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Abstract

This PhD dissertation presents literature review of the mechanisms of bacterial antibiotic
resistance and resistance of cancer cells to antineoplastic treatment. It focuses especially on
one of these mechanisms i.e. extrusion of drugs from the cell by means of efflux pumps.

Since hydantoins have many properties interesting from the pharmacological point of view,
my research aimed to test hydantoin derivatives synthesized in the Department of Technology
and Biotechnology of Drugs of the Jagiellonian University Medical College in terms of their

efficacy against bacteria and cancer cells.

As far as bacteria are concerned, my research aimed to:

- determine direct antibacterial activity of4 groups of hydantoin derivatives
(2-piperazine  derivatives  of  5-arylideneimidazolone, amine  derivatives
of 5-arylidenehydantoin, amine derivatives of 5-naphthalen-5-methylhydantoin,
N-1 arylpiperazine derivatives of 5-phenylhydantoin) against S. aureus and E. coli
strains using minimum inhibitory concentration method

- determine ability of the compounds to increase/restore efficacy of selected antibiotics

For the active compounds, the research aimed to:
- determine their mechanism of action by means of molecular modeling
- check their toxicity using an online tool Molecular Property Explorer and in-vitro

proliferation assay against HEK-293 cells.

BM36 ((2)-5-(naphthalen-2-ylmethylene)-2-(piperazin-1-yl)-3H-imidazol-4(5H)-one

hydrochloride) turned out to be the most active compound. It has been experimentally proven
to decrease the MIC of oxacillin and cloxacillin against S. aureus MRSA HEMSA 5 strain,
128-fold and 256-fold, respectively. Based on the molecular modeling studies conducted later,
it may be suggested that this compound prevents the antibiotic from binding to the active site
of the MecR1 protein and thus prevents expression of a modified penicillin binding protein

(PBP2a) whose presence makes S. aureus resistant to p-lactam antibiotics.

As far as cancer cells are concerned, my research aimed to test ability of four groups

of hydantoin derivatives (arylidene hydantoins (N-unsubstituted), arylidene hydantoins



(N-3 phenylpiperazine derivatives), dimethylhydantoins (N-1 phenylpiperazine derivatives)
and other hydantoin derivatives) to inhibit an efflux pump, P-glycoprotein, in mouse
lymphoma cells transfected with human P-pg gene using ethidium bromide accumulation

assay.

The most active compounds were arylidene hydantoins, especially phenylpiperazine
derivatives. Among dimethylhydantoins (N-1 phenylpiperazine derivatives), the most active
were derivatives containing methoxy group in the ortho position of the benzene ring (PI2A)

and 3 fluorine atoms in the benzene ring and benzyl substituent (P17A).



Abstract in Polish

W rozprawie doktorskiej przedstawiono przeglad literaturowy mechanizméw opornosci
bakterii na antybiotyki 1 oporno$ci komorek nowotworowych na leczenie
przeciwnowotworowe. Niniejszy przeglad skupia si¢ szczegoélnie na jednym z tych
mechanizmow, tj. usuwaniu lekéw z komorki za pomoca pomp wyrzutu lekow.

Poniewaz hydantoiny posiadaja wiele wiasciwosci interesujacych z farmakologicznego
punktu widzenia, celem moich badan bylo sprawdzenie czy pochodne hydantoiny
zsyntetyzowane w Katedrze Technologii i Biotechnologii Lekéw CMUJ majg dziatanie

antybakteryjne i antynowotworowe.

W przypadku bakterii celem moich badan byto:

- okreslenie bezposredniej aktywno$ci przeciwbakteryjnej czterech grup pochodnych
hydantoiny  (2-piperazynowych  pochodnych  5-arylidenoimidazolonu,  aminowych
pochodnych 5-arylidenohydantoiny, aminowych pochodnych 5-naftaleno-5-
metylohydantoiny, N-1 arylopiperazynowych pochodnych 5-fenylohydantoiny) wzgledem
szczepow S. aureus i E. coli za pomocg metody minimalnych stezen hamujacych

- okreslenie zdolnosci tychze zwiazkow do zwigkszania / przywracania skutecznosci

wybranych antybiotykoéw

W przypadku zwiazkow, ktore okazaty si¢ aktywne, celem badan byto:
- okreslenie ich mechanizmu dziatania za pomoca modelowania molekularnego
- sprawdzenie ich toksycznosci za pomoca internetowego narzedzia Molecular Property

Explorer i testu proliferacji in vitro na komorkach HEK-293.

Najbardziej aktywnym zwigzkiem okazat si¢ BM36 (chlorowodorek (Z)-5-(naftaleno-2-
ylometyleno)-2- (piperazyno-1-ylo)-3H-imidazolo-4(5H)-onu). Udowodniono
eksperymentalnie, ze zmniejsza on MIC oksacyliny i kloksacyliny wzgledem szczepu
S.aureus MRSA HEMSA 5 odpowiednio 128-krotnie i 256-krotnie. Na podstawie
przeprowadzonych pdzniej badan modelowania molekularnego mozna zasugerowal, ze
zwigzek ten zapobiega wigzaniu antybiotykow do miejsca aktywnego biatka MecR1, a zatem
zapobiega ekspresji zmodyfikowanego biatka wigzacego penicyling (PBP2a), ktorego

obecno$¢ powoduje, ze S. aureus jest oporny na antybiotyki B-laktamowe.



W przypadku komorek nowotworowych, moje badania miaty na celu sprawdzenie za pomoca
testu akumulacji bromku etydyny zdolnosci czterech grup pochodnych hydantoiny
(arylidenohydantoin (N-niepodstawionych), arylidenohydantoin (pochodnych
N-3 fenylopiperazynowych), dimetylohydantoin (pochodnych N-1 fenylopiperazynowych)
i innych pochodnych hydantoiny) do hamowania pompy wyrzutu lekow, glikoproteiny P,
w mysich komorkach chtoniaka transfekowanych ludzkim genem dla P-pg.

Najbardziej aktywnymi zwigzkami okazaly si¢ arylidenohydantoiny, w szczegdlnosci
pochodne fenylopiperazyny. Wsrdéd dimetylohydantoin (pochodne fenylopiperazyny)
najbardziej aktywne byly pochodne zawierajace grupe metoksylowa w pozycji orto
pierScienia benzenowego (PI2A) i 3 atomy fluoru w pierScieniu benzenowym o0raz

podstawnik benzylowy (PI7A).



List of abbreviations

EB — ethidium bromide

EPI — efflux pump inhibitor

MD — molecular dynamics

MDR — multi-drug resistance

Mecl — Methicillin resistance regulatory protein Mecl
MecR1 — Methicillin resistance mecR1 protein
MRSA — methicillin-resistant Staphylococcus aureus
PBP2a — penicillin binding protein 2a

TMD — transmembrane domain
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1. Introduction

As a consequence of intense fight against infections and cancer, bacteria and cancer cells
have developed numerous defense strategies to neutralize toxic effects of drugs what rendered
these drugs ineffective. The capability of cancer cells to develop resistance to antineoplastic
drugs is a leading cause of cancer metastases and relapse. Despite the emergence of multi-
drug resistant bacteria such as e.g. methicillin-resistant Staphylococcus aureus (MRSA), no
major antibiotic classes have been discovered for the last 25 years [1][2]. The prevalence
of MRSA in Europe is presented in Fig. 1 [1]. Thus, the problem of multidrug resistance

remains a topical issue that needs to be addressed urgently.

Percentage Resistance
B <%

B 1to<5%

B 5to<10%

10to < 25%

25t0 < 50%
B >50%
No data reported

or less than 10 isolates
Not included

Fig. 1 Resistance to methicillin of Staphylococcus aureus (MRSA) in 2011
Arrows indicate a significant increasing or decreasing trend for the period 2008-2011.

1.1 BACTERIAL ANTIBIOTIC RESISTANCE

1.1.1 Mechanisms of bacterial resistance

As a consequence of the intense fight against infections, bacteria developed numerous defense

mechanisms against antimicrobial agents. These are:



1. modification of the drug target(s)

Bacteria modify their drug targets in order to weaken antibotic binding. For example,
fluoroquinolone resistance in S. aureus is mainly attributed to mutations occurring in the
cellular targets GrlA/GrIB (topoisomerase 1V, encoded by genes grlA/griB) and GyrA/GyrB
(DNA gyrase, encoded by genes gyrA/ gyrB) which decrease drug affinity to the target,
conferring high-level fluoroquinolone resistance [3]. Gram-positive bacteria in turn, change
the structure of peptidoglycan which is the target of vancomycin. Vancomycin prevents cross-
linking of peptidoglycan by binding to D-Ala-D-Ala dipeptide of the muramyl peptide. Gram-
positive bacteria develop vancomycin resistance by replacing D-Ala-D-Ala with D-Ala-D-
lactate which results in alteration of vancomycin binding [4].

2. enzymatic inactivation of antibiotics

Enzymatic inactivation renders antibiotics ineffective. Antibiotics may be modified by
hydrolysis, group transfer and redox mechanism [5]. B-lactamases hydrolyze the B-lactam
ring in B-lactam antibiotics [6]. Also, the most common mechanism of aminoglycoside
resistance is chemical modification by aminoglycoside-modifying enzymes (AMEs) [7].

3. reduction of intracellular drug concentration by changes in membrane permeability

Reduction of intracellular drug concentration may be achieved by the down-regulation of the
expression of porins. Porins are channels used by hydrophilic antibiotics ( p-lactams,

fluoroquinolones) to enter the outer membrane of the Gram-negative bacteria [8].

4. reduction of intracellular drug concentration by active expel of antibiotics by efflux
pumps
Recent studies suggest that efflux pumps may be used by the cell as a first-line defense
mechanism, avoiding the drug to reach lethal concentrations, until a stable, more efficient
alteration occurs, that allows survival in the presence of that agent [3][9]. Efflux pumps are a

promising target for overcoming antibiotic resistance.

Since efflux pumps are a subject of this PhD dissertation, they will be described in more detail.



1.1.2 Bacterial efflux pumps

Efflux pumps are membrane proteins found both in Gram-positive and Gram-negative
bacteria. Research on membrane proteins is not an easy task due to their high hydrophobicity
and low level of expression: they account for less than 0.1% of the mass fraction of all
cellular proteins. In living cells, the percentage of membrane proteins amounts to 30% of all

proteins, while their share in structures deposited in the Protein Data Bank is less than 5% [8].

1.1.2.1 Physiological role of efflux pumps
Efflux pumps recognize harmful substances that entered the periplasm or cytoplasm, and

extrude them before they make harm to the organism [10]. Furthermore, efflux pumps also
excrete toxic products of metabolism [11].

Efflux pumps become useful in different situations. For example, the habitat of intestinal
bacteria found in the digestion system of mammals and birds is rich in bile and bile salts.
These substances have antimicrobial activity, thus the natural intestinal microflora must have
defense mechanisms that protect against these substances [12]. Buckley et al. showed that
S. typhimurium mutants where either acrB or tolC genes of the AcrAB-TolC efflux pump
were knocked out colonized poorly and were not able to persist in the chicken gut [13].

Efflux pumps also secrete metabolites involved in quorum-sensing which is a mechanisms
of cell-to-cell communication [14]. Quorum sensing controls many cellular functions,
including biosynthesis of antimicrobial peptides, metabolic switch, motility, activation
of many virulence factors and biofilm formation which makes bacteria much more difficult to
eradicate [15]. Inhibition of efflux activity by efflux pump inhibitors was found to markedly
reduce biofilm formation in both E. coli and Klebsiella strains [16]. The same phenomenon
was observed in case of Salmonella enterica serovar Typhimurium when any efflux pump
was inactivated by means of genetic engineering [17].

Efflux pumps are also suggested to play a direct role in bacterial pathogenesis by transporting
virulence factors. Studies demonstrated that Klebsiella pneumoniae lacking AcrB and
Enterobacter cloacae deficient in either AcrA or TolC showed reduced ability to cause
infection in a mouse model, indicating that AcrAB-TolC is essential for the virulence of these
strains [15][18][19]. These conclusions are in line with the results of similar studies on

Pseudomonas aeruginosa [20].



1.1.2.2. Mechanism of active transport
Efflux pumps characterized in this PhD dissertation are systems based on active transport.

Active transport is the movement of molecules across a membrane from a region of their
lower concentration to a region of their higher concentration. Thus, it undergoes against the
electrochemical gradient and requires supply of energy. The energy for active transport may
be derived either from:
- hydrolysis of ATP (primary active transport)
or
- conjugation of the transport with the transport of another molecule (usually Na* or H")

that is moving along its electrochemical gradient (secondary active transport) [21]

1.1.2.3 Families of transporters
Bacterial efflux pumps belong to five unrelated families (Fig. 1, Table 1): MFS (Major

Facilitator Superfamily), SMR (Small Multidrug Resistance), RND (Resistance Nodulation
Division), ABC (ATP-binding cassette) and MATE (Multidrug And Toxic Compound
Extrusion) [22].

MATE  MF SMR RND ABC

. T/ T/
cell membrane I 1 ’ q
" Y\ '\——‘SI

4 ¥ -
Na* ' ' ' I -
cytoplasm a H H H ATP a;iDP +

Fig. 1. Structure and principle of operation of membrane drug transporters [12]

MFS transporters are typically composed of approx. 400 amino acids that are arranged into
12, 14 or 24 membrane-spanning helices, with a large cytoplasmic loop between helices six
and seven [23][24][25].

SMR transporters consist of approx. 110 amino acids and contain four transmembrane
helices. Owing to the small sizes of the proteins that belong to this family, they probably
function as oligomeric complexes [26].

MATE transporters consist of 400-700 amino acids that form 12 transmembrane helices.

All proteins of the MATE family exhibit almost 40% identity of their amino acid sequence.



All genes that encode MATE proteins are derived from the same gene which was
subsequently duplicated [27].

RND transporters were once believed to be unique to Gram-negative bacteria, but today it is
known that they are also found in Gram-positive bacteria [28][29][30]. Since RND
transporters cooperate with proteins in the periplasm and the outer membrane, such whole
system of drug extrusion consists of a tripartite complex. One of the most thoroughly
characterized RND efflux pump is AcrAB-TolC which will be described in chapter 1.1.3 [31].

MFS, SMR, MATE and RND transporters use a transmembrane proton gradient as the driving
force for transport [32].

The minimal structural organization of ABC transporters includes the presence of four
domains, i.e., two nucleotide binding domains (NBDs) and two transmembrane permease
domains (TMDs). The TMDs usually consist of six transmembrane a-helices and form homo
or heterodimers. Two NBDs bind ATP in the cytoplasmic side and cooperate with
transmembrane domains [33]. The feature which distinguishes ABC transporters from the
remaining families is the energy source for active extrusion of drugs, as it comes from the
hydrolysis of ATP. Binding and hydrolysis of ATP triggers conformational changes in the
transporter’s structure, which enable export of substrates [34][35].

Substrates of MFS, SMR, MATE, RND and ABC transporters are given in Table 1.

Examples of efflux pumps in S. aureus and E. coli are given in Table 2.



Table 1. Comparison of bacterial transporter families [12]

Family
of Protein structure Substrates Energy source
transporters
tetracyclines,
approx. 400 amino acids, fluoroquinolones,
MES 12 or 14 TMS, chloramphenicol, oH gradient
composed of macrolides,
one unit lincosamides,
streptogramins
approx. 110 amino acids, chloramphenicol,
SMR 4 TMS, streptomycin, pH gradient
tetramers tetracyclines
MATE approx. 450 amino acids, aminoglyfcosides, Na" gradient
12 TMS fluoroquinolones
B-lactams,
approx. 1000 amino fluoroquinolones,
acids, chloramphenicol,
RND 12 TMS, tetracyclines, oH gradient
collaborate with outer macrolides,
membrane protein (OMP) sulfonamides,
and membrane fusion aminoglycosides,
protein (MFP) erythromycin
tetracyclines,
fluoroquinolones,
chloramphenicol,
ABC multi-unit complex macrolides, ATP hydrolysis
lincosamides,
aminoglycosides,
rifampicin




Table 2. Representative efflux pumps in S. aureus and E. coli

Family Representative Representative
of efflux pumps efflux pumps
transporters in S. aureus in E.coli
MFS NorA, QacA [3] MdfA [36]
SMR QacG [3] YnfA [37]
MATE MepA [3] NorM [38]
RND SecDF [28] AcrAB-TolC [39]
ABC AbcA [3] CydDC [40]

1.1.3 The AcrAB-TolC efflux pump

AcrAB-TolC is a RND-based tripartite efflux pump which consists of the outer membrane
protein TolC, the periplasmic membrane fusion protein AcrA, and the inner membrane
transporter AcrB (Fig. 2) [41]. A small peptide, AcrZ, that binds to AcrB has also been
identified. It is suggested to affect drug sensitivity of AcrB [39][42]. The maps of the
crystallized full pump at 3.6 A resolution can be segmented into a TolC trimer, an AcrA
hexamer, and an AcrB trimer. Efficient extrusion of drugs requires all three components
of the AcrAB-TolC pump [43].
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Fig 2. Schematic drawing of the AcrAB-TolC efflux pump [44]

1.1.3.1 Substrates of the AcrAB-TolC efflux pump

AcrAB-TolC exports a wide variety of toxic compounds including anionic, cationic,
zwitterionic and neutral compounds [45]. Substrates of AcrAB-TolC include:
e antibiotics (ciprofloxacin, oxacillin, erythromycin, nalidixic acid, nitrocefin,
novobiocin, minocycline, doxycycline and rifampicin)
e dyes (ethidium bromide, berberine, rhodamine 6G, acriflavine)
e detergents (triton X-100, sodium dodecyl sulfate)
e simple solvents (hexane, octane, cyclohexane, DMSO) [46][44][47].

1.1.3.2 Structure of the AcrAB-TolC efflux pump

1.1.3.2.1 The AcrA protein
The crystallographic structure ofthe AcrA protein derived from E.coli was

solved with a 2.71 A resolution. AcrA is the linker between the two remaining proteins AcrB,
and TolC. It consists ofthree domains: an a-helical hairpin  structure
with a length of 105 A involved in interaction with TolC, a lipophilic area, and a p-barrel
structure (Fig. 3).. It is attached to the inner membrane by means of a lipid anchor which

guarantees high flexibility of the protein [44][48].
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Fig 3. Structures of the proteins constituting the AcrAB-TolC efflux pump [44]

1.1.3.2.2 The AcrB protein
AcrB is a member of the RND family which determines substrate specificity and energy

transduction [45][49]. It forms a trimer where each AcrB monomer consists of 1049 amino
acids and exhibits sequence homology and similar structural architecture between its N- and
C-terminal half, indicating an early gene duplication event. AcrB consists of the following
domains: transmembrane domain (50 A long) and periplasmatic domain which comprises
pore domain (50 A long) and TolC docking domain (30 A long) (Fig.3). The transmembrane
domain is made up of twelve transmembrane a-helices. The residues D407 and D408 from
TM4 and K940 from TM10 are suggested to play an essential role in proton translocation. As
far as periplasmic part of AcrB is concerned, the TolC docking domain exhibits a funnellike

structure narrowing to a central pore located in the pore domain, the latter composed



of subdomains PN1, PN2, PC1 and PC2. The characteristic central pore is formed by three
a-helices, donated by the PN1 subdomains of each AcrB monomer. The pore has a small
diameter and therefore does not allow drug passage in this conformation [50]. Residues
located in the pore domain determine substrate specificity of the pump [51][52]. The PC1 and
PC2 subdomains form a cleft at the periplasmic periphery of the pore domain which is
suggested to accommodate AcrA [50]. The putative hydrophobic binding pocket in the
binding (T) state conformation where doxorubicin and minocycline were demonstrated to
bind is formed by phenylalanines 136, 178, 610, 615, 617 and 628 [53][54].

1.1.3.2.3 The TolC protein
TolC is a homotrimer which consists of a 40 A long B-barrel located in the outer membrane,

a 100 A long helical domain that spreads into the periplasm and a mixed B equatorial domain
(Fig.3) [55]. The TolC channel has a volume of 43000 A®and its accessible interior diameter
amounts to 19.8 A [56][57]. In a resting state, the periplasmic entrance of TolC is tightly
sealed through hydrogen bonds and salt bridges formed between side chains of adjacent

coiled-coil pairs in order to prevent the passage of even the smallest ions [55][56].

1.1.3.3 Mechanism of action of the AcrAB-TolC efflux pump
AcrB transports drugs by a three-step binding change mechanism. In the access state, the

vestibule of the AcrB is open to the periplasm, but the binding site is still shrunken in size. In
this state, potential substrates have access to the vestibule. In the binding state, the vestibule is
kept open and the binding pocket is expanded to accommodate the substrate. Therefore, drugs
enter into the vestibule from the surface of the cytoplasmic membrane, move through the
uptake channel, and bind to the different locations in the aromatic pocket. At this stage, the
exit from the binding site is blocked by the central helix inclined from the extrusion protomer.
Then, in the extrusion state, the vestibule is closed, and the exit is opened because the central
helix is inclined away. The bound drug is pushed out into the top funnel by shrinking of the
binding pocket. These changes are expected to be coupled to proton translocation across the

membrane [53].

1.1.4 Strategies to circumvent efflux mechanism

Research to restore efficacy of therapeutically inactive agents by circumventing efflux
mechanism is underway. This purpose may be achieved in a number of ways. The main

of them are:
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e Modification of chemical design of previous antibiotics in order to reduce their
affinity for binding sites and cavities located inside the pump transporter

e Increase of the influx of antibiotics using membrane permeabilizers that increase the
intracellular concentration of drugs

e Down-regulation ofthe expression of efflux pump genes using antisense
oligonucleotides or small interfering RNA

e Collapse of the energy required to support the drug transport using compounds such as
carbonyl cyanide m-chlorophenylhydrazone (CCCP) or potassium cyanide. However,
since these compounds are cytotoxic, they cannot be used in the clinic.

e Blockade ofthe pump using efflux pump inhibitors that enhance the action
of antibiotics by preventing them from being expelled from the cell. The combination
of a resistance inhibitor (other than efflux pump inhibitor) with an antibiotic has
already proven its efficacy with the clavulanic acid (inhibitor of beta-lactamase) /

amoxicillin association [58][59].

1.1.5 Efflux pumps inhibitors

Since the crystal structures of none of the efflux pumps found in S. aureus such as NorA or
Qac have been solved yet, the research on efflux pumps inhibitors focused primarily on
Gram-negative bacteria.

EPIs discovered so far belong to four groups:

1.1.5.1 Peptidomimetics
The first EPI discovered in the group of peptidomimetics was Phe-Arg-p-naphthylamide

(PAPBN) (Fig. 4). PAPN is an efflux pump inhibitor active against Gram-negative bacteria [60].
It was first described to act against RND efflux pumps of Pseudomonas aeruginosa [61].
PABN competes with antibiotics for binding sites in efflux pumps which increases
intracellular concentration of antibiotics. It may bind to different sites in the binding pocket

than some antibiotics (e.g. aminoglycosides, B-lactams) [62].
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Fig. 4. Structure of PABN
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A more stable and less toxic PAPN derivative is MC-04,124 (Fig. 5) [63].
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Fig. 5. Structure of MC-04,124

Approximately 10 years ago, Glaxo Smith Kline established cooperation with Mpex
Pharmaceuticals to develop one of Mpex’s PABN derivatives, but so far the compound has
not entered clinical trials yet, and no information is available whether it has been discontinued

or its development is still pursued [64].

1.1.5.2 Quinolines and quinazolines
The structure of this group of inhibitors was designed based on similarity to quinolones which

are the main substrate of efflux pumps. Thus, quinolines may act as competitive inhibitors.
Several derivatives of quinoline were demonstrated to potentiate action of quinolones,
phenicols and cyclines against Enterobacter aerogenes and Klebsiella pneumoniae It is
suggested that alkyl side chain bondage to the heterocyclic fragment of alkylaminoquinolines
may play a fundamental role in EPI activity [65][66][67][68].
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Fig. 6. Structure of representative quinolines and quinazolines

1.1.5.3 Arylpiperidines and arylpiperazines
Among piperazine derivatives, NMP shows the best inhibitory properties (Fig. 7). It is an

unsubstituted arylpiperazine active against Enterobacteriaceae and Acinetobacter baumannii

which increases intracellular concentration of many antibiotics such as fluoroquinolones,
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erythromycin, linezolid and chloramphenicol [69][70]. So far, the mechanism of NMP's
activity has not been clarified yet. Furthermore, due to structural similarity to serotonin

receptor agonists, this compound may turn out too toxic for clinical use [71].

oy
N

Fig. 7. Structure of NMP

1.1.5.4 Phenothiazines
Phenothiazines are known to inhibit enzymes involved in generating cellular energy which is

necessary for efflux [72]. Thioridazine (Fig. 8), a neuroleptic compound, some thioridazine
derivatives and chlorpromazine (Fig. 8) were demonstrated to inhibit efflux pumps
of Mycobacterium tuberculosis and thus showed a promising synergistic effect with anti-

tuberculosis drugs such as isoniazid or rifampicin [73][74][75].
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. L

Thioridazine Chlorpromazine

Fig.8. Structures of thioridazine and chlorpromazine

1.1.6 Resistance of methicillin-resistant S. aureus to 3-lactam antibiotics

Methicillin-resistant S. aureus (MRSA) is a major nosocomial pathogen that is resistant not
only to methicillin but also to other p-lactam antibiotics such as penicillin derivatives (e.g.
oxacillin), cephems such as cephalosporins and carbapenems. It is also often resistant to
quinolones and aminoglycosides [76].

Staphylococci developed two mechanisms of resistance to B-lactam antibiotics. Firstly, they
produce pB-lactamases, enzymes that hydrolytically destroy p-lactams. Secondly, they are
able to express a modified penicillin-binding protein (PBP) named PBP2a, which is not

susceptible to inhibition by pB-lactam antibiotics [77]. PBPs are membrane-bound enzymes
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that participate in the biosynthesis of the bacterial cell wall: they catalyse the transpeptidation
reaction that is necessary for cross-linkage of peptidoglycan chains [78]. Unmodified PBP is
the target for B-lactam antibiotics: binding of a B-lactam antibiotic to the active centre of the
PBP protein inactivates the enzyme and results in bacterial growth inhibition due to the
inhibition of cell wall synthesis. In turn, the modified PBP protein (PBP2a) found in MRSA
strains displays much lower affinity to B-lactam antibiotics thus rendering MRSA resistant to
this group of antibiotics. Presence of the modified PBP2 protein in MRSA strains is caused by
the acquisition of a mobile genetic element from an unknown bacterial source, SCCmec
(Staphylococcal Cassette Chromosome). It contains the mecA gene that encodes the modified
PBP protein (PBP2a). Upon the acquisition of SCCmec, MSSA (methicillin-sensitive
S. aureus) changes to MRSA. Expression of the mecA gene is regulated by two proteins:
methicillin resistance regulatory protein Mecl (a repressor protein; marked in pink in Fig. 9)
and methicillin resistance MecR1 protein (a signal transducer protein). When Mecl binds to
the promoter region of mecA, the transcription of mecA is repressed. The active site centre
of MecR1 penicillin binding domain is the catalytic serine residue at the beginning of helix a3,
Ser391. If MecR1 detects B-lactam antibiotics in the extracellular space via MecR1 penicillin
binding domain (marked in green in Fig. 9), it becomes acylated at its active-site serine
residue. Thus, when p-lactam antibiotics bind to MecR1, the polypeptide having protease
activity (marked in yellow in Fig. 9) is released from MecR1 to degrade Mecl, resulting in
increased transcription of mecA. Consequently, a higher level of PBP2a is reached rendering
MRSA resistant to B-lactams due to lower affinity of the PBP2a protein to this group of
antibiotics [79].
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Fig. 9. Mechanism of PBP2a expression

Staphylococcus aureus has also a number of efflux pumps including those of the MF
family (NorA, Mef, Tet; the efflux pump Qac is plasmid mediated) and the ABC family
(Msr(A)) that are able to extrude antibiotics outside the cell, thus reducing the efficacy of the
drugs [80].

Since MRSA is a worldwide problem in clinical medicine, there is a need for developing
new therapeutic agents against this bacterium. One of the strategies is to search for adjuvants
that enhance the action of antibiotics and may thus restore the efficacy of therapeutically
inactive agents. The combination of a resistance inhibitor with an antibiotic has already
proven its efficacy with the clavulanic acid (inhibitor of beta-lactamase) / amoxicillin
association [59]. Lines of evidence indicated several chemical families [11-16] of inhibitors

of the S. aureus efflux pumps, mainly the NorA efflux pump (Fig 1) [11].
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1.2 CANCER DRUG RESISTANCE

1.2.1 Mechanisms of cancer drug resistance

Cancer cells develop resistance to anti-cancer drugs whereby several major mechanisms
which often occur together, complicating attempts to combat them [81]. These mechanisms

are:

1.2.1.1 Heterogeneity of tumor cells before treatment
Cancers are populations of cells with a great degree of genetic and phenotypic heterogeneity.

In a given type of tumor, various populations of cells with several clonogenic potentials exist.
These populations consist of major and minor populations of tumor cells. During the
treatment, the major populations are usually destroyed by cancer drugs and the minor resistant
populations such as cancer stem cells (CSCs) survive and remain quiescent due to drug
pressure. Stem cells are undifferentiated cells with renewing capacity for cell division that
might be inactive for a long period. When activated under special conditions, they can
differentiate and become a tissue or an organ with specialized functions. Thus, based on
different conditions, such as the status of the immune system, age, and hormones, these minor
populations may start to repopulate and establish another tumor, which is resistant to the first
line treatment. A number of research has shown that treatment failure in several tumors has
been attributed to the presence of CSCs [82].

1.2.1.2 Alteration of drug targets
Drug targets may be altered due to changes in expression level of their genes or as a result

of mutations. An example is post-treatment overexpression of the androgen receptor gene. It
has been described in around 30% of recurrent prostate cancer patients that were treated by
castration; however, untreated prostate cancer patients did not show amplification of the
androgen receptor [82]. Point mutations are the most frequent mechanism of acquired
resistance to tyrosine kinase inhibitors. The most common type of point mutations reduces the
affinity of the target for the drug while the enzyme catalytic activity may not be affected.
Another type of mutations are changes in the amino acids near the enzyme binding site which
may reduce the accessibility of the target region for the inhibitor binding. There are also
mutations which increase the affinity of the enzyme for ATP and thus decrease the
effectiveness of type I inhibitors (ATP competitors) [82].

In addition to genetic alterations, other factors such as epigenetic factors may contribute to

drug resistance. Epigenetic modifications, such as methylation of gene promoter or changes in
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chromatin packaging that regulate the availability of DNA to special transcription factors,
may change the expression of target genes. Modifications that induce drug resistance are
associated with dysregulation of apoptotic factors and DNA repair enzymes as well as
abnormal expression of drug efflux transporters [82]. An example is promoter CpG island
hypermethylation which silences the gene for DNA/RNA helicase Schlafen-11 (SLFN11)
enzyme that has been found to be associated with resistance to chemotherapeutic drugs such
as platinum compounds [83].

If the target is part of a pathway activated by other molecules, then the cell may activate an
alternative molecular mechanism [81]. An example comes from the work of Isoyama et al.
who showed that acquired resistance to phosphatidylinositol 3-kinase (PI3K) inhibitors (such
as ZSTK474) was due to the upregulation of insulin-like growth factor 1 receptor (IGF1R)
pathway and that inhibition of this pathway with selective IGF1R inhibitors reversed the
acquired resistance to PI3K inhibitors [84].

1.2.1.3 Drug activation or inactivation
In order to exert their cytotoxic effects, many anti-cancer drugs must undergo metabolic

activation. However, cancer cells may circumvent the effects of such treatments due to decreased
drug activation. It is for example observed in the treatment of acute myelogenous leukemia with
cytarabine (AraC), a nucleoside drug that is activated after multiple phosphorylation events that
convert it to AraC-triphosphate. Down-regulation or mutation in this pathway can produce a
decrease in the activation of AraC which can lead to AraC drug resistance [85].

Drug inactivation also plays a major role in the development of resistance. Major components
of human detoxification system include cytochrome P450 (CYP) system, glutathione
S-transferase (GST) superfamily, and uridine diphospho-glucuronosyltransferase (UGT)

superfamily [85].

Cytochromes P450 (CYPs) are terminal enzymes in electron transfer chains which contain
heme as a cofactor. They are located in the smooth endoplasmic reticulum of several tissues,
primarily liver, but extrahepatic metabolism also occurs in the kidneys, skin, gastrointestinal
tract, and lungs. The most common reaction catalyzed by cytochromes P450 is a
monooxygenase reaction, e.g., insertion of one atom of oxygen into the aliphatic position
of an organic substrate (RH) while the other oxygen atom is reduced to water. Many
hydroxylation reactions also use CYP enzymes [86][87]. An example of an antineoplastic

drug which has been shown to become inactivated via CYP450 is irinotecan, a topoisomerase
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| inhibitor, used for treating colon cancer [84]. It is possible that mutations or alterations in
CYP enzymes may change these proteins’ metabolic capabilities, such as increasing the
breakdown of drugs and their secretion by the kidneys [5]. In this case, the drug would not

maintain proper levels in the patient [85].

Glutathione S-transferases (GSTs) are enzymes that catalyze the conjugation of the reduced
form of glutathione (GSH) to xenobiotics thereby depriving them of their toxic properties.
The mechanism of conjugation is based on the nucleophilic attack of the thiol group
of glutathione on electrophilic carbon, sulfur, or nitrogen atoms of nonpolar xenobiotic
substrates in order to make these compounds more water-soluble. The conjugates are then
transported outside the cell and metabolized [88][89]. GSH conjugation to platinum drugs,
such as oxaliplatin and cisplatin used in the treatment of various types of cancers, renders
them substrates for ABC transporters. [84]. Elevated GST expression, and consequently
enhanced detoxification of anticancer drugs, is found in many tumors [90][91][92][93].

Finally, binding of platinum drugs, particularly cisplatin, to metallothionein, a small cysteine-

rich protein, is another means of drug inactivation [84].

Lastly, the UGT superfamily is a group of endoplasmic reticulum-bound enzymes that catalyze
glucuronidation [87]. This process regulates the formation of inactive hydrophilic glucuronides
with substrates such as steroids, bile acids, and xenobiotics including environmental carcinogens
and cytotoxics. UGT family provides many tissues, such as the skin, breast, prostate gland, gut,
and placenta, with a first line of metabolic defense from harmful substrates. Widespread down-
regulation of UGT1A1 transcription and microsomal activity occurs in certain cancerous states.
The expression of UGT1A1 is negatively regulated by DNA methylation at its promoter region
[85][87].

1.2.1.4 Reduced susceptibility to apoptosis
Response of a cell to DNA damage is either to repair or to die. In such case, cell death is

usually triggered through apoptosis which is defined as highly controlled programmed cell
suicide led by biochemical events. Apoptosis is characterized by distinct morphological
changes which include blebbing (protrusion of the plasma membrane of a cell), cell shrinkage,
nuclear fragmentation, chromatin condensation, chromosomal DNA fragmentation, and global
MRNA decay [94]. Resistance occurs due to the evasion of apoptotic pathways as a result

of the acquisition of either inactivating mutations in genes coding for apoptotic proteins, such
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as p53 or TNF, or activating mutations in genes coding for anti-apoptotic proteins, such as
Bcl-2 or Mcl-1 or overexpression of these anti-apoptotic genes [84][82][95]. The gene coding
for the p53 protein, TP53, is mutated in 50% of cancers [96]. Alternatively, inactivation of P53
regulators, such as caspase-9 and its cofactor Apaf-1, can also lead to drug resistance [85].

1.2.1.5 DNA damage repair
Defects in DNA repair pathways enable cancer cells to accumulate genomic alterations that

contribute to their aggressive phenotype [97]. In response to chemotherapy drugs that either
directly or indirectly damage DNA, DNA damage response (DDR) mechanisms can reverse the
drug-induced damage. For example, resistance to platinum-based drugs often arises due to
nucleotide excision repair and homologous recombination [85][95]. Cancer cells often have
increased ability to repair DNA. O°-methylguanine DNA methyltransferase (MGMT) is a DNA
repair protein. Many tumors have high MGMT levels, yielding them resistant to alkylating agents.
Over-expression of MGMT has been shown to protect hematopoietic stem cells from alkylating
agents. Studies also show that many glioma patients with epigenetically silenced MGMT genes
have increased disease-free and overall survival rates [85].

Once a mutation is acquired cancers often become addicted to a different DNA repair
pathway. A good example of this is BRCA1/2. As BRCAL/2 are key components of a DNA
double strand repair pathway, cancers with mutations in these genes become dependent on
another DNA repair component, PARP1, for replication fork progression. Thus, inhibition
of PARP1 in these cancer cells should in theory result in their death [81]. However, despite
the promising results these inhibitors showed, cancer cells once again were capable

of evolving resistance to PARP inhibitors in preclinical and clinical settings [84].

1.2.1.6 Steric hindrance
Overexpression of other molecules that surround a target protein has been found to inhibit

interaction of antineoplastic drugs with the target protein [98]. For instance, resistance
of tumor HER2-overexpressing cells to a monoclonal antibody trastuzumab is related to high
expression of MUC4, a membrane-associated glycoprotein, which binds to HER2 and thus

inhibits binding of trastuzumab through steric hindrance [99].

1.2.1.7 Extracellular vesicles
Extracellular vesicles (EVs) (such as exosomes and microvesicles) are small particles (100-

1000 nm) that are surrounded by phospholipid bilayer similar to the cell membrane. Their
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primary function is intercellular transport. Extracellular vesicles transfer different molecules
involved in resistance, such as microRNAs (miRNAs) and drug efflux pumps (P-gp, ABCG2,
MRP1, ABCA3), to other cells by shedding from resistant cells and consequently induce drug
resistance in non-resistant cells. They are also directly involved in the removal of cancer
drugs, e.g. doxorubicin or several small molecule inhibitors, from treated cells. It is suggested
that the hydrophobic characteristics of some drugs may enhance their interaction with lipid
layer of vesicles [82].

1.2.1.8 MicroRNAs (miRNAs)
MicroRNAs are non-coding, single-stranded RNA molecules that consist of 19-22

nucleotides. These short RNAs behave as regulators of signaling pathways and are important
key regulators in tumor progression. MiRNA deregulation in cancers has been found to be
involved in deregulation of gene transcription, epigenetic modifications such as methylation
of the CpG islands, induction of mutations, and alteration of DNA copy numbers. miR-7,
miR-10, miR-15a, and miR-16 have been described to target MDR1, homeobox D10
(HOXD10), Bcl-2, and cyclin-D1 genes, respectively, and induce resistance to cisplatin, taxol,
tamoxifen, and docetaxel in breast cancer. Microarray studies demonstrated that chronic
exposure of A549 cell line with gefitinib increases the expression of 25 miRNAs and
suppresses the expression of 18 others. This difference in the expression of mMiRNASs has been
noted to be related to a 3-fold increase in IC50 of gefitinib [82].

1.2.1.9 Efflux pumps
Several cell membrane transporter proteins have been linked to resistance to commonly used

chemotherapeutics by promoting drug efflux [95]. Enhanced drug efflux is frequently caused
by increased expression of ATP binding cassette (ABC) membrane transporters [84]. Out
of 49 members of this protein family, 3 transporters are the best known: multi-drug resistance
protein 1 (MDR1; also known as phenolic glycoprotein (P-glycoprotein) or ABCBL1),
multidrug resistance-associated protein 1 (MRP1) and breast cancer resistance protein
(BCRP) [100].

ABC transporters are highly expressed in the epithelium of the liver and intestine, where they
protect the body by pumping drugs and other harmful molecules into the bile duct and intestinal
lumen [85].
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Though some exceptions exist, ABC transporters are classified by the presence of two
distinct domains—a highly conserved nucleotide binding domain and a more variable
transmembrane domain (36) [85].

1.2.2 Expression of efflux pumps in tumors

A study conducted in 2015 by Feldman et al. comprising over 50,000 patients diagnosed with
different tumors revealed that the most frequently expressed in tumors efflux pump was
MRP1 which was present in 81% of tumors. 66% of tumors were positive for BCRP and 23%
for P-gp [101]. As shown in Fig. 10, gastrointestinal cancers exhibit the most abundant
expression of all 3 efflux pumps. P-gp was the most widely expressed in gastrointestinal
tumors, especially liver cancer where it was present in almost 75% of cases (Fig. 9). Patients
were assessed by immunohistochemistry (IHC); IHC thresholds (positive = >1+ and >10%)
were used. [101].
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Fig. 10. Distribution of positive expression rates, according to tumor type [101]

The highest average combined expression of the 3 pumps was observed in liver cancers (81%
of cases; Table 3) [101].
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Table 3. Combined expression rates of P-gp, BCRP and MRP1, according to tumor type, and

in order of decreasing frequency [101]

Abbreviations:

Tumor Type Frequency

Liver 81%
Colon/Rectum 76%
Biliary Tract 75%
Pancreas 74%
GIST 73%
Esophageal 73%
Small Intestine 2%
Stomach 69%
Bladder 58%
Ovarian 57%
Neuroendocrine 54%
Uveal Melanoma 54%
Endometrial/Cervical 54%
NSCLC 52%
Kidney 49%
Thyroid 48%
Prostate 47%
SCLC 46%
Breast 46%
Sarcomas 44%
Melanoma 44%
Head & Neck 42%
Thymus 40%
Brain 39%

GIST stands for gastrointestinal stromal tumors

NSCLC stands for non-small-cell lung carcinoma

SCLC stands for small-cell lung carcinoma
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1.2.3 P-glycoprotein

P-glycoprotein was discovered in 1971 in a CHO cell line where it prevented the permeation

of several unrelated drugs [102].

1.2.3.1 Expression of P-gp in healthy tissues
P-gp is extensively distributed and expressed in the intestinal epithelium where it pumps

xenobiotics (such as toxins or drugs) back into the intestinal lumen, in liver cells where it
pumps them into bile ducts, in the cells of the proximal tubule of the kidney where it pumps
them into urine-conducting ducts, and in the capillary endothelial cells composing the blood—

brain barrier and blood-testis barrier, where it pumps them back into the capillaries [103].

1.2.3.2 Substrates of P-gp
P-gp binds electrically neutral and positively charged hydrophobic drugs. It is extremely

polyspecific, recognizing hundreds of structurally divergent compounds ranging in size from
100 daltons up to 4000 daltons [104]. P-gp transports various substrates across the cell
membrane that occur naturally in the body as well as a number of drugs used in cancer
chemotherapy, immunosuppression, hypertension, allergy, infection, and inflammation. Most
P-gp substrates are hydrophobic and partition into the lipid bilayer [105]. Well-known P-gp

substrates and compounds that induce P-gp expression are shown in Table 4 [106].
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Table 4. Substrates and inducers of P-glycoprotein [106].

Substrates Inducers
Aldosterone Itraconazole Amprenavir
Amprenavir Ivermectin Clotrimazole
Bilirubin Loperamide Dexamethasone
Cimetidine Methylprednisolone | Indinavir
Colchicine Morphine Morphine
Cortisol Nelfinavir Nelfinavir
CPT-11 Paclitaxel Phenothiazine
Cyclosporine Quinidine Retinoic acid
Dexamethasone Ranitidine Rifampin
Digoxin Rhodamine Ritonavir
Diltiazem Saquinavir Saquinavir
Domperidone Sparfloxocin St John's Wort
Doxorubicin Terfenadine (Hypericum perforatum)
Erythromycin Tetracycline
Estradiol-17B-D-glucuronide | Vecuronium
Etoposide Verapamil
Fexofenadine Vinblastine
Indinavir

1.2.3.3 Association between P-gp expression and cancer drug resistance

A growing body of evidence has suggested that the expression level of P-gp encoded by the
MDR1 gene is significantly associated with primary and acquired multi-drug resistance [107].
For example, measurements of the MDR1 expression level in the National Cancer Institute
(NCI) 60 cancer cell lines revealed dramatic inverse correlation between MDR1 expression
and paclitaxel sensitivity, indicating that the overexpression of MDR1 contributes to the
development of paclitaxel resistance in cancer [19][107].

A prognostic impact of P-gp is well documented in leukemia. It has been demonstrated that
P-gp positivity in patients with acute myeloid leukemia is correlated with resistance to
induction treatment [108] and poor treatment outcome [109][110], higher relapse rate
[111][110][108] and shorter survival [112][110]. Shorter survival was also observed in case
of P-gp positive patients with acute lymphoblastic leukemia [113][114]. Also in chronic
myelogenous leukemia, patients in whom treatment has failed had significantly higher P-gp
expression than responders [115].

Studies also show that P-gp positivity is associated with poor prognosis in breast cancer

[116][117]. P-gp positive patients have been found to be at significantly greater risk for
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disease recurrence [117]. Findings from a meta-analysis of 1232 treated and untreated patients
with breast cancer showed that tumors with positive MDR1 expression were 3 times more
likely to fail to respond to chemotherapy than were tumors with negative MDR1 expression
[20][107]. P-gp can be used as a predictor for neoadjuvant therapy response in breast cancer
that will also aid in avoiding the toxic side effects of neoadjuvant therapy in non-responders
[118].

A correlation between P-gp expression and poor treatment outcome has also been observed in
case of ovarian cancer [119][120] where it is suggested to be a useful predictive marker
of chemotherapeutic response, gastric cancer [15][121], oral cavity cancer [122], nonsmall
cell lung cancer [123], neuroblastoma [124], renal carcinoma, colon cancer and liver cancer
[11][107]. In gallbladder carcinoma, patients with positive P-gp expression showed a
significantly lower 2-year survival rate [125]. Also, the largest and most aggressive soft

sarcomas exhibited the highest P-gp expression [34][107].

1.2.3.4 Structure of P-gp
The structure of the murine P-gp was solved by x-ray diffraction in 2009 (PDB code: 3G5U)

[105]. It has 87% sequence identity to human P-gp which is composed of 1280 amino acids
[105][126]. The structure of P-gp is presented in Figure 11. It is a 170 kDa transmembrane
glycoprotein, which includes 10-15 kDa of N-terminal glycosylation. The N-terminal half
of the molecule contains 6 transmembrane domains (TMDs), followed by a large cytoplasmic
domain with an ATP-binding site (marked as nucleotide-binding domain (NBD)), and then a
second section with 6 TMDs and an ATP-binding site that shows over 65% of amino acid
similarity with the first half of the polypeptide [127]. These 2 halves are joined by a 60
amino acid linker region. This organization of the domains is characteristic of ATP
binding cassette transporters [126][128]. The volume of the internal cavity within the lipid
bilayer is substantial (~6000 A% and can accommodate at least two compounds
simultaneously. The major drug-binding site resides in the cell membrane in or near
transmembrane helices TM6 and TM12 [105][126]. The drug-binding pocket is made up
of mostly hydrophobic and aromatic residues. Although the upper half of the drug-binding
pocket contains predominantly hydrophobic and aromatic residues, the lower half of the
chamber has more polar and charged residues [105]. In addition to this, TM1, TM4, TM10,

and TM11 also have drug-binding sites. Amino acids in TM1 are involved in the formation
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of a binding pocket that plays a role in determining the suitable substrate size for P-gp,

whereas Gly residues in TMs 2 and 3 are important in determining substrate specificity [126].

yoeL~

FRONT VIEW BACK VIEW

Figure 11. Structure of P-gp: front and back views [105].

1.2.3.5 Mechanism of action of P-gp
Substrate (magenta, Fig. 12) enters the internal drug binding pocket through an open portal.

The residues in the drug binding pocket (cyan spheres) interact with the substrate [105].
Binding of ATP (yellow) at the NBDs causes dimerization of NBDs and drives
conformational changes in the TMDs that switch the transporter’s overall conformation from
inward-facing to outward-facing (inward/outward refer to the opening of the drug-binding
pocket relative to the cell). This ATP-driven switch results in the transport of substrates out
of the cell [129]. Exit of the substrate to the inner leaflet is sterically occluded, which
provides unidirectional transport to the outside [105]. The hydrolysis of ATP and release
of Pi/ADP are essential for resetting the transporter back to the inward-facing conformation
[129].
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Figure 12. Model of substrate transport by P-gp [105].

Over the past 3 decades, P-gp inhibitors have been classified into 4 generations [107]:

1.2.4 P-gp inhibitors

Over the past 3 decades, P-gp inhibitors have been classified into 3 generations [107]:

1.2.4.1 First-generation P-gp inhibitors
First-generation P-gp inhibitors (Fig. 13) included calcium channel blockers such as

verapamil, nifedipine and tetrandrine, an immunosuppressant cyclosporin A, an antimalarial
drug quinine, and reserpine. Initially, verapamil, nifedipine, tetrandrine and reserpine were
used to treat hypertension and cyclosporine A was administered in autoimmune diseases.
Verapamil enabled to enhance intracellular accumulation of many anticancer drugs such as
vincristine, vinblastine, doxorubicin and daunorubicin. Since first-generation compounds
were drugs already in clinical use for other indications, the first consequence of their use as
MDR modulators was intrinsic toxicity due to their pharmacological activity [130]. For
example, serum concentration of verapamil required to reverse drug resistance results in
severe cardiotoxicity and the effective dose of cyclosporin A is nephrotoxic and associated
with nervous system disorders [107]. Therefore, these compounds were rejected in phase |

clinical trials and their investigation was stopped [130].
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Figure 13. Structures of first-generation P-gp inhibitors

1.2.4.2 Second-generation P-gp inhibitors
Following the failure of first-generation inhibitors, the second step was to identify their

analogues that would be deprived of the pharmacological properties of the original molecule
but able to potently and specifically inhibit P-gp [130].

This group of drugs (Fig. 14) included dexverapamil (one of the two enantiomers of racemic
verapamil), valspodar (PSC-833), dexnigulpidine and chinconine that are structural analogs
of cyclosporin A, nifedipine and quinidine [130].

Compared with the first-generation agents, second-generation inhibitors exhibit higher
selectivity and activity and lower toxicity, and they reverse drug resistance at lower
concentrations. Dexverapamil was demonstrated to exert a 200-fold lower effect on calcium
channels compared to verapamil, while the concentration of dexverapamil required to reverse
drug resistance is 1/10 of the concentration of verapamil required to do the same in vitro.
Valspodar, the most studied second-generation compound, is a cyclosporine derivative which
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inhibits P-gp with 10- to 20-fold greater activity than cyclosporine A and has much lower
renal toxicity and no immunosuppressive activity [130][107]. It is believed to act as a non-
competitive inhibitor that alters the conformation of P-gp and interferes with its ATPase
activity [130].

Unfortunately these advantages did not translate into clinical success: clinical trials with
dexverapamil were stopped due to elevated intrinsic toxicity and valspodar did not improve
treatment outcome in phase 11 clinical trials. Clinical trials with dexnigulpidine were stopped
because of its poor efficacy, cinchonine development was discontinued in phase | clinical
trials [131][130][132].

The drawback of second-generation inhibitors is suppression of hepatic and intestinal
cytochrome P-450 (CYP) enzymes, which interferes with the clearance (e.g., via biliary
elimination) and metabolism (e.g., via the CYP system) of substrate drugs and thereby results
in unacceptable pharmacokinetic interactions and systemic toxicity. Furthermore, second-
generation inhibitors often block other ABC transporters thus triggering side effects. In
clinical trials, the most frequent unfavorable adverse events of second-generation P-gp
inhibitors in combination with anticancer drugs were neutropenia, myelosuppression,

agranulocytosis, thrombocytopenia and nonhematologic toxicity [107].
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Figure 14. Structures of second-generation P-gp inhibitors

1.2.4.3 Third-generation P-gp inhibitors
Third-generation P-gp inhibitors were developed using quantitative structure-activity

relationships (QSARS) and combinatorial chemistry to circumvent the limitations of first- and
second-generation inhibitors. These compounds have enhanced specificity, decreased toxicity
and better affinity for P-gp, and they do not affect CYP enzymes at relevant concentrations.
Therefore, they have limited pharmacokinetic interactions with chemotherapeutic agents
[107]. Third-generation compounds that have been tested in clinical trials are the amido-keto-
pipecolinate derivative biricodar (VX-710), the acridocarboxamide derivative elacridar
(GF-120918), the quinolyloxy-propanolamine derivative zosuquidar (LY-335979), the
anthranylamide derivative tariquidar (XR-9576), and laniquidar (R-101933) which is
structurally related to tricyclic antidepressants (Fig. 15) [130].
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Figure 15. Structures of third-generation P-gp inhibitors

Biricodar (VX-710; developed by Vertex Pharmaceuticals) is a simplified analog
of tacrolimus, that is the most widely studied immunosuppressive macrolactone. It is
considered by some authors to be a second-generation compound probably because it is not a
selective P-gp inhibitor as it acts both on P-gp and MRP1 [130]. Biricodar has not entered
phase Il clinical trials based on its limited efficacy in phase Il clinical trials in patients with
recurrent small cell lung cancer treated with doxorubicin and vincristine [133].

Elacridar (GF-120918; developed by GlaxoSmithKline) does not specifically inhibit
P-gp; it has also been shown to act on BCRP but not on MRP1. No phase Il clinical trials with

this agent have been carried out after the encouraging results of phase | trials [130][134].
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Zosuquidar (developed by EIli Lilly) is one ofthe most potent P-gp inhibitors
described to date. It inhibits P-gp at nanomolar concentrations in vitro and in vivo and it has
been proved that it is not an inhibitor of MRP or BCRP. The mechanism of action
of zosuquidar is still unclear but a noncompetitive inhibition has been suggested since it is not
a substrate of P-gp and it cannot be transported by this ABC transporter [130]. Zosuquidar
development was discontinued after a phase 11 trial with cytarabine and daunorubicin for the
treatment of acute myeloid leukemia (AML) and myelodysplastic syndrome because it did not
meet its primary endpoint [135].

Tariquidar (XR-9576; developed by Xenova/QLT) both in vitro and in vivo reversed
resistance to various anticancer drugs at nanomolar concentrations. Its mechanism
of inhibitory action has not been completely clarified but a non-competitive mechanism has
been suggested. However, phase Il clinical trials with tariquidar in combination either with
paclitaxel and carboplatin or with vinorelbine as first line therapy in non-small-cell lung
cancer patients have been stopped due to increased toxicity [130].

Laniquidar (developed by NCI/EORTC Inc.) is a potent, orally active MDR inhibitor.
Results of a phase Il study in metastatic breast cancer patients of laniquidar in combination

with taxanes are not available and it is unknown whether phase 111 is planned [130].
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2. Purpose and scope of the research

The aim of this doctoral dissertation was to test selected hydantoin derivatives synthesized in
the Department of Technology and Biotechnology of Drugs by various students under
supervision of Professor Jadwiga Handzlik in terms of their activity against bacteria and

cancer cells.

Hydantoins have pharmacological properties that are used to treat many human diseases.
A well-known example of a drug featuring hydantoin is phenytoin (5,5-diphenylhydantoin),
which has been used for decades to treat epilepsy [136][137]. A hydantoin derivative
dantrolene is used as a muscle relaxant to treat muscle spasticity in conditions such as a spinal
cord injury, stroke, cerebral palsy or multiple sclerosis. It is also used to prevent muscle
stiffness and spasms caused by malignant hyperthermia (a rapid rise in body temperature and
severe muscle contractions) that can occur during surgery with certain types of anesthesia
[138]. Ropitoin is an example of antiarrythmic hydantoin [139]. Nilutamide is a selective

antagonist of the androgen receptor used in the treatment of metastatic prostate cancer [140].

The structures of imidazolidine-2,4-dione (hydantoin) and its sulphuric analog,
2-thiohydantoin, have been in the area of interest of the research group in the Department
of Technology and Biotechnology of Drugs for more than twenty years. Many aromatic
hydantoin derivatives obtained in the Department of Technology and Biotechnology of Drugs
demonstrate various pharmacological properties such as antimicrobial [141][142][143][144],
hypotensive, antiarrhythmic- or/and GPCR-agents [145][146][147][148][149][150][151].

2.1 Hydantoin derivatives against bacteria

Derivatives of hydantoin also seem to be an interesting target in pharmacological
strategies for overcoming multidrug resistance. It has been observed that benzylhydantoins
bind to the Mhpl efflux pump of the bacteria Microbacterium liquefaciens, which suggests
that such derivatives may inhibit efflux pumps [152]. A comparison of structural features
of the 5-aromatic derivatives of hydantoin with potent efflux pump inhibitors belonging to the
family of peptidomimetics (PAPN, MC-04,124) indicates some similarities which became a
base to consider hydantoin-family as a good starting point for search for new modulators

of bacterial multi-drug resistance (Fig. 16).
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Figure 16. Structural similarities of aromatic hydantoin and peptidomimetics EPIs

Since arylpiperazines are known EPIs [153], this moiety was also used in compounds
synthesized in our Department (group A of compounds: 2-piperazine derivatives of
5-arylideneimidazolone, group D of compounds: N-1 arylpiperazine derivatives of
5-phenylhydantoin (both groups described in detail in Tables 3.2.4A and 3.2.4D). NMP
(structure presented on page 13) also contains a naphthalene ring and this moiety was used in
EPIs from group C synthesized in our Department (amine derivatives of
5-naphthalen-5-methylhydantoin (described in detail in Table 3.2.4C)). This group
of compounds contains also an amine fragment found in PABN. Compounds with other
amines have also been synthesized in our Department (group B of compounds: amine
derivatives of 5-arylidenehydantoin (described in detail in Table 3.2.4B)). Results obtained
for the first generation of phenylpiperazine derivatives of 5,5-diphenylhydantoin synthesized
in our Department revealed two most promising chemosensitizers which contain
methylcarboxylic acid N3-substituent (Fig. 17). This prompted further investigation of this
group of compounds (group D of compounds: N-1 arylpiperazine derivatives of
5-phenylhydantoin (described in detail in Table 3.2.4D) [154].

OCH Ph
C[ 3 A

Ph
oFh 0 4N
Nﬁ ; OCH3 (\N/\/\/ Y “CH,COOH
K/N\)VN N
CH,COOH N
o}

O

Figure 17. Two most promising chemosensitizers synthesized in our Department
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The ability of aromatic hydantoin derivatives to inhibit multidrug resistance mechanisms in
pathogenic bacteria, especially Gram-negative bacteria Enterobacter aerogenes, has been
investigated in the Department of Technology and Biotechnology of Drugs since 2008. The
studies have been conducted in collaboration with the research team of Prof. Jean-Marie
Pagés: Dr Sandrine Alibert and Dr Jacqueline Chevalier (UMR-MD-1, Transporteurs
Membranaires, Chimiorésistance et Drug Design, Aix-Marseille Université/IRBA, Facultés de
Meédecine et de Pharmacie, Université de la Méditerranée) under two research programs:
ATENS COST action BMO0701 and Polish-French collaboration program 757/N-
POLONIUM/2010/0.

The promising preliminary results obtained for hydantoin derivatives against
Enterobacter aerogenes prompted our research group to test hydantoin derivatives
synthesized in our Department against other bacteria. Considering different structure and
mechanism of action of efflux pumps found in Gram-positive and Gram-negative bacteria,
representatives of both bacterial groups were selected: Staphylococcus aureus for Gram-
positive bacteria and Escherichia coli for Gram-negative bacteria.

Thus, my research aimed to:
- determine direct antibacterial activity of the hydantoin derivatives presented in Tables
2.1-2.4 against S. aureus and E. coli strains

- determine ability of the compounds to increase/restore efficacy of selected antibiotics
For the active compounds, the research aimed to:

- determine their mechanism of action

- check their toxicity

Hydantoin derivatives selected for testing belonged to four groups. They were:

e Group A: 2-piperazine derivatives of 5-arylideneimidazolone

O

H
N / \
)—N  NH

Ar
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Table 2.1.A. 2-piperazine derivatives of 5-arylideneimidazolone selected for testing

Substituents
Compound
Ar
BM7b CI4©7
BM33 @*
S

BM34 Q
BM38

S9s
DS11 OQO

A list of chemical names of the compounds from this group is shown in Table 3.2.4A on page
55.
e Group B: amine derivatives of 5-arylidenehydantoin
Rl
l
7"\
o)
Qw R
HNTNMK/amine

o
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Table 2.1.B. Amine derivatives of 5-arylidenehydantoin selected for testing

Substituents
Compound
R R: amine
H3C‘N/\
A2 H 4-OCHg NH—
\\/Nﬁ 3
/\
Al8 OH 2,4-diCl —N_ NH

A list of chemical names of the compounds from this group is shown in Table 3.2.4B on page
56.

e Group C: amine derivatives of 5-naphthalen-5-methylhydantoin

Table 2.1.C. Amine derivatives of 5-naphthalen-5-methylhydantoin selected for testing

Substituents
Compound
n
JM1 1
JM2 2
JM3 3

A list of chemical names of the compounds from this group is shown in Table 3.2.4C on page
56.
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e Group D: N-1 arylpiperazine derivatives of 5-phenylhydantoin
R
N 0
K/)\l\/@\R/N N
o )\O/
° g

Table 2.1.D. N-1 arylpiperazine derivatives of 5-phenylhydantoin selected for testing

Substituents
Compound 1

R R n
DK1 CH, {} 1
DK7 CHs F@ 1
= | O] O]
= | O] O] -

OCH,4
= | O &

A list of chemical names of the compounds from this group is shown in Table 3.2.4D on page
57.

2.2 Hydantoin derivatives against cancer

The potential of hydantoin derivatives to inhibit efflux pumps found in cancer cells has not
been extensively studied. Nevertheless, the existing studies are very promising: enzalutamide
(structure presented in Fig. 18) was found to inhibit P-gp efflux activity by approximately
60%. This was enough to desensitize docetaxel-resistant prostate cancer DU145 cells to
docetaxel treatment suggesting that combinatorial therapies with enzalutamide and docetaxel

may be effective regimens to treat advanced prostate cancer [155].
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Figure 18. Structure of enzalutamide

5-benzylidene hydantoins were reported as potent epidermal growth factor receptor (EGFR)

inhibitors with antiproliferative activity on human lung cancer cell lines [156][157][158].

Marine-derived phenylmethylene hydantoin (PMH) derivatives were found to have

antiproliferative and anti-metastatic activity against prostate cancer [159]. Azaspiro bicyclic

hydantoin derivatives showed significant anti-proliferative activity against human ovarian

cancer (SKOV-3 and OVSAHO cells). One derivative was also found to down regulate the

secretion of VEGF in murine osteosarcoma cells (LM8 and LM8G7) which indicates its

potential angioinhibitory effect [160].

5-benzylidene hydantoins

he TR

HN
o] o NH
SO \
0 F
0 O
PMH derivative Azaspiro bicyclic hydantoin derivative

Figure 19. Hydantoin derivatives active against cancer cells
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As far as cancer cells are concerned, my research aimed to test the ability of the hydantoin
derivatives synthesized in our Department to inhibit an efflux pump, P-glycoprotein, in mouse

lymphoma cells.

Hydantoin derivatives selected for testing belonged to four groups. Group 1 and Group 2 of
the compounds were selected based on the presence of a benzylidene moiety found in
hydantoin derivatives active against cancer cells (Fig. 19). Group 3 of the compounds was
selected based on a dimethyl moiety found in enzalutamide (Fig. 18).

The four groups of the compounds selected for testing were:

e Group 1: Arylidene hydantoins (N-unsubstituted)

i
7\
aaN -

HN_ _NH

i

0]

Table 2.2.1 Arylidene hydantoins (N-unsubstituted) selected for testing

Substituents
Compound
R

HY83 3-O-CH,-Ph-4-Cl

HY84 3-O-CH,-Ph
HY110 4-O-CH,-Ph-4-Cl
HY111 4-0O-CH,-Ph-2,4-diCl
HY112 4-O-CH,-Ph
HY115 3,4-diO-CHz-Ph

A list of chemical names of the compounds from this group is shown in Table 3.1.3A on page
46.
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e Group 2: Arylidene hydantoins (N-3 phenylpiperazine derivatives)

Table 2.2.2 Arylidene hydantoins (N-3 phenylpiperazine derivatives) selected for testing

Substituents
Compound - "
R1 3-ClI 2-F
R2 3-Cl 2,3-diCl
R3 4-Cl 3,4-diCl
R4 4-Cl 2-F
R5 4-Cl 2,3-diCl
R6 4-Cl 3-Cl

A list of chemical names of the compounds from this group is shown in Table 3.1.3B on page
47.

e Group 3: Dimethylhydantoins (N-1 phenylpiperazine derivatives)

O
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Table 2.2.3 Dimethylhydantoins (N-1 phenylpiperazine derivatives) selected for testing

Substituents
Compound . "
PI1A H H
PI2A 2-0OCH; H
PI3A 3-OCH;, H
P14A 2-F H
PI5A 4-F H
PIBA 2,4-diF H
PI7A 2,4-diF 4-F
PIBA 4-F 4-F
PI9A 2,3-diCl 2,4-diCl
PI10A 3,4-diCl 2,4-diCl
PI11A 4-Cl 2,4-diCl

A list of chemical names of the compounds from this group is shown in Table 3.1.3C on page
48.

e Group 4: Other hydantoin derivatives

KF4
Ph_Ph o
o™ Y
K/NV\/NTN\CHZCOOH
0
MF8

0
F—< :H—»{ o
HNEN/\OCNCN

A list of chemical names of the compounds from this group is shown in Table 3.1.3D on page
49.
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Experimental part

3. Materials and Methods

3.1. Cancer assays: assessment of the inhibition
of P-glycoprotein

The list of equipment and all reagents used in the assessment of the inhibition

of P-glycoprotein is shown in Annex 1, section 6.1.

3.1.1. Cell line

L5178 mouse T-cell lymphoma cells transfected with pHa ABCB1/A retrovirus (ECACC cat.
no. 87111908 obtained from FDA, Silver Spring, MD, USA) was used in the study. The cell
line was constructed by the group of Professor Joseph Molnar in the Institute of Medical
Microbiology and Immunology at the University of Szeged in Hungary.

The ABCB1-expressing cell line (MDR) was selected by culturing the infected cells with 60
ng/ml of colchicine to maintain the MDR phenotype. The L5178Y human ABCB1-transfected
subline was cultured in McCoy’s 5A medium supplemented with 10% heat-inactivated horse
serum, 200 mM L-glutamine and a penicillin-streptomycin mixture in concentrations of 100
IU/ml and 100 pg/ml, respectively. The cell lines were incubated at 37°C, in a 5% CO3, 95%

air atmosphere.

3.1.2. Method of assessment of the inhibition of P-glycoprotein

Inhibition of P-glycoprotein was evaluated using ethidium bromide accumulation assay. The
quaternarium ammonium compound ethidium bromide (EB), structurally related to the
antibiotic group of quinolones, has been a popular fluorescence probe of real-time monitoring
of resistance mechanisms in bulk cells and is a common substrate of efflux pumps in bacteria
[161][162][163][164]. Because EB is also recognized and extruded by ATP-binding cassette
(ABC) transporters and these have similarity to P-gp, the method has been extended for the

evaluation of agents that can inhibit the extrusion of EB on a real-time basis by mouse
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lymphoma cells containing the human ABCB1 (mdrl) gene [165]. EB emits weaker
fluorescence in an aqueous environment and becomes strongly fluorescent in a non-polar or
hydrophobic environment. Thus, the semi-automated EB method enables real-time detection
of EB accumulation inside cells and can be used to evaluate compounds for their ability to
inhibit efflux [161].

Prior to the experiment, maximum concentration of EB which can be extruded by the cells
was determined. This was done by adding different concentrations of EB to the cell
suspension and analysing accumulation curves. The maximum concentration of EB that the
cells are able to extrude corresponds to the first curve below the first curve for which
accumulation can be observed. On the graph showing the relationship between relative
fluorescence index (RFI; y axis) and time (x axis), accumulation is seen as a clearly upward

curve, as opposed to relatively stable curves that represent efflux (Fig. 4.1.1; page 61).

The cells were adjusted to a density of 2x10° cells/ml, centrifuged at 2000xg for 2 minutes
and re-suspended in phosphate-buffered saline (PBS) containing 0.6% glucose (a source
of metabolic energy) at pH 7.4. The cell suspension was distributed in 90 ul aliquots into 0.2
ml tubes. 2 ul of the stock solutions of the tested compounds (final concentration of the tested
compounds: 20 pg/ml) and 3 pul of water (to make up the final volume 100 pl) were added
into each tube. The samples were incubated for 10 minutes at room temperature (approx.
25°C). After incubation, 5 ul (1 mg/I final concentration) of EB (20 mg/l stock solution) were
added to the samples, the tubes were placed into a Rotor-Gene™ 3000 thermocycler (Corbett
Research, Sydney, Australia) and the fluorescence was monitored on a real-time basis. All
experiments were conducted in four repetitions. Prior to the assay, the instrument was
programmed for temperature (37°C), the appropriate excitation and emission wavelengths
of EB (530 nm bandpass and 585 nm highpass, respectively), and the assay time (60 minutes).
The results were evaluated by Rotor-Gene Analysis Software 6.1 (Build 93) provided by
Corbett Research. A progressive increase of fluorescence of EB induced by the compound
under study provides an estimate of the inhibition of EB efflux promoted by that agent. From
the real-time data, the activity of the compound, i.e. the relative final fluorescence index (RFI)
of the last time point (minute 60) of the EB accumulation assay, was calculated according to

the formula:
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RF, RF

reated untreated

RFI =

untreated

where RFyeateq 1S the relative fluorescence (RF) at the last time point of EB retention curve in
the presence of a potential inhibitor and RFynreated 1S the relative fluorescence at the last time
point of the EB retention curve of the control, i.e. sample without any tested compound. The
greater the difference between the RFyeaed aNd RFynireated CONtrol, the greater the degree of EB
accumulated and, therefore, the greater the degree of inhibition of the efflux pump system
of the cells by the compound. Dividing the RFI by the number of micromoles of the hydantoin
compound used in the assay provides the specific activity of inhibition of the efflux pump
of MDR mouse lymphoma cells transfected with the human ABCB1 gene (Tables 4.1A (page
63) —4.1D (page 65); Fig. 4.1.2 (page 62)).

3.1.3. Tested compounds

The purity of all the tested compounds was >95%, estimated by the use of the LC-MS

analytical method. The tested compounds belonged to four groups. They were:

e Arylidene hydantoins (N-unsubstitued)

Table 3.1.3A. Arylidene hydantoins (N-unsubstituted) selected for testing

Compound Chemical name
HY83 (2)-5-(3-(4-chlorobenzyloxy)benzylidene)imidazolidine-2,4-dione
HY84 (2)-5-(3-(benzyloxy)benzylidene)imidazolidine-2,4-dione
HY110 (2)-5-(4-(4-chlorobenzyloxy)benzylidene)imidazolidine-2,4-dione
HY111 (2)-5-(4-(2,4-dichlorobenzyloxy)benzylidene)imidazolidine-2,4-dione
HY112 (2)-5-(4-(benzyloxy)benzylidene)imidazolidine-2,4-dione
HY115 (2)-5-(3,4-dibenzyloxybenzylidene)imidazolidine-2,4-dione

The structures of the compounds are presented in Table 2.2.1 on page 41.

46



The compounds were synthesized by Maria Kaleta, a technician working in the Department

of Technology and Biotechnology of Drugs, under supervision of Professor Katarzyna Kie¢-

Kononowicz.

¢ Arylidene hydantoins (N-3 phenylpiperazine derivatives)

Table 3.1.3B. Arylidene hydantoins (N-3 phenylpiperazine derivatives) selected for testing

Compound Chemical name

R1 (2)-5-(3-chlorobenzylidene)-3-(3-(4-(2-fluorophenyl)piperazin-
1-yhpropyl)imidazolidine-2,4-dione

R2 (2)-5-(3-chlorobenzylidene)-3-(3-(4-(2,3-dichlorophenyl)piperazin-
1-yhpropyl)imidazolidine-2,4-dione

R3 (2)-5-(4-chlorobenzylidene)-3-(3-(4-(3,4-dichlorophenyl)piperazin-
1-yhpropyl)imidazolidine-2,4-dione

R4 (2)-5-(4-chlorobenzylidene)-3-(3-(4-(2-fluorophenyl)piperazin-
1-yl)propyl)imidazolidine-2,4-dione

RS (2)-5-(4-chlorobenzylidene)-3-(3-(4-(2,3-dichlorophenyl)piperazin-
1-yl)propyl)imidazolidine-2,4-dione

R6 (2)-5-(4-chlorobenzylidene)-3-(3-(4-(3-chlorophenyl)piperazin-
1-yh)propyl)imidazolidine-2,4-dione

The structures of the compounds are presented in Table 2.2.2 on page 42.

The compounds were synthesized by a master student Renata Wojcik and Maria Kaleta,

a technician working in the Department of Technology and Biotechnology of Drugs, under

supervision of Professor Katarzyna Kie¢-Kononowicz.
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¢ Dimethylhydantoins (N-1 phenylpiperazine derivatives)

Table 3.1.3C. Dimethylhydantoins (N-1 phenylpiperazine derivatives) selected for testing

Compound Chemical name
PI1A 3-benzyl-5,5-dimethyl-1-(5-(4-phenylpiperazin-1-yl)pentyl)imidazolidine-
2,4-dione hydrochloride

PI2A 3-benzyl-1-(5-(4-(2-methoxyphenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

PI3A 3-benzyl-1-(5-(4-(3-methoxyphenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

PI4A 3-benzyl-1-(5-(4-(2-fluorophenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

PISA 3-benzyl-1-(5-(4-(4-fluorophenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

PIGA 3-benzyl-1-(5-(4-(2,4-difluorophenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

PI7A 3-(4-fluorobenzyl)-1-(5-(4-(2,4-difluorophenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

PISA 3-(4-fluorobenzyl)-1-(5-(4-(4-fluorophenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

PI9A 3-(2,4-dichlorobenzyl)-1-(5-(4-(2,3-dichlorophenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

PI10A 3-(2,4-dichlorobenzyl)-1-(5-(4-(3,4-dichlorophenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

PI11A 3-(2,4-dichlorobenzyl)-1-(5-(4-(4-chlorophenyl)piperazin-1-yl)pentyl)-
5,5-dimethylimidazolidine-2,4-dione hydrochloride

The structures of the compounds are presented in Table 2.2.3 on page 43.

The compounds were tested as hydrochlorides.

The compounds were synthesized by a master student Paula Idzik under supervision

of Professor Jadwiga Handzlik.
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e Other hydantoin derivatives

Table 3.1.3D. Other hydantoin derivatives selected for testing

Compound Chemical name

ethyl 2-(3-(2-hydroxy-3-(4-(2-hydroxyethyl)piperazin-1-yl)propyl)-

KF4
2,5-dioxo-4,4-diphenylimidazolidin-1-yl)acetate

5-(4-fluorophenyl)-3-(2-hydroxy-3-(4-(2-methoxyphenyl)piperazin-1-yl)propyl)-

MF8
5-methylimidazolidine-2,4-dione hydrochloride

The structures of the compounds are presented on page 43.

The compound KF4 was synthesized by Maria Kaleta,a technician working in the Department
of Technology and Biotechnology of Drugs, under supervision of Professor Katarzyna Kie¢-
Kononowicz [147].

The compound MF8 was synthesized by a master student Matgorzata Fraczek under

supervision of Professor Jadwiga Handzlik.

Stock solutions of the compounds (10 mg/ml, 1 mg/ml) were prepared in sterile DMSO
suitable for cell culture (Sigma-Aldrich). The final concentration of DMSO in the assay did
not exceed 2% and had no effect on the viability of cells. The compounds were tested at the
concentration 20 pg/ml.

Prior to the assay, this concentration of all the compounds was tested by the trypan blue
method to confirm that it did not affect viability of the cells. The trypan blue exclusion assay
is based on the principle that viable cells have intact cell membranes that exclude certain dyes,
such as trypan blue, eosin or propidium, whereas dead cells are permeable for these dyes. The
cell suspension was mixed with the trypan blue solution (Sigma-Aldrich) in 1:1 proportion
and the compounds and then visually examined under a microscope to determine whether the
cells took up or excluded the dye: the cytoplasm of viable cells is clear whereas the cytoplasm
of nonviable cells is blue [166]. Since over 95% of the cells were uncoloured, it proved that
this concentration of the compounds did not harm the cells.

The P-gp modulator verapamil was used at a concentration of 20 pg/ml as the positive control.

The results were read after 1-hour incubation.
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3. 2. Bacterial assays: assessment of restoration
of antibiotic efficacy

The list of equipment and all reagents used in the assessment of restoration of antibiotic

efficacy is shown in Annex 1, section 6.3.

3.2.1. Bacterial strains

The following bacterial Staphylococcus aureus strains were used in the study:

e multi-drug resistant clinical strain S. aureus HEMSA 5 (resistant to oxacillin)

e a reference strain S. aureus ATCC 25923 (susceptible to oxacillin)

The strains were donated by Professor Leonard Amaral

(Group of Mycobacteriology, Unit of Medical Microbiology, Institute of Hygiene and

Tropical Medicine, Universidade Nova de Lisboa, Lisbon, Portugal)
Characterization of S. aureus HEMSA 5

The strain is an MRSA strain that contains p-lactamases, mecA cassette, and efflux

pumps.

The presence of the penicillin binding protein 2a (PBP2a) protein that makes S. aureus
methicillin resistant was confirmed using a slide latex agglutination assay SLIDEX
MRSA Detection (bioMérieux). The assay is based on the principle that latex particles
sensitized with a monoclonal antibody directed against PBP2a will specifically react
with MRSA to cause agglutination visible to the naked eye. Methicillin-susceptible
S. aureus (MSSA) do not agglutinate the latex particles. The reference strain S. aureus
ATCC 25923 was used as a negative control. The test was performed according to the
manufacturer’s instructions [167]. The procedure consists of two steps: PBP2a
extraction and latex agglutination. In PBP2a extraction procedure, for each of the
tested strains, three 1 pul loops were filled with isolated colonies of either S. aureus
HEMSA 5 or S. aureus ATCC 25923 and placed in microcentrifuge tubes containing 4
drops of Extraction reagent 1. The tubes were vortexed and placed on a heating block
at 95-100°C for 3 minutes. When the tubes cooled down to room temperature, 1 drop
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of Extraction reagent 2 was added, vortexed and centrifuged at 1500 g for 5 minutes.
In latex agglutination procedure, the supernatants were used as specimens. For each
of the tested strains, one drop of sensitized latex was added onto one circle of the test
card. Similarly, 1 drop of negative control latex was added onto another circle of the
test card. 50 ul of specimens were added into each of the circles. The samples were
mixed well and spread over the total surface of the circle. The test cards were rotated
by hand for 3 minutes and the agglutination was observed [167].

The presence of p-lactamases was confirmed by comparing minimum inhibitory
concentration of a [P-lactamase sensitive antibiotic (ampicillin) in presence and
absence of a B-lactamase inhibitor (sulbactam). The assay was conducted by means
of a serial dilution broth microplate method according to the requirements presented in
[168]. The ratio of sulbactam to ampicillin used in the assay was 1 gram : 2 grams, and
it was consistent with the ratio used in commercial formulations [169].. Serial two-fold
dilutions of ampicillin (starting with 2400 pg/ml; Sigma-Aldrich) were prepared in 75
ul of the Mueller-Hinton broth (Merck). In the other row of the microplate plate
(Nunc), serial two-fold dilutions of ampicillin (starting with 2400 pg/ml) and
sulbactam (starting with 1200 pg/ml; Sigma-Aldrich) were prepared in 75 pl of the
Mueller-Hinton broth (Merck). Bacterial suspensions were diluted to OD = 0.5. The
resulting suspensions were then diluted 1:100 and added in the volume of 75 pul into
the serial dilutions of ampicillin. The results were read after 20-hour incubation at
37°C.In case ofS.aureus HEMSA 5, the minimum inhibitory concentration
of ampicillin was over 600 pg/ml, whereas the MIC of ampicillin in the presence
of sulbactam was reduced to 75 pg/ml. This shows that the strain contains
B-lactamases. In case of S. aureus ATCC 25923, no decrease in the MIC of ampicillin
was observed after the addition of sulbactam what indicates that the strain is devoid
of B—lactamases.

The presence of efflux pumps was confirmed by an Ethidium Bromide-agar Cartwheel
method by the group of Professor Leonard Amaral (Group of Mycobacteriology, Unit
of Medical Microbiology, Institute of Hygiene and Tropical Medicine, Universidade
Nova de Lisboa, Lisbon, Portugal) [170]. The principle of the method relies on the
ability of the bacteria to expel a fluorescent molecule that is a substrate for most efflux

pumps, ethidium bromide (EB). The concentration of EB that is required to produce
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fluorescence in bacterial strains overexpressing efflux systems is considerably higher
than that which produces fluorescence of the reference strain. Bacterial strains were
grown in 5 ml of tryptic soy broth (TSB; Merck) until they reached an optical density
(OD) 0.6 at 600 nm. The OD of the cultures was adjusted with PBS to 0.5 of a
McFarland standard. Agar plates containing EB concentrations ranging from 0 to 2.5
mg/l were prepared on the same day of the experiment and protected from light. OD
adjusted cultures were swabbed on EB-agar plates starting from the centre of the plate
and spreading towards the edges. The wild-type strain S. aureus ATCC 25923 served
as a comparative control. The swabbed EB-agar plates were then incubated at 37°C for
16 h and examined under a UV transilluminator. The minimum concentration of EB
(MCgg) that produced fluorescence of the bacterial mass was recorded. The capacity to
efflux EB of the bacterial strain was ranked relative to the reference strain according to
the following formula [170]:

MCgg(MDR) — MCgg(REF)
Index =
MCrg(REF)

The MCgg (mg/l) and index values for both S. aureus strains are shown in the Table
3.2.1A.

Table 3.2.1A MCgg (mg/l) and index values for the S. aureus strains

MCegg (mg/l) Index
S. aureus HEMSA 5 1.5 2
S. aureus ATCC 25923 0.5 0

[170]

The following bacterial Escherichia coli strains were used in the study:

e E. coli HEMEC 10 (resistant to ciprofloxacin)

o areference strain E. coli ATCC 25922 (susceptible to ciprofloxacin)

HEMEC10 was donated by Professor Isabel Couto and Professor Leonard Amaral
(Group of Mycobacteriology, Unit of Medical Microbiology, Institute of Hygiene and

Tropical Medicine, Universidade Nova de Lisboa, Lisbon, Portugal)
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E. coli ATCC 25922 was donated by Professor Alicja Budak (Jagiellonian University
Medical College, Faculty of Pharmacy).

The MCgg (mg/l) and index values for both E.coli strains are shown in the Table
3.2.1B.

Table 3.2.1B MCgg (mg/l) and index values for the E.coli strains

MCeg (Mg/l) Index
E. coli HEMEC10 2.5 5
E. coli ATCC 25922 0.5 0

[170]

The breakpoints for antibiotic susceptibility / resistance given in chapter 4.2 were cited
according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST)

of the European Society of Clinical Microbiology and Infectious Diseases.

3.2.2. Method ofassessment ofdirect antibacterial activity ofthe

compounds

The list of equipment and all reagents used in the assessment of direct antibacterial activity of

the compounds is shown in Annex 1, section 6.3.

Direct antibacterial activity of the compounds was tested by determining their minimum
inhibitory concentrations. Minimum inhibitory concentrations (MICs) are defined as the
lowest concentration of an antimicrobial that will inhibit the visible growth ofa
microorganism after overnight incubation and are considered the °‘gold standard’ for
determining the susceptibility of organisms to antimicrobials [168]. The assay was conducted
by means of a serial dilution broth microplate method according to the requirements presented
in [168]. Prior to the experiment, E. coli strains were grown in Lysogeny broth (LB) and
S. aureus strains were grown in tryptone soya broth (TSB). Serial two-fold dilutions of the

tested compounds (section 3.2.4) were prepared in 75 ul of the Mueller-Hinton broth.
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Bacterial suspensions were diluted to OD = 0.5. The resulting suspensions were then diluted
1:100 and added in the volume of 75 ul into the serial dilutions of the compounds. The results
were read after 20-hour incubation at 37°C. The experiments were conducted in three

repetitions.

3.2.3. Method of assessment of the compounds’ ability to restore antibiotic

efficacy

The list of equipment and all reagents used in the assessment of the compounds’ ability to

restore antibiotic efficacy is shown in Annex 1, section 6.3.

The ability of the four groups of the compounds to increase/restore antibiotic efficacy
was tested by investigating if / to what extent they reduce the minimum inhibitory
concentrations of selected antibiotics. The compounds were tested in combination with
oxacillin (S. aureus) and ciprofloxacin (E. coli). Selected compounds (representatives of each
chemical group) were also tested with other B-lactam antibiotics: cloxacillin (resistant to
B-lactamases), ampicillin (susceptible to B-lactamases) in combination with sulbactam (a
B-lactamase inhibitor), fluoroquinolones (ciprofloxacin) and aminoglycosides (neomycin)
using the same S. aureus strains.

The assay was conducted by means of a serial dilution broth microplate method
according to the requirements presented in [168]. Prior to the experiment, E. coli strains were
grown in Lysogeny broth (LB) and S. aureus strains were grown in tryptone soya broth (TSB).
Total volume in a single well of the 96-well plate was 150 pul. Serial two-fold dilutions of the
antibiotics (oxacillin, ciprofloxacin, cloxacillin, ampicillin/sulbactam, neomycin) were
prepared in 65 pul of the Mueller-Hinton broth at the microplate. Suitable concentrations of the
compounds (not exceeding % of their MICs; total volume 10 pl) were then added into the
microplate. Bacterial suspensions were diluted to OD = 0.5. The resulting suspensions were
then diluted 1:100 and added in the volume of 75 ul into the serial dilutions of the antibiotics
with the compounds. The results were read after 20-hour incubation at 37°C. Activity gains

(AG) were calculated according to the following equation:

_ MIC of antibiotic in absence of compound
MIC of antibiotic in presence of compound
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Reduction of resistance was considered as significant if the MIC in the presence of a

compound was reduced at least 4-fold. The experiments were conducted in three repetitions.

3.2.4. Tested compounds

The tested compounds belonged to several groups:

e 2-piperazine derivatives of 5-arylideneimidazolone

Table 3.2.4A 2-piperazine derivatives of 5-arylideneimidazolone selected for testing

Compound Chemical name

BM7b (2)-5-(4-chlorobenzylidene)-2-(piperazin-1-yl)-3H-imidazol-4(5H)-one hydrochloride
BM33 (2)-2-(piperazin-1-yl)-5-(thiophen-2-ylmethylene)-3H-imidazol-4(5H)-one hydrochloride
BM34 (2)-2-(piperazin-1-yl)-5-(thiophen-3-yImethylene)-3H-imidazol-4(5H)-one hydrochloride
BM36 (2)-5-(naphthalen-2-ylmethylene)-2-(piperazin-1-yl)-3H-imidazol-4(5H)-one hydrochloride
BM38 (2)-5-(fluorene-2-yImethylene)-2-(piperazin-1-yl)-3H-imidazol-4(5H)-one hydrochloride
DS9 (2)-5-(anthracene-9-ylmethylene)-2-(piperazin-1-yl)-3H-imidazol-4(5H)-one hydrochloride
DS11 (2)-5-(phenanthren-9-ylmethylene)-2-(piperazin-1-yl)-3H-imidazol-4(5H)-one hydrochloride

The structures of the compounds are presented in Table 2.1.A on page 36 and 37.

The compounds were tested as hydrochlorides.
The compounds BM7b, BM33, BM34, BM36, BM38 were synthesized by a master student
Beata Studnicka under supervision of Professor Jadwiga Handzlik. The compounds DS-9 and
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DS-11 were synthesized by a master student Daria Studnicka under supervision of Professor

Jadwiga Handzlik.

e Amine derivatives of 5-arylidenehydantoin

Table 3.2.4B Amine derivatives of 5-arylidenehydantoin selected for testing

Compound Chemical name

(2)-5-(4-methoxybenzylidene)-3-(3-(3-(4-methylpiperazin-1-yl)propylamino)propyl)imidazolidine-

A2 2,4-dione hydrochloride

(2)-5-(2,4-dichlorobenzylidene)-3-(2-hydroxy-3-(piperazin-1-yl)propyl)imidazolidine-

AlL8 2,4-dione hydrochloride

The structures of the compounds are presented in Table 2.1.B on page 38.
The compounds were tested as hydrochlorides.
The compounds A2 and A18 were synthesized by a PhD student Ewa Otrebska under

supervision of Professor Jadwiga Handzlik.

e Amine derivatives of 5-naphthalen-5-methylhydantoin

Table 3.2.4C Amine derivatives of 5-naphthalen-5-methylhydantoin selected for testing

Compound Chemical name
JM1 3-(3-aminopropyl)-5-methyl-5-(naphthalen-1-yl)imidazolidine-2,4-dione hydrochloride
JM2 3-(4-aminobutyl)-5-methyl-5-(naphthalen-1-yl)imidazolidine-2,4-dione hydrochloride
JM3 3-(5-aminopentyl)-5-methyl-5-(naphthalen-1-yl)imidazolidine-2,4-dione hydrochloride

The structures of the compounds are presented in Table 2.1.C on page 37 and 38.
The compounds were tested as hydrochlorides.
The compounds JM-1, JM-2 and JM-3 were synthesized by a master student Jakub

Schabikowski (Mazurkiewicz) under supervision of Professor Jadwiga Handzlik.
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e N-1 arylpiperazine derivatives of 5-phenylhydantoin

Table 3.2.4D N-1 arylpiperazine derivatives of 5-phenylhydantoin selected for testing

Compound Chemical name
DK1 methyl 2-(5-methyl-2,4-dioxo-5-phenyl-1-(3-(4-phenylpiperazin-1-yl)propyl)imidazolidin-
3-yl)acetate hydrochloride
DK7 methyl 2-(5-methyl-2,4-dioxo-5-phenyl-1-(3-(4-(4-fluorophenyl)piperazin-1-yl)propyl)imidazolidin-
3-ylhacetate hydrochloride
methyl 2-(3-(3-(4-(4-fluorophenyl)piperazin-1-yl)propyl)-2,5-dioxo-4,4-diphenylimidazolidin-
GG4a .
1-yl)acetate hydrochloride
BG1 methyl 2-(2,4-dioxo-5,5-diphenyl-1-(4-(4-phenylpiperazin-1-yl)butyl)imidazolidin-3-yl)acetate
hydrochloride
BG6 methyl 2-(2,4-dioxo-5,5-diphenyl-1-(8-(4-(2-methoxyphenyl)piperazin-1-yl)hexyl)imidazolidin-
3-yl)acetate hydrochloride

The structures of the compounds are presented in Table 2.1.D on page 39.

The compounds were tested as hydrochlorides.

The compounds DK-1 and DK-7 were synthesized by a master student Karolina D¢bska under

supervision of Professor Jadwiga Handzlik. The compound GG4a was synthesized by an

Erasmus student Giovanni Di Gregorio under supervision of Professor Jadwiga Handzlik. The

compounds BG-1 and BG-7 were synthesized by Professor Jadwiga Handzlik.

3.3. Determination of the mechanism of action of the
most active compounds against bacteria by molecular
modeling

Crystal structures of PBP2a (PDB ID: 1VQQ) and binding domain of MecR1 (PDB ID:

2IWB) were fetched from the PDB database [171]. Three-dimensional conformations of all

newly synthesized compounds and oxacillin were generated using LigPrep (version 2.5) from

Schrodinger Suite 2013 (Schrodinger, LLC, New York, NY). All molecules tested against

bacteria were generated in protonation states at pH 7+/-2 using OPLS_2005 force field [172].
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The compounds were docked into the binding sites of MecR1 and PBP2a using Schrédinger
Glide in extra precision mode (maximum 5 poses for each instance from Ligprep were
enabled).

For the most active compounds BM36, DS9 as well as structurally-related DS11 (group
2-piperazine derivatives of 5-arylideneimidazolone), oxacillin and cloxacillin (for comparison)
molecular dynamic simulation studies were performed. The simulations were carried out
using Schrodinger Desmond (Desmond Molecular Dynamics System, version 3.6, D.E. Shaw
Research, New York, NY, 2013). Protein structure was preprocessed and optimized in
Schrodinger Protein Preparation Wizard (Schrodinger Suite 2013: Epik version 2.6, Impact
version 6.1, Prime version 3.3). The system was composed of protein, chemical compound
and solvent (TIP3P model of water). The input poses for molecular dynamics (MD) were
obtained from docking and complexes with the best docking scores were selected; as
conformations of DS9 and DS11 for the ligand-protein complexes were slightly different,
DS11 underwent additional simulation with the analogous starting conformation as DS9. The
aim of this procedure was to check whether the obtained ligand-protein complexes are stable.

Each simulation lasted for 20 ns, and was performed using OPLS_2005 force field.

3.4. Toxicity assays

3.4.1. In-silico toxicity prediction

Toxicity was predicted in-silico using a free online tool Molecular Property Explorer for all
compounds tested against bacteria.

Three parameters were calculated: mutagenicity, tumorigenicity and teratogenicity.
Mutagenicity is the ability of an agent to cause mutations: permanent alterations of the
nucleotide sequence in the genome. Mutations may be either point mutations (changes to one
base in the DNA code such as substitution of a base, insertion of a base, deletion of a base and
inversion of bases) or may involve larger parts of the gene or the genome i.e. more bases
(deletions, translocations or inversions).

Tumorigenicity is defined as the ability of cultured cells to give rise to either benign or
malignant progressively growing tumours showing viable and mitotically active cells in
immunologically nonresponsive animals over a limited observation period.

Teratogenicity is the ability of an agent to produce congenital malformations.

The prediction process relies on a precomputed set of structural fragments that give rise to

toxicity alerts if they are encountered in the structure currently drawn. These fragment lists
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were created by rigorously shredding all compounds of the Registry of Toxic Effects
of Chemical Substances database (RTECS database) known to be active in a certain toxicity
class (e.g. mutagenicity) [173]. The RTECS database contains critical toxicity data on more
than 174,000 chemical substances) [174]. During the shreddering any molecule was first cut
at every rotatable bonds leading to a set of core fragments. These in turn were used to
reconstruct all possible bigger fragments being a substructure of the original molecule.
Afterwards, a substructure search process determined the occurence frequency of any
fragment (core and constructed fragments) within all compounds of that toxicity class. It also
determined these fragments’ frequencies within the structures of more than 3000 traded drugs.
Based on the assumption that traded drugs are largely free of toxic effects, any fragment was
considered a risk factor if it occurred often as substructure of harmful compounds but never or
rarely in traded drugs [173].

The drug score (0-1 range) combines druglikeness, cLogP, logS, molecular weight and
toxicity risks in one handy value than may be used to judge the compound's overall potential
to qualify for a drug [173].

3.4.2. Proliferation assay

The list of equipment and all reagents used in the proliferation assay is shown in Annex 1,

section 6.2.

Compounds with the highest activity against resistant bacterial strains were tested for their
anti-proliferative properties. In vitro proliferation assay was conducted using HEK-293 cell
line and a commercial kit EZ4U (cat. no.: BI-5000, Biomedica) according to the
manufacturer’s instructions [175]. The kit contains uncoloured tetrazolium salt that is reduced
by living cells into intensely coloured formazan derivative. This conversion is presumably
accomplished by NADPH or NADH produced by dehydrogenase enzymes in metabolically
active cells [176]. The reduction process requires functional mitochondria, which are
inactivated within a few minutes after cell death. Thus, the method enables to distinguish
living cells from the dead ones [175,177].

Three stock solutions of the compounds (0.25 mM, 10 uM, 0.1uM) were prepared from the
25 mM master stock solutions of the compounds (prepared in DMSQO) using DMEM medium.
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HEK-293 cell line was cultured in Dulbecco’s Modified Eagle’s complete growth Medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 pg/ml streptomycin and 100 1U/ml
penicillin. The cells were cultured at 37°C in an atmosphere containing 5% CO,. The cells
were seeded in 96-well plates at a concentration of 1.5 x 10* cells/well in 200 pl culture
medium and incubated for 24 h at 37°C and 5% CO; to reach 60% confluence. After the
incubation, the medium was discarded from the microplate and replaced with the fresh one
and appropriate volumes of the stock solutions of the tested compounds (final concentrations
0.01-250 puM in 200 pl volume). . The cells were incubated with the compounds for 48 h at
37°C and 5% CO,. Then, 20 ul of EZ4U labeling mixture was added and the cells were
incubated for 5 h under the same conditions. The absorbance of the samples was measured
using a microplate reader (PerkinElmer) at 492 nm. The activity of the standard drug
doxorubicin (DX) was estimated in the same way at the concentrations 0.005-100 uM by
using EZ4U. All experiments were conducted in four repetitions. GraphPad Prism 5.01

software was used to calculate the experimental IC50 values.
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4. Results

4.1. Cancer assays: assessment of the inhibition

of P-glycoprotein

The maximum concentration of EB that the mouse lymphoma cells are able to extrude

(1 ng/ml) was selected based on previous studies [165] using the graph presented in Fig. 4.1.1.

Accumulation is seen as clearly upward curves, as opposed to relatively stable curves that

represent efflux.
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Figure 4.1.1. Accumulation/efflux of different concentrations of EB by L5178 mouse

lymphoma cells transfected with human ABCBL1 gene

The effect of the tested compounds on the inhibition of P-gp in L5178 mouse lymphoma cells

transfected with human ABCB1 gene is shown in Fig. 4.1.2.

Values represent the mean of n=4 experiments.
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Figure 4.1.2. Assessment of the inhibition of P-gp: EB accumulation assay
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Detailed numerical results of RFI/umol obtained in the EB accumulation assay for arylidene
hydantoins (N-unsubstituted), arylidene hydantoins (N-3 phenylpiperazine derivatives),

dimethylhydantoins (N-1 phenylpiperazine derivatives) and other hydantoin derivatives are

shown in the tables 4.1A — 4.1D. Values represent the mean of n= 4 experiments.

Table 4.1A
EB accumulation assay: arylidene hydantoins (N-unsubstituted)
R
2\
(@)
—/ \
HN_ NH
@)
Substituents
Compound RFl/umol
R
3-0O-CH,-Ph-4-Ci HY83 456
3-O-CH;-Ph HY84 520
4-O-CH;,-Ph-4-Cl HY110 314.4
4-0O-CH;-Ph-2,4-diCl HY111 394.6
4-O-CH,-Ph HY112 538
3,4-diO-CH,-Ph HY115 731.9
Verapamil 1012.6
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Table 4.1B
EB accumulation assay: arylidene hydantoins (N-3 phenylpiperazine derivatives)

—\ _/RZ
N
HNTN N N@

(@)
Substituents
Compound RFIl/pmol
R* R?

3-Cl 2-F R1 754.6
3-Cl 2,3-diCl R2 863.5
4-Cl 3,4-diCl R3 902.6
4-Cl 2-F R4 809.6
4-Cl 2,3-diCl R5 902.6
4-Cl 3-Cl R6 839.7

Verapamil 1012.6
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Table 4.1C
EB accumulation assay: dimethylhydantoins (N-1 phenylpiperazine derivatives)

O

Substituents
Compound RFI/pmol
R R
H H PI1A 107.2
2-OCHgs H PI12A 465.7
3-OCHj3 H PI3A 103.2
2-F H Pl4A 241.5
4-F H PI5SA 108
2,4-diF H P16A 227.3
2,4-diF 4-F PI7A 477.6
4-F 4-F PIBA 99.8
2,3-diCl 2,4-diCl PI19A 34.1
3,4-diCl 2,4-diCl PI10A 7.1
4-Cl 2,4-diCl PI11A 159
Verapamil 1012.6
Table 4.1D

EB accumulation assay: other hydantoin derivatives

Compound RFl/umol
KF4 13.9
MF8 109.5

Verapamil 1012.6




Summary of the results of P-gp inhibition assay (EB accumulation assay) in L5178 mouse

lymphoma cells transfected with human ABCB1 gene:

e The most active compounds were arylidene hydantoins, especially phenylpiperazine
derivatives (R3=R5, R2, R6, R4, R1).

e Among dimethylhydantoins (N-1 phenylpiperazine derivatives), the most active were
derivatives containing methoxy group in the ortho position of the benzene ring (PI2A)
and 3 fluorine atoms in the benzene ring and benzyl substituent (P17A).

e Other hydantoin derivatives were not very active.

4. 2. Bacterial assays: assessment of restoration
of antibiotic efficacy

The ability of the four groups of the compounds to increase/restore antibiotic efficacy was
tested by investigating if / to what extent they reduce the minimum inhibitory concentrations
of selected antibiotics. The assay was conducted by means ofa serial dilution broth
microplate method. First, MICs of the antibiotics against the strains used were determined in
the laboratory. They were then compared with the breakpoints for antibiotic susceptibility /
resistance of the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
of the European Society of Clinical Microbiology and Infectious Diseases in order to find out
how resistant the strains are.

The MICs the antibiotics, the MIC of each compound as well as the MIC of the antibiotic in
presence of the compound were determined based on three repetitions.

4.2.1. Restoration of ciprofloxacin efficacy

EUCAST classification of E. coli strains for determining resistance / susceptibility:

Resistant: MIC of ciprofloxacin > 1 pg/ml (>3.02 uM) [178]
Susceptible: MIC of ciprofloxacin < 0.5 pg/ml (< 1.51 uM) [178]

Values determined in the laboratory as part of my research:

MIC of ciprofloxacin of E. coli HEMEC 10: 20 pg/ml (60.35 uM) (resistant)
MIC of ciprofloxacin of E. coli ATCC 25922: 15 ng/ml (45 nM) (susceptible)
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The effect of the tested compounds on the restoration of ciprofloxacin efficacy is shown in the
tables 4.2.1.1A — 4.2.1.1D (E.coli HEMEC 10) and 4.2.1.2A —4.2.1.2D (E.coli ATCC 25922).

4.2.1.1. E. coli HEMEC 10

Table 4.2.1.1A.
E. coli HEMEC 10 + ciprofloxacin: 2-piperazine derivatives of 5-arylideneimidazolone

o. H
N / \
>—N  NH

Ar

Tested
concentration Activity Numerical value
of compound gain of MIC reduction

[mM]

Substituents

Compound
MIC of
compound
[mM]

f 60 uMto 30 uM
0.5 2-fold rom ot LVito S u

\%
=

BM33 >1 0.5 no effect —

Ar
CIO BM7b (from 20 pg/ml to 10 ug/mi)
[>—
S

= BM34 >1 0.5 no effect —
$)—

from 60 pMto 30 uM
6 0.5 0.125 2-fold (from 20 pg/ml to 10 pg/mi)

O

BM38 | 0.125 0.0312 2-fold from 60 LMto 30 uM
(from 20 pg/ml to 10 pg/mi)

from 60 pMto 30 uM
DS9 1 0.25 2-fold (from 20 ug/mi to 10 ug/mi)

J

from 60 pyMto 30 uM

DS11 0.0625 0.0156 2-fold (from 20 pg/mi to 10 g/mi)

3
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Table 4.2.1.1B.
E. coli HEMEC 10 + ciprofloxacin: amine derivatives of 5-arylidenehydantoin

IT]_
S\
— R
HNTNWamine
@]
Substituents = .2 Tested
3 © 3 = | concentration Activity Numerical value
E’ % g'é of compound gain of MIC reduction
R R amine S S [mM]
Py from 60 uM to 30 pM
- H > _
H 2-0CH, ngn—| A2 L 0.5 2-fold (from 20 pg/mi to 10 pg/mi)
. /N f 60 uMto 30 M
OH |24diCl| —N NH | A18 >1 0.5 2-fold rom BY KO =2 M
/ (from 20 pg/ml to 10 pg/ml)

Table 4.2.1.1C.
E. coli HEMEC 10 + ciprofloxacin: amine derivatives of 5-naphthalen-5-methylhydantoin

Clyp

O HN\H/NVH\/NHZ

n
(@]
Substituents < . 2 Tested
= o 8 S’ | concentration Activity Numerical value
g' % gg of compound gain of MIC reduction
n 3 3 [mM]
1 JM1 >2 0.5 no effect —
2 JM2 >2 0.5 no effect —
from 60 pMto 30 uM
> -
3 <l 1 0.5 2-fold (from 20 pg/ml to 10 pg/mi)
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Table 4.2.1.1D.
E. coli HEMEC 10 + ciprofloxacin: N-1 arylpiperazine derivatives of 5-phenylhydantoin

Q ] o
\/@\KNEN)O/

Substituents = _ g Tested
= ° 3 S | concentration Activity Numerical value
g % g £ | of compound gain of MIC reduction
R R* n S 3 [mM]

cHs |{ > 1 DK1 >2 0.5 no effect —

CH3 FO 1 DK7 >2 0.5 no effect —
(O~ | O 2 GG4 >2 0.5 no effect —
> [ 4 BG1 1 0.25 no effect —

OCHs
{ ) @ 6 BG6 | 0.25 0.0625 | no effect —
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4.2.1.2. E. coli ATCC 25923

Table 4.2.1.2A.
E. coli ATCC 25922 + ciprofloxacin: 2-piperazine derivatives of 5-arylideneimidazolone

o H
N / \
)—N  NH
=z N \_/
Ar
Substituents E _ 2 Tested
o © 3 = | concentration Activity Num erical value
g (5) g‘é of compound gain of MIC reduction
Ar 3 3 [mM]
from45 nMto 22.5 nM
— H— > -
¢l BM7b ! 0.5 2-fold (from 15 ng/ml to 7.5 ng/ml)
W - ) from 45 nMto 11.25 nM
S BM33 ! 0.5 4-fold (from 15 ng/ml to 3.75 ng/mi)

— from45 nMto 11.25 nM
SQ\ BM34 >1 0.5 4-fold (from 15 ng/ml to 3.75 ng/ml)

from 45 nMto 22.5 nM
Bk 0.5 0.125 2-fold (from 15 ng/ml to 7.5 ng/ml)

O

BM38 | 0.0625 | 0.0156 | no effect —

from45 nMto 22.5 nM
DS9 1 0.25 2-fold (from 15 ng/ml to 7.5 ng/ml)

from45 nMto 22.5 nM

DS11 0.0625 0.0156 2-fold (from 15 ng/mi to 7.5 ng/mi)

s
s
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Table 4.2.1.2B.

E. coli ATCC 25922 + ciprofloxacin: amine derivatives of 5-arylidenehydantoin

Rl
l
7'\ WP
— R
HNYNWamine
O
Substituents = . £ Tested
3 © 3 = | concentration Activity Numerical value
g' % g'é of compound gain of MIC reduction
R R amine 8 S [mM]
Py from 45 nMto 22.5 nM
- H > = .
H 2-OCHs k/”*ﬁ*’\‘_ - 1 0.5 2-fold (from 15 ng/ml to 7.5 ng/mi)
{ y from 45 nMto 22.5 nM
-di —N NH > - :
OH 2,4-diCl Al8 1 0.5 2-fold (from 15 ng/mi to 7.5 ng/mi)

Table 4.2.1.2C.

E. coli ATCC 25922 + ciprofloxacin: amine derivatives of 5-naphthalen-5-methylhydantoin

i
o

n

Substituents = . 2 Tested
3 © 3 5 | concentration Activity Numerical value
E’ % gg of compound gain of MIC reduction
n S 8 [mM]
from45 nMto 11.25 nM
> -
1 JM1 2 0.5 4-fold (from 15 ng/ml to 3.75 ng/ml)
from45 nMto 22.5 nM
2 JM2 0.5 0.125 2-fold (from 15 ng/mi to 7.5 ng/mi)
from45 nMto 22.5 nM
3 JM3 >1 0.5 2-fold

(from 15 ng/ml to 7.5 ng/ml)
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Table 4.2.1.2D.
E. coli ATCC 25922 + ciprofloxacin: N-1 arylpiperazine derivatives of 5-phenylhydantoin

e

Substituents = _ g Tested
= ° 3 S | concentration Activity Numerical value
g % g £ | of compound gain of MIC reduction
R R* n S 3 [mM]

cHs |{ > 1 DK1 >2 0.5 no effect —

CH3 FO 1 DK7 >2 0.5 no effect —
(O~ | O 2 GG4 2 0.5 no effect —
> [ 4 BG1 1 0.25 no effect —

OCHs
{ ) @ 6 BG6 | 0.25 0.0625 | no effect —

Summary of the results E. coli + ciprofloxacin:

No compounds were active against the resistant E. coli HEMEC10 strain. As far as E. coli
ATCC 25923 is concerned, there were 3 compounds which increased the activity
of ciprofloxacin 4-fold (BM33, BM34 and JM1).

4.2.2. Restoration of oxacillin efficacy

EUCAST classification of S. aureus strains for determining resistance / susceptibility:
Resistant: methicillin resistant staphylococci are resistant to oxacillin

(isolates with oxacillin MIC values > 2 ug/ml (> 4.72 uM) are mostly methicillin resistant
(MRSA) due to the presence of the mecA gene (PBP2a protein)) [178]

Susceptible: no clear breakpoint given, but it may be assumed that isolates with oxacillin MIC
values <2 ug/ml (< 4.72 uM) are susceptible, if no PBP2a protein is present [178]
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Values determined in the laboratory as part of my research:

MIC of oxacillin of S. aureus HEMSA 5: 300 ug/ml (710 uM) (resistant, positive for PBP2a

protein)

MIC of oxacillin of S. aureus ATCC 25923: 0.2 ug/ml (0.47 uM) (susceptible, negative for

PBP2a protein)

The effect of the tested compounds on the restoration of oxacillin efficacy is shown in the
tables 4.2.2.1A —4.2.2.1D (S.aureus MRSA HEMSA 5) and 4.2.2.2A —4.2.2.2D (S. aureus

ATCC 25923).

4.2.2.1. S. aureus MRSA HEMSA 5

Table 4.2.2.1A.

S. aureus MRSA HEMSA 5 + oxacillin: 2-piperazine derivatives of 5-arylideneimidazolone

') H
N / \
>—N  NH
Ar
Substituents = .2 Tested
g ° 3 S | concentration Activity Numerical value
g' (5) g'é of compound gain of MIC reduction
Ar 8 8 [mM]
C'O BM7b 0.5 0.125 no effect —
@ BM33 >1 0.5 no effect —
SO\ BM34 1 0.25 no effect —
from 710 pMto 5.55 pM
IS 0.5 0.125 128-fold (from 300 pg/ml to 2.34 pg/ml)
BM38 | 0.0313 | 00078 | no effect —
from 710 pyMto 11.09 pM
DS9 0.5 0.125 64-fold | ¢ 5m 300 ug/mi to 4.69 pg/mi)
OQO DS11 | 0.0156 | 00039 | no effect —
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Table 4.2.2.1B.
S. aureus MRSA HEMSA 5 + oxacillin: amine derivatives of 5-arylidenehydantoin

Rl
|
I p
— R
HNYNJ\/amine
@]
Substituents = .2 Tested
3 © 3 = | concentration Activity Numerical value
£ % £ E | of compound gain of MIC reduction
R R amine S S [mM]
HaCS from 710 pM to 355 pM
- N -
H 2-OCHs K/Np,: — >1 0.5 2-fold (from 300 pg/mi to 150 pg/mi)
OH 2,4-diCl | —N NH A18 >1 0.5 no effect —

Table 4.2.2.1C.
S. aureus MRSA HEMSA 5 + oxacillin: amine derivatives of 5-naphthalen-5-methylhydantoin

g p

HN\H/NV%9\/NH2
n
Substituents = = Tested
= o 3 < | concentration Activity Numerical value
o O o . i
= s £ &, | of compound gain of MIC reduction
n 3 8 [mM]
1 JM1 >1 0.5 no effect —
2 JM2 >1 0.5 no effect —
3 JM3 1 0.25 no effect —
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Table 4.2.2.1D.
S. aureus MRSA HEMSA 5 + oxacillin: N-1 arylpiperazine derivatives of 5-phenylhydantoin

\Q R O
RN N
Y

Substituents = . 2 Tested
= ° 3 S’ | concentration Activity Numerical value
E‘ (3) gg of compound gain of MIC reduction
R R* n S 3 [mM]
CH; Q 1 DK1 >2 0.5 no effect —
CH3 FO 1 DK7 >2 0.5 no effect —
from 710 pM to 355 pM
Q Q 2 GG 0.5 0.125 2-fold (from 300 pg/ml to 150 pg/mi)
from 710 pM to 88.75 uM
Q Q 4 BG1 0.5 0.125 8-fold | om300 pg/mito 37.5 pg/mi)
OCH,
{ ) @ 6 BG6 | 0.25 0.0625 | no effect —
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4.2.2.2. S. aureus ATCC 25923

Table 4.2.2.2A.
S. aureus ATCC 25923 + oxacillin: 2-piperazine derivatives of 5-arylideneimidazolone

) H
N / \
>—N  NH
Ar
Substituents g . c Tested
o © 3 5 | concentration Activity Numerical value
g_ % E'E of compound gain of MIC reduction
Ar S 3 [mM]
CIO BM7b >1 0.5 no effect —
Q BM33 >1 0.5 no effect —
S@\ BM34 >1 0.5 no effect —

from 0.47 pM to 0.23 pM
BM36 | 0.25 0.0625 20ld | e e 0a wo
from0.47 pMto 0.23 pM

i . (from 0.2 pg/ml to 0.1 pg/mi)

O

BM38 0.0156 0.0039 2-fold

from 0.47 pMto 0.23 pM
DS9 0.5 0.125 2-fold (from 0.2 g/mi to 0.1 pg/m)

DS11 0.0019 0.0005 no effect —

o
s
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Table 4.2.2.2B.
S. aureus ATCC 25923 + oxacillin: amine derivatives of 5-arylidenehydantoin

Rl
[
7\ o
- A\ R
HNYNWamine
o
Substituents 2 _ 2 Tested
] © 3 = | concentration Activity Numerical value
£ % £ E | of compound gain of MIC reduction
R R amine S S [mM]
H3C\N/\
H 2-OCH3 A \%'),j_ A2 >1 0.5 no effect —
OH 2,4-diCl | —N NH A18 >1 0.5 no effect —
/

Table 4.2.2.2C.
S. aureus ATCC 25923 + oxacillin: amine derivatives of 5-naphthalen-5-methylhydantoin

Clyp

O HNENv@\/NHz

n
Substituents < . 2 Tested
= 8 8 S’ | concentration Activity Numerical value
%’ = gg of compound gain of MIC reduction
n O 3 [mM]
1 JM1 >1 0.5 no effect —
2 JM2 >1 0.5 no effect —
3 JM3 >1 0.5 no effect —
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Table 4.2.2.2D.
S. aureus ATCC 25923 + oxacillin: N-1 arylpiperazine derivatives of 5-phenylhydantoin

Rl

\/WNT)/N)\O/

Substituents = . 2 Tested
= ° 3 S’ | concentration Activity Numerical value
E‘ (3) gg of compound gain of MIC reduction
R R* n S 3 [mM]
CH; Q 1 DK1 >2 0.5 no effect —
CH3 FO 1 DK7 >2 0.5 no effect —
from 0.47 pM to 0.059 pM
Q Q 2 GG 0.5 0.125 8-fold (from 0.2 ug/ml to 0.025 pg/mi)
(> [ 4 BG1 0.5 0.125 no effect —
OCH,
{ ) @ 6 BG6 | 0.125 0.0312 | no effect —

Summary of the results S. aureus + oxacillin:

Most of the compounds had no impact on oxacillin activity. The most active compound was
BM36, which decreased the MIC of oxacillin against MRSA HEMSA 5 128-fold. Another
active compound (DS9) was able to reduce the MIC of oxacillin against the same strain
64-fold.

Since these two compounds proved to be very active, they, and some other selected
compounds, were also tested with other B-lactam antibiotics: cloxacillin (resistant to
B-lactamases) and ampicillin (susceptible to pB-lactamases) in combination with sulbactam
(a B-lactamase inhibitor) in order to check whether the activity involves other [p-lactam

antibiotics too. The results of these assays are presented in the tables 4.2.3 —4.2.4.
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4.2.3. Restoration of cloxacillin efficacy

EUCAST classification of S. aureus strains for determining resistance / susceptibility:

Resistant: methicillin resistant staphylococci are resistant to cloxacillin [178]
Susceptible: methicillin susceptible staphylococci negative for penicillinase ( p-lactamase) are
susceptible to cloxacillin [178]

S. aureus MRSA HEMSA 5: resistant to cloxacillin (methicillin resistant)
S. aureus ATCC 25923: susceptible to cloxacillin (methicillin susceptible, negative for
penicillinase)

The effect of the tested compounds on the restoration of cloxacillin efficacy is shown in the
tables 4.2.3.1A — 4.2.3.1C (S.aureus MRSA HEMSA 5) and section 4.2.3.2 (S. aureus
ATCC 25923).
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4.2.3.1. S. aureus MRSA HEMSA 5

Table 4.2.3.1A.

S. aureus MRSA HEMSA 5 + cloxacillin: 2-piperazine derivatives of 5-arylideneimidazolone

H
N / \
>—N  NH
Ar
Substituents = . £ Tested
= ° 3 S’ | concentration Activity Numerical value
g' % g' E | of compound gain of MIC reduction
Ar S S [mM]
@ BM33 >1 0.5 no effect —
®\ BM34 1 0.25 no effect —
S/
from 315 pMto 1.23 uM
BM36 0.5 0.125 256-fold (from 145 pg/ml to 0.57 pg/ml)
from 315 pMto 39.37 uM
BM38 | 0.0313 0.0078 8-fold | ¢ om145 pg/mito 18.12 pg/m)
from 315 pMto 39.37 uM
OOO biv 0.5 0.125 8-fold (from 145 pg/ml to 18.12 ug/ml)
OQO DS11 | 0.0156 |  0.0039 2-fold from 315 kMo 1575 LM

(from 145 pg/ml to 72.5 pg/ml)
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Table 4.2.3.1B.
S. aureus MRSA HEMSA 5 + cloxacillin: amine derivatives of 5-arylidenehydantoin

Rl
|
7\
Qwo R

HN NWamine
g

Substituents 2 _ 2 Tested
] © 3 5 | concentration Activity Num erical value
3 (3) g E | of compound gain of MIC reduction
R R amine S S [mM]
Moo from 315 uM to 39.37 pM
- N > _
i 20CHs K/N‘Q’:_ A2 ! 0.5 8-fold (from 145 pg/mi to 18.12 pg/mi)

Table 4.2.3.1C.
S. aureus MRSA HEMSA 5 + cloxacillin: amine derivatives of 5-naphthalen-5-methylhydantoin

g

O HN\[vaH\/NH2

n
O
Substituents 2 = Tested
= o g S’ | concentration Activity Numerical value
= % £ E | of compound gain of MIC reduction
n 8 3 [mM]
1 JM1 >1 0.5 no effect —

4.2.3.2. 8. aureus ATCC 25923
None of the tested compounds (BM33, BM34, BM36, BM38, DS9, DS11, A2, JM1) had any

impact on minimal inhibitory concentration (MIC) of cloxacillin against S. aureus ATCC
25923.

Summary of the results S. aureus + cloxacillin:

Out of the 8 tested compounds, 3 compounds (BM38, DS9 and A2) reduced the MIC
of cloxacillin against E. coli HEMEC10 8-fold. Another compound (BM36), proved to be
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exceptionally active as it increased cloxacillin activity as much as 256-fold against the same

strain.

4.2.4. Restoration of ampicillin + sulbactam efficacy

EUCAST classification of S. aureus strains for determining resistance / susceptibility:

Resistant: methicillin resistant staphylococci are resistant to ampicillin + p-lactamase
inhibitor [178]

Susceptible: methicillin susceptible staphylococci negative for penicillinase ( p-lactamase) are
susceptible to ampicillin; methicillin susceptible staphylococci positive for penicillinase
( B-lactamase) are susceptible to ampicillin + B-lactamase inhibitor [178].

Values determined in the laboratory as part of my research:

MIC of ampicillin of S. aureus HEMSA 5: > 600 ug/ml (>1.62 mM)
MIC of ampicillin + sulbactam of S. aureus HEMSA 5: 75 pg/ml (202 uM)

MIC of ampicillin of S. aureus ATCC 25923: 0.2 ug/ml (0.54 uM)
MIC of ampicillin + sulbactam of S. aureus ATCC 25923: 0.2 ug/ml (0.54 uM)

The effect of the tested compounds on the restoration of ampicillin + sulbactam efficacy is

shown in the tables 4.2.4.1A — 4.2.4.1C (S. aureus MRSA HEMSA 5) and section 4.2.4.2.
(S. aureus ATCC 25923).
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4.2.4.1. S. aureus MRSA HEMSA 5

Table 4.2.4.1A.
S. aureus MRSA HEMSA 5 + ampicillin + sulbactam: 2-piperazine derivatives of 5-arylideneimidazolone

Ar
Substituents = _ 2 Tested
3 ° 3 S’ | concentration Activity Num erical value
g = E | of compound gain of MIC reduction
= S €
Ar 3 3 [mM]
@ BM33 >1 0.5 no effect —
_ BM34 1 0.25 no effect —
So—

from 202 pMto 50.5 pM
Bl 0.5 0.125 4-fold (from 75 pg/ml to 18.75 pg/ml)

O

BM38 | 0.0313 | 0.0078 | no effect —

OOO DS9 0.5 0.125 no effect —
OQO DS11 0.0156 0.0039 no effect —
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Table 4.2.4.1B.
S. aureus MRSA HEMSA 5 + ampicillin + sulbactam: amine derivatives of 5-arylidenehydantoin

Rl
l
7 N\
Qwo R

HN NWamine
§

Substituents 2 _ 2 Tested
] © 3 5 | concentration Activity Numerical value
E’ (3) g'é of compound gain of MIC reduction
R R! amine S S [mM]
MOy from 202 uMto 101 uM
- H > ~
: 2-0CH, NN— A2 1 0.5 2-fold (from 75 pg/m to 37.5 pg/mi)

Table 4.2.4.1C.
S. aureus MRSA HEMSA 5 + ampicillin + sulbactam: amine derivatives of 5-naphthalen-5-methylhydantoin

g

O HN\[vaéa\/NHZ

n
O
Substituents e _ 2 Tested
3 © 3 5 | concentration Activity Numerical value
o O a . .
£ = ¢ E | of compound gain of MIC reduction
n 8 3 [mM]
1 JM1 >1 0.5 no effect —

4.2.4.2. S. aureus ATCC 25923

None of the tested compounds (BM33, BM34, BM36, BM38, DS9, DS11, A2, JM1) had any
impact on minimal inhibitory concentration (MIC) of ampicillin + sulbactam against
S. aureus ATCC 25923.

Summary of the results S. aureus + ampicillin + sulbactam:

The compounds were practically inactive against the S. aureus strains. Only one compound

(BM36) reduced the MIC of ampicillin + sulbactam against S. aureus HEMSA 5 4-fold.
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The two the most active compounds (BM36 and DS9) and some other selected compounds
were also tested with antibiotics that act through a different mechanism of action than
B-lactam antibiotics: ciprofloxacin (fluoroguinolones) and neomycin (aminoglycosides). The

results of these assays are presented in sections 4.2.5 and 4.2.6.

4.2.5. Restoration of ciprofloxacin efficacy

EUCAST classification of S. aureus strains for determining resistance / susceptibility:

Resistant: MIC of ciprofloxacin > 1 pg/ml (> 3.02 uM): [178]
Susceptible: MIC of ciprofloxacin <1 ug/ml (< 3.02 uM): [178]

Values determined in the laboratory as part of my research:

MIC of ciprofloxacin of S. aureus HEMSA 5: 5 pg/ml (15.09 uM) (resistant)
MIC of ciprofloxacin of S. aureus ATCC 25923: 0.12 pg/ml (0.38 uM) (susceptible)

The effect of the tested compounds on the restoration of ciprofloxacin efficacy is shown in the

tables 4.2.5.1A — 4.2.5.1C (S. aureus MRSA HEMSA 5) and section 4.2.5.2 (S. aureus
ATCC 25923).

85



4.2.5.1. S. aureus MRSA HEMSA 5

Table 4.2.5.1A.

S. aureus MRSA HEMSA 5 + ciprofloxacin: 2-piperazine derivatives of 5-arylideneimidazolone

H
N / \
>—N  NH
Ar
Substituents = .2 Tested
2 © 3 = | concentration Activity Numerical value
2 % E'E of compound gain of MIC reduction
Ar S 3 [mM]
@ BM33 1 0.25 no effect —
- from15.1 uyMto 3.77 uM
SO\ BM34 0.5 0.125 no effect | o v )
BM36 0.0313 0.0078 4-fold —
0.0 BM38 0.5 0.125 no effect —
DS9 0.5 0.125 no effect —
OQO DS11 0.0156 0.0039 no effect —
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Table 4.2.5.1B.
S. aureus MRSA HEMSA 5 + ciprofloxacin: amine derivatives of 5-arylidenehydantoin

Rl

1
7\
QMOR

HN va/amine

0=

Substituents 2 _ 2 Tested
] 8 3 5 | concentration Activity Numerical value
1 g- = gé of compound gain of MIC reduction
R R amine 8 S [mM]
HaC
_ N H S y from15.1 yMto 7.55 uM
: #0CH, K/N\(*s _ A2 1 0.5 2-fold (from 5 ug/ml to 2.5 pg/ml)

Table 4.2.5.1C.
S. aureus MRSA HEMSA 5 + ciprofloxacin: amine derivatives of 5-naphthalen-5-methylhydantoin

g p

‘ HN\H/NVH\/NHZ

n
Substituents 2 _ 2 Tested
3 8 3 S’ | concentration Activity Numerical value
g = SE of compound gain of MIC reduction
n 3 3 [mM]
1 JM1 >1 0.5 no effect —

4.2.5.2. 8. aureus ATCC 25923
None of the tested compounds (BM33, BM34, BM36, BM38, DS9, DS11, A2, JM1) had any

impact on minimal inhibitory concentration (MIC) of ciprofloxacin against S. aureus
ATCC 25923.

Summary of the results S. aureus + ciprofloxacin:

The only compound that showed any activity was BM36 (4-fold activity gain).
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4.2.6. Restoration of neomycin efficacy

No established breakpoints available for neomycin [178].

Values determined in the laboratory as part of my research:

MIC of neomycin of S. aureus HEMSA 5: 175 pug/ml (245 uM)

MIC of neomycin of S. aureus ATCC 25923: 0.75 pg/ml (1.05 uM)

The effect of the tested compounds on the restoration of neomycin efficacy is shown in the
tables 4.2.6.1A — 4.2.61C (S. aureus MRSA HEMSA 5) and section 4.2.6.2. (S. aureus

ATCC 25923).

4.2.6.1. S. aureus MRSA HEMSA 5

Table 4.2.6.1A.

S. aureus MRSA HEMSA 5 + neomycin: 2-piperazine derivatives of 5-arylideneimidazolone

Substituents = = Tested
= o 3 < | concentration Activity Numerical value
o O o . .
= s £ & | of compound gain of MIC reduction
Ar 8 8 [mM]

Q BM33 1 0.25 no effect —
BM34 | 05 0.125 no effect _
BM36 | 0.0313 | 0.0078 no effect —
BM38 0.5 0.125 no effect —
OOO DS9 0.5 0.125 no effect —

OQO DS11 | 0.0156 | 0.0039 no effect —
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Table 4.2.6.1B.
S. aureus MRSA HEMSA 5 + neomycin: amine derivatives of 5-arylidenehydantoin

Substituents 2 _ 2 Tested
2 o 3 < | concentration Activity Numerical value
o QO o . .
IS S € &, | of compound gain of MIC reduction
1 -
R R amine 8 S [mM]
HsC._
H |20CH; | 1} | A2 >1 0.5 no effect _

Table 4.2.6.1C.
S. aureus MRSA HEMSA 5 + neomycin: amine derivatives of 5-naphthalen-5-methylhydantoin

Substituents e _ 2 Tested
g o g S | concentration Activity Numerical value
o O a . .
= S € E, | of compound gain of MIC reduction
n 3 3 [mM]
1 JM1 >1 0.5 no effect —

4.2.6.2. S. aureus ATCC 25923

None of the tested compounds (BM33, BM34, BM36, BM38, DS9, DS11, A2, JM1) had any
impact on minimal inhibitory concentration (MIC) of neomycin against S. aureus
ATCC 25923.

Summary of the results S. aureus + neomycin:

No compounds were active.

Since the two the most active compounds (BM36 and DS9) were active virtually only with
B-lactam antibiotics against the MRSA HEMSA 5 strain, and the corresponding reduction in
the reference strain in all of these cases was negligent, this suggests that the modulation
of bacterial resistance in the MRSA HEMSA 5 strain by the compounds BM36 and DS9 may
involve proteins responsible for pB-lactam resistance in MRSA strains: PBP2a and MecR1.

This hypothesis was verified by molecular modeling.
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Table 4.2.7. Summary of the results of microbiological assays, where: A: 2-piperazine derivatives of 5-arylideneimidazolone, B: amine derivatives of 5-arylidenehydantoin,
C. amine derivatives of 5-naphthalen-5-methylhydantoin, D: N-1 arylpiperazine derivatives of 5-phenylhydantoin

resistant strains

reference strains

S. aureus MRSA HEMSA 5

B-lactam antibiotics

other antibiotics

S. aureus ATCC 25923

B-lactam antibiotics

other antibiotics

c £
S S
< 5
S = =
O —
o 2 a5 5
o g S = o IS
L e S N Q
£ o = c S = - S - s = c
2 © O £ = S g S Y £ = E 3 S
O L = 'S 2 é > — 'S 2] é >
E g g p 5 £ 8 8 S + = IS
< = o 3 E < = o 3
T © % = o e < © % = o e
S S © = S ©
o o 8 o
i - i 5
BM7b 2-fold no effect 2-fold no effect
BM33 no effect no effect no effect no effect no effect no effect 4-fold no effect no effect no effect no effect no effect
BM34 no effect no effect no effect no effect no effect no effect 4-fold no effect no effect no effect no effect no effect
A BM36 2-fold 128-fold 256-fold 4-fold 4-fold no effect 2-fold 2-fold no effect no effect no effect no effect
BM38 2-fold no effect 8-fold no effect no effect no effect no effect 2-fold no effect no effect no effect no effect
DS9 2-fold 64-fold 8-fold no effect no effect no effect 2-fold 2-fold no effect no effect no effect no effect
DS11 2-fold no effect 2-fold no effect no effect no effect 2-fold no effect no effect no effect no effect no effect
B A2 2-fold 2-fold 8-fold 2-fold 2-fold no effect 2-fold no effect no effect no effect no effect no effect
A18 2-fold no effect 2-fold no effect
JM1 no effect no effect no effect no effect no effect no effect 4-fold no effect no effect no effect no effect no effect
C JM2 no effect no effect 2-fold no effect
JM3 2-fold no effect 2-fold no effect
DK1 no effect no effect no effect no effect
DK7 no effect no effect no effect no effect
D GG4a no effect 2-fold no effect 8-fold
BG1 no effect 8-fold no effect no effect
BG6 no effect no effect no effect no effect
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4.3. Determination of the mechanism of action of the
most active compounds by molecular modeling

4.3.1. Docking results

First, molecular docking experiments were performed to find out with which protein (MecR1
or PBP2a) the tested compounds potentially interact — all the tested compounds were docked
into the crystal structures of MecrR1 and PBP2a. The results are presented in the Table

43.1.1.
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Table 4.3.1.1. Number of poses obtained for each compound in the procedure of docking into

the crystal structures of PBP2a and MecR1 binding domain.

Number of poses

Number of 3D obtained by docking

conformations

Compound
MecR1 PBP2a

BM7b
BM33
BM34
BM36
BM38
DS9
DS11
A2
A18
JM1
JM2
JM3
DK1

OlFr, | h|lO DN

=
o

DK7
GG4a
BG1
BG6

R IN|IFP[P[INMNINMN P RPIPINOIOIO|IW|W|hM|OW|W
NINIFP[IFPININFPINPIOO|lW W O|lO|N|OT]|O

P O|lO|lO0O|OC|O | N|(FRP|IFP|IW|lO|N

oxacillin

Docking results revealed that all of the tested compounds were much more successful
in interacting with MecR1 than PBP2a as the number of the obtained ligand-protein
complexes was much higher in case of MecR1 in comparison to the modified PBP (Table
4.3.1.1). The only compound for which the same number of ligand-protein complexes was
obtained in case of MecR1 and PBP2a was A2. Compound A2 was also the one which caused
2-fold increase in oxacillin activity. This increase is only minor and fits in the method's
inaccuracy range.

As one of the active compounds (DS9; an anthracene derivative) exhibits a very high

structural similarity to compound DS11 (a phenathrene derivative) (inactive in in vitro tests),
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a careful analysis of the binding of BM36 (a naphthalene derivative), DS9 (an anthracene
derivative) and DS11 (a phenanthrene derivative) to MecR1 was performed. The docking
studies revealed that these compounds bind in slightly different orientation modes and interact
with different amino acids of MecR1. For each molecule, amino acids that interacted

exclusively with one of these three compounds were identified (Figure 4.3.1.1).

Figure 4.3.1.1. Interaction mode of DS9 (a), DS11 (b) and BM36 (c) with MecR1 binding

domain (complexes with the lowest docking score were selected). a) Amino acids that interact

only with DS9 (an anthracene derivative) are marked in blue; b) amino acids that interact only
with DS11 (a phenathrene derivative) are marked in green; ¢) amino acids that interact only

with BM36 (a naphthalene derivative) are marked in yellow; Ser391 is marked in red.

As far as the antibiotics are concerned, docking studies were performed only for
oxacillin and cloxacillin for two reasons. First of all, oxacillin and cloxacillin were the only
antibiotics whose efficacy was substantially increased by the addition of some of the tested
compounds (BM36, BM38, DS9, A2). Secondly, similar mechanism of action of both
oxacillin and cloxacillin is closely connected with the PBP protein and differs from the
mechanism of action of other antibiotics used in the in vitro studies. Docking results show
that both oxacillin and cloxacillin fit into the binding site of MecR1 close to Ser391 (Fig.
4.3.1.2).
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Figure 4.3.1.2. Visualisation of oxacillin (orange) and cloxacilin (blue) docking to MecR1
binding site.

The comparison of oxacillin binding mode to the binding mode of DS9 (an anthracene
derivative) (Fig. 4.3.1.3A) and the binding mode of cloxacillin to the binding mode of BM36
(a naphthalene derivative) (Fig. 4.3.1.3B) revealed that in case of both pair compounds, the
parts of the latter molecules that come into close proximity of Ser391 are parts of aromatic
rings in contrast to free methyl groups and oxygen atoms from the ketone approaching Ser391

in the case of the antibiotic molecules.
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Figure 4.3.1.3. Comparison of docking results of oxacillin (orange) and DS9 (an anthracene
derivative) (blue) (a) and cloxacillin (orange) and BM36 (a naphthalene derivative) (blue) (b)
to MecR1. Ser391 is highlighted in red.

4.3.2 Molecular Dynamics simulation

Next, with the use of molecular dynamic simulations, differences in ability to restore
the antibiotic efficacy against the resistant S. aureus strain of the selected compounds were
analyzed.

In vitro experiments showed that the compounds which managed to overcome
antibiotic resistance to the greatest extent were BM36 (a naphthalene derivative) and DS9 (an

anthracene derivative). They are structurally different from all compounds but one: DS11 (a
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phenanthrene derivative). Therefore, these three compounds were selected for further
evaluation in molecular dynamics studies. Due to extremely high similarity of the compounds
DS9 (an anthracene derivative) and DS11 (a phenanthrene derivative), they were analyzed in
detail.

The compounds DS9 (an anthracene derivative) and DS11 (a phenanthrene derivative)
are similar in topology. Nevertheless, only DS9 enhances oxacillin antibacterial activity
in vitro. Molecular dynamics simulation was performed for MecR1-DS9, MecR1-DS11 and
MecR1-oxacillin (for comparison) complexes in order to reveal differences in interaction
scheme of the compounds. All simulations were conducted under the same conditions, with
the starting conformations of the compounds from their complexes with MecR1 of the lowest
values of docking score. As conformations with the lowest values of docking score were
slightly different for DS9 (an anthracene derivative) and DS11 (a phenanthrene derivative),
additional simulation for compound DS11 was run with the starting conformation analogous
to the one of the compound DSO9.

During the entire simulations (20 ns), both compounds DS9 (an anthracene derivative)
(Fig. 4.3.2.1) and BM36 (a naphthalene derivative) (Fig. 4.3.2.2) tend to stay in the entrance
to the binding cavity of the MecR1 sensor domain, similar to oxacillin and cloxacillin which
remain close to Ser391 (Figs. 4.3.2.1A and 4.3.2.2A). In contrast, compound DS11 (a
phenanthrene derivative) leaves its initial position and locates nearby the cavity in
experiments with the starting pose with the lowest value of docking score (Fig. 4.3.2.1B) or
flips in a way that the moiety of condensed aromatic rings does not block the entrance to the
binding cavity in experiments with the starting pose of DS11 (a phenanthrene derivative)
being analogous to DS9 (an anthracene derivative) (Fig. 4.3.2.1C). Both oxacillin and
cloxacillin stay in the proximity of the active site during the whole simulation (Figs. 4.3.2.1D
and 4.3.2.2B).
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ii)

iii)

Figure 4.3.2.1. Snapshots of simulations of MecR1 and DS9 (A), DS11 (B, C) and oxacillin (D) from the first (i), central (ii) and last (iii) frames
of MD simulations. B refers to studies with starting pose of DS11 with the lowest docking score, C — to starting pose of DS11 analogous to DS9.
DS9 (an anthracene derivative), DS11 (a phenanthrene derivative) and oxacillin are marked in blue, Ser391 is marked in red.
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Figure 4.3.2.2. Snapshots of simulations of MecR1 and BM36 (A) and cloxacillin (B) from
the first (i), central (if) and last (iii) frames of MD simulations. BM36 (a naphthalene

derivative) is marked in blue, cloxacillin is marked in yellow, Ser391 is marked in red.

On the basis of the molecular modeling studies, it may be postulated that the
mechanism of action of BM36 (a naphthalene derivative) and DS9 (an anthracene derivative)
is connected with the MecR1 protein. Docking results show that BM36 and DS9 are likely to
bind in the region of entrance to the MecR1 active site. Thus, it can be suggested that they

prevent antibiotics from binding to the active site of MecR1.
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4.4. Toxicity assays

4.4.1. In-silico toxicity prediction

The results of toxicity predicted in-silico using a free online tool Molecular Property Explorer

for all compounds tested against bacteria are presented in the tables 4.4.1.1 — 4.4.1.6.

Green colour denotes low risk of a given type of toxicity.
Yellow colour denotes medium risk of a given type of toxicity.
Red colour denotes high risk of a given type of toxicity.

Table 4.4.1.1. In silico toxicity prediction: 2-piperazine derivatives of 5-arylideneimidazolone

. > > >

Substituents 5 'S S o

c S 'c 8

Name > o > o

g | 5| g | 2

Ar E £ 5 ®
C'O BM7b 0.89
> BM33 0.93

S

Q\ BM34 0.94
BM36 0.79
BM38 0.24
DS9 0.12
OQ‘ DS11 0.28
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Table 4.4.1.2. Substructures responsible for toxicity

Compound Toxicity Substructure
mutagenicity ’;
BM38 z
tumorigenicity D
¥
mutagenicity OOO
DS9
tumorigenicity
mutagenicity ‘OO
DS11

tumorigenicity

Table 4.4.1.3. In silico toxicity prediction: amine derivatives of 5-arylidenehydantoin

. > > >

Substituents = 'C 5 o

ks c 2 5

Name o i< o> d

8 S e 3

R R! amine 2 £ g 5

HaC-

H 2-OCHs R4 \NH— A2 0.84
~ 93
/N

OH 2,4-diCl —N NH Al18 0.88
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Table 4.4.1.4. In silico toxicity prediction: amine derivatives of 5-naphthalen-5-methylhydantoin

. > > >

Substituents 5 S S o

2 c 2 5

Name S k= > 2

s S = S

n E g E S

1 JM1 0.5
2 JM2 0.48
3 JM3 0.44

Table 4.4.1.5. Substructures responsible for toxicity
Compound Toxicity Substructure
IM1, IM2, IM3 tumorigenicity
Table 4.4.1.6. In silico toxicity prediction: N-1 arylpiperazine derivatives of 5-phenylhydantoin
. > > >

Substituents T C 5 o

= S s 3

Name o o > ?

) g 5 E 2

R R n E g E o
CH3 Q 1 DK1 0.74
CHs @ 1 DK7 0.7
OO 2 |

OCHj

@ @ 6 BG6 0.27
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4.4.2. Proliferation assay

The most promising compounds active against resistant bacterial strains were tested for their
anti-proliferative properties against mammalian HEK293 cells in order to check how
cytotoxic the compounds are. The compounds belonged to two groups: 2-piperazine
derivatives of 5-arylideneimidazolone and N-1 arylpiperazine derivatives of
5-phenylhydantoin.

In the graphs and tables below (Figures 4.4.2.1A — 4.4.2.1C, 44.2.2A, Tables 4.4.2,
442.1A-4.42.1C, 4.4.2.2A), values represent the mean of n= 4 experiments. [M] (X axis)
stands for molar concentration. Viability (y axis) denotes cell viability (% of control i.e.

untreated cells). Doxorubicin is a positive control.

The anti-proliferative effect of doxorubicin is shown in each graph for comparison and in the
Table 4.4.2.

Table 4.4.2. Anti-proliferative effect of doxorubicin

% viability
doxorubicin doxorubicin
concentration concentration log [M]

[uM] [M] mean SD
0.005 0.000000005 -8.3 96.02 9.04
0.01 0.00000001 8 96.66 4.45
0.1 0.0000001 7 98.78 1.04

0.5 0.0000005 -6.3 63.44 3.07

1 0.000001 6 38.63 3.33

10 0.00001 5 30.50 2.32

50 0.00005 -4.3 27.22 3.11

100 0.0001 -4 25.10 0.77

4.4.2.1 Anti-proliferative properties of 2-piperazine derivatives of 5-arylideneimidazolone

The anti-proliferative effect of BM36 (the most active compound: 128-fold oxacillin activity
gain against S. aureus HEMSA 5 and 256-fold cloxacillin activity gain against S. aureus
HEMSA 5) is presented in Fig. 4.4.2.1A and in the Table 4.4.2.1A. The compound was tested
in the following micromolar concentrations: 0.1, 1, 10, 50 and 100 pM.
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log [M]
Figure 4.4.2.1A. Anti-proliferative effect of compound BM36
Table 4.4.2.1A Anti-proliferative effect of compound BM36
% viability
BM36 BM36
concentration concentration log [M]
[uM] [M] mean SD
0.1 0.0000001 102.23 1.78
1 0.000001 106.20 4.67
10 0.00001 95.27 7.16
50 0.00005 -4.3 54.63 2.55
100 0.0001 -4 19.51 0.34

At lower concentrations, BM36 was less toxic than doxorubicin, but unfortunately at 100 uM

(concentration active in microbiological tests: 125 uM) the viability of the cells was lower

than in case of doxorubicin.

The anti-proliferative effect of DS9 (64-fold oxacillin activity gain against S. aureus HEMSA
5) is presented in Fig. 4.4.2.1B and Table 4.4.2.1B. The compound was tested in the following
micromolar concentrations: 0.01, 0.1, 0.5, 1, 5, 10, 50, 100, 125 and 250 uM.
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Figure 4.4.2.1B. Anti-proliferative effect of compound DS9

Table 4.4.2.1B Anti-proliferative effect of compound DS9

% viability
DS9 DS9
concentration concentration log [M]

[uM] [M] mean SD
0.01 0.00000001 -8 101.70 4.51
0.1 0.0000001 -7 96.04 9.42
0.5 0.0000005 -6.3 91.88 6.75
0.000001 -6 96.56 0.49
5 0.000005 -5.3 100.45 5.84
10 0.00001 -5 84.97 8.31
50 0.00005 -4.3 94.00 3.07
100 0.0001 -4 90.02 2.88
125 0.000125 -3.9 91.40 7.67
250 0.00025 -3.6 75.60 5.86

Compound DS9 did not exert any significant anti-proliferative effect against HEK-293 cell
line: the viability of the cells exposed to its 125 uM concentration (active against MRSA) was
91% =+ 7.67% (versus 25.5% for doxorubicin; IC50 of doxorubicin: 0.458 uM). This makes

compound DS9 a drug-like one and a good candidate for further pre-clinical tests.
The anti-proliferative effect of BM38 (8-fold cloxacillin activity gain against S. aureus

HEMSA 5) is presented in Fig. 4.4.2.1C and Table 4.4.2.1C. The compound was tested in the
following micromolar concentrations: 0.01, 0.1, 0.5, 1, 5, 7.8, 10, 50, 100 and 250 uM.

104



120+
I -~ compound BM38

100+ - doxorubicin

% viability
Y (o)) [}
2. 2.9

[N
<

o

9 8 7 6 -5 -4 3 -2
log [M]

AN
o

Figure 4.4.2.1C. Anti-proliferative effect of compound BM38

Table 4.4.2.1C Anti-proliferative effect of compound BM38

% viability
BM38 BM38
concentration concentration log [M]

[uM] [M] mean SD
0.01 0.00000001 -8 91.89 8.77
0.1 0.0000001 -7 98.15 5.97
0.5 0.0000005 -6.3 100.54 5.70
0.000001 -6 87.92 4.44
5 0.000005 -5.3 108.46 5.85
10 0.00001 -5 85.60 6.61
50 0.00005 -4.3 92.60 6.61
100 0.0001 -4 84.96 4.60
125 0.000125 -3.9 70.58 3.03
250 0.00025 -3.6 78.75 4.35

The compound was active against MRSA

in a quite low concentration (7.8 uM). At this

concentration, the viability of the cells was 85.6% + 6.6% (versus 25.5% for doxorubicin;

IC50 of doxorubicin: 0.458 uM). It is also worth noting that at higher concentrations

compound BM38 was much less toxic than doxorubicin too.
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4.4.2.2. Anti-proliferative properties of N-1 arylpiperazine derivatives of 5-phenylhydantoin

The anti-proliferative effect of compound BG1 (8-fold oxacillin activity gain against
S. aureus HEMSA 5) is presented in Fig. 4.4.2.2A and Table 4.4.2.2A below. The compound
was tested in the following micromolar concentrations: 0.01, 0.1, 0.5, 1, 5, 10, 50, 100, 125
and 250 uM.

120+
-- compound BG1

100+ - % doxorubicin
80+

60+

% viability

40- K

204

O T T T T T ) ) 1

10 9 8 -7 6 5 -4 -3 -2
log [M]

Figure 4.4.2.2A. Anti-proliferative effect of compound BG1

Table 4.4.2.2A Anti-proliferative effect of compound BG1

% viability
BG1 BG1
concentration concentration log [M]

[uM] [M] mean SD
0.01 0.00000001 -8 103.79 5.61
0.1 0.0000001 -7 106.46 3.46
0.5 0.0000005 -6.3 101.91 6.42
0.000001 -6 94.32 6.88
5 0.000005 -5.3 103.12 0.39
10 0.00001 -5 98.40 2.15
50 0.00005 -4.3 41.17 8.42
100 0.0001 -4 37.15 7.11
125 0.000125 -3.9 39.14 7.23
250 0.00025 -3.6 40.00 2.45
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Compound BGL1 proved to be quite toxic: the viability of the cells exposed to its 125 uM
concentration (active against MRSA) was 39% =+ 7.23% (versus 25.5% for doxorubicin). The
IC50 of BG1 is 31.24 uM versus 0.458 uM for doxorubicin.
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5. Structure activity relationship —
summary

The aim of this PhD dissertation was to test selected compounds synthesized in the
Department of Technology and Biotechnology of Drugs of the Jagiellonian University

Medical College against bacteria and cancer cells.

As far as bacteria are concerned, my research aimed to:
- determine direct antibacterial activity of selected hydantoin derivatives synthesized in
the Department of Technology and Biotechnology of Drugs against S. aureus and

E. coli strains
- determine ability of the compounds to increase/restore efficacy of selected antibiotics

For the active compounds, the research aimed to:
- determine their mechanism of action

- check their toxicity

Hydantoin derivatives selected for testing belonged to four groups:

e 2-piperazine derivatives of 5-arylideneimidazolone
H
Ox-N ™/
)—N  NH
Ar
e amine derivatives of 5-arylidenehydantoin
Rl
l
2B\
o}
Qw R
HNYNJVamine

O

e amine derivatives of 5-naphthalen-5-methylhydantoin

Ly p
‘ HN NVH\/NHZ
Al n

0]
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e N-1 arylpiperazine derivatives of 5-phenylhydantoin

RN N
nE}O/

As far as 2-piperazine derivatives of 5-arylideneimidazolone are concerned (structures
presented on page 36), only two compounds with relatively large substituents compared to
other compounds in this group were active. The most active compound was BM36 with the
2-naphthalene substituent. It increased cloxacillin activity 256-fold and oxacillin activity
128-fold. The other active compound in this group was DS9 with the anthracene substituent
which increased oxacillin efficacy 64-fold and cloxacillin efficacy 8-fold (results and
structures presented in Tables 4.2.2.1A and 4.2.3.1A).

BM38 with the 2-fluorene substituent caused an 8-fold increase in cloxacillin activity, but had
no effect on oxacillin activity (Tables 4.2.2.1A and 4.2.3.1A). DS11 with a phenanthrene
substituent had no effect on the efficacy of none of the tested antibiotics. Likewise,
compounds with smaller substituents such as p-chlorophenyl, 2-thiophenyl, 3-thiophenyl
(BM7b, BM33, BM34, respectively) did not have any effect on the efficacy of the tested
antibiotics either (Table 4.2.7).

Based on molecular modeling studies, it seems that both BM36 (a naphthalene derivative) and
DS9 (an anthracene derivative) do not interact with residues from the binding site of PBP2a,
and therefore the mechanism of their action through this protein is less probable than
interaction with MecR1. Docking shows that oxacillin and cloxacillin are very likely to
interact with Ser391 of MecR1 (Fig. 4.3.1.2), which has also been proven experimentally
previously by other authors [179] and which in turn supports the reliability of docking results.
The comparison of the binding modes of DS9 (an anthracene derivative) and DS11 (a
phenanthrene derivative) reveals differences in their interaction with MecR1. Compound DS9
(an anthracene derivative) is more likely to bind in the region of entrance to the binding site,
while DS11 (a phenanthrene derivative) locates in the upper part of the cavity, leaving free
space in the binding pocket and allowing oxacillin to bind. This may be the reason why DS9
(an anthracene derivative) is more effective, as it completely blocks the entrance to binding
site for oxacillin. This hypothesis of the steric effect being the reason of activity of BM36 (a

naphthalene derivative) and DS9 (an anthracene derivative) was also supported by molecular
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dynamic simulations - BM36 and DS9 stay in the entrance to the binding cavity during the
whole simulation, preventing oxacillin or cloxacillin from coming into the close proximity
of Ser391 and activating MecR1 (Fig. 4.3.2.1A, Fig. 4.3.2.2A). On the other hand, compound
DS11 (a phenanthrene derivative) moves from its initial position and leaves space for
oxacillin to interact with the active site of this protein and thus induce the synthesis of PBP2a
with lowered affinity to p-lactam antibiotics (when simulations taking the pose with the
lowest docking score were carried out) or flips in a way that aromatic rings are no longer
preventing oxacillin from interaction with the active site (which was proved in simulations
started from the pose of DS11 (a phenanthrene derivative) analogous to DS9 (an anthracene
derivative)) (Fig. 4.3.2.1B, Fig. 4.3.2.1C).

DS9 did not exert any significant anti-proliferative effect against HEK-293 cell line which
makes it a drug-like candidate (Fig.4.4.2.1).

In case of amine derivatives of 5-arylidenehydantoin (structures presented on page 37),
compound A2 with the methoxy group in the para position at the benzene ring,
methylpiperazinepropylamine and unbranched propyl chain between hydantoin and amine
turned out to be active against cloxacillin (8-fold reduction of the MIC of cloxacillin against
the resistant S. aureus MRSA HEMSA 5 strain) (Table 4.2.3.1B). Neither A2 nor A18 with
two chlorine atoms at the benzene ring, piperazine and 2-hydroxypropyl chain had any effect

on oxacillin activity (Table 4.2.7).

In the group of amine derivatives of 5-naphthalen-5-methylhydantoin (structures presented
on page 38), 5-aryl substituent was naphthalene. The compounds differed with the length
of the linker between hydantoin and amine. The effect of three types of linkers propyl, butyl,
pentyl on the activity of the compounds was tested. Microbiological studies showed that no
compound had any activity as 2-fold MIC reduction observed for JM3 fits in the method’s
inaccuracy range (Table 4.2.7).

In the group of N-1 arylpiperazine derivatives of 5-phenylhydantoin (structures presented
on page 39), the only compound that had any effect against the resistant strain was BG1. It
reduced the MIC of oxacillin against S. aureus MRSA HEMSA 5 8-fold (Table 4.2.2.1D).
The compound is a phenylpiperazine derivative of 5,5-diphenylhydantoin with a hexyl linker.
Compound GG4a, which is a phenylpiperazine derivative of of 5,5-diphenylhydantoin with a

shorter 4-carbon linker, reduced the MIC of oxacillin of the reference S. aureus ATCC 25923
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strain 8-fold (Table 4.2.2.2D). These two findings may suggest that phenylpiperazine moiety
and butyl (GG4) or hexyl (BG1) linkers are more favorable for activity than methylpiperazine
moiety and propyl linkers found in other compounds from this group. Efflux pumps inhibitors
are recommended to have amphiphilic properties because they facilitate membrane transport.
This may explain why BG1 with a hexyl linker was more effective against the resistant
S. aureus MRSA HEMSA 5 strain in combination with oxacillin than the compounds with
shorter linkers. The results for BG6 which proved to be ineffective do not confirm this
hypothesis, but octyl linker in BG6 may in turn be too long: it may make the compound roll

up and prevent it from interacting with its target.

As far as cancer cells are concerned, my research aimed to test the ability of the hydantoin
derivatives synthesized in our Department to inhibit an efflux pump, P-glycoprotein, in mouse
lymphoma cells using EB accumulation assay. Hydantoin derivatives selected for testing
belonged to four groups:

e arylidene hydantoins (N-unsubstituted)
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Arylidene hydantoins, especially phenylpiperazine derivatives, were the groups that showed
the highest activity (Fig. 4.1.2).

As far as arylidene hydantoins (N-3 phenylpiperazine derivatives) (structures presented on
page 42) are concerned, the compounds shared two common fragments: a benzylidene moiety
linked with hydantoin and a phenylpiperazine moiety linked with hydantoin on the other side
by means of a propyl linker. When it comes to R* substituent, the compounds differed in the
location of chlorine either in meta or para position at the benzylidene moiety. R? substituent
at the benzene ring of the phenylpiperazine moiety was either fluorine, chlorine or two
chlorine atoms in different positions. The compounds from this group had comparable activity.
However, the most active compounds (R3 and R5) (Fig. 4.1.2, Table 4.1B) were the
compounds with chlorine in the para position (R* substituent) and two chlorine atoms at the
benzene ring of the phenylpiperazine moiety (R? substituent). This can be explained by
slightly higher hydrophobic properties (recommended for P-gp inhibitors) of both aromatic
ends within their structure. The compound R2 (chlorine in meta position as R* substituent and
two chlorine atoms as R? substituent) was slightly more active than R6 (chlorine in para
position as R* substituent and one chlorine atom as R? substituent). Compounds with fluorine
as R? substituent (compounds R1 and R4) had the lowest activity irrespective of the fact
whether chlorine at the benzene ring of the benzylidene moiety (R* substituent) was located in
the para or meta position (Fig. 4.2.7, Table 4.1B).

As far as N-unsubstituted arylidene hydantoins are concerned (structures presented on page
41), all the tested compounds shared a common fragment: a benzyloxy moiety linked with a
benzylidene moiety that was in turn linked with hydantoin. The compounds differed with the
number and location of the benzyloxy moiety in the para/meta position as well as
presence/absence of chlorine atom(s) at the benzene ring of the benzyloxy group. It is worth
emphasizing that the compound with two benzyloxy moieties (HY115) was distinctly more
potent which may be due to its high hydrophobic properties. The fact whether benzyloxy
moiety was located in the para or meta position did not make any difference in terms
of activity as both HY84 and HY112 were equally active. Out of the compounds from this
group, compounds with chlorine at the benzyloxy moiety (HY83, HY111, HY110; order
of descending activity) had the lowest activity. The compound HY83 was slightly less active
than HY84, which suggests that not only does introduction of chlorine at the benzyloxy
moiety not improve activity but even makes it worse. The least active compound was HY110

with a chlorine atom in the para position of the benzyloxy moiety. It was less active than
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HY111 with two chlorine atoms at the benzyloxy moiety (Fig. 4.2.7, Table 4.1A). It is evident
that chlorine has unfavorable impact, but it is difficult to determine its role based on these

results.

Dimethylhydantoins (structures presented on page 42) shared two common fragments: a
benzyl moiety and a phenylpiperazine moiety linked with dimethylhydantoin by means of a
pentyl linker. R substituent located at the phenyl group of the phenylpiperazine moiety was
either a hydrogen atom, a methoxy group (in different positions), fluorine atom(s) in different
positions or chlorine atom(s) in different positions.

The most active compounds were PI2A and PI7A. PI2A has methoxy group in ortho position
at the benzene ring of the phenylpiperazine moiety. It may be assumed that this group is
favorable for activity as PI1A without this group was less active. Ortho position of this group
is more favourable for activity than meta position (compound PI3A with methoxy group in
ortho position was less active) (Table 4.1C, Fig. 4.1.2).

The other most active compound was P17A which has two fluorine atoms at the benzene ring
of the phenylpiperazine moiety and a fluorine atom at the benzyl group. It seems that the
location of fluorine in the ortho position is crucial for activity: the compounds PI4A with
fluorine in the ortho position and hydrogen as substituent at the benzyl moiety as well as
PI6A (two fluorine atoms in the ortho and para position at the benzene ring of the
phenylpiperazine moiety and hydrogen as substituent at the benzyl moiety) also showed high
activity. In contrast, PISA with fluorine in the para position and hydrogen as substituent in the
benzyl moiety as well as PI8A with fluorine in the para position and fluorine as substituent in
the benzyl moiety were less active (Table 4.1C, Fig. 4.1.2). All the compounds with chlorine
from this group (P19A, PI10A, PI11A) had two chlorine atoms at the benzyl moiety. They
differed with the number of chlorine atoms (1 or 2) and their positions at the benzene ring
of the phenylpiperazine moiety. The compounds PI9A and PI10A with two chlorine atoms at
the benzene ring of the phenylpiperazine moiety were the least active compounds in the whole
group of dimethylhydantoins (Table 4.1C, Fig. 4.1.2).

Compounds from the group ‘other hydantoin derivatives’ (structures presented on page 43)
were not active (Table 4.1D, Fig. 4.1.2).

The analysis of the results for P-gp reveals that the presence of chlorine is significant.
However, its role is unclear: in some cases its impact is beneficial (arylidene hydantoins (N-3
phenylpiperazine derivatives)) and in others unfavorable (arylidene hydantoins
N-unsubstituted).
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6. Annex 1. Equipment and reagents

6.1. Equipment and reagents used in assessment of the inhibition of P-glycoprotein (EB assay)

Equipment:

e Rotor-Gene™ 3000 thermocycler (Corbett Research)

e HERA Cell 240 incubator (Haraeus)

¢ 1012 water bath with circulation system (GFL)

e MN120 class Il microbiological safety cabinet (NUVE)

® CKX41microscope (Olympus)

¢ Fuchs-Rosenthal counting chamber (Heinz Herenz)

¢ 2100 autoclave (Prestige Medical)

¢ analytical balance (Radwag)

o refrigerator with freezer (Mastercook)

o refrigerated MIKRO22R centrifuge (Hettich)

¢ liquid nitrogen aluminum container (Chart Biomedical)

¢ MS3 basic vortex (IKA)

¢ Discovery multi-channel pipettes (HTL; 5-25 ul, 20-200 pl) and sterile tips
* pipettes (Eppendorf; 100-1000 pl, 2-20 pl, 20-200 pl) and sterile tips
¢ Easypet electronic automatic pipette (Eppendorf) and sterile tips

e 25 cm? Nunc™ cell culture flasks (Thermo Scientific)

e sterile 15 ml and 50 ml Falcon tubes (F.L. Medical)

e sterile Nunc™ Petri plates (Thermo Scientific)

o sterile 2.5 ml Eppendorf tubes (Eppendorf)

Reagents:

e colchicine (Sigma-Aldrich)

o McCoy’s 5A medium (Sigma-Aldrich)

® 10% heat-inactivated horse serum (Sigma-Aldrich)
e L-glutamine(Sigma-Aldrich)

e penicillin-streptomycin mixture (Sigma-Aldrich)

e phosphate buffered saline (Sigma-Aldrich)
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* 5% trypsin EDTA solution (Gibco)
o sterile DMSO suitable for cell culture (Sigma-Aldrich)
e trypan blue (Sigma-Aldrich)

e ethidium bromide (Sigma-Aldrich)
e verapamil (Sigma-Aldrich)

e glucose (Sigma-Aldrich)

6.2. Equipment and reagents used in proliferation assay
Equipment:

¢ HERA Cell 240 incubator (Haraeus)

¢ 1012 water bath with circulation system (GFL)

e MN120 class Il microbiological safety cabinet (NUVE)

* CKX41microscope (Olympus)

¢ Fuchs-Rosenthal counting chamber (Heinz Herenz)

¢ EnSpire 2300 plate reader (Perkin-Elmer)

¢ 2100 autoclave (Prestige Medical)

e analytical balance (Radwag)

o refrigerator with freezer (Mastercook)

¢ refrigerated MIKRO22R centrifuge (Hettich)

¢ liquid nitrogen aluminum container (Chart Biomedical)

¢ MS3 basic vortex (IKA)

¢ Discovery multi-channel pipettes (HTL; 5-25 ul, 20-200 pl) and sterile tips
* pipettes (Eppendorf; 100-1000 pl, 2-20 pl, 20-200 pl) and sterile tips
* Easypet electronic automatic pipette (Eppendorf) and sterile tips

e 25 cm? Nunc™ cell culture flasks (Thermo Scientific)

e sterile 15 ml and 50 ml Falcon tubes (F.L. Medical)

e sterile Nunc™ Petri plates (Thermo Scientific)

o sterile 2.5 ml Eppendorf tubes (Eppendorf)

Reagents:

e EZ4U BL-5000 proliferation test (Biomedica)
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e DMEM/F 12 medium (Gibco)

¢ antibiotics: penicillin, streptomycin (Polfa Tarchomin)
e phosphate buffered saline (Sigma-Aldrich)

¢ 100% fetal bovine serum (Gibco)

® 5% trypsin EDTA solution (Gibco)

¢ 2 mg/ml doxorubicin (Ebewe)

o sterile DMSO suitable for cell culture (Sigma-Aldrich)

e trypan blue (Sigma-Aldrich)

6.3. Equipment and reagents used in assessment of restoration of antibiotic efficacy

Equipment:

¢ 6131 BioPhotometer (Eppendorf)
¢ ES-20 shaker incubator (Biosan)

¢ analytical balance (Radwag)

¢ 2100 autoclave (Prestige Medical)
¢ MS3 basic vortex (IKA)

* 96-well microplates (NEST, cat. no. 2014002)

® cuvettes

o sterile 15 ml and 50 ml Falcon tubes (F.L. Medical)

o sterile 2.5 ml Eppendorf tubes (Eppendorf)

¢ Discovery multi-channel pipettes (HTL; 5-25 ul, 20-200 pl) and sterile tips

* pipettes (Eppendorf; 100-1000 pl, 2-20 pl, 20-200 pl) and sterile tips

Reagents:

e Lysogeny broth (LB) (Merck)

¢ Tryptic Soy Broth (TSB) (Merck)

¢ Mueller-Hinton Broth (MHB) (Merck)

* antibiotics: oxacillin, ciprofloxacin, cloxacillin, ampicillin (Sigma-Aldrich), neomycin (Fagron)
¢ sulbactam (Sigma-Aldrich)

« DMSO (POCH)
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