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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 lead to alternativetherapeutic approaches. An attractive strategy is to identify
molecules that target bacterial virulence as an alternativaddional antibiotics with low
efficacies Anti-virulence therapies cleanse the pathogens from their weapons instead of killing
the pathogens that cause infectiorss thesis worknvestigateshe inhibition oftheassembly
ATPaseot ype 4 piR. aedugnogaldNAneningitdisThese microorganisms are
amongtheNor | d Heal th Organizationds | ist yf pat
to develop new antibioticBased on the finding that the selected targed.imeningitidisis
inhibited by a compound contining the natural product piperidin in its struatutigs thesis
piperidineincluding natural productsvere screened for their inhibitio.o this end PilB
protein ofP. aeruginosandPilF protein ofN. meningitidis werestudied in detail. The binding
regions in the target structuregre determined by etaPocket 2.0Previous studieseported

the importance of thADP bindingregions in the inhibition of TAMBased on this information,

the ligand binding regia were selectedComputational drug libraryas retrieved from
COlleCtion of Open Natural prodUcTs (COCONUandFAF-Drugs4was usedor filtration.
Finally, in order toselectnatural products that inhibit tressemblyATPase virtual library
screeningwas performed.Ligands with binding energiesetterthan-9.0 kcal/mol for both
structuresvere acceptedaspotential inhibitorsBiological activity estimatioaof 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
providevaluable information for the inhibition of T4P pratsin this work,molecules that

can be considered as antivirulence targets in bacterial infectioRs aéruginosaand N.

meningitidiswere determined.
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1. INTRODUCTION

1.1. Bacterial Infections

Bacteria are everywherAlthough tey are vital to the preservation of the ecosystem in which

we live, infectionscaused by bacteria have a significant impact on human h&akhrapid

spread of bacterial diseases angl itmability to prevent this constitutes a big probldh As
microorganisms rapidly gain resistance against newly developed antibiotics, the number of
pathogenic bacteria (which commonly have multiple drug resistance) also riagidigses.

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 theeduced raten new antibidic discovery lead to different therapeutic
approachegl], [2]. In general, antibioticas antibacterial agentisnction by killing bacteria

The firstantibiotic penicillin, was coincidentaly discoveed by Fleming (when Penicillum

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

moleculesusingsimilar screening methods continyé&gl.

Based on the properties of their cell wablacteria are classified as Grausitive or Gram
negative. The majority of bacteria, although not all, fit into on&ee two types. One of the

key clinical distinctions between grapositive and grarmegative bacteria is thtte latterare

more likely to create an endotoxin, which can induce tissue damage, shock, and death.
Antibiotic susceptibilities varbetween theetwo typeg4]. Thereis an urgent neetb develop

new treatmentsfor these bacterial infectionglue to therapidly increasing resistance to
antibioics and the slowing dowim the discoveryate of new antibiotic classes [9]. For this
purpose, targeting the anirulence of bacteria has been the subjectoént studieas a novel

strategy

Current work invol ves t he Pseadbmobas deruginosad f t yp-
Neisseria meningitidisivhich are considered as virulence targétseese microorganisms are
selected from World Health Organi zatugetnods | i
needto develop new antibiotid®]. Type 4 Pili T4P) is an important virulence factor both

bacterig6] and is the main target of this study this end PilB protein ofP. aeruginosand

PilF protein ofN. meningitidishave beestudied in detail.



1.1.1Neisseriameningitidis

The Gramnegative diplococcul. meningitidis generally known as meningococcus, is one of

the most common causes of bacterial meningitis across the Wprltl causes an important
infectious disease that can result in death or disability in both children and adults all over the
world [27]. Its lipopolysaccharideq part ofits outer membrane has endotoxinfunction and

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

proteins on its surface [29Y4e ni ngococc al infection was firs
outbreakof fast onset, hemorrhagic eruption, febrile course, and high mortality with gross
infl ammation of the central n e of\l&DbirsGerseyas t € mo
Switzerland8]. Invasive meningococcal iliness had a death rate of 70% to 90% before passive
immune or antibiotic therapyecame availabléderrick noted in 1919, long before the age of
antibiotics and intensive care, that fAno oth
[9]. This is still true after more than 100 yedEsven when the disease is detected early and
appropriate treatment is initiated;18% of the patients die within 24 48 hours aftethe

beginning ofthe symptoms. Meningococcal meningitis is deadly in 50%hefcases if left

untreated, and.0- 20% of the survivors may suffer from brain damage, hearing loss, or
disability [10]. Despite the availability of effective antibiotics, the pathogenic bachéria
meningitidismay still cause sepsis and meningitis and remains a serious medical pf8hlem

[11]. A very recent study indicated that T4PNn meningitidiscould be an important anti

virulencetargetagainst meningococcal diseases [10], [30].

Vaccines are the most efficient stratsppgainstselectedbacterial meningitisypes despite
not being100 percent effectiveConsequentlybacterial meningitis can still be observed in
thosewho have beewmaccinatedUpon detection ofmeningitis,it is immediately treated with
several antibiotic§12]. However, grammegative infections are particularly concerning since
gramnegativebacteriadevelopresistanceto almost all antibiotic drugshat arecurrently

available, reminding prantibiotic era conditionEL3].
1.1.2 Pseudomonaseruginosa

One of the common gramegative opportunistic bacteria relatedospitatacquired illnesses
is P. aeruginosalt 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 GCBNIS (National Nosocomial Infections

Surveillance, & Department of Health and Human Servig&4). P. aeruginosas the reason
2



of about 5% of neonatal meningitj$5]. Pseudomonas infections often result in death,
especially in people with cystic fibrosis. Due to its opportunistic nature, this bacterium triggers
serious health problend6]. According to most recent informatiom the United States,
multidrugresistantP. aeruginosacaused approximately 32,600 infections and 2,700 deaths
among patients in 201717]. The firstline therapy is commonly an aminoglycoside combined
with betalactam antibiotics However, their use clashes with the alarming incidence of
antibiotic resistance, which is a global hea@dmcern18].

A recent studystated that new drugs such as plazomycin, meropeadorbactam and
aztreonarravibactam haveninor effectonP. aeruginos419]. However, esistance continues

to be a source of concedew treatment strategies are needed due to high levels of antibiotic
resistance, abundant biofilm development and a wide range of virulence factors generated by
these bactéa [18], [20], [21] . The ability ofP. aeruginosao form biofilm makes it difficult

to completely eradicate infections related to this bactef@@h It has been observed that

bacteria can be inactivated by inhibiting its virulence factors related to biofilm fornj28pn

1.2. Antimicrobial R esistance

Antimicrobial resistance (AMR) has started to emerge as one of thesemmsis public health
issues of the twentfjrst century, posing threat to the effective prevention and treatment of an
everwidening range of infections caused by bacteria, pathogens, viruses, and fungi that are no

longer susceptible to common antibiotif4].

When bacteria are exposed to antibiotic medications, antilbestistance develops naturally.
Susceptible bacteria are killed or hindered by antibiotics, but bacteria that are natively (or
inherently) resistant or have acquired antibioéisistance characteristics. Limiting a drug's
uptake, modifyingts target, inativatingit, and activelrugeffluxing are the basic mechanisms

of resistance. These processes ralgadybe presentin bacteria or acquired from other
microbeq24], [25].

Antibiotic resistance in bacteria makes the problem of AMR even more important. Bacteria
that cause common or seriolisesses have evolved resistance to each new antibiotic that
comes to market over several decadesspite the extensive use of antibiotics and vaccines,
bacterial infections remain a serious cause of death in the whole \Mand therapies are
urgently reeded to avoid high death rates owing to untreatable diseases as antibiotic and
multidrug resistance becomes more widespread in the éinithiotics which break resistance

are being developed at an increasing rate and several innovative antimicrggsaddralready

3



in the clinical stages of developme|@6]. However, it is unclear if this traditional method will

be successful in identifying novel medicines with antimicrobial activity against these pan
resistant baeria in the near futur27]. It is inevitable to develoglternative strategidsr the
treatmenbf these bacterial infectiorthie to theapidincrease ofintibioticresistanceand the

slow discovery ofiewantibiotic classep?].

1.3. Anti -Virulence

AANti-virulencetheragyo, in which only virulenceassociated features are targeted rather than
survival/fitnessrelevant oneds one attractive approach to antibiotic treatménather terms,

the antiinfective medication disrupts the pathogenicity pathways, especially the properties of
bacteria that cause diseadati-virulence therapiesleanse the pathogens from their weapons
instead of killing the pathogens that cause infestionhumans. This approach targets the
virulence of bacteria rather than the viability of the bacteria with "do not kill, disarm" approach.
Thereby, it neitheappliesselective pressurendhe target bacteria nor haswther living things
around it[27], [28]. Targeting virulence has a number of potential benefits, incly8ing

i. abroader range of potential pharmaceutical targets

ii.  developing antimicrobials with novel action mechanisms
iii.  lessening theesistancduild-up due to lower selective pressure
iv.  potentiallypreserving the intestinahicrobiota

Two of the earlies@antivirulence strategies arthe inactivation of tetanus and diphtheria
(known as bacterial toxing29], [30]. Although a large number of antiral therapeutics have

been reportedThe Food and Drug Administration (FDA) has only approved three antibody
based therapig81], [32]. Recent attempts in the development of-aimilence medicias have

focused on specific pathogen features or pathways that are essential for infection and sickness
[27].
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Figure 1.1Factors that cause virulence and their functions.

Bacteria create a variety of virulence factors that help them invade and infect theif hesgs.
virulence factors are illustrated in Figure 1lditial contacts and adherence to host cells can

be facilitated by pili, flagella, and surface proteins .(eaglhesins). 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.
Lipopolysaccharid€LPS) is a bacterigendotoxin that causes an immunological response in

the host. Bacterial capsules allow for immune evasion and host cell attagBijent

All of the available information indicates that the identification of small molecules that can be
used as antvirulence drugs is an important opportunity to fill a serious gdlpanreatment of

bacterial infections.

One of the selged pathogens, a gramegativebacteriumP. aeruginosaauses infection with
various virulence factors and a very recent study indicatedr¢fain N. meningitidiscould

be an important antiirulencetargetagainst meningococcal disea$gf [33].

The most common virulence factors of bacterig@xaskilling or altering signal transduction
in mammalian cellsspecialsecretion systendistributing effectorandadhesinsattaching to

host cells and aiding colonizatiddince the production of virulence features are metabolically

5



costly, gene expression is meticulously controlled to ensure that it only happens at the
appropriate place in the host for colonizatidd]. The main features of thegrulence factors
are explained below:

Toxirs. Bacterial species release a wide range of toxins, which cause eukaryotic host cells to
be altered andhenceillnesses occur. Bacterial toxins harm the host at the site of bacterial
infection or at a distanc&@heyinduce norcovalent alterations of hoptotein function or can

alter host cell characteristics via direct protpiotein interactionsin pathogenesis, these
poisons are frequently identified as the first virulence factdrs discovery that protein toxins

are frequently structured intdiscrete domains containing a catalytic, receptor binding, and
translocation domain enabled the fast production of dissasteolling vaccinations[27],

[35].

Secretion system$/lany bacterial infections have a secretory system that looks like a syringe
and is used tonject toxic materia{effectors) into the host cell. These effectors imitate host
protein function and significantly affect mammalisignalling networks, contributing to the

illness processThree distinct secretory systems, type lll, IV and VI, are involved in the
translocation of bacterial effectors directly into the host célts.aid microbial survival,
invasion, or adhesion, these released effectors frequently affect signal transduittehast

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 Il secretion systems look like syringes andahgffectors into host cells, whereas type

IV secretion systems employ a pililse structure to inject effectors into host cells, and type

VI secretion systems are tubular structures and are most recently chara¢géjized

Adhesion Internalization, deeper tissue penetration, and possibly systemic distribution are
typically initial steps inaninfection process, which also includes adhesion. Bacteria have a
variety of appendages for sticking to the host surfamotyding pili, fimbriae, and flagella in
some circumstance8acteria invade and infect host cells by attaching to tf@fh This

mechanism is illustrated in the Figure



Bacteria )
. . Adhesins, pili and

fimbriae Pili biogenesis
in bacterial cell

Host cell receptors

Pili
subunits

Host cell membrane

== =

Bacteria

Block pili

and bacterial
adhesion Inhibit pili
}7 biogenesis

Figure 1.2 Bacteria attach to host cells in order to colonize and infect the host. Therapeutic
inhibitors are represented as red circles, and badikriking techniques are given. a) Pili or
fimbriae, which are 'hailike' structures that attach to certain hoseptors, are among the
most prevalent adhesins. Ksthe case of the P pili gfathogenidescherichia coli adhesion

can be blocked by blocking the formation of the adhesion complex. b) A schematic
representation of pili assembly on bactesarface. To eate 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 migrateréach their gecific sites of infection once they have
entered the hodb initiate the disease procedali/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 bactarreach the infection regio€ell 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 théost cell surface in close proximity, which is necessary for the creation and

activaton of secretion systems.

Sincethe adhesion structures are pathegpecific and only bind to host cells that express the
matching receptor, they might be used to develop novelrdattives.[38]. Bacteria strictly
limit the development of energyraining pathogenicity factors and virulerassociated
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features to save energydpromote their biological fitnedglany control circuits and networks
implicating distinctregulatory componentand sensory working at the transcriptional level
have been uncovered as a result of recent breakthroughs in virulence reg@atah.
trarsductionand £nsory molecules in bacteria, global and particular transcriptional regulators,
andregulatory mechanisms based on Ral& among some examplés essential benefit of
targeting signal transduction and regulatory processes is that thes# sgstigms are unique

to bacteria and are not found in eukaryotic host célereis an increasing number and
diversity of global virulence transcriptional regulators that are mostly conserved among
bacteriayet specialized for prokaryotic regulation of gene expressioglzarge coexpression

of hostadapted metabolism, host stress adaptation, and virulence fabtotse able to
effectively grow inside the host and thereby develop an infectious diseas¥jebhate the
urgency to adapt to rapid environmental changes. Hence, subject regulators should be targeted

for an effective treatmefi39].

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

The filamentous organelles that provide bacteria movement are batiestial flagella. This
structure found in gram negative bacteria is calledpfimbriae They are shorter anditner

than flagella.They are multisubunit bacterial cell surface protuberances that enhance the
colonization and adhesion of bactekiéth the help of these structures, they push the cells into
liquids (swimming) or surfaces (gliding) so that they oave towards suitable environments
and form coloniesT4P plays a key role in the virulence of a variety of bacterial disepE#s

[41].

1.4.1Structural details of T4P and pilin proteins

T4P are made up of pilin proteins organized in a helical array, with the pilus core filled with
conseved hydrophobic amirterminathelices and the outside shell made up of more variable
carboxyterminal globular domainsT4P are essential for DNA uptake, surface detection,
virulence, protein production, and twitching movement among other microbial activdies.

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

depolymerized by ATPases faacilitate fiber extension and retraction, respectively.

T4P structures with significantly greater resolution have been discoubigiks to new
breakthroughs in cryelectron microscopy (cry&M) [42], offering new insigts into pilus

formation and mechanical characteris{¢3], [44].
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The detailed examination @4P mechanism is shown indure 1.3

Major pilin Minor pilins
* PilA (P. aeruginosa, « PilE, PilX, PilW, PilV,
M. xanthus) FimU (P. aeruginosa)
* PIlE (N. gonorrhoeae) * PilH, Pill, Pil}, PilK PilL
* TepA (V. cholerae) (N. gonorrhoeae)
e PilX1, PilV1, PilW1,

3 FimU1 (M. xanthus)
Secretin
« PilQ (P. aeruginosa, * TcpB (V. cholerae)
N. gonorrhoeae,
M. xanthus)
* TepC (V. cholerae)

O0O0O00000O0OOOOOOO0OO0COOOROCO0O00

Alignment proteins 3
» PilM, PilN, PilO, PilP Peptidoglycan
(P aeruginosa,
N. gonorrhoeae,
M. xanthus)
* TcpR TepD, TepS
X (W cholerae) EE OB O P, GO v ) 0 DOOOOOCCCOOCOCCOOOCCOOO0CO0OC
2000000CCOOOCCOCOOOOOOOOCONOCT OOCO0OOOCCOOOCOO0OOO0 t‘;!l.‘tn(i
Cytoplasm
Platform protein
* PilC (P. aeruginosa,
M. xanthus)
* PilG (N. gonorrhoeae)
* TcpE (V. cholerae)
Assembly ATPase
Retraction ATPase * PilB (P aeruginosa, M. xanthus)
* PilT (P. aeruginosa, * PilF (N. gonorrhoeae)
N. gonorrhoeae, M. xanthus)  TepT (V. cholerae)

Figure 1.3 The type IV pilus machine's architectyed]. All TAPs containa cytoplasmic
assemblhATPase (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 membr(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 pieins) and are stabilized by the cytoplasmic regions of sequencer
proteins (grey regions, alignment proteing)dividual protein names dP. aerughosa N.
gonorrhoeagMyxococcus xanthuendV. choleraare listed in this figure for the complex T4P
systemg44].

In P. aeruginosePilB ATPase assembles the pilus, while PiIT ATPase disassembiakBit.

and PIlT bind to the Merminal and @erminal cytoplasmic domains of PIlC, the inner
9



membrane platform protein that coordinates ATPases. AlilBase is a hexamer accorg to
cryo-electron tomography. Without ATP, fdkngth PilB forms a hexameric structure, but
ATP stabilizes the hexameric comple4].

T4P has been the focus of attention because of its critical role in the pathogeniity of
meningitidisandP. aeruginoa. T4P inP. aeruginosaids in twitching motility and adhesion,
thereby allowing colonization of the opportunistic pathogen. T4AReigseriameningitidisis
required for bacterial aggregation, twitch motility, natural transformation, adhesion, and signal

transduction with host cel[g¢5].
1.4.2 0Overview of the T4P asemblyATPasesmechanism

The T4P filament is aroun®-8 nm in diameter and extends a few microns beyond the cell
body morphologically. PilF or PilB (shown in figure 1.4 as green owas¢mbles this thin
filament from membranrembedded monomeric pilins and traverses the whole cell envelope
of gramnegatie bacterig46]. T4P assembly ATPases are members of the AAA+ superfamily
of enzymes, which function as molecular motors that use the energy released by ATP
hydrolysis toperform mechanical transformatiom4P 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 PASlike domain and a conservedt@minal RecAlike motor domain are
included in all secretion ATPases. Additional GSPII domains are found attivenihus of
assembly ATPases. Early biophysical tests revealed that these motors are hexameric rings, and

crystal structures and electron microscopgraborated this hypotheqdi4].

Figure 1.4 General model foassemblyATPaseqPDB ID: 5TSG)[48]. The letters A, B, C,

D, E and F represéeach monomer and ADP molecubes shown in yellow
10



Only two molecules of ATP bintb 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 modelkigure1.4. The closed state is defined as an ARfind

state. ADP releaseauses 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 positioifowever, no irsolution evidence exists to suppor

the hypothesized procelg®]. 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. Mosairthe
products(NP) that are found suitable and therefore used for treatment purposes have serious
biological activitieshowever theirAbsorption, Distribution, Metabolism, Excretion, and
Toxicity (ADME/T) propertiesshould be evaluatg®2], [50]. Due to their diversity and wide

range of bieactivities,NPscarry grat potential for drug desid@8]. In addtion to the increase

in the number oNP suppliers in recent years, the numbeN&f databasebtas also rapidly
increased51]. After 200Q to date thereare 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 downloadinyBBas a single sdf file,

which is a criteriarequired for virtual screening. Some of these resources are; (G2fBI
ChEMBL[53], Chem®ider [54], PubCheni55], ZINC15 [56] and ChemBank57]. On the

other hand, the COlleCtion of Open Natural ProdUcTs (COCON[38) is a database
bringing together all thes®tural productesourceslt is one of the biggest and best annotated

database for NRsvhich is available free of chargadwithout any restriction9].
1.5.1Biologically active piperidine containing dugs

Piperidine is an incredibly significant building block in the production of pharmacological
substances and is the most regularly utilized heterocycle amd@gFDIA approved
medicationslts 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 atfention
scientists in the field. This heterocycle and its derivatives have a variety of functions and have
been used as ardggregants, anticoagulants, antihistamines, anticancer agents, and analgesics.

Alogliptin, ritalin, and risperidone are pharmaceutigaltcessible medications that contain the
11



piperidine nucleus and are used to treat diabetes, schizophrenia and concentration increase in
children[60], [61], [62].

Piperidineis synthesized from lysine and found in black peppbere are a wide group of
synthetic and natural chemicals withs six-membered herocyclic nucleus shown in Figure
1.5 Many natural alkaloids contathis nucleus. These molecules are extremely irtgt in
medidnal chemistrysincethe nucleus confers substantial biological characteriggjs The
piperidine scaffold has been proven to be useful in a variety of pharmaceuticapdrsgst
in the marke{61].

N
H

Figure 1.5Chemical sructure of pipedine [64].

1.6. Computer - Aided Drug Discovery Approach

The discovery and developmentadfirug is extremely difficult, costly, and tirmnsuming.
Thanks tothe advanament of computational tools and proceduréds procesfias been
acceleratedDue toits applicability in drug discovery and development, computer aided drug
design (CADD), also known as silico screening, hasecentlybecome avidely usedstrong

techndogy [65]. Steps of CADD Process are shown in Figure 1.6.
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BINDING MOLECULAR

STRENGTH INTERACTIONS

Figure 1.6 Representation of CADD process

CADD has two major approachdsgand Based Drug Design (LBDD) and Structure Based
Drug Design (SBDD)In the former approacharget is a ligandwhile in the latterfarget is a
protein or RNA.When highresolution structural data of the target protein is availasen

the case obkoluble proteins that can be crystallized easily, strudiased CADD is often
preferable. When no dimited structural information is available, asthe case omembrane
protein targets, liganbdased CADD is often chosefhe main goal of structuieased CADD

is to develop compounds that strongind to the target, have a low free energy, have better
DMPK/ADMET characteristics, and are target speaifith lessoff-target effect$66].

1.6.1Homology moddling

The ability to identify the binding specificities of ligand® proteinsis limited by the
availability of 3D structual informationof proteins In such cases,dmology mod#ing can
be used, whiclis a costeffective method forpredictingthe 3D coordinates of proteir{§7].

Four primarysteps ohomology modBing are[68];

a) identifying structural template(s)

b) aligning the target sequence and tltgostructure(s)
¢) model construction

d) model quality evaluation

These procedureare implemented irsoftware applications. Most popular servers for
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homology modeing includeRobetta[69], SWISSMODEL [70], PEPstr[71] andQUARK
[72].

1.6.2Molecular docking theory

Molecular docking is the most prevalent approach for strudtased drug desigmand has

been utilizedn the early 1980Molecular docking methodologyanbe used to represent the
atomic level interactionbetween a small molecule and a protein, allowing us to define small
moleculebehaviourin target protein binding sitesdelucidate key biochemical processks.

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

binding and transformation energié®], [66], [73].

Different molecular docking algorithms exist to estimate preiigemd poses and rank them
according to scori 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 positibieitigandn theactive

site. Ligand conformational sampling is a crucial stage in the ligand sampling psicess
creates a ligand multonformer database. Conformational search can be done separately from
docking or as part of the docking procesbhe allowed degree of potential binding flexibility

is referred to as protein sampling. Docking methods may treat the protein as flgidbde,
depending on whether it has flexible side chains or specific flexible dor(iBatde 1.).
Multiple conformes or ensembles oigid protein structures can also be used to depict protein
flexibility. The binding affinities of ligand poses are estimated using a variety of scoring
algorithms Forcefield or molecular mechanidsased, empirical, knowleddmsed, anh

consensus scoring functions are the four types of scoring fundidns.

Table 1.1Advantages and disadvantages of some basic docking methods.

METHOD DESCRIPTION ADVANTAGE DISADVANTAGE
. Change vdW to allow for overlap Compu.tatlonal efficiency. I.nadqua?:cle f|EiXIbI|IFy. .
Soft potential . Easy to implement and use Describe flexibility in an implicit,
between receptor and ligand atoms ; ' o
combined with other methods. rude and non-quantitative way.

) Search side chain library to obtain | Relative computational efficiency. |Strong dependence on the database
Rotamer library

possible conformations Avoid minimization barriers. used. No backbone flexibility.
) ) Sample both side chain and ligand | Relative computational efficiency. Only selected side chains are
Receptor side chain ) . . . )
flexibility conformations simultaneously using| Model the effect that ligand make involved.
GA on binding site residues. No backbone flexibility.
Docking ligand to a series of . .

. . L Expensive computational cost.

Ensemble of protein receptor structures which Include full and explicit - : .

. . - Limited by protein conformations
conformations represent different flexibility.

used in sampling.

conformational states.
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https://omictools.com/robetta-tool
https://omictools.com/swiss-model-repository-tool
https://omictools.com/pepstrmod-tool
https://omictools.com/quark-tool

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 botciommerciakindacademic usg86].
1.6.2.1. AutoDock Vina

AutoDock [76] is one of the many proteligand docking programs available. It was first
published in 199(B7] and later improve{l’6], [88]. It is released under a free software license
(GNU GPL since 2007)A LennardJonesl2-6 potential, a directional hydrogésond term
based on 42-10 potential, a screened Coulomb potential, a volaged desolvation term,
and an entropic term propontial to the number of rotatable bonds are all included in the
physicsbased and ser@impiricalscoring functionSeveral drugs have been discovered using
AutoDock[76], [89], [90]. AutoDock Vina was released in 20]&b] by the same company
with the aim of improving accuracy and performandhe Vina scoring function is based
entirely on empirical data, with Gaussian steric interaction terms, a finite repulsion term,
piecewise linear hydrophobic and hydrod®mnd interaction components, and an@pit term

proportionate to the number of rotatable bofdj.

A scoing function is commonly used in docking algorithms. Using a scoring algorithm, Vina
attempts to determine the system's estimated standard chemieatial[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 thermodyntamaumbility. Equation 1.1a is used to

compute the system's Gibss free en¢@gy;

G = Gsinding+ RT |n(Keq) (1.1a)

NG represents system's Gibss free enekgy,is the equilibrium constant (whidk equalto

Kg, the binding affinityconstant)T is the absolute temperature in KelviRss the gasonstant
(R=1.99 cal mot K1) andnGeinding is the Gibbs free energy change of interactions. When the
system reaches thermodynamic equilibriung becomes0O, and the equationeduces to
equation 1.1491], [93].

Gginding= RTIN(Kd) (1.1b)

Vina has the advantage of being able to run several threads in parallel. Whetoneu@PUs

are used, binding free enezg and docking locatioranbe calculatedmorequickly [94].
15



1.6.2.2. Docking-based virtual reening

Virtual screeningVS), 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) compoundssilico screening can significantly
reduce time and cost. Virtual screening aids the process by limiting duticelof molecules

to test experimentally. There are a variety of online tools to assist in the search for bioactive
substancef®5]. Docking-basedvS tools have seen a significant increase in popularity and use

in recent years as a result of the high costs and time necesgdagtify potentialdrugs. The
importance and impact of dockiigised 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 apgires{96].
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2. MATERIAL SAND METHODS

The flowchart of the thesiwhich will be detailed in the sections belgiven inFigure 2.1.
To start with sincethe 3D structures of the targeted T4P assembly ATPases belonging to
meningitidisand P. aeruginosamicroorganismsare not experimentally availablghey are
obtained by homologsnodelling To inhibitthetarget proteins, theactive sitesreidentified
by binding site prediction tools and recent studies in the literaflioe.identify the
corresponding natural drug moleculésit will inhibit this mechanisma relevant libraryis
selected and corresponding drug molecatediltered accordindo theirdruglike properties.
Then virtual screenings performed Finally, drugsareexamined andandidatesreselected

according taheir bindingsites andaffinities.

Homology Modelling

PredictingBinding Site

Molecular Docking

Discoveryof GorrespondingNatural
Inhibitory Drugs

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 PilBAnaeruginosaand PilF inN. meningitidis
Thus, 3-dimensional (3D) structe modelsof these proteinsre createdusing sequence
informationprovided inUNIPROT[97] and the Swis$lodel [98] server.

The UniProt Knowledgebase (UniProtKB) UNIPROT s a central repository for functional
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information on proteins that is accurate, consistent, and comprehgjvéype IV pilus
assembly protei PilF of N. meningitidisserogroup B (strain MC58) hasUniProtKB ID of
Q7DDR2 Type IV pilus assembly ATPase PilB Bfaeruginosgstrain ATCC 15692 / DSM
22644 / CIP 104116 / JCM 14847 | LMG 12228 / 1C / PRS 101 / PAOB ba#rotKB ID

of P22608 ID . Sequendeformationof these structurds givenin Figure 2.2.

PilF Sequence (Q7DDR2) PilB Sequence (P22608)
10 20 30 40 50 1e 20 30 40 50
MSVGLLRILYV QNQUVTVEQA EHYYNESQAG KEVLPMLFSD GVISPKSLAA MNDSIQLSGL SRQLVQANLL DEKTAVQAQA QAQRNKLSLV THLVQSKLVS
60 70 20 98 180 60 78 20 90 100
LIARVFSYSI LDLRHYPRHR VLMGVLTEEQ MVEFHCVPVF RRGDKVFFAV GLALAELSAE QFGIAYCDLN SLDKESFPRD AISEKLVRQH RVIPLWRRGN
110 120 130 140 150 11e 126 130 148 150
SDPTQMPQIQ KTVSAAGIEV ELVIVEDDQL AGLLDWVGSR STSLLQELGE KLFVGISDPA NHQAINDVQF STGLTTEAIL VEDDKLGLAI DKLFESATDG
160 170 180 190 200 160 170 180 190 200
GQEEEESHTL YIDNEEAEDG PVPRFIHKTL SDALRSGASD IHFEFYEHNA LAGLDDVDLE GLDIGSADKS TQEDASAEAD DAPVWRFVNK MLLDAIKGGS
210 220 230 240 250 210 220 230 240 250
RIRFRVDGQL REWQPPIAV RGQLASRIKV MSRLDISEKR IPQDGRMQLT SDLHFEPYEK IYRVRFRTDG MLHEVAKPPI QLASRISARL KVMAGLDISE
260 270 280 290 300 260 270 280 290 300
FQKGGKPVDF RVSTLPTLFG EKVWMRILNS DAASLNIDQL GFEPFQKKLL RRKPQDGRIK MRVSKTKSID FRVNTLPTLW GEKIVMRILD SSSAQMGIDA
310 320 330 340 350 310 320 330 340 350
LEAIHRPYGM VLVTGPTGSG KTVSLYTCLN ILNTESVNIA TAEDPAEINL LGYEEDQKEL YLAALKQPQG MILVTGPTGS GKTVSLYTGL NILNTTDINI
360 370 380 390 400 360 370 380 390 400
PGINQUNVND KQGLTFAAAL KSFLRQDPDI IMVGEIRDLE TADIAIKAAQ STAEDPVETN LEGTNQUNVN PRQGMDFSQA LRAFLRQDPD VIMVGETRDL
410 420 430 440 450 410 420 430 440 450
TGHMVFSTLH TNNAPATLSR MLNMGVAPFN TASSVSLIMA QRLLRRLCSS ETAEIAIKAA QTGHMVMSTL HTNSAAETLT RLLNMGVPAF NLATSVNLII
460 470 480 490 500 460 470 480 499 500
CKQEVERPSA SALKEVGFTD EDLAKDWKLY RAVGCDRCRG QGYKGRAGVY AQRLARKLCS HCKKEHEVPR ETLLHEGFPE DKIGTFKLYS PVGCDHCKNG
510 520 530 540 550 510 520 530 540 550
EVMPISEEMQ RVIMNNGTEV DILDVAYKEG MVDLRRAGIL KVMQGITSLE YKGRVGIYEV VKNTPALQRI IMEEGNSIEI AEQARKEGFN DLRTSGLLKA
560
EVTANTND MQGITSLEEV NRVTKD

Figure 2.2Sequence information of T4P assembly ATPases PilF and%ilB

Alignmentsof PilB and HF are obtainedusing the Blastp program99]. Each pr ot ei n
FASTA formatsretrievedfrom UNIPROT are used for alignmentFigure 2.3 showsthe

similarity of these two structurdsased on sequence alignmeftie same template [PDB ID:
5ZFR][100], which isT4P biogenesis ATPase PilBGEobacter sulfurreducerfstrain ATCC

51573 / DSM 12127 / PCAVith a UniProtKB ID of Q74D28 ID is usedin the homology

modellingof both structures.
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Score Expect Method Identities Positives Gaps
536 bits(1380) 0.0  Compositional matrix adjust. 284/562(51%) 381/562(67%) 11/562(1%)

Query 9 GLSRQLVQANLLDEKTAVQAQAQAQRNKLSLVTHLVQSKLVSGLALAELSAEQFGIAYCD 68
GL R LVQ ++ + A +HQ K ++ L ++5 +LA LA F + D
Sbijct 4 GLLRILVONQVVTVEQAEHYYNESQAGE-EVLPMLFSDGVISPESLAALIARVFSYSILD 62

Query &9 LNSLDEKESFPRDAISEELVRQHRVIPLWRRGNELFVGISDPANHQAINDVQFSTGLTTER 128
L + ++E+ + + +P++RRGHE+F  +5DP I + G+ E
Sbjct &3 LRHYPRHRVLMGVLTEEQMVEFHCVPVFRRGDEVFFAVSDPTQMPQIQKTVSAAGIEVEL 122

Query 129 ILVEDDELGLAIDKLFESATDGLAGLDDVDLEGLDIGSADKSTQEDASAEADDAFPVVREV 188
++VEDD+L +D + +T L L + + T + EA+D PV RF+
Sbject 123 VIVEDDQLAGLLDWVGSRSTSLLQELGEGQE------— EEESHTLYIDNEEREDGPVPRFI 176

Query 189 NEMLLDAIKGGSSDLHFEPYEKIYRVRFRTDGMLHEVAKPPIQLASRISARLEKVMAGLDI 248
+K L DA++ G+SD+HFE YE R+RFR DG L EV +PPI + ++++R+EVM+ LDI
Sbjet 177 HETLSDALRSGASDIHFEFYEHNARIRFRVDGQLREVVQPPIAVRGQLASRIKVMSRLDI 236

Query 249 SERREPQDGRIEMRVSET-KSIDFRVNTLPTLWGEKIVMRILDSSSAQMGIDALGYEEDD 307
SE+R PQDGR+++ K K +DFRV+TLPTLH+GEE+VMRIL+S +A + ID LG+E Q
Sbject 237 SEERKRIPQDGRMQLTFQEGGKPVDFRVSTLPTLFGEEVVMRILNSDAASLNIDQLGFEPFQD 296

Query 308 EKELYLAALKQPQGMILVTGPTGSGETVSLYTGLNILNTTDINISTAEDFVEINLEGINQWV 367
E+L L A+ +P GM+LVTGPTGSGETVSLYT LNILNT +NI+TAEDP EINL GINQV
Sbjct 297 EKELLLEATHRPYGMVLVTGPTGSGETVSLYTCLNILNTESVNIATAEDPAEINLPGINQV 356

Query 368 NVNPRQGMDFSQALRAFLRQDPDVIMVGEIRDLETAEIAIKARQTGHMVMSTLHTNSARE 427
NVN +0QG+ F+ AL++FLRQDPD+IMVGEIRDLETA+IATKARAQTGHMV STLHTN+A
Sbjet 357 NVNDEQGLTFAAALKSFLRQDPDIIMVGEIRDLETADIATKARQTGHMVFSTLHTNNAPA 416

Query 428 TLTRLLNMGVPAFNLATSVNLIIAQRLARKLCSHCEKEHEVPRETLLHE-GFP-EDEIGT 485
TL+R+LNMGV FN+A+SV+LI+AQRL R+LCS CE+E E P + L E GF ED
Sbject 417 TLSRMLNMGVAPFNIASSVSLIMAQRLLRRLCSSCEQEVERPSASALEEVGFTDEDLAED 476

Query 486 FELYSPVGCDHCE-NGYKGRVGIYEVVENTPALQRIIMEEGNSIEIAEQARKEGFNDLRT 544
+ELY VGCD C+ GYKGR G+YEV+ + +4QR+IM G ++I + A KEG DLR
Sbjct 477 WELYRAVGCDRCRGQGYKGRAGVYEVMPISEEMQRVIMNNGTEVDILDVAYEEGMVDLRR 536

Query 545 SGLLEAMQGITSLEEVNRVTED 566
+G+LE MQGITSLEEV T D
Sbjet 537 AGILEVMQGITSLEEVTTNTND 558

Figure 2.3 Alignment of thesequences d®?ilB protein ofP. aeruginosaand the PilF protein
of N. meningitidis

Sequence information of this templateucture is given in Figure 2.ZFhis structure is also
suggetedby SWISSMODEL due toits high sequence similarity
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10 20 30 48 50
MNDSIQLSGL SRQLVQANLL DEKTAVQAQA QAQRNKLSLV THLVQSKLVS
60 70 80 =1} 1606
GLALAELSAE QFGIAYCDLN SLDKESFPRD AISEKLVRQH RVIPLWRRGN
110 120 130 140 156
KLFVGISDPA NHQAINDVQF STGLTTEAIL VEDDKLGLAI DKLFESATDG
160 170 180 190 200
LAGLDDVDLE GLDIGSADKS TQEDASAEAD DAPVVRFVNK MLLDAIKGGS
210 220 230 240 250
SDLHFEPYEK IYRVRFRTDG MLHEVAKPPI QLASRISARL KVMAGLDISE
260 270 280 290 300
RRKPQDGRIK MRVSKTKSID FRVNTLPTLW GEKIVMRILD SSSAQMGIDA
31 320 330 340 350
LGYEEDQKEL YLAALKQPQG MILVTGPTGS GKTVSLYTGL NILNTTDINI
360 370 380 390 400
STAEDPVEIN LEGINQVNVN PRQGMDFSQA LRAFLRQDPD VIMVGEIRDL
410 420 430 440 450
ETAEIAIKAA QTGHMVMSTL HTMSAAETLT RLLNMGVPAF NLATSVNLII
460 470 480 490 560
AQRLARKLCS HCKKEHEVPR ETLLHEGFPE DKIGTFKLYS PVGCDHCKNG
510 520 530 548 550
YKGRVGIYEV VKNTPALQRI IMEEGNSIEI AEQARKEGFN DLRTSGLLKA
560
MQGITSLEEY NRVTKD

Figure 2.4 Sequence information ofype IV plus biogenesis ATPase PilB @eobacter

sulfurreducen$97].
Validation of the created modelseevaluatedy Saves 5.8erver{101].

2.2.Binding Site Prediction

The activesitesof the developed mode(RilF and PilB)aredetermined usinlyletaPockeR.0
[https://projects.biotec.tdresden.de/metapocket/about.phfihis server uses 8 different
binding site predictord.IGSITEcs[102], PASS[103], Q-SiteFindel{104], SURFNET[105],
Fpocket{106], GHECOM[107], ConCavity[108] and POCASA109]), which are combined

together to improve the prediction success.rate
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Given Protein Structure
Input

PREDICTORS

Verify results from each predictor

Calculate the z-score value for each pocket site in
different predictors

Get the top 3 pocket sites from each predictor

Clustering those 3xN pockets according to their spatial
smilarity

Calculate the total z-score for each final cluster
Rank the final clusters by their total z-score

Calculate the mass center for each cluster

Identify potential binding residues (Residue mapping)

Output

Prediction pocket sites (single point and clusters)
Prediction pocket sites from single methods

Potential ligand binding residues for each pocket

Figure 2.51llustrationof theMetaPocke®.0 procedure

Figure 2.5illustrates the entire working method bfetaPocke®2.0. The provided protein
structure is submitted to 8 predictors in the first phase to find pocket sites on its surface; all
predictorsare called in parallel to save tim@he pocket sites indicated by these element
predictors have distinct ranking scaifunctions in the second step, making direct comparison
and evaluation of the predicted pocket locations difficult-g&are is generated independently

for each pocket site in various predictors to make the ranking results comparable. Following
that, ony 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 zscore values. The next and final stage is to find functicesdiues in the region of

the discovered mefaocket location that might @tentialligand binding sites on the protein
surfaceg110].
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The potential binding sites determined in a recent disidgnd the ADP binding regioof the
related T4P proteis arecompared wittMetaPockeR.0results The relevant binding siteme
determinedn the light ofthese comparisons.

2.3.Library Selection, Database Filteringand Ligand Preparation

In this work, the online version of the COlleCtion of Opertuda prodUcTs (COCONUT)
resourcas usedas a database faccessingiperidine 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 gatheoed free sourcefl11]. COCONUT web is

freely available abttps://coconut.naturalproducts.net

Currently, here are 4999 naturgroducs containing piperidine in COCONUT.These
molecules aredownloaded ira single sdf file. Then, these 4999 drug molecalediltered
usingFAF-Drugs4 (Free ADMETox Filtering Tool)[112] sincenot all available ligands are
suitable for drug use. Similarly, there is no such thing that every-géaivied molecule from
nature will be useful, for example, some types of mushrooms are among the most toxic
substances knowiTherefore many factors sth as solubility, toxicity, size, pH, atomic type,
logP, surface polarity of ligands should be considdrihce the selected libraris filtered
according to its drug potentialhereexistsseveralfiltering options within the FADrugs4
program. Of thse, the Drug.ike Soft filter and the PAINS filtex are selected.PAINS
moieties, which starefor Pan Assay Interference Compounds, are molecules that emerge as
frequent hits (promiscuous compounds) in several biochemical high throughput screens,
accordirg to Baell et a[113]. Informationon Drug-Like Soft filtersdparameters angrovided

in Table 21. The DruglLike Soft filter is created by FAMrugs4 by integrating many
publicationg[114]i [116] discussing the physiechemical features of drugs with anhouse

statistical analysis of pharmaceuticals.
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Table 21 Details of physicechemical property of Drufjike Soft filter available in FAF
Drugst.

Propert es Dr ug Keft

MW 100- 600
logP -3t0 6
HBA O 12
HBD o 7
H-Bonds -
tPSA O 180
Rotatable Bonds O 11
Rigid Bonds O 30
Rings O 6
Max Size System Ring O 18
Carbons 3--35
Hetero Atoms 1--15
H/C Ratio 0.1tol.1
Charges O 4
Total Charge -4t04
RO5 Violations -

Stereo Centers -

Prior to virtual screening, ligandseprepared to constructdmensional geometries, assign
proper bond orders, and generate accessible tautomer and ionizatiofil4fAtelolecular
libraries usually contain 2Btructures generated from molecular formulas. To prepare these
files for docking, OpenBabel 2.3[118] is used.Conversion of 2D sdf (structuaata file) to

3D sdfis the first stepof theligand preparation parSecond steps adding all the hydrogens

to the molecules andrnother stepis calculdaing partial chargesAgain using OpenBabel,
ligandsarefiltered 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 hydrogemond acceptors, and an octamwehter partition coefficient log P not
greater than 5) filter. The Lipinski rule of five heljpdistinguish drugike and nordrug-like
compoundg$119]. All ligand preparation scripts are giverHigure?2.6.
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# Conversion of 2D molecules to 3D molecules
ocbhabel accepted.sdf -0 accepted 3D.sdf —-—-gen3D

#Adding 211 the hydrogens to the molecules
ocbabel accepted 3D.sdf -0 accepted h.sdf -h

#Calculating partial charges
cbabel accepted h.sdf -0 accepted pcg.sdf —-partialcharge gasteiger

#Lipinski Rule of Five Filter
$Filter molecules with molecular weight less than 500 Da
cbabel accepted pcg.sdf -0 accepted fl.sdf ——filter "MW<300"

#Filter molecules with hydrogen bond donors less than 5
cbabel accepted fl.sdf -0 accepted f2.sdf —-filter "HBD<5"

$Filter molecules with hydrogen bond acceptors less than 10
cbabel accepted f2.sdf -0 accepted f3.sdf —-filter "HBA2<10"

$#Filter molecules with logP greater than 5
cbabel accepted f3.sdf -0 accepted f4.sdf ——filter "logpP<5"

Figure 2.6Ligand preparation scripts with using OpenBabel 2.3.1

2.4. Molecular Docking

2.4.1.Macromolecule preparation gep

In general, protein crystal structures are prepared prior to dobiiaddng hydrogen atoms,
optimizing hydrogen bondsemovng atomic clashes, and perfoimg other operations that are
notapart of theX-ray crystal structure refinement proceésitoDockTools1.5.7[120]is used
to prepare receptor molecules. In this stegceptor protein moleculés loaded into
AutoDockTools1.5.7 workspaces a PDB file. All water moleculesare deleted.Missing
hydrogen atomareadded anthydrogerbondsareoptimized.Gasteiger chargesecomputed.
Then, itis converted into AutoDock input filgpdbqt file). The same stepare followed for
both PilB andPilF molecules.

2.4.2Grid generation

Grid box allows uso selecthesearch space &pot of theprotein, where we are going to perform
dodking, typically the binding regignin a protein.The potential binding sites obtainédm
MetaPockeR.0 and previousstudes [6] are compared with théADP binding region of the
protein andhefinal grid box areas determinedIt is important to make sutbat thegrid box
sizeis largeenough to allow the ligasdo move freely in the search spaés.a rule of thump

grid size should be at least twice the maximum distance between any two atoms ef the co
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crystallizedcandidatdigand [121]. In this study,piperidine moleculés taken as aeference

andthegrid sizeis selectedaccordingly, the resulting gridox sizeis 2 7

i1 27;i Thel 27

distance between two connecting grid poistaken ad  Petails of the grid boxes are given

in Table 2.2andFigure2.7.

Table 2.2Grid box cetailsfor PilB andPilF.

Grid Coordinates for PilB
Center x =8.63
Center y =65.45

Centerz=1.16

Grid Coordinates for PilF
Center x =8.75
Center y =65.49

Centerz=1.25

Size x =27.74
Sizey =27.99
Size z=27.73

Size x =27.94
Sizey =27.93
Size z = 27.86
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Figure 2.7 The grid box position is showron 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 softwelig virtual screeninglt is a useful tootlue toits simple
user interface and chemical spreadstigetcapability. Free Version of PyRx which is PyRx
0.8 is usedin this thesis workPyRx uses AutoDock Ving85] and AutoDock 4.4123] as

dockingsoftwares. AutoDock Vinais choserdue to its faster screening capability

Receptor molecules are obtairfeaim homologymodelling The receptormolecule ina pdbqt
formatis loaded to Pyrxworkspaceand selected asmacromolecule. Then, the filtered ligands
in the form ofa single sdf fileis uploadedto Pyrx and all ligandsare minimized. After
minimization, ligandsare conveted to pdbqt file formatto be used for screeninyirtual
screenings conducted vi&@yrx's AutoDock Vina pluginThe docking areperformed using
an exhaustiveness value ofdgfault value)All of the other parameteesetaken ashe default
values, ligandondsareallowed to rotate freely while the recepi®keptrigid. Separate virtual
screening are performed for PilF and PilB moleculeSach dockings performedfor three

timesto have a representative exploration of the docking solutions.

2.5. Evaluation of the Screening Results

To evaluate the docking resulteur stepsarefollowed. The first strategys to choose the best
ligands based on thieinding affinites The ligand with the lowest binding energy is the
molecule with the highest affinity for the macromolecule.

Secondly, aailability to purchase the candidadeug is considered as another filtering step,
which isavalid consideratiorfor furtherin vivo studies.Since molecules in the ZINC or IBS
NP librariesare accessibjehe candidates are checKedexisencein these libraries.
Ligand-protein interactionare important to better understand itht@bition mechanisnof the
drug Hence thirdly, hydrogen bond formatiois checked and comparedth the previously
defined bindingsitesusingDiscovery Studio Visualizer 204024]. Intermolecular hydrogen
bonding is a fundamental interaction for generating potent binding or seledtivfyotein
ligand binding studiesii-bondsare carefully examined sindkese bonds are generathe
strongest bondfacilitating binding As the distance between interacting atoms decrethse,
relative energy contribution valugets highefor H-bonds as seen in Figure 485]. Hence,
H-bonding is used as a parameter to consider in ligand bisdiog it is the strongest band
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 propérties.

proteiri ligand complexes, hydrophobic contacts are by far the most prevalent. An aliphatic
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carbon in thereceptor and an aromatic carbon in the ligand generate the most common
hydrophobic interactiorT he side chains of leucine, valine, isoleucine, and alanine are the most

frequently engagerksiduesn hydrophobic interactiond 27].

A D-H-.. Hydrogen Bonds
"O|  10-40 kJ/mol

Cation-1t -
12-14 kJ/mol O e O

| Halogen Bonds
R-O-~ X-C\ 2-14 kJ/mol

Tt-Stacking (T) T
11 kJ/mol ey
O O Salt Bridges
3-13 kJ/mol
n-Stacking (P) P
8 kJ/mol

C-H-. Weak Hydrogen Bonds
e’ 4 kJ/mol

Il | | ! | Il | | Il |

T T T T T T T T T -

1.5 20 25 3.0 35 4.0 45 5.0 55 6.0
T'ypical Distance between interacting atoms ]A[

Relative energy contribution

Figure 2.8 Types of norcovalent interactions, typical distances, and energy contributions
proteinligand binding The energy contribution is shown on the abscissa, starting at the bottom
with the bwest[125].

Finally, in order to better evaluate potential drug molecules obtained from the docking results,
PASS[128] online serveis used to determinthe diseass that these drugare effective on.
Based orthe structural formulacompound8s biological activity profiles arepredictedand
compared with the diseasassociatedby P. aeruginosaand N. meningitidis This server
assings probability values. Accordinglya (probability "to be active") calculates the
probability that the compounaf interestbelongs to the active compound subclass (resembles
the structuresf molecules, which are the most typical in a-sebof "actives" in PASS training
set).Probability to be inactiveR() is the probabilityof the investigated compound belamg

to the inactive compound swdbass (resembles the structures of molecus;h arethe most
typical in a sukset of "inactive" in PASS training s¢f)28]. Probability values vary from @

1. A Pavalue close to 1 indicategood biological activity, while a Pa value close to O indicates
the oppositeA Pi value close to 1 indicates that it is likely to be biologically inactive, and close

to O indicates that it is less likely to be biologigahactive.
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3. RESULTS AND DISCUSSION

3.1.Homology Modeling Results

In order to obtain 3®ilB and PilFstructures, homology modellingas appliedPilB consists

of 566 amino acigl while PilF consists 0558 amino acid and their sequences have 536
homologous amino acid§.he sequences of the PilB and Pillere aligned to showthe
similarities(Figure 2.3) Due to their similaritieghesame template/as used for both proteins.
The only difference between ttemplate and T4P Assembly ATPase proteins (PilF and PilB)

was olserved in the loop structuressindicatedin Figure 3.1

Figure 3.1 The differences on the models are indicated by greeedmoxthe figuresa) The
homology model of th&ilF protein (shown in blue) and the structural alignment result of chain
A of the template protein, 5ZFR (shown in rdg))The homology model d?#IB protein (shown

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

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

Models obtained from homology modellingre analysed usin§aves 5.@erver. Accordingly
for a model to be successfat leas90% of residues in the Ramachandib29] graphshould
be in the desiredrea VERIFY 3D [130] should have a valid scofenean scores of residues
should be greater than2)and ERRAT[131] quality value should bat leas©90%.

Details of the results for Pilgtructures as follows 93.5% of residues in the modeleafound

to bein the desired areéa Ramachandraplot (Figure 32(a)) with a91.99% accuracy in the
VERIFY 3D graph(Figure 32(b)) andgeneral quality factor ¢38.3516 in the ERRAT module
(Figure 32(c)). In light of these resultsthe modelled structure of PilF is accepted to be

successful andsed in further studies.
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91.99% of the residues have
averaged 3D-1D score >= 0.2
Pass

Al least 80% of the amino acids have scored >= 0.2 in the 3D/1D profile
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Figure 3.2 Analysis results of thenodelled structuref PilF. a) Ramachandran plot b) Verify
3D results rERRAT result.

Similarly, PilB structure was also evaluatddetails of the results for PilB structuie as
follows; 93.2%o0f residues in the model are found to be in the desired area in Ramachandran
graph Figure 33(a)) with a98.18%accuracy in the VERIFY 3D graplrigure 33(b)) and
general quality factor 097.18in the ERRAT module (igure 33(c)). In the light of these
results, the obtained PilB modeés alsofound toreliableto be used in further studies
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3.3.Binding Site Prediction Results

In arecent study, Aubey et f] tried to identify potential binding sites in PilF structureNof
menirgitidis aimingto inhibit this protein. They applied mutationstdectegotential binding
sites (Table 3.1) predicted by computational docking and observed thatggregation
disappeareds a result oftwo mutations (K371E and D207R), most likely due to a disruption

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

Table 3.1Potential binding residuesudad in the study by Aubey et #b].

Primer Sequence

PilF-D207R CGTTTCCGTGTGegCGGGCAGCTCCGCGAG
PilF-K371E TTTGCCGCTGCTTTGgAGTCTITCCTGCGT
PilF-K371A TTTGCCGCTGCTTITGgeGTCTTTCCTGCGT
PilF-E390K GAGATTCGTGATTTGaAAACTGCCGATATT
PilF-R457D AAACAGGAAGTGGAAgaCCCGTICTGCCTCT

The potential binding sites are shown on3Bestructureof PilF (Figure 3.3.
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K371 «

E390

Figure 3.4 PilF structureof N. meningitidisis shown in blue. The residues belonging to the

binding sites artabelled andhownin spheres

In thar study[6], although4 active sitesvere stated foPilF, 3 of thesereside in the hexamer
forming intefacesof the structureR457, K371 and E39@vheremonomers bind to each other
toform a hexamer structureence, these regiomgre notconsidered agotential drug binding
sitesfor the inhibitorsin this work

In addition to this informationyletaPocket 2.0vas used for theletection of potential binding
sitesas well The resultavere thencompared with th@revious findingg6]. All findings are

presented ifrigure 3.5and Figure 3.60nly D207was present irselected pocket d?ilF.

Figure 3.5Comparison between all cluster results of Bitfained fronMetaPockeR.0[110]
(pink clouds)and potential binding residuesfound in literature (green spheresfor PilF

structure.
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RESI
RESI
RESI
RESI
RESI
RESI
REST
RESI
RESI
REST
RESI
RESI
REST

RESI
RESI
RESI
RESI

RESI

HEADER binding site ID:

SER_A"189"
GLU_A"347"
ILE_A"348"
SER_A~280"
HIS A%410°
THR_A"408"
LEU_A~285"
LEU_A~325"
ARG_A"205"
GLN_A”441"
GLN_A”289"
LYS_A"494"
PRO_A~257"
LEU A~444"
LYS_A"256"
VAL A"274%
HIS _A~177"
SER_A~181"
ASP_a~1827
TYR_A"493"

HEADER binding site ID:

VAL_A"520"
ARG_A"~536"
THR_A"556"
ASN_A~413%

HEADER binding site ID:

LEU_A~290"

1

ILE_A*277"
ARG _A~246"
ARG_A"276"
ASP_A~190"
LYS A~321"
PRO_A"316"
GLY A"320"
SER_A"284"
GLY_A"208"
TYR_A*500°
HIS A*192"
ARG_A"~446"
PHE_A~251"
ARG _A~445%
LYS_A~253"
ALA A~554"
LEU_A~249"
GLY A"315%
THR_A"327"
ARG_A~487%
2

LEU A~523"
TYR_A"527"
ASN_A~557"
GLU_A"501"
3

LEU A~443"

ARG _A™496"
LEU A~278"
THR_A~322"
ASN_A~279"
GLU_A~385"
SER_A"319"
GLU _A~343"
ALA A~188"
GLY_A~187"
LEU A"184"
GLY A"498"
GLY_A~291"
SER_A~186"
GLU_A~551"
LYS_A~541"
ASN A~3497
THR_A~250"
GLN _A~252"
PHE_A"2927
CYS_A~488"

ASP_A~524"
LYS_A~528"
ASN A~412"
THR_A~411°

TYR_A~500"

PRO_A"™345"
ARG _A~261%
THR_A"317"
GLY A~318"
ARG A"387"
ALA A"283"
PHE A"366"
ALA A"282°
LEU_A"290"
GLY A"495"
ALA A"497"
ASN_A~555"
VAL A"206"
ASP_A~281%
GLN_A~544"
GLN A~248"
PHE A"260"
LYS A~178"
ARG A"489"
ASP_A~288%

GLU A~519"°
LEU_A~534"
ARG _A~442"°
PRO A"415%

ALA A"346"
ASP_A~344"
ASP_A"259"
VAL_A~323"
GLY_A"~384"
TYR_A"326"
MET_A"382"

A~ AL3IN

ASP A™207

SER_A"324

ARG A~185"
VAL_A"258"
GLN_A~209"
ARG A"442°
ILE_A"~546"
LEU_A"350"
LEU_A"180"
GLY A"255"
GLN_A"491"

ASP_A~533"
ARG_A"535"
ASN A~555"

Figure 3.6 Potential ligand binding sisgresidues) of PilF oN. Meningitidis,obtained from

MetaPocket 2.0 Served207 (ASP 207 is highlighted in red.

Due to high structural similarities &filF and PilB(Figure 3.}, the potential binding residues
of PilF and th& corresponding residues in Pil&f P.aeruginosacould bededuced from

sequence alignmenthese residuese listed in Table 3.@nd shown irFigure 3.7 along with

the results obtained from éthPocket 2.0

Table 3.2Correspondencef potential binding reiduesof PilF for the PilB structure.

P I F P I B
D 20 D219
K 37 R 38
E 39 E 40
R 45 V 46

33




Figure 3.7Comparison between all cluster results of RilBained fromMetaPocket 2.0 server
(pink clouds)and potentialbinding residues of PilKgreen spheregktrieved fromliterature

based orPilB structure.

It shouldbe noted thaas in the case of Pilfhe results obinding site predictor serveovers
only D219, not the othepreviously determined potential residugsgure 3.8 since these
residuegR382, E401, and V4§&n thehexamelinterface
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HEADER binding site ID: 1

REST GLY A*329%  SER A"330~  GLY A"331~  GLN A“452%  LEU A"454"
REST ARG_A“504~ ARG A“258"  PRO A"356" VAL A*357~  GLU A~358"
REST LEU_A"289~ ARG _A*272~  ILE A~359" ARG A"287~  ASP _A~355"
REST THR_A"333%  THR A*328~  ASP_A~270~  ASP_A"202%  ILE_A~288"
REST SER_A"291%  ASP_A"290~ VAL A“334~  GLY A~395"  LYS A"332"
REST GLU _A"396~  HIS _A“421~  SER A~201°  TYR A"337%  ALA A~294"
RESI LYS A"260%  GLU A“354~  MET A~393"  THR A"419" ARG _A~398"
REST PRO_A"327%  GLN A"295  MET A*296~  LEU A"336" ARG A"217"
REST SER_A"200° _GLY A"199°  GLY A*220~  SER A"293"  THR A"338"
REST LEU_A"301" ILE A"196~  ILE A"269"  TYR A*508"
REST SER_A~292~  HIS A"204~  ALA A*300~  GLY A"506~  SER A"335"
REST ARG A“562~  ALA A“455° ARG A"456" ARG A“453" VAL A~505"
REST GLY_A"503~  GLY A*302~ VAL A*285°  GLU A"559% VAL A~563"
REST GLY A"198~  LYS_A*502~  THR A~218"  TYR A"501*  LYS_A~267"
REST SER_A"268~  HIS_A"496~  CYS _A“497~  ASN A"499~  LYS A"457"
REST ILE_A~554"  LYS A"197%  ASP _A“495~  LYS A~498"  CYS_A"494"
RESI PHE A~377°  ASN A"360%  LEU A“361~ VAL A"263"  MET A"221"
REST ASP_A“194~  PHE A"216~ VAL A"225%  HIS A*223~  GLU A~224"
REST TYR _A"303%  ASP A“299~  LYS A~549"  GLN A"552"

HEADER binding site ID: 2

REST ARG A“562~ VAL A“563% ARG A"287~  THR A*328~  GLY A~329"
REST ARG_A*217~ _GLY A“220"  SER A"201*  ASP_A*202*~  ARG_A~504"
REST ARG_A~453" LEU A“454"  ALA A"455~ ARG _A“456"
RESI GLU_A"559~  PRO_A’327~  SER_A~330"  HIS A"204" VAL A~285"
REST ILE_A~288~  LEU A"289"

HEADER binding site ID: 3

REST ILE A*196~ VAL A"263%  LYS A*267~  ILE A"269"  SER A"293"
REST SER_A"268~  ASP _A"290~  SER A*292~  ILE A~288"  LYS A"260"
REST LEU A"289%  SER A*291~  ASP_A~270° _SER A"200%  GLY A*199"
REST GLN_A~295%  ALA A"294~  SER A~201" ARG_A"504"
RESI GLY_A"503%  LEU_A“454~  LEU_A~301" VAL A334°  GLY _A*331"
RESI SER_A"335%  GLN_A"452"  TYR A~508~  ALA A~300"  VAL_A"505"
RESI GLY_A"506~  GLY A*302"  GLY A~198"

Figure 3.8 Potential ligand binding site(residues) of PilB oP.aeruginosaobtained from
MetaPockeR.0.D219 (ASP 219)s highlighted in red.

Upon evaluation of theerverpredictions with the previously determined residuescémgral
(middle)region of the proteinsontaining residues D2(QFor PilF) and D219Xfor PilB) were
identifiedas potentiainhibitor binding site. This centralregionis also knownto bethe ADP
binding regions of these proteilsDP bound PilB structure (PDB ID: 5TS@&8]) is shownin
Figure 3.9anddetails ofinteractionis analysedvith Discovery Studio Visualizer 2046igure
3.10. The fact thatD207 and D219esidues artcatdclose taADP binding region confirms
one more time that this region could be the target regioimhibiting these proteins
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Figure 3.9 ADP boundPilB structure(PDB ID: 5TSG [48]). PilB is represented by the

secondary structure, while the ADP moleculshiswn in yellow sticks.

ARG
B:286 (EU
B:300
G GLY LEU :
B:603 8:330 B:45 :
' AL ol
: B:333 .
l. “\‘
YS ‘
B:331 .ol :
- 1“ . ',
ST |’
& -
: SER), -
B:329 .
GLY
B:328
Interactions
[ Attractive Charge I Fi-sigma
- Conventional Hydrogen Bond |:| Pi-Alkyl

Figure 3.10Interactionof PilB structure(PDB ID: 5TSG[48]) and ADR

Hydrogen bond¢H-bonds)are shown in greer{Figure 3.10 for 5TSG. The corresponding
residues foPilB of P. aeruginosaand PilFof N. meningitidiswereevaluatedy Blastp(Table

3.3and Figure 3.11).

36



Table 3.3H-bondng information of ADP andPilB (PDB ID 5TSG)and their corresponding

residues irPilB and PilFmodel structures

PilB (5TSG) | PilB (P.A) | PilF (N.M)
LEU300 LEU301 | LEU290

GLY328 GLY329 GLY318

SER329 SERS330 SER319

GLY330 GLY331 GLY320

THR332 THR333 THR322

VAL333 VAL334 VAL323

Figure 3.11H-bonding residues (yellow ballsf A) PilF (shown in red) an8) PilB (shown

in grey)are shown on the structures

The corresponding kbinding lesidues of PilB of P. aeruginosaand PilF ofN. meningitidis
(Table 3.3, were alsocompared withiMetaFocketserver resultgFigure 3.6 and Figure 3.8
and the resultsvere foundto be consistent. To sum ym previouy publishedwork, a
prediction serverNletaPocket 2)0and the ADP binding region of these proteins all coincide
atthis centralregion(Figure 3.11)thus,binding ofrelevant inhibitors (drug molecules) to this

regionwas foundpromising for inhibiton ofthe T4P nechanism.

3.4.Ligand Filtering Results

Piperidinecontainingnatural product moleculesvere retrieved fromCOCONUT. In total,

4999 moleculesvere foundn the database. Thed899 moleculesvereuploaded to the FAF
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Drugs4 program faiiltration. 528 duplicates were found to exist in the datdsetoleculenvas
alarge compound and 2 moleculesre found tdbelong tothe isotope and inorganic group.
After elimination of thesemolecules 4468 moleculesremainedfor further filteration
(Appendix 1) A total of 3406 molecules passed the dlikg and PAINS filters. Upon the
application ofLipinski Rule of 5 filter, 3119 molecules remainede used in virtual screening
(Figure 3.12)

COCONUT DATABASE

406.744 unigue natural products

<t

Natural Products
Containing Piperidine

4999 np

@

PAINS

Drug-Like Filter
Soft Filter 4348 np

3406 np

Drug Molecules to be used for Virtual Screening

Figure 3.12Filtering resultsof drug molecules taken from t@OCONUTdatabase.

3.5. Molecular Docking Results

After performing virtual screening 8fL19 potential drugs to PilB and P8Fucture43 repeats

for eachstructure, average binding scosare calculatedfor each ligand. Mleculeshaving
binding energietower than -8.3 kcal/molwere selectedor further evaluationAmongthem

51 common moleculesere found to existor both structuresSince these findingsill be used

in in vivo studiesin the future, accessibility of the candidategas also considere@hen
evaluating the result3.able 3.4 tabulates the details of these ligands along with their average

binding affinities.From 51 ligands22 ligand moleculesre available in ZINC and IBS NP
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Databaseswhich assures their accessibilikmong these 22igands, those wit binding
energies less thaA.0 kcal/molfor bothreceptors are listed in Table 3.5, while tiigeo ligand
arelisted in Table 3.6. Figure 3.13summarizeghe path followed irthe evaluation of the

dockingresults.

Table 3.4Average linding affinitiesobtained fronmolecular docking.

Binding Affinity values(kcal/mol)

COCONUT ID Mol. formula Database PilF PilB

CNP0007146 C25H26FN302S | PubChem 9.23 N 0.[9.20 N o.
CNP0011917 C23H26N405 ZINC 8.83 N 0./-9.20 KN 0.
CNP0016011 C24H27FN602 ZINC 8.76 N 0.[-9.10 N 0.
CNP0016012 C24H27CIN602 | ZINC 8.33 N 0./-9.46 N 0.
CNP0016525 C23H23N305 ZINC 9.03 N 0.[9.33 N 0.
CNP0022152 [C24H22NO6} PubChem 9.50 N 0./8.73 N 0.
CNP0022640 C25H23FN202S | ZINC 8.80 N 0.[-9.00 N oO.
CNP0030078 C25H20F4N202 | ZINC 9.96 N 0.[-9.73 N 0.
CNP0040821 C24H21FN202 ZINC 9.10 N 0.[-9.06 N 0.
CNP0043312 C25H20F4N203 | ZINC 9.23 N 0./-9.46 N 0.
CNP0043486 C23H21N302 ZINC 9.23 N 0.[/-9.03 N 0.
CNP0044290 C26H31F2N303 | ZINC 9.03 N 0.[-9.06 N 0.
CNP0051132 [C28H37N403]+ | supernatural2 | -9. 33 N 0.[-9.10 N 0.
CNP0051517 C25H21F3N202 | ZINC -10. 1 9.30 N 0.
CNP0057789 [C26H26NO6} PubChem 9.53 N 0.[-8.86 N 0.
CNP0061061 [C23H20NO6} supernatural2 | -9. 43 N 0.][-9.26 N 0.
CNP0063223 [C26H26NO6} PubChem 9.36 N 0.[9.30 N 0.
CNP0065396 C24H21CIN202 | ZINC 9.60 N 0.[-9.10 N 0.
CNP0065750 C25H31FN403 ZINC 9.13 N 0.[/-9.03 KN 0.
CNP0065844 C25H21F3N203 | ZINC 9.36 N 0.[9.46 N 0.
CNP0107020 C25H24FN302 supernatural2 | 9. 16 N 0.[-9.03 N 0.
CNP0107410 [C25H26N0O6} PubChem 8.43 N 0.]-9.33 N 0.
CNP0159532 C25H30N602 ZINC 8.66 N 0./-9.46 N 0.
CNP0165443 C24H24N205 PubChem 9.26 N o0.][-893N .29
CNP0196659 C25H25N06 PubChem 9.46 N 0.[9.43 N o.
CNP0209264 C23H21NO6 PubChem 9.2 8.76 N 0.
CNP0210462 [C25H28NO7} supernatural2 |[-9. 03 N 0.]-9.26 KN 0.
CNP0224821 C25H25N06 PubChem 9.03 N 0.[9.46 N 0.
CNP0230465 C21H20N404 IBS NP 9.46 N 0.[9.03 N o.
CNP0233509 C25H25N06 PubChem 9.36 N 0.[9.13 N o.
CNP0238559 C24H23NO06 PubChem 9.10 N 0.[-9.16 N 0.
CNP0249345 C22H19FN202S | supernatural2 [-8. 46 N O0.[-9.30 N O.
CNP0243153 C21H2IN PubChem 920N 0.10 [9.10 N o.
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CNP0268634 C25H25FN205 | ZINC 8.66 N 0.[-9.40 N 0.
CNP0271224 C25H27N302S | PubChem 9.16 N 0.[9.10 N o.
CNP0280245 C24H23NO6 PubChem 9.20 N o0.[9.16 N 0.
CNP0286302 C23H21NO7 PubChem 9.63 N 0.[9.33 N 0.
CNP0286892 C24H25FN203 ZINC 8.86 N 0.[-9.26 N 0.
CNP0298576 [C26H26NO6} PubChem 9.73 N o0.[9.60 N 0.
CNP0310895 C25H25N06 PubChem 9.50 N 0.[9.23 N 0.
CNP0312113 C24H26F2N602 | ZINC 8.93 N 0.[/-9.26 N 0.
CNP0345371 C27H38N602 ZINC 9.10 N 0.[-9.46 N 0.
CNP0349705 C26H28N406 PubChem 9.33 N 0.[8.63 N 0.
CNP0365124 C23H20FN302 | ZINC 8.66 N 0./-9.56 N 0.
CNP0381860 C26H28N205 PubChem 9.40 N 0.[-8.93 N 0.
CNP0382277 C25H26N205 PubChem 9.10 N 0.[-8.90 N 0.
CNP0383238 C26H27NO6 PubChem 9.03 N 0.[/-9.46 N 0.
CNP0384977 C26H27NO6 PubChem 9.06 N 0./-8.96 N 0.
CNP0393141 C23H22N206 PubChem 8.76 N 0.[-9.43 N 0.
CNP0399110 C25H26FN302S | PubChem 9.16 N 0.[-9.10 N 0.
CNP0412126 C23H24N404 IBS NP 9.56 N 0.[-8.43 N 0.

Molecular Docking Results

Average results of dockings

51 common Ligands with binding

affinities less than -8.3 kcal/mol
for PilB and PilF

Accessibility results of ligands

22 ligands found in
ZINC and IBS NP
Database

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

accessibility.
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Table 3.5Residues of PilF and PilB interacting witbands with COCONUT IDCNP0051517, CNP0O030078NP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPQ@EPPH65396CNP0065844Orange circle:esidues
in the ADP binding regioh

Ligand Name chnt:ztor Interacting Residues Bir(r:i:lg/:il:loe';gy
PilF -10.16 £ 0.06
CNP0051517
Il -9.30+0.10

41



Table 3.5Residues of PilF and PilB interacting witgands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPQ@EBRB65396CNP0065844Orange cirat: residues in
the ADP binding egion (continued).

Receptor Interacting Residues Binding Energy

Ligand Name Name (Kcal/mol)

PilF -9.96 £ 0.06

CNPO030078

PilE 9.73+0.21
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Table 3.5Residues of PilF and PilB interacting witgands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPQ@EBRB65396CNP0065844Orangecircle: residues in
the ADP binding regioh(continued).

: Receptor : . Binding Energy
Ligand Name Name Interacting Residues (Kcal/mol)
AlShs
PilF -9.46 £ 0.06
A5Hs
CNP0230465
A28
PiB -9.03 £ 0.06
LE :
A3
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Table 3.5Residues of PilF and PilB interacting withands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPQ@EPPH65396CNP0065844Orange circle: residues
in the ADP binding regioh(continued).

: Receptor 2 3 Binding Energy
Ligand Name Name Interacting Residues (Kcal/mol)
A58
K55 s
A:279 ILE
ALA A:277
A:283
PilF -9.10 £+ 0.00
n356
&
CNP0040821
: A5G
b = -9.06 + 0.12
A:594
Astsgl MET
A:296
A58
aiss Ase alt
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Table 3.5Residues of PilF and PilB interacting witgands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP004420BlP0065750, CNP0345371, CNP001632BIP0065396CNP00658440range circle: residues in

the ADP binding regioh(continued).

: Receptor ; : Binding Energy
Ligand Name Name Interacting Residues (Kcal/mol)
L85
PilF Y o) -9.23+0.12
p—— @
AR L8Y
A3 @
CNP0043312 g
A58
FilB -9.46 + 0.06
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Table 3.5Residues of PilF and PilB interacting withands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPOOLBBEZR65396CNP00658440Orange circle: residues
in the ADP binding regioh(continued).

: Receptor . 7 Binding Energy
Ligand Name - " Interacting Residues (Kcal/mol)
A:%ég
A'338 a2
PilF .@ | -9.23+0.15
585
CNP0043486
THR
A:333
TYR
A:337
VAL
A:289 \Ai334 ILE
A:359
PilB -9.03 £ 0.12
GLU
A:358
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Table 3.5Residues of PilF and PilB interacting withands with COCONUT IDCNP0051517CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPQ@EPPH65396CNP0065844Orange circle: residues
in the ADP binding regioh(continued).

Ligand Name :lzcr:ztor Interacting Residues Bir(llt(i(i::lg/'E‘:l;;gy
PilF -9.03+0.12
CNP0044290
PilB -9.06 £ 0.06
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Table 3.5Residues of PilF and PilB interacting witpands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPQ@EPPH65396CNP0065844Orange circle: residues
in the ADP binding regioh(continued).

Recaptor Interacting Residues Binding Energy

Ligand Name Name (Kcal/mol)

PilF -9.13+0:15

CNPO065750

PilB -9.03+ 0.06
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Table 3.5Residues of PilF and PilB interacting withands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPQ@EPPH65396CNP0065844Orange circle: residues
in the ADP binding egion (continued).

Ligand Name :ic:ztor Interacting Residues Bit(\lt(i(i:r;lgli?oell)'gy
PilF -9.10+£0.10
CNP0345371
PilB -9.46 £ 0.06
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Table 3.5Residues of PilF and PilB interacting withands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPQ@EPPH65396CNP0065844Orangecircle: residues
in the ADP binding regioh(continued).

Ligand Name zit:ztor Interacting Residues Bir(\lt(iiglg/rE:;;gv
PilF -9.03+0.12
CNP0016525
PilB -9.33+0.06
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Table 35 Residues of PilF and PilB interacting witpands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044290, CNP0065750, CNP0345371, CNPQ@EPPH65396CNP0065844Orange circle: residues

in the ADP binding regioh(continued).

: Receptor . 7 Binding Energy
Ligand Name - " Interacting Residues (Kcal/mol)
3%
A3%6
PilF e -9.60 £ 0.00
58 ALA
X580 A27s -
A3%
CNP0065396 v
i 5
; TYR
PIIB A:337
AT -9.10+£0.10
: A:294
GLU foR P
& 6‘9
380
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Table 35 Residues of PilF and PilB interacting witpands with COCONUT IDCNP0051517, CNP0030078, CNP0230465, CNP0040821,
CNP0043312, CNP0043486, CNP0044209B,P0065750, CNP0345371, CNP001652BIP0065396CNP00658440Orange circle: residues
in the ADP binding regioh(continued).

Ligand Name :zcn(::tor Interacting Residues Bir(llc(iir;'g/rET:\oel;gv
PilF -9.36 £ 0.06
CNP0065844
PilB -9.46 + 0.06
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Table 3.6Residues of PilF and PilB interactimgth ligands with COCONUT IDCNP0412126,CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNPO@6#Hge circle:esidues in the AP binding regioh

; Receptor 2 3 Binding Energy
Ligand Name Name Interacting Residues (Kcal/mol)
TYR
A:SQQ
[ W @ i)
PilF : -9.56 + 0.06
SER
A:324
Aiads 856 A58
CNP0412126
A'505
a389 K50
PUB -8.43 +0.12
SER A38s
A:S9l ASP
A:290
25 8
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Table 3.6Residues of PilF and PilB interacting with ligands with COCONUT ID; CNP0412126, CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNP0016012 (Orangesaigs. in the ADP binding regipn

(continued).

: Receptor : . Binding Energy
Ligand Name Name Interacting Residues (Kcal/mol)
PilF -8.93 £ 0.06
A38s
CNP0312113
PiB -9.26 £ 0.06
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Table 3.6Residues of PilF and PilB interacting withands with COCONUT IDCNP0412126, CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNPOQ@6&ige circle: residues in the ADbinding regioh

(continuel).
. Receptor 2 2 Binding Energy
Ligand N
igand Name Name Interacting Residues (Kcal/mol)
Alsys A}B!
A58 o
A:347 ASHs
P
PilF -8.86 £ 0.12
& A 38
. ﬂ}g&‘a% o~ A3a
o
5 5%
CNP0286892
5% 586
PilB ' N
564 @ -9.26 £ 0.06
wb ML
|5§ .-. A:295
& B
Al:EKB
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Table 3.6Residues of PilF and PilB interacting withands with COCONUT IDCNP0412126, CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNPOQ@6&ige circle: residues in the ADbinding regioh

(continued).

; Receptor : : Binding Energy
L d
igand Name Name Interacting Residues (Kcal/mol)
Aad3
PilF -8.83+0.15
B
CNP0011917
PilB i
55 -9.20+£0.10
-------- i
@,ﬁs;s
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Table 3.6Residues of PilF and PilB interacting withands with COCONUT IDCNP0412126, CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNPOQ@6&ige circle: residues in the ADbindingregion

(continued).

: Receptor . 7 Binding Energy
Ligand Name - —" Interacting Residues (Kcal/mol)
PilF -8.76 £ 0.12
CNP0016011
PilB -9.10£0.10
s A8
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Table 3.6Residues of PilF and PilB interacting withands with COCONUT IDCNP0412126, CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNPOQ@6&ige circle: residues in the Abinding region)

(continued).

g Receptor 5 : Binding Energy
d
Ligand Name Name Interacting Residues (Kcal/mol)
A% ;
v A §Y7
~ @ e
@ ‘
PilF _ -8.66 + 0.06
tﬁﬁ’i&, ,’I A%
5% A%
1%
CNP0268634
)
i A3bs
A5%
FilE , -9.40+0.26
A 595{3&,
A6
5
£301
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Table 3.6Residues of PilF and PilB interacting withands with COCONUT IDCNP0412126, CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNPOQ@6&ige circle: residues ithe ADP binding regioh

(continued).

; Receptor : 2 Binding Energy
L
igand Name " — Interacting Residues (Kcal/mol)
A3 ) K5
PilF fai e -8.66 £ 0.12
5
A8 Ao
CNP0365124
A'359 5%
i MET
PilB A% | _95640.06
A58
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Table 3.6Residues of PilF and PilB interacting withands with COCONUT IDCNP0412126, CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNPOQ@6&ige circleresidues in the AB binding regioh

(continued).

Ligand Name :(:::tor Interacting Residues Bi?:izlg/::‘;;gy
PilF -8.80 £ 0.17
CNP0022640
PilB -9.00 £ 0.20
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Table 3.6Residues of PilF and PilB interacting withands with COCONUT IDCNP0412126, CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNPOQ@6&igecircle: residues in the AP binding regioh

(continued).

Ligand Name :::::tor Interacting Residues Bir(‘:izlg/i::;gy
PilF -8.66 + 0.12
CNP0159532
PilB -9.46 +0.15
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Table 3.6Residues of PilF and PilB interacting withands with COCONUT IDCNP0412126CNP0312113, CNP0286892, CNP0011917,
CNP0016011, CNP0268634, CNP0365124, CNP0022640, CNP0159532, CNPOQ@6&ige circle: residues in the ADbinding regioh

(continued).

Ligand Name :(:l(::tor Interacting Residues Bi?I?iglg/:E:;r)'gy
PilF -8.33+0.06
CNP0016012
PilB -9.46 + 0.06
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Ligands in Table 3.&ith binding energies less tha® 0 kcal/mol for both receptovgere more

likely to becandidate®f potential inhibitorsTheseligandsare CNP0051517, CNP0030078,
CNP0230465, CNP0040821, CNP0043312, CNP0043486, CNP0044290, CNP0065750,
CNP0345371, CNP001652%NP0065396 CNP0065844 However, despitelow binding
affinities, someof these ligandsvere not positioned in the core ADP binding regisuch as
CNPO0044290, CNP0065750CNP0016525 CNP0065396 Hence these ligandsere

eliminated andvere not consideretlirther.

The residues interactingith or residuelose tothe ligands are summarized in Tab8e5 -
3.6. Among them, CNP003007&NP0051517 an@NP0065844vere selected as thieest3
ligandswith high bindingaffinitesfor bothATPasesFor theseligands, the bindingresidues,
bondtypesand biological activity evaluatiarare detailed below.

CNP0030078 F

Figure 3.14 2D structure of 11-(4-fluorobenzoyl)5-[3-(trifluoromethyl)phenyl7,11-
di azatri cycl eZ4diens-onk[58D(COQCONUTHOCHROO3Q078)

Figure 3.14shows the P structure of he ligand with theCNP0030078COCONUT ID.
CNPO0030078vas successfully dockewb PilF by forminghydrogen bonslat SER189, ILE277,
LEU278, ASN279, SER280, LEU285, GLY320, VAL323, TYR326, GLU347, GLN441 and
TYR500. There ardhydrgphobic interactios present amongALA283, LEU290, ILE348,
LEU443, ARG496of PilF andthe side chais of CNP0030078lIt alsoformsa halogen bond
with THR322of PilF. Among hydrogen bondingesiduesGLY320 and VAL323residue in

the ADP binding region LEU290, displaying a hydrophobic interactiorand THR322
displaying a halogen bond interactibatween PF andtherelated ligangdarealso located in

the ADP bindingegion
The @ame ligandwas alsodockedto PilB and found to formhydrogen bondsvith residues
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SER201, ARG287, ILE288, LEU28%SP290, ALA294 GLY331, TYR337, GLU358 and
GLN452 and TYR508There arealso hydrgphobic interactios amongLEU301, VAL334,

ILE359, LEU454, ARG504and side cham of CNP0030078.Residue GLY331, among
hydrogen binding residseresides il\DP bindingregion LEU301 andAL334, whichdisplay
hydrophobic interactias arealso located in the ADP bindirrggion

Biological activity results fo€CNP003007®btainedrom PASS server are given in Table 3.7
Cognition disorders, mood disorders, antipsychotic, dependence, attention deficit/hyperactivity
disorder, neurodegenerative diseases, depression, anxiflgtiinsonian, sleep disorders,
Alzheimer's disease are all nervous system disddsace, it can & concludedhat this ligand

is biologically active in nervous system related diseasestly, with Pa values higher than 0.5

Table 3.7Predicted oactivitiesfor CNP0030078(Predicted witlPASS[128))
Probability to Probability to

Predicted Ativity be active (Pa) be inactive (Pi)
Analgesic, noropioid 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 treatmeni 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
CNPO051517

Figure 3.15 2D  structure of 11-benzoyi5-[3-(trifluoromethyl)phenyl}7,11-
di azatri cycl eZ4diens-onk[58D(COCONUTAOCHROO5451Y.
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Figure 3.15shows the P structure of the ligand with thENP0051517COCONUT ID.
CNPO0051517was successfully dockedo PilF by forming hydrogen bondwith ILE277,
LEU278, ASN279, SER280ALA283, LEU285, GLY320,THR322, TYR326, GLU347,
GLN441 and TYR500. Therexist hydrophobic interactionsetween LEU290VAL323,
ILE348, LEU443, ARG496 and side chainf CNP0051517 Among hydrogen binding
residuesGLY320 and THR322 reside inADP bindingregion LEU290and VAL323, which
displayhydrophobidnteractiors, arealso located in the ADP bindirrggion

The ame ligandwas also dockedo PilB and found to formhydrogen bondsvith SER201,
ILE288, LEU289,ASP290,SER293,ALA294, THR333, VAL334,THR338, GLU358 and
ARG504. There are also hydrophobic interactions between MET298337, ILE359 and
side chais of CNP0051517THR333and VAL334 where PilBforms hydrogen bonsiwith
CNPO0OO051517reside in théADP bindingregion

Biological activity results fo€ENP005151 dbtainedrom PASSserver are given in Table 3.8
Accordingly, t can be concluded thdtis ligand isalsobiologically active in diseases related
to the nervous systemostly, with Pa values higher th&ns.

Table 3.8Predicted activitiesfor CNP0051517(Predicted witlPASS[128))

Probability to  Probability to be

Predicted Ativity be active (Pa) inactive (Pi)
Analgesic, noropioid 0.692 0.012
Cognition disorders treatment 0.668 0.008
Dependence treatment 0.621 0.005
Attentiondeficit/hyperactivity disorder treatmer 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
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CNP0065844

Figure 3.16 2D structure of 11-benzoyi5-[4-(trifluoromethoxy)phenyH7,11-
di azatri cycl eZ24diens-onk[58D(COCONUTAOCHRO06834X1

Figure 3.16shows the P structure of the ligand with thENP0065844COCONUT ID.
CNPO0065844was successfully dockedo PilF by forming hydrogen bondwith ILE277,
LEU278, ASN279,SER280, ALA283, LEU285GLY320, THR322, TYR326, GLU347,

ARG496, ALA497, GLY498and TYR500. There are hydrophobic interactions between
VAL323, ILE348, LEU443 and side chamf CNP0065844 There is also halogen bond at

LEU290. The residue$sLY320, THR322among hydrogen binding residuesRifF, resicle
in the ADP bindingregion VAL323, which hasahydrophobic interactioand LEU290 which
has a halogen bonding interactioetveen PilF andherelated ligand, aralso located in the
ADP bindingregion

The @ame ligandvas also dockedo PilB andformedhydrogen bondwith ILE288, LEU289,
ASP290,ALA294, SER291 GLN295 LEUS301, GLY331, THR333, TYR337, VAL505,
GLY506 and TYR508 There are also hydrophobic interactions betwéAnh334, ILE359,
LEU454 and side chamof CNP0065844There is als@ halogen bond forming aALA300
and ARG504Residues which are located in the ADP bindiegionare; LEU301,GLY331
which form H-bonds, VAL334 which forms ahydrophobic bond witl©NP0065844
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Table 3.9Predicted activitiesfor CNP0065844(Predicted witiPASS[128))

Probability to  Probability to be

Predicted activity be active (Pa) inactive (Pi)
Cognition disorders treatment 0.640 0.010
Dependence treatment 0.604 0.005
Analgesic, noropioid 0.588 0.024
Mood disordergreatment 0.573 0.018
Attention deficit/hyperactivity disorder treatmel 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 fo€ENP0065844btainedrom PASSserver are given in Table 3.9
The comparison of the results for the three ligands has stieyrCNP0030078which is
found to bebiologically active in the treatment of nervous systkseaseshas higher Pa values
compared t&NP005151andCNP0065844

3.6. Evaluation of Potential Drug Molecules

It has been observed that the ligands with the best bisdorgCNP0030078, CNP0051517
andCNP006584)%have somadditionalcommon properties apart from containing piperidine.
One of these features is that the biological activities of all 3 moleadesnalar and related
to the treatment of almost the sasimilar diseasesSinceP. aeruginosandN. meningitidis
are known tocause central nervous system infections, fdod thatthe predictedbiologic
activitiesof ligands CNP0030078CNP0051517and CNP0065844iving high Pavalues on

nervous systemelated diseasas promising

Additionally, when the chemical structurestbkeseligandswere examined, itvas seen that
there exist commonfunctional groupsand an aromatic ringhcluding abenzoy group, a
trifluoromethyl groupanda phenyl groupWhen investigated in detail, was found thathe
benzoyl groups known to haveantibacterial, comedolytic and amiflammatoryactivities
[132]. The trifluoromethyl group is very important in medicinal chemidtrig commonly used
to modulate physicochemical properties and increase drug molecule birfaiitg Ef33]. The
phenyl ring isfound in naturally occurringenicillin V structure(Figure 3.19. As is known,

penicillin, has historically been used for the treatment of laboratonfirmed meningococcal
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infections.In fact, avery recent study has shown thaetcompound with no substituents on
the phenyl ring had a weaker activity agaiastolithan the compawds with substitutions on
the phenyl ring134].

Phenyl ring

COOH

Figure 3.17Penicillin V structurg[135].

In the light of this informationwe can conclude thégands CNP003007&NP0051517and
CNP0065844 which consistentlybind with high affinites when docked tdRilF and PilB

structuresaarepromisingwhen theirchemical structuieare considereas well

Another common feature dheseligandsis that they interact witthe residuesesiding in the
ADP bindingregionof PilF and PilBstructuresWhenbinding regiorresiduesvere examined
for PilF, it was observed that alhreedrug molecules bintb LEU290, GLY320,VAL323 and
THR322at the ADP bindingegion In PilB, the threamolecules interact with VAL334f the
ADP bindingregion Hence,it can be concluded tha¥AL323 of PilF and VAL334of PilB
have important roin the inhibition of these T4RssemblyATPase, sincetheseVAL

residuesare analogout each other
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4. CONCLUSION

Theaim of studywas to propose potential inhibitorsf natural product origigainst ther4P
assemblyATPaseof P. aeruginosaandN. meningitidis The structuresf the ATPasesvere
modelledusing homology modelling andhe binding region®f the target structureaere
selected basdaly results fromonline took andpreviousy publishedstudies which coincided

with the ADP binding regionof theseenyzmesBased on the finding that an inhibitor Mf
meningitidisassembl\ATPase, PilF, had piperidin in its structure, natural products containing
the pperidin structure were screend as potential inhibitory molectitethis end piperidine
containig natural produvts weretrieved from COCONU®&Nd werdiltered according to their
druglikeness propeigs Thenvirtual library screeningvas performedusing these molecules
as ligands for PilB and PilH'welve commonligands with binding energies less th#&nh0
kcal/molfor bothassemblyATPasesvere found Among these, 3 moleculegth the highest
binding score were examined in detail. Their structural similarities, the consistency of their
biological activities, and the commdinding regionresiduesprovide important information

in the inhibition of T4Rassembl\ATPases oP. aeruginosaandN. meningitidis The obained
resultscan guide futurén vivo studiesfor drug development
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APPENDIX

APPENDIX 1. Filtering results ofigands

COCONUT ID of Ligan Lipinski Violation PAINS Filter DrugLike Soft Filter
CNP0193594 0 Pass Accepted
CNPO0153358 0 Pass Rejected
CNP0346863 0 Pass Accepted
CNP0114360 1 Pass Rejected
CNPO0178463 1 Pass Rejected
CNP0128542 2 Pass Rejected
CNP0197790 2 Pass Rejected
CNP0158123 0 Pass Accepted
CNP0142808 0 Pass Rejected
CNPO0147107 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
CNPO0172011 0 Pass Accepted
CNP0288592 0 Pass Accepted
CNPO0050384 0 Pass Accepted
CNPO0035124 0 Pass Accepted
CNP0061695 0 Pass Accepted
CNP0353448 0 Pass Accepted
CNPO0012499 0 Pass Accepted
CNP0233037 0 Pass Accepted
CNPO0012531 0 Pass Accepted
CNP0256190 0 Pass Accepted
CNP0384239 0 Pass Accepted
CNP0272649 0 Pass Accepted
CNPO0011503 0 Fail Intermediate
CNP0056322 0 Pass Accepted
CNP0308909 0 Pass Accepted
CNPO0126944 0 Fail Intermediate
CNPO0141705 0 Fail Intermediate
CNPO0146476 0 Pass Accepted
CNPO0145355 0 Pass Rejected
CNPO0004110 0 Pass Accepted
CNP0385359 0 Pass Accepted
CNPO0187689 0 Pass Accepted
CNPO0108514 0 Pass Accepted
CNP0242943 0 Pass Accepted

81




CNP0166465 0 Pass Accepted
CNPO117777 0 Pass Accepted
CNPO0012518 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
CNPO0187175 0 Pass Accepted
CNP0069030 0 Pass Accepted
CNP0189509 0 Pass Accepted
CNP0349580 1 Pass Accepted
CNPO0349596 1 Pass Accepted
CNP0251070 0 Pass Accepted
CNPO0029353 0 Pass Accepted
CNP0012498 0 Pass Accepted
CNPO0012517 0 Pass Accepted
CNPO0410475 0 Pass Accepted
CNP0366768 0 Pass Accepted
CNP0035545 0 Pass Accepted
CNP0031869 0 Pass Accepted
CNPO0006935 0 Pass Accepted
CNPO0012513 1 Pass Accepted
CNPO0012530 0 Pass Accepted
CNP0308604 2 Pass Rejected
CNPO0012720 0 Pass Accepted
CNP0338109 1 Pass Rejected
CNP0236730 1 Pass Rejected
CNPO0335046 0 Pass Accepted
CNP0244798 1 Pass Rejected
CNP0401954 1 Pass Rejected
CNPO0012741 0 Pass Accepted
CNPO0301444 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
CNPO0158413 2 Pass Rejected
CNP0285577 2 Pass Rejected
CNP0196140 2 Pass Rejected
CNPO0271458 0 Pass Accepted
CNP0310785 2 Pass Rejected
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CNPO0069756 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
CNPO0155443 2 Pass Rejected
CNP0323159 0 Pass Accepted
CNPO0147280 0 Pass Accepted
CNPO0359877 0 Pass Accepted
CNP0120841 1 Pass Rejected
CNP0103038 1 Pass Rejected
CNP0292895 1 Pass Rejected
CNP0267069 0 Pass Accepted
CNPO379746 0 Pass Accepted
CNP0179538 0 Pass Accepted
CNPO0034170 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
CNPO0186944 0 Pass Accepted
CNP0183001 2 Pass Rejected
CNP0257860 2 Pass Rejected
CNP0290104 2 Pass Rejected
CNPO0377823 2 Pass Rejected
CNP0123394 2 Pass Rejected
CNP0273471 2 Pass Rejected
CNP0311080 2 Pass Rejected
CNPO0177411 0 Pass Accepted
CNPO0355055 0 Pass Rejected
CNP0028634 0 Pass Accepted
CNP0233889 0 Pass Rejected
CNP0049621 0 Pass Accepted
CNP0331180 0 Pass Accepted
CNP0319952 0 Pass Accepted
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