the results obtained from MetaPocket 2.0.   

Table 3.2 Correspondence of potential binding residues of PilF for the PilB structure. 

P lF P lB 

D 207 D219 

K 371 R 382 

E 390 E 401 

R 457 V 468 
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Figure 3.7 Comparison between all cluster results of PilB obtained from MetaPocket 2.0 server 

(pink clouds) and potential binding residues of PilF (green spheres) retrieved from literature 

based on PilB structure. 

It should be noted that as in the case of PilF, the results of binding site predictor server covers 

only D219, not the other previously determined potential residues (Figure 3.8) since these 

residues (R382, E401, and V468) in the hexamer interface.   



35 

 

 

Figure 3.8 Potential ligand binding sites (residues) of PilB of P.aeruginosa obtained from 

MetaPocket 2.0. D219 (ASP 219) is highlighted in red. 

Upon evaluation of the server predictions with the previously determined residues, the central 

(middle) region of the proteins containing residues D207 (for PilF) and D219 (for PilB) were 

identified as potential inhibitor binding sites. This central region is also known to be the ADP 

binding regions of these proteins. ADP bound PilB structure (PDB ID: 5TSG [48]) is shown in 

Figure 3.9 and details of interaction is analysed with Discovery Studio Visualizer 2020 (Figure 

3.10). The fact that, D207 and D219 residues are located close to ADP binding region confirms 

one more time that this region could be the target region for inhibiting these proteins. 
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Figure 3.9 ADP bound PilB structure (PDB ID: 5TSG [48]). PilB is represented by the 

secondary structure, while the ADP molecule is shown in yellow sticks.  

 

Figure 3.10 Interaction of PilB structure (PDB ID: 5TSG [48]) and ADP.  

Hydrogen bonds (H-bonds) are shown in green (Figure 3.10) for 5TSG. The corresponding 

residues for PilB of P. aeruginosa and PilF of N. meningitidis were evaluated by Blastp (Table 

3.3 and Figure 3.11). 
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Table 3.3 H-bonding information of ADP and PilB (PDB ID 5TSG) and their corresponding 

residues in PilB and PilF model structures. 

PilB (5TSG) PilB (P.A) PilF (N.M)  

LEU300 LEU301 LEU290 

GLY328 GLY329 GLY318 

SER329 SER330 SER319 

GLY330 GLY331 GLY320 

THR332 THR333 THR322 

VAL333 VAL334 VAL323 

 

Figure 3.11 H-bonding residues (yellow balls) of A) PilF (shown in red) and B) PilB (shown 

in grey) are shown on the structures. 

The corresponding H-binding residues of PilB of P. aeruginosa and PilF of N. meningitidis, 

(Table 3.3), were also compared with MetaPocket server results (Figure 3.6 and Figure 3.8) 

and the results were found to be consistent. To sum up; a previously published work, a 

prediction server (MetaPocket 2.0) and the ADP binding region of these proteins all coincide 

at this central region (Figure 3.11); thus, binding of relevant inhibitors (drug molecules) to this 

region was found promising for inhibition of the T4P mechanism. 

3.4. Ligand Filtering  Results 

Piperidine-containing natural product molecules were retrieved from COCONUT. In total, 

4999 molecules were found in the database. These 4999 molecules were uploaded to the FAF-
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Drugs4 program for filtration. 528 duplicates were found to exist in the dataset. 1 molecule was 

a large compound and 2 molecules were found to belong to the isotope and inorganic group. 

After elimination of these molecules, 4468 molecules remained for further filteration 

(Appendix 1). A total of 3406 molecules passed the drug-like and PAINS filters. Upon the 

application of Lipinski Rule of 5 filter, 3119 molecules remained to be used in virtual screening 

(Figure 3.12). 

 

Figure 3.12 Filtering results of drug molecules taken from the COCONUT database. 

3.5. Molecular Docking Results 

After performing virtual screening of 3119 potential drugs to PilB and PilF structures (3 repeats 

for each structure), average binding scores are calculated for each ligand. Molecules having 

binding energies lower than  -8.3 kcal/mol were selected for further evaluation. Among them, 

51 common molecules were found to exist for both structures. Since these findings will be used 

in in vivo studies in the future, accessibility of the candidates was also considered when 

evaluating the results. Table 3.4 tabulates the details of these ligands along with their average 

binding affinities. From 51 ligands, 22 ligand molecules are available in ZINC and IBS NP 
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Databases, which assures their accessibility. Among these 22 ligands, those with binding 

energies less than -9.0 kcal/mol for both receptors are listed in Table 3.5, while the other ligands 

are listed in Table 3.6. Figure 3.13 summarizes the path followed in the evaluation of the 

docking results. 

Table 3.4 Average binding affinities obtained from molecular docking. 

 Binding Affinity values (kcal/mol) 

COCONUT ID  Mol. formula  Database PilF PilB 

CNP0007146 C25H26FN3O2S PubChem -9.23 Ñ 0.06 -9.20 Ñ 0.10 

CNP0011917  C23H26N4O5 ZINC -8.83 Ñ 0.15 -9.20 Ñ 0.10 

CNP0016011 C24H27FN6O2 ZINC -8.76 Ñ 0.12 -9.10 Ñ 0.10 

CNP0016012  C24H27ClN6O2 ZINC -8.33 Ñ 0.06 -9.46 Ñ 0.06 

CNP0016525  C23H23N3O5 ZINC -9.03 Ñ 0.12 -9.33 Ñ 0.06 

CNP0022152 [C24H22NO6]- PubChem -9.50 Ñ 0.10 -8.73 Ñ 0.21 

CNP0022640  C25H23FN2O2S ZINC -8.80 Ñ 0.17 -9.00 Ñ 0.20 

CNP0030078 C25H20F4N2O2 ZINC -9.96 Ñ 0.06 -9.73 Ñ 0.21 

CNP0040821 C24H21FN2O2 ZINC -9.10 Ñ 0.00 -9.06 Ñ 0.12 

CNP0043312  C25H20F4N2O3 ZINC -9.23 Ñ 0.12 -9.46 Ñ 0.06 

CNP0043486 C23H21N3O2 ZINC -9.23 Ñ 0.15 -9.03 Ñ 0.12 

CNP0044290  C26H31F2N3O3 ZINC -9.03 Ñ 0.12 -9.06 Ñ 0.06 

CNP0051132  [C28H37N4O3]+ supernatural2 -9.33 Ñ 0.06 -9.10 Ñ 0.00 

CNP0051517 C25H21F3N2O2 ZINC -10.16 Ñ 0.06 -9.30 Ñ 0.10 

CNP0057789  [C26H26NO6]- PubChem -9.53 Ñ 0.06 -8.86 Ñ 0.06 

CNP0061061  [C23H20NO6]- supernatural2 -9.43 Ñ 0.06 -9.26 Ñ 0.06 

CNP0063223  [C26H26NO6]- PubChem -9.36 Ñ 0.15 -9.30 Ñ 0.00 

CNP0065396  C24H21ClN2O2 ZINC -9.60 Ñ 0.00 -9.10 Ñ 0.10 

CNP0065750 C25H31FN4O3 ZINC -9.13 Ñ 0.15 -9.03 Ñ 0.06 

CNP0065844  C25H21F3N2O3 ZINC -9.36 Ñ 0.06 -9.46 Ñ 0.06 

CNP0107020 C25H24FN3O2 supernatural2 -9.16 Ñ 0.21 -9.03 Ñ 0.21 

CNP0107410 [C25H26NO6]- PubChem -8.43 Ñ 0.15 -9.33 Ñ 0.06 

CNP0159532  C25H30N6O2 ZINC -8.66 Ñ 0.12 -9.46 Ñ 0.15 

CNP0165443  C24H24N2O5 PubChem -9.26 Ñ 0.31 -8.93 Ñ 0.29 

CNP0196659 C25H25NO6 PubChem -9.46 Ñ 0.12 -9.43 Ñ 0.25 

CNP0209264 C23H21NO6 PubChem -9.2 Ñ 0.26 -8.76 Ñ 0.06 

CNP0210462 [C25H28NO7]- supernatural2 -9.03 Ñ 0.06 -9.26 Ñ 0.06 

CNP0224821  C25H25NO6 PubChem -9.03 Ñ 0.12 -9.46 Ñ 0.06 

CNP0230465  C21H20N4O4 IBS NP -9.46 Ñ 0.06 -9.03 Ñ 0.06 

CNP0233509 C25H25NO6 PubChem -9.36 Ñ 0.06 -9.13 Ñ 0.06 

CNP0238559 C24H23NO6 PubChem -9.10 Ñ 0.10 -9.16 Ñ 0.15 

CNP0249345  C22H19FN2O2S supernatural2 -8.46 Ñ 0.15 -9.30 Ñ 0.10 

CNP0243153 C21H21N PubChem -9.20 Ñ 0.10 -9.10 Ñ 0.00 
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CNP0268634  C25H25FN2O5 ZINC -8.66 Ñ 0.06 -9.40 Ñ 0.26 

CNP0271224  C25H27N3O2S PubChem -9.16 Ñ 0.12 -9.10 Ñ 0.00 

CNP0280245  C24H23NO6 PubChem -9.20 Ñ 0.17 -9.16 Ñ 0.06 

CNP0286302 C23H21NO7 PubChem -9.63 Ñ 0.06 -9.33 Ñ 0.06 

CNP0286892 C24H25FN2O3 ZINC -8.86 Ñ 0.12 -9.26 Ñ 0.06 

CNP0298576 [C26H26NO6]- PubChem -9.73 Ñ 0.12 -9.60 Ñ 0.10 

CNP0310895  C25H25NO6 PubChem -9.50 Ñ 0.00 -9.23 Ñ 0.32 

CNP0312113  C24H26F2N6O2 ZINC -8.93 Ñ 0.06 -9.26 Ñ 0.06 

CNP0345371  C27H38N6O2 ZINC -9.10 Ñ 0.10 -9.46 Ñ 0.06 

CNP0349705  C26H28N4O6 PubChem -9.33 Ñ 0.12 -8.63 Ñ 0.06 

CNP0365124  C23H20FN3O2 ZINC -8.66 Ñ 0.12 -9.56 Ñ 0.06 

CNP0381860 C26H28N2O5 PubChem -9.40 Ñ 0.10 -8.93 Ñ 0.06 

CNP0382277 C25H26N2O5 PubChem -9.10 Ñ 0.20 -8.90 Ñ 0.00 

CNP0383238  C26H27NO6 PubChem -9.03 Ñ 0.12 -9.46 Ñ 0.06 

CNP0384977  C26H27NO6 PubChem -9.06 Ñ 0.42 -8.96 Ñ 0.23 

CNP0393141  C23H22N2O6 PubChem -8.76 Ñ 0.06 -9.43 Ñ 0.06 

CNP0399110  C25H26FN3O2S PubChem -9.16 Ñ 0.23 -9.10 Ñ 0.20 

CNP0412126 C23H24N4O4 IBS NP -9.56 Ñ 0.06 -8.43 Ñ 0.12 

 

Figure 3.13 Evaluation of molecular docking results in terms of binding affinity and 

accessibility. 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues 

in the ADP binding region).
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues in 

the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues in 

the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues 

in the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues in 

the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues 

in the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues 

in the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues 

in the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues 

in the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues 

in the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues 

in the ADP binding region) (continued). 
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Table 3.5 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0051517, CNP0030078, CNP0230465, CNP0040821, 

CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNP0016525, CNP0065396, CNP0065844 (Orange circle: residues 

in the ADP binding region) (continued). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region) 

(continued). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region) 

(continued). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region) 

(continued). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region) 

(continued). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region) 

(continued). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region) 

(continued). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region) 

(continued). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region) 

(continued). 
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Table 3.6 Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917, 

CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orange circle: residues in the ADP binding region) 

(continued). 
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Ligands in Table 3.5 with binding energies less than -9.0 kcal/mol for both receptors were more 

likely to be candidates of potential inhibitors. These ligands are CNP0051517, CNP0030078, 

CNP0230465, CNP0040821, CNP0043312, CNP0043486, CNP0044290, CNP0065750, 

CNP0345371, CNP0016525, CNP0065396, CNP0065844. However, despite low binding 

affinities, some of these ligands were not positioned in the core ADP binding region such as   

CNP0044290, CNP0065750, CNP0016525, CNP0065396. Hence these ligands were 

eliminated and were not considered further. 

The residues interacting with or residues close to the ligands are summarized in Tables 3.5 - 

3.6. Among them, CNP0030078, CNP0051517 and CNP0065844 were selected as the best 3 

ligands with high binding affinites for both ATPases. For these ligands , the binding residues, 

bond types and biological activity evaluations are detailed below. 

 

Figure 3.14 2D structure of 11-(4-fluorobenzoyl)-5-[3-(trifluoromethyl)phenyl]-7,11-

diazatricyclo[7.3.1.0Į, ]trideca-2,4-dien-6-one [58] (COCONUT ID CNP0030078). 

Figure 3.14 shows the 2D structure of the ligand with the CNP0030078 COCONUT ID. 

CNP0030078 was successfully docked to PilF by forming hydrogen bonds at SER189, ILE277, 

LEU278, ASN279, SER280, LEU285, GLY320, VAL323, TYR326, GLU347, GLN441 and 

TYR500. There are hydrophobic interactions present among ALA283, LEU290, ILE348, 

LEU443, ARG496 of PilF and the side chains of CNP0030078. It also forms a halogen bond 

with THR322 of PilF. Among hydrogen bonding residues, GLY320 and VAL323 residue in 

the ADP binding region. LEU290, displaying a hydrophobic interaction and THR322 

displaying a halogen bond interaction between PilF and the related ligand, are also located in 

the ADP binding region.  

The same ligand was also docked to PilB and found to form hydrogen bonds with residues 

CNP0030078  
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SER201, ARG287, ILE288, LEU289, ASP290, ALA294, GLY331, TYR337, GLU358 and 

GLN452 and TYR508. There are also hydrophobic interactions among LEU301, VAL334, 

ILE359, LEU454, ARG504 and side chains of CNP0030078. Residue GLY331, among 

hydrogen binding residues, resides in ADP binding region. LEU301 and AL334, which display 

hydrophobic interactions, are also located in the ADP binding region. 

Biological activity results for CNP0030078 obtained from PASS server are given in Table 3.7. 

Cognition disorders, mood disorders, antipsychotic, dependence, attention deficit/hyperactivity 

disorder, neurodegenerative diseases, depression, anxiolytic, Parkinsonian, sleep disorders, 

Alzheimer's disease are all nervous system diseases. Hence, it can be concluded that this ligand 

is biologically active in nervous system related diseases mostly, with Pa values higher than 0.5. 

Table 3.7 Predicted bioactivities for CNP0030078. (Predicted with PASS [128]) 

Predicted Activity 
Probability to 

be active (Pa) 

Probability to 

be inactive (Pi) 

Analgesic, non-opioid 0.701 0.011 

Cognition disorders treatment 0.648 0.009 

Mood disorders treatment 0.627 0.013 

Antipsychotic 0.620 0.013 

Dependence treatment 0.612 0.005 

Analgesic 0.613 0.024 

Attention deficit/hyperactivity disorder treatment 0.592 0.005 

Neurodegenerative diseases treatment 0.580 0.046 

Antidepressant 0.549 0.019 

Anxiolytic 0.545 0.019 

Antiobesity 0.540 0.028 

Antiparkinsonian 0.536 0.026 

Sleep disorders treatment 0.512 0.005 

Alzheimer's disease treatment 0.530 0.035 

 

  

Figure 3.15 2D structure of 11-benzoyl-5-[3-(trifluoromethyl)phenyl]-7,11-

diazatricyclo[7.3.1.0Į, ]trideca-2,4-dien-6-one [58] (COCONUT ID CNP0051517). 

CNP0051517  
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Figure 3.15 shows the 2D structure of the ligand with the CNP0051517 COCONUT ID. 

CNP0051517 was successfully docked to PilF by forming hydrogen bonds with ILE277, 

LEU278, ASN279, SER280, ALA283, LEU285, GLY320, THR322, TYR326, GLU347, 

GLN441 and TYR500. There exist hydrophobic interactions between LEU290, VAL323, 

ILE348, LEU443, ARG496 and side chains of CNP0051517. Among hydrogen binding 

residues, GLY320 and THR322, reside in ADP binding region. LEU290 and VAL323, which 

display hydrophobic interactions, are also located in the ADP binding region.  

The same ligand was also docked to PilB and found to form hydrogen bonds with SER201, 

ILE288, LEU289, ASP290, SER293, ALA294, THR333, VAL334, THR338, GLU358 and 

ARG504. There are also hydrophobic interactions between MET296, TYR337, ILE359 and 

side chains of CNP0051517. THR333 and VAL334, where PilB forms hydrogen bonds with 

CNP0051517, reside in the ADP binding region.  

Biological activity results for CNP0051517 obtained from PASS server are given in Table 3.8. 

Accordingly, it can be concluded that this ligand is also biologically active in diseases related 

to the nervous system mostly, with Pa values higher than 0.5.  

 

Table 3.8 Predicted bioactivities for CNP0051517. (Predicted with PASS [128]) 

Predicted Activity 
Probability to 

be active (Pa) 

Probability to be 

inactive (Pi) 

Analgesic, non-opioid 0.692 0.012 

Cognition disorders treatment 0.668 0.008 

Dependence treatment 0.621 0.005 

Attention deficit/hyperactivity disorder treatment 0.618 0.005 

Mood disorders treatment 0.622 0.014 

Antipsychotic 0.598 0.014 

Analgesic 0.603 0.026 

Antidepressant 0.542 0.020 

Antiparkinsonian 0.546 0.024 

Antiobesity 0.546 0.027 

Sleep disorders treatment 0.521 0.005 

Anxiolytic 0.532 0.020 

Neurodegenerative diseases treatment 0.555 0.055 

Alzheimer's disease treatment 0.504 0.043 

 



 

66 

 

 

Figure 3.16 2D structure of 11-benzoyl-5-[4-(trifluoromethoxy)phenyl]-7,11-

diazatricyclo[7.3.1.0Į, ]trideca-2,4-dien-6-one [58] (COCONUT ID CNP0065844). 

Figure 3.16 shows the 2D structure of the ligand with the CNP0065844 COCONUT ID. 

CNP0065844 was successfully docked to PilF by forming hydrogen bonds with ILE277, 

LEU278, ASN279, SER280, ALA283, LEU285, GLY320, THR322, TYR326, GLU347, 

ARG496, ALA497, GLY498 and TYR500. There are hydrophobic interactions between 

VAL323, ILE348, LEU443 and side chains of CNP0065844. There is also halogen bond at 

LEU290. The residues GLY320, THR322 among hydrogen binding residues of PilF, residue 

in the ADP binding region. VAL323, which has a hydrophobic interaction and LEU290 which 

has a halogen bonding interaction between PilF and the related ligand, are also located in the 

ADP binding region.  

The same ligand was also docked to PilB and formed hydrogen bonds with ILE288, LEU289, 

ASP290, ALA294, SER291, GLN295, LEU301, GLY331, THR333, TYR337, VAL505, 

GLY506 and TYR508. There are also hydrophobic interactions between VAL334, ILE359, 

LEU454 and side chains of CNP0065844. There is also a halogen bond forming at ALA300 

and ARG504. Residues which are located in the ADP binding region are; LEU301, GLY331 

which form H-bonds, VAL334 which forms a hydrophobic bond with CNP0065844.  

 

 

 

 

 

 

CNP0065844  
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Table 3.9 Predicted bioactivities for CNP0065844. (Predicted with PASS [128]) 

Predicted activity 
Probability to 

be active (Pa) 

Probability to be 

inactive (Pi) 

Cognition disorders treatment 0.640 0.010 

Dependence treatment 0.604 0.005 

Analgesic, non-opioid 0.588 0.024 

Mood disorders treatment 0.573 0.018 

Attention deficit/hyperactivity disorder treatment 0.546 0.005 

Antiobesity 0.561 0.025 

Antiparkinsonian 0.540 0.025 

Antipsychotic 0.534 0.020 

Analgesic 0.546 0.037 

Sleep disorders treatment 0.500 0.005 

Antidepressant 0.502 0.024 

Alzheimer's disease treatment 0.511 0.040 

Neurodegenerative diseases treatment 0.523 0.067 

Biological activity results for CNP0065844 obtained from PASS server are given in Table 3.9. 

The comparison of the results for the three ligands has shown that; CNP0030078, which is 

found to be biologically active in the treatment of nervous system diseases, has higher Pa values 

compared to CNP0051517 and CNP0065844.  

3.6. Evaluation of Potential Drug Molecules 

It has been observed that the ligands with the best binding scores (CNP0030078, CNP0051517 

and CNP0065844) have some additional common properties apart from containing piperidine. 

One of these features is that the biological activities of all 3 molecules are similar and related 

to the treatment of almost the same/similar diseases. Since P. aeruginosa and N. meningitidis 

are known to cause central nervous system infections, the fact that the predicted biologic 

activities of ligands CNP0030078, CNP0051517 and CNP0065844 giving high Pa values on 

nervous system-related diseases is promising. 

Additionally, when the chemical structures of these ligands were examined, it was seen that 

there exists common functional groups and an aromatic ring including a benzoyl group, a 

trifluoromethyl group and a phenyl group. When investigated in detail, it was found that the 

benzoyl group is known to have antibacterial, comedolytic and anti-inflammatory activities 

[132]. The trifluoromethyl group is very important in medicinal chemistry. It is commonly used 

to modulate physicochemical properties and increase drug molecule binding affinity [133]. The 

phenyl ring is found in naturally occurring penicillin V structure (Figure 3.19). As is known, 

penicillin, has historically been used for the treatment of laboratory-confirmed meningococcal 
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infections. In fact, a very recent study has shown that the compound with no substituents on 

the phenyl ring had a weaker activity against E. coli than the compounds with substitutions on 

the phenyl ring [134]. 

 

Figure 3.17 Penicillin V structure [135]. 

In the light of this information, we can conclude that ligands CNP0030078, CNP0051517 and 

CNP0065844, which consistently bind with high affinites when docked to PilF and PilB 

structures are promising when their chemical structures are considered as well. 

Another common feature of these ligands is that they interact with the residues residing in the 

ADP binding region of PilF and PilB structures. When binding region residues were examined 

for PilF, it was observed that all three drug molecules bind to LEU290, GLY320, VAL323 and 

THR322 at the ADP binding region. In PilB, the three molecules interact with VAL334 of the 

ADP binding region.  Hence, it can be concluded that  VAL323 of PilF and VAL334 of PilB 

have important roles in the inhibition of these T4P assembly ATPases, since these VAL 

residues are analogous to each other .  
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4. CONCLUSION 

The aim of study was to propose potential inhibitors of natural product origin against the T4P 

assembly ATPases of P. aeruginosa and N. meningitidis. The structures of the ATPases were 

modelled using homology modelling and the binding regions of the target structures were 

selected based by results from online tools and previously published studies, which coincidesd 

with the ADP binding region of these enyzmes. Based on the finding that an inhibitor of N. 

meningitidis assembly ATPase, PilF, had piperidin in its structure, natural products containing 

the piperidin structure were screend as potential inhibitory molecules. To this end, piperidine-

containig natural produvts were retrieved from COCONUT and were filtered according to their 

drug-likeness properties. Then virtual library screening was performed using these molecules 

as ligands for PilB and PilF. Twelve common ligands with binding energies less than -9.0 

kcal/mol for both assembly ATPases were found. Among these, 3 molecules with the highest 

binding scores were examined in detail. Their structural similarities, the consistency of their 

biological activities, and the common binding region residues provide important information 

in the inhibition of T4P assembly ATPases of P. aeruginosa and N. meningitidis. The obtained 

results can guide future in vivo studies for drug development.  
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APPENDIX 

APPENDIX 1.  Filtering results of ligands. 

COCONUT ID of Ligands Lipinski Violation PAINS Filter  Drug-Like Soft Filter  

CNP0193594 0 Pass Accepted 

CNP0153358 0 Pass Rejected 

CNP0346863 0 Pass Accepted 

CNP0114360 1 Pass Rejected 

CNP0178463 1 Pass Rejected 

CNP0128542 2 Pass Rejected 

CNP0197790 2 Pass Rejected 

CNP0158123 0 Pass Accepted 

CNP0142808 0 Pass Rejected 

CNP0147107 0 Pass Accepted 

CNP0281271 0 Pass Accepted 

CNP0061152 0 Pass Accepted 

CNP0063191 0 Pass Accepted 

CNP0059164 0 Pass Accepted 

CNP0029937 1 Pass Accepted 

CNP0170064 0 Pass Accepted 

CNP0172011 0 Pass Accepted 

CNP0288592 0 Pass Accepted 

CNP0050384 0 Pass Accepted 

CNP0035124 0 Pass Accepted 

CNP0061695 0 Pass Accepted 

CNP0353448 0 Pass Accepted 

CNP0012499 0 Pass Accepted 

CNP0233037 0 Pass Accepted 

CNP0012531 0 Pass Accepted 

CNP0256190 0 Pass Accepted 

CNP0384239 0 Pass Accepted 

CNP0272649 0 Pass Accepted 

CNP0011503 0 Fail Intermediate 

CNP0056322 0 Pass Accepted 

CNP0308909 0 Pass Accepted 

CNP0126944 0 Fail Intermediate 

CNP0141705 0 Fail Intermediate 

CNP0146476 0 Pass Accepted 

CNP0145355 0 Pass Rejected 

CNP0004110 0 Pass Accepted 

CNP0385359 0 Pass Accepted 

CNP0187689 0 Pass Accepted 

CNP0108514 0 Pass Accepted 

CNP0242943 0 Pass Accepted 
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CNP0166465 0 Pass Accepted 

CNP0117777 0 Pass Accepted 

CNP0012518 0 Pass Accepted 

CNP0100862 0 Pass Accepted 

CNP0194466 0 Pass Accepted 

CNP0120611 0 Pass Accepted 

CNP0349594 1 Pass Accepted 

CNP0386142 0 Pass Accepted 

CNP0239731 0 Pass Accepted 

CNP0187175 0 Pass Accepted 

CNP0069030 0 Pass Accepted 

CNP0189509 0 Pass Accepted 

CNP0349580 1 Pass Accepted 

CNP0349596 1 Pass Accepted 

CNP0251070 0 Pass Accepted 

CNP0029353 0 Pass Accepted 

CNP0012498 0 Pass Accepted 

CNP0012517 0 Pass Accepted 

CNP0410475 0 Pass Accepted 

CNP0366768 0 Pass Accepted 

CNP0035545 0 Pass Accepted 

CNP0031869 0 Pass Accepted 

CNP0006935 0 Pass Accepted 

CNP0012513 1 Pass Accepted 

CNP0012530 0 Pass Accepted 

CNP0308604 2 Pass Rejected 

CNP0012720 0 Pass Accepted 

CNP0338109 1 Pass Rejected 

CNP0236730 1 Pass Rejected 

CNP0335046 0 Pass Accepted 

CNP0244798 1 Pass Rejected 

CNP0401954 1 Pass Rejected 

CNP0012741 0 Pass Accepted 

CNP0301444 1 Pass Rejected 

CNP0253442 2 Pass Rejected 

CNP0279543 2 Pass Rejected 

CNP0299365 2 Pass Rejected 

CNP0300526 1 Pass Rejected 

CNP0222065 2 Pass Rejected 

CNP0228053 0 Pass Rejected 

CNP0208324 2 Pass Rejected 

CNP0158413 2 Pass Rejected 

CNP0285577 2 Pass Rejected 

CNP0196140 2 Pass Rejected 

CNP0271458 0 Pass Accepted 

CNP0310785 2 Pass Rejected 
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CNP0069756 0 Pass Rejected 

CNP0270932 0 Pass Accepted 

CNP0303118 0 Pass Accepted 

CNP0224317 1 Pass Rejected 

CNP0288815 2 Pass Rejected 

CNP0194211 2 Pass Rejected 

CNP0396673 0 Pass Accepted 

CNP0332625 2 Pass Rejected 

CNP0213465 2 Pass Rejected 

CNP0155443 2 Pass Rejected 

CNP0323159 0 Pass Accepted 

CNP0147280 0 Pass Accepted 

CNP0359877 0 Pass Accepted 

CNP0120841 1 Pass Rejected 

CNP0103038 1 Pass Rejected 

CNP0292895 1 Pass Rejected 

CNP0267069 0 Pass Accepted 

CNP0379746 0 Pass Accepted 

CNP0179538 0 Pass Accepted 

CNP0034170 0 Pass Accepted 

CNP0276525 0 Pass Accepted 

CNP0378251 0 Pass Accepted 

CNP0212990 0 Pass Accepted 

CNP0303387 0 Pass Accepted 

CNP0188708 0 Pass Accepted 

CNP0382476 0 Pass Accepted 

CNP0212699 0 Pass Rejected 

CNP0115380 0 Pass Accepted 

CNP0187310 0 Pass Accepted 

CNP0402623 0 Pass Accepted 

CNP0379665 0 Pass Accepted 

CNP0186944 0 Pass Accepted 

CNP0183001 2 Pass Rejected 

CNP0257860 2 Pass Rejected 

CNP0290104 2 Pass Rejected 

CNP0377823 2 Pass Rejected 

CNP0123394 2 Pass Rejected 

CNP0273471 2 Pass Rejected 

CNP0311080 2 Pass Rejected 

CNP0177411 0 Pass Accepted 

CNP0355055 0 Pass Rejected 

CNP0028634 0 Pass Accepted 

CNP0233889 0 Pass Rejected 

CNP0049621 0 Pass Accepted 

CNP0331180 0 Pass Accepted 

CNP0319952 0 Pass Accepted 




