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ABSTRACT

Phosphazenes have been found to possess antimicrobial activity properties. Additionally,
phosphazenes can undergo substitution reactions with different groups. These features have
led to an expansion in the field of phosphazene utilization for antibiotic purposes. It has also
been found that phosphazenes can bind with DNA, thereby damaging the DNA. This trait is
useful when designing drugs that are specifically used to kill cancerous cells. This study
focused on investigating the antimicrobial activity and DNA interaction of several
phosphazene compounds, numerically labeled as compounds 26, 27, 28, 29, and 30. The
microdilution method was used to examine the antimicrobial activity and minimum
inhibitory concentration (MIC) values of the phosphazene compounds against 14 different
strains of microbes, 11 of which are bacteria and 3 of which are yeast. Additionally,
Minimum Bactericidal/Fungicidal Concentration (MBC/MFC) was also measured using the
microdilution method. Electrophoresis images were observed after treating the plasmid
DNA with the compounds. This was done to see whether or not the compounds restrict DNA.
Additionally, to see if the compounds bind with specific nucleotides DNA, the compound-
DNA mixture was treated with two different restriction enzymes to determine if the
compounds bind to specific nucleotides. The data obtained from control and treatment
groups were evaluated and compared. This study found that the MIC values of the
compounds used in this study lie in the range of 19.54 to 2500 uM. Among them, compound
30 exhibited the highest potential as an antimicrobial agent against 5 out of the 11 tested
bacteria. Also, compound 30 showed strong activity against 2 yeast strains C. albicans and
C. tropicalis. The MIC, MBC, and MFC values of the studied compounds ranged from 19.54
to 2500 pM. All of the studied compounds partly inhibited DNA restriction, indicating that
they partly bind to A/A and G/G nucleotides. Some of the compounds used as a result of the
research conducted showed antimicrobial activity and also affected DNA.
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OZET

Fosfazenlerin antimikrobiyal aktivite Ozelliklerine sahip olduklar1 tespit edilmistir.
Fosfazenler farkli gruplarla yer degistirme reaksiyonlarina girebilir. Bu 6zellikleri sayesinde
antibiyotik amacli kullanilabilme ihtimalleri vardir. Ayrica, fosfazenlerin DNA ile
baglanarak DNA'ya zarar verebilecegi bulunmustur. Bu 6zellik, kanser hiicrelerini 6ldiirmek
icin tasarlanmis ilaglar gelistirilirken faydali olabilir. Bu ¢alismada, 26, 27, 28, 29 ve 30
kodlu fosfazen bilesiklerinin antimikrobiyal aktivitesi ve DNA etkilesimi arastirilmistir.
Fosfazen bilesiklerinin 11'i bakteri ve 3'i maya olan 14 farkli klinik susa karsi
antimikrobiyal aktivite ve minimal inhibitér konsantrasyonu (MIK) mikrodiliisyon yontemi
ile calisilmigtir. Ayrica, minimal bakterisidal/fungisidal konsantrasyon (MBK/MFK)
mikrodilisyon yontemi kullanilarak 6l¢iilmiistiir. Bilesikler pBR322 plazmid DNA's1 ile
etkilesime sokularak DNA {izerine etkisi agaroz jel elektroforezi ile gdzlemlenmistir. Bu,
bilesiklerin DNA'ya baglanip baglanmadigi ise restriksiyon endoniikleaz enzimleri ile
kesilerek belirlenmistir. Bu ¢alismada, kullanilan bilesiklerin MIK degerlerinin 19,54 ila
2500 puM araliginda oldugu bulunmustur. Bunlar arasinda, bilesik 30, test edilen 11
bakteriden bes tanesinde bakteriyal biiylimeyi inhibisyonu gdstermistir. Ayrica, bilesik
30'un C. albicans ve C. tropicalis olmak iizere iki maya susuna karsi giiglii aktivite gosterdigi
tespit edilmistir. Calisilan bilesiklerin MiK, MBK ve MFK degerleri 19,54 ila 2500 uM
arasinda degismistir. Calisilan tiim bilesikler DNA’nin hareketliliginde zayif bir etki
gostermistir. Ancak, bilesikler DNA’nin enzim ile kesimini kismen inhibe etmisdir.
Bilesikler DNA’da A/A ve G/G niikleotidlerine kismen baglandigi sonucna varilmistir.

1. Giris

Siklofosfazenler, iki temel amag i¢in tarihsel olarak ilgi goren, inorganik halkali yapilarin
onemli bir kategorisini olusturmaktadir. Fosfazen polimerleri, yan gruplardaki degisiklikler
aracilifiyla cesitli fiziksel ve kimyasal 6zelliklere sahip olmak kapasiteleri nedeniyle son
yillarda 6nemli ilgi gérmiistiir. Fosfazenler, gii¢lii antitiimor etkilere sahip olmalarinin yani
sira ¢esitli biyomedikal 6zelliklere ve uygulamalara sahiptir. Arastirmalar, bakteri ve maya
hiicrelerine kars1 biyolojik etkinlikleri tizerine de odaklanmustir.

Fosfazenler, kiiresel olarak artan kanser nedeniyle kanserle miicadelede potansiyel birer anti
kanser ajan olarak diisiiniilmektedir. Diinya Saglik Orgiitii'ne gore, kanser diinya capinda
oliimlerin onde gelen ikinci nedeni olarak kabul edilmekte olup, 2020 yilinda yaklasik on
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milyon oliimle sonuclanmistir. Benzer sekilde, ulusal istatistiklere gore, kanserler, 2017
yilinda Tiirkiye'de, kardiyovaskiiler hastaliklardan sonra 6liim nedenlerinin ikinci sirasinda
yer almaktadir ve yasa gore standartlastirilmis kanser insidans oranlar1 erkeklerde 100 000
kiside 259,2 ve kadinlarda 100 000 kiside 187 olarak belirlenmistir. Bu 6nemli 6liim ve
insidans rakamlari, kanserin 6nemli bir halk saglig1 sorunu olusturdugunu gostermektedir.
Genellikle, kemoterapi, radyasyon, cerrahi veya bu yaklagimlarin bir kombinasyonunu
iceren kanser tedavileri oldukca yaygindir.

Fosfazenler 6nemli antimikrobiyal etkilere sahiptir. Antibiyotikler, son yillarda insanlarda,
tarim, hayvancilik ve su friinleri yetistiriciligi gibi c¢esitli uygulamalarda bulasict
hastaliklarin tedavisinde kullanilmistir. Ozellikle sanayilesmis iilkelerde bircok énemli insan
hastaliginin etkili bir sekilde kontrol edilmesinde basarili bir sekilde kullanilmigtir. Ancak,
bu basar1 artan antibiyotik direnci tehdidi altindadir. Daha onceki yillarda antibiyotiklere
duyarli olan mikroorganizmalarin tedavisi giderek zorlagmaktadir.

Antibiyotikler, mutasyon, se¢ilim ve genetik bilginin mikroorganizmalar arasinda (yatay gen
transferi) akis1 yoluyla mikrobiyal genetik ekolojinin tiim yonlerini kuskusuz etkilemistir.
Bu tez ¢alismasinda fosfazenlerin klinik mikroorganizmalarin {iremesine ve DNA {izerine
etkileri incelenmistir.

Ankara Universitesi Fen Fakiiltesi Kimya Boliimii laboratuvarlarinda sentezlenen fosfazen
bilesiklerinin patojen olan bakteri ve mayalar {izerindeki etkisi Mikrobial Seyreltme
(mikrodiliisyon) Yéntemi (MIK) ile arastirilmistir. Calismada kullanilan Gram-negatif
bakteri suslar1 Escherichia coli ATCC 35218, Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853, Klebsiella pneumoniae ATCC 13883, Salmonella typhimurium
ATCC 14028 ve Proteus vulgaris RSKK 96029'dur. Gram-pozitif bakteri suslart Bacillus
cereus NRRL B-371, Bacillus subtilis ATCC 6633, Staphylococcus aureus ATCC 25923,
Enterococcus faecalis ATCC 29212 ve Enterococcus hirae ATCC 9790'dir. Mayalar ise
Candida albicans ATCC 10231, Candida krusei ATCC 6258 ve Candida tropicalis Y-
12968 suslaridir. Bakteri ve mayalarin antimikrobiyal aktivitesi bilesiklerin minimum inhibe
edici konsantrasyon (MiK), minimum bakterisidal konsantrasyon (MBK) ve minimum
fungisidal konsantrasyon (MFK) degerleri mikrodiliisyon yontemi kullanilarak
aragtirtlmistir. Bilesiklerin plazmid DNA {izerindeki etkileri agaroz jel elektroforezi yontemi
kullanilarak incelenmistir. Bilesikler DNA'ya baglaniyorsa, hangi niikleotidlere
baglandiklar1 belirlemek i¢in bilesiklerle etkilesime girmis plazmid DNA, BamHI ve Hindlll
restriksiyon enzimleri ile kesilmistir. Bu arastirma, enfeksiydz hastaliklarin ve kanserin
tedavisinde kullanilan ilaglarin gelistirilmesine ve halk sagligi sorunlari i¢in Onemli
sonuglar1 olan yeni kimyasal {iriinlerin sentezine katkida bulunacaktir.

2. Materyal ve Metot

Materyal

- Fosfazenler

Arastirmada kullanilan orijinal fosfazen bilesikleri, Ankara Universitesi Fen Fakiiltesi
Kimya Laboratuvarlarinda Prof. Dr. Zeynel KILIC ve Prof. Dr. Aytug OKUMUS SAHIN
tarafindan ve Amasya Universitesi Fen Fakiiltesi Kimya Laboratuvarlarinda Dr. Giiler Inci
Tanrikulu tarafindan sentezlenmistir. Calismada 26, 27, 28, 29 ve 30 olarak adlandirilan bes
farkli fosfazen bilesiginin etkisi incelenmistir. Bilesikler dimetil siilfoksit (DMSO) iginde
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¢oziilmiis ve 0,45 pm gozenek boyutuna sahip enjektor ucu filtresinden gegirilerek sterilize
edilmistir.

- Kullanilan mikroorganizmalar ve biiylime ortami

Bu calismada, bilesigin antimikrobiyal aktivitesini belirlemek icin Gazi Universitesi Fen
Fakiiltesi Molekiiler Biyoloji Laboratuvar: kiiltiir koleksiyonundan elde edilen 11 bakteri
susu ve 3 maya susu kullanilmistir. Bu bakteriler gram-pozitif ve gram-negatif tiptedir.
Gram-negatif bakteri suslar1 Escherichia coli ATCC 35218, Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853, Klebsiella pneumoniae ATCC 13883, Salmonella
typhimurium ATCC 14028 ve Proteus vulgaris RSKK 96029'dur. Gram-pozitif bakteri
suslar1 ise Bacillus cereus NRRL B-3711, Bacillus subtilis ATCC 6633, Staphylococcus
aureus ATCC 25923, Enterococcus faecalis ATCC 29212 ve Enterococcus hirae ATCC
9790'dur. Maya suslar1 ise Candida albicans ATCC 10231, Candida krusei ATCC 6258 ve
Candida tropicalis Y-12968'dir. Caligmaya dahil edilen tiim mikroorganizmalar oncelikle
stoktan alinmis ve uygun inkiibasyon kosullarinda aktive edilmistir. Bakteriler Besiyeri Agar
(NA) ortaminda, mayalar ise Sabouraud Dekstroz Agar (SDA) ortaminda uygun inkiibasyon
kosullarinda aktive edilmistir.

- Kullanilan kimyasallar

Nutrient Agar (NA) (Merck), Sabouraud Dextrose Agar (SDA) (Merck), Muller Hinton
Agar (Merck), Mueller Hinton Broth (Merck), Sabouraud Dextrose Broth (Merck), NaCl
(Merck), Dimethyl Sulfoxide (DMSO) (Sigma), Tris (Merck), asetik asit (Merck),
etilendiamintetraasetik asit (EDTA) (Merck), agaroz (Applichem), etidyum bromdir (Sigma),
etanol (Merck), sakkaroz (Sigma), bromofenol mavisi (Merck), Tris-EDTA (TE).

- Kullanilan Tiiketim Malzemeleri, Araglar ve Ekipmanlar

Petri kutular1 (90x15 mm) (LP Italiana), mikropipet uclar1 (LP Italiana), sirga filtre ucu
(0,45 um) (Sartoirus), Erlenmeyer siseleri, beherler, 6l¢ii kab1 gibi ¢esitli cam malzemeler,
lateks ve nitril eldivenler, halka uclu 6ze, pamuk, 96 kuyruklu mikrotitre plakasi, cesitli
hacimlerde mikropipetler, otoklav (Tomy SX-500), inkiibator (37°C) ve inkiibator (40°C),
kiti saklama dolab1 (+4°C) (Sanyo), derin dondurucu (-30 ve -80°C) (Sanyo), jel
goriintiileme cihazi (Biometra), giic kaynagi, pH metre (Mettler Toledo), hassas terazi, steril
hava kabini, sogutmali santrifiij (Sigma), yatay elektroforez sistemi, vortex, mikrodalga firin
(Samsung).

- Cozeltiler Hazirlanmasi

* Fizyolojik tuz ¢ozeltisi
%0,9 oraninda NaCl distile su icerisinde ¢oziilerek hazirlanmis ve otoklav kullanilarak
121°C’de 1,5 atm basingta 15 dakika steril edilmistir.

* Bakteri ve maya kiiltiir ortami1

Uretici firmanin énerdigi miktarda distile su igerisinde ¢oziilmiis ve steril edilmis ortam
60°C’ ye kadar sogutulduktan sonra kat1 ortam aseptik kosullarda seril petri kaplarina 18-22
ml dokiilmistiir, stvi ortam ise 10 ml’lik cam tiipler igerisine alinmistir. Kat1 ortam
katilastiktan, sivi ortam da soguduktan sonra sterilite kontrolii amaciyla 1 gece etiivde
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bekletildikten sonra c¢alismada kullanilacagi zamana kadar +4°C’lik dolapta muhafaza
edilmistir.

* Sterilizasyon islemi
Sterilizasyon, otoklav kullanilarak 121°C’de 1,5 atm basingta 15 dakika yapilmaktadir.

* Tris-asetik asit EDTA (TAE) tamponu (50X)
242 ¢ Tris base, 57,1 ml glacial asetik asit, 100 ml 0,5M EDTA (pH:8), bir miktar distile
suda ¢oziildiikten sonra son hacim 1 litreye tamamlanmigtir.

* 0,5M EDTA (pH 8,0)

186,12 g EDTA bir miktar distile suda ¢oziildiikten sonra 800 ml’ye tamamlanmigtir. pH 8
olana kadar NaOH tableti eklenerek karistirilmistir. pH ayarlandiktan sonra son hacim distile
suile 1 litreye tamamlanmustir.

* 1 M Tris-HCl
12,11 g Tris tartilip bir miktar distile suda ¢oziildiikten sonra konsantre HCI ile pH 8’e
ayarlanmistir. pH ayarlandiktan sonra son hacim distile su ile 100 ml’ye tamamlanmuistir.

* TE (Tris-EDTA) tamponu
1 ml 1 M Tris-HCI (pH 8,0) ve 0,2 ml 0,5 M EDTA (pH 8,0) karistirilarak son hacim distile
su ile 100 mI’ye tamamlanmistir.

* TAE tamponu
50X TAE tamponundan 20 ml alinip distile su ile 1 litreye tamamlanmistir.

* Agaroz jeli

%1 (w/v) agaroz 1X TAE tamponu igerisine alinarak mikrodalga firin igerisinde
kaynatilarak ¢Oziilmiis daha sonra belli bir siire sogutulup jel tabagma dokiilmiis ve
polimerlesmesi beklenmistir.

* Jel yiikleme tamponu
%40 sukroz, %0,025 bromfenol mavisi, %0,25 ksilen siyanol ile hazirlanmigtir.

* Etidyum bromiir
10 mg/ml derisimde hazirlanmistir. Koyu renkli siselerde muhafaza edilmistir.

Metot
Antimikrobiyal aktivitenin bilesiklerin belirlenmesi
- McFarland standartina gore mikroorganizma konsantrasyonunun ayarlanmasi

Bakteriler, tek koloni inokiilasyonu yoluyla stok kiiltiirlerden alinan Muller Hinton Agar
iceren petri tabaklarina inokiile edilmis ve 37°C'de 24 saat inkiibe edilmistir. Inkiibasyonun
ardindan aktif olarak biiyiiyen bakteri kiiltiirleri, McFarland No: 0,5 (1x10® koloni olusturan
birim (kou)/ml) yogunluguna ayarlanmis fizyolojik tuz igeren steril tiiplere aktarilmistir.
Maya hiicreleri, Sabouraud Dekstroz Agar iceren petri tabaklarna inokiile edilmis ve
30°C'de 48 saat inkiibe edilmistir. Inkiibasyonun ardindan aktif olarak biiyiiyen maya
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kiiltiirleri, McFarland No: 0,5 (1x107 kou/ml) yogunluguna ayarlanmis fizyolojik tuz i¢eren
steril tiiplere aktarilmistir.

- Mikrodiliisyon deneyi

Fosfazen bilesiklerinin minimum inhibitér konsantrasyonu (MiK), minimum bakterisidal
konsantrasyonu (MBK) ve minimum fungisidal konsantrasyonu (MFK) degerleri
mikrodiliisyon yontemi kullanilarak belirlenmistir. Sivi kiiltliir ortami (bakteriler igin
Mueller Hinton Broth, mayalar i¢in Sabouraud Dekstroz Broth), her biri 100 pl olmak tizere
96 kuyucuklu bir mikroplakaya dagitilmigtir. 5000 uM konsantrasyonda bir bilesik alinip ilk
kuyuya 100 ul eklenmistir. [lk kuyudan ayn1 miktarda sonraki kuyuya transfer yapilarak bu
islem, 1/2 oraninda seyreltilmis farkli konsantrasyonlara ulasilincaya kadar tekrarlanmigtir
ve bilesiklerin konsantrasyonlarinin 2500 ila 19,54 uM arasinda degistigi gézlemlenmistir.
Pozitif kontrol i¢in, antibakteriyel ajanlar olarak Ampisilin (10 mg/mL) ve Kloramfenikol
(30 mg/mL) secildi ve antifungal ajan olarak Ketoconazole (50 mg/mL) secilmistir.
McFarland No: 0,5 (1x10® koloni olusturan birim (kou)/ml) yogunluguna ayarlanmis
mikroorganizmalar fizyolojik suda 1:10 oraninda seyreltilerek her bir kuyuya 5 pl
eklenmistir. Negatif kontrol olarak sadece kiiltiir ortami kullanilmistir. Bakteri igeren
mikroplakalar 37°C'de 24 saat, maya igeren plakalar ise 30°C'de 48 saat inkiibe edilmistir.
Inkiibasyonun ardindan, mikroplakadaki her bir kuyudan 10 pl 6rnek almmustir. Bakteriler
icin 0rnekler Mueller Hinton agar {izerine ve mayalar i¢in Sabouraud Dekstroz Agar iizerine
ekilmigtir. Uygun inkiibasyon siirelerinden sonra, farkli konsantrasyonlardaki
mikroorganizma ¢ogalmasi kontrol edilmistir. Mikrobiyal biiylimenin olmadigi en diisiik
konsantrasyon, bakteriler icin minimum bakterisidal konsantrasyon (MBK) ve mayalar igin
minimum fungisidal konsantrasyon (MFK) olarak kabul edilmistir. Inkiibasyonun ardindan,
mikrobiyal biliylimenin yavagladig ilk konsantrasyon minimum inhibitdr konsantrasyonu
(MIK) olarak kabul edilmistir.

- DNA ve bilesiklerin etkilesimi

Fosfazen bilesikleri 26, 27, 28, 29 ve 30'un plazmid DNA iizerindeki etkisi agaroz jel
elektroforez yontemi kullanilarak arastirnlmigtir. Bilesiklerin stok c¢ozeltileri dimetil
stilfoksitte (DMSO) hazirlanmis ve 1 saat i¢inde kullanilmistir. Bilesikler, 5000, 2500, 1250,
625 ve 312,5 uM konsantrasyonlarinda plazmid DNA ile 37°C'de inkiibe edilmistir, 24
saatlik inkiibasyonun ardindan ilag-DNA karisim1 agaroz jel iizerine yiiklenmistir ve olusan
bantlar incelenmistir. Kontrol olarak, bilesikle etkilesime girmeyen plazmid DNA, jelin ilk
kuyusuna yiiklenmistir.

- Agaroz jel elektroforezi

%1 (agirlik/hacim) TAE tamponunda agaroz ¢ozeltisi bir jel tepsisine dokiilmiis ve
polimerizasyona birakilmistir. Polimerizasyonun dncesinde jel i¢inde kuyular olusturulmus
ve bir ilag-DNA karigimu ile yiikleme tamponu bu kuyulara yiiklenmistir. Elektroforez, TAE
tamponunda 70 V'de 3 saat boyunca gergeklestirilmistir. Elektroforezin sonunda, jel etidyum
bromiir ile boyanmistir. Daha sonra, jeller, ultraviyole i1sik altinda BioDoc Analyze
(Biometra) jel goriintiileme cihazi kullanilarak goriintiillenmis ve goriintiiler bir bilgisayarda
JPEG formatinda kaydedilmistir.



- BamHI ve Hindlll restriksiyon enzimi reaksiyonu

BamHI enzimi DNA iizerinde 5'-G/GATCC-3" bolgesini tanirken, Hindlll enzimi 5'-
A/AGCTT-3" bolgesini tanimaktadir. Bilesiklerin bu DNA bdlgelerine baglanmasini
anlamak i¢in bilesikler ve DNA 24 saat boyunca inkiibe edilmistir. Daha sonra, bunlar
BamHI ve Hindlll enzimleri ile kesim islemine tabi tutuldu ve 37°C'de 1 saat daha inkiibe
edilmistir. Enzimle islenmis ilag-DNA karisimi, TAE tamponunda %1 agaroz jelinde 70
V'de 1 saat boyunca ytiriitiilmiistiir. Elektroforezden sonra, jel etidyum bromiir ile boyanmis
ve jeller, BioDoc Analyze (Biometra) jel goriintilleme cihazi kullanilarak ultraviyole 151k
altinda goriintiilenmistir. Gortintiiler daha sonra bir bilgisayarda JPEG formatinda
kaydedilmistir.

3. Arastirmanin sonuglari

In vitro antimikrobivyal aktivite

26, 27, 28, 29 ve 30 numarali bilesiklerin 5000 uM konsantrasyonunda seri seyreltme
yapilarak antimikrobiyal aktivitesi belirlenmistir, seyreltmeler 2500, 1250, 625, 312,5,
156,3, 78,1, 39,1 ve 19,54 puM araliginda bilesik konsantrasyonlari elde edilmistir.
Karsilagtirma yapabilmek i¢in kullanilan antibiyotikler (ampisilin ve kloramfenikol) ve
antifungal ilaclar (ketokonazol) pozitif kontrol olarak kullanilmistir.

Inkiibasyon siiresi sona erdikten sonra, cesitli mikroorganizmalara kars1 bilesiklerin
olusturdugu mikroorganizma biiylimeleri gézlemlenmistir. Bilesikler 26, 27, 28, 29 ve 30
i¢in Minimum Inhibitér Konsantrasyon (MiK) degerleri mikrodiliisyon yontemi kullanilarak
belirlenmis, antibakteriyel ilaglar (ampisilin, kloramfenikol) ve antifungal ilaglar
(ketokonazol) pozitif kontroller olarak kullanilmistir. Ayrica, Minimum Bakterisidal
Konsantrasyon (MBK) ve Minimum Fungisidal Konsantrasyon (MFK) degerleri de
mikrodiliisyon ydntemi kullanilarak belirlenmistir. Bulunan MIK, MBK ve MFK degerleri
(<19,54) ila (>2500 uM) arasinda degismektedir.

Bir bilesigin potansiyeli, MiK degerinin pozitif kontroliin MiK degeriyle karsilastirilarak
degerlendirilmistir. Bir bilesigin MiK degeri, pozitif kontroliin MiK degerinden daha diisiik
bulunursa, o bilesigin bir inhibitdr olarak potansiyeli oldugu diisiiniilmektedir.

Bilesik 26'nin E. coli ATCC 35218'e karst MIK degeri 1250 pM; P. aeruginosa ATCC
27853 ve K. pneumoniae ATCC 13883 i¢in 625 uM’dir. Bilesik 26'nin P. aeruginosa ATCC
27853 iizerindeki etkisi, E. coli ATCC 35218 ve K. pneumoniae ATCC 13883 {izerindeki
etkisine gore daha yiiksektir. Bilesik 27'nin P. aeruginosa ATCC 27853 ve P. vulgaris
RSKK 96029'a karst MIK degeri 625 uM’dir. Bilesik 27'nin P. aeruginosa ATCC 27853
tizerindeki etkisi, P. vulgaris RSKK 96029 tizerindeki etkisine gore daha yiiksektir. Bilesik
28'in E. coli ATCC 35218, P. aeruginosa ATCC 27853, K. pneumoniae ATCC 13883 ve P.
vulgaris RSKK 96029'a karst MIK degeri 625 uM’dir. Bilesik 28'in E. coli ATCC 35218 ve
P. aeruginosa ATCC 27853 iizerindeki etkisi, K. pneumoniae ATCC 13883 ve P. vulgaris
RSKK 96029 iizerindeki etkisine gore daha ytiksektir. Bilesik 29'un E. coli ATCC 35218,
P. aeruginosa ATCC 27853, K. pneumoniae ATCC 13883 ve P. vulgaris RSKK 96029'a
karst MIK degeri 625 pM’dir. Bilesik 29'un E. coli ATCC 35218 ve P. aeruginosa ATCC
27853 iizerindeki etkisi, K. pneumoniae ATCC 13883 ve P. vulgaris RSKK 96029
iizerindeki etkisine gore daha yiiksektir. Bilesik 30'un E. coli ATCC 35218'e kars1 MIK
degeri 1250 uM; S. aureus ATCC 25923'e 78,1 uM; P. aeruginosa ATCC 27853, K.
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pneumoniae ATCC 13883 ve P. vulgaris RSKK 96029'a 625 uM; C. albicans ATCC
10231'e 156,3 uM ve C. tropicalis Y-12968'e <19,54 uM’dir. Bilesik 30'un P. aeruginosa
ATCC 27853 ve C. tropicalis Y-12968 iizerindeki etkisi, E. coli ATCC 35218, S. aureus
ATCC 25923, K. pneumoniae ATCC 13883, P. vulgaris RSKK 96029 ve C. albicans ATCC
10231 tizerindeki etkisine gore daha yiiksektir.

P. aeruginosa ATCC 27853, tiim bilesiklerin en ¢ok etkiledigi mikroorganizmadir. Yedi
farklt mikroorganizmaya kars1 etkili olan bilesik 30 en etkili bilesiktir.

Bakterisid/fungisid olarak bir bilesigin potansiyelinin degerlendirilmesi i¢in, MBK/MFK
degeri MIK degeri igin yapilanlara benzer bir yaklasimla belirlendi. Bilesigin potansiyelinin
degerlendirilmesi, MBK/MFK degerinin pozitif kontrolin MBK/MFK degeriyle
karsilastirilmastyla gerceklestirilmistir. Pozitif kontrol {i¢ Onceden belirlenmis madde
arasindaki en yiiksek konsantrasyondan secilmistir (ampisilin, kloramfenikol veya
ketokonazol).

Bilesik 26'nin B. cereus NRRL B-3711, K. pneumoniae ATCC 13883 ve P. vulgaris RSKK
96029'a karst MBK degeri 1250 uM olarak belirlenmistir. Bilesik 26'nin C. tropicalis Y-
12968'e karst MFK degeri 625 uM olarak belirlenmistir. Bilesik 26'nin K. pneumoniae
ATCC 13883, P. vulgaris RSKK 96029 ve C. tropicalis Y-12968 iizerindeki etkisi esit
derecede yliksek bulunmustur. Bilesik 27'nin P. aeruginosa ATCC 27853 ve P. vulgaris
RSKK 96029'a karst MBK degeri 1250 uM olarak belirlenmistir. Bilesik 27'nin C. tropicalis
Y-12968'e karst MFK degeri 625 uM olarak belirlenmistir. Bilesik 27'nin P. aeruginosa
ATCC 27853, P. vulgaris RSKK 96029 ve C. tropicalis Y-12968 iizerindeki etkisi esit
derecede yiiksek bulunmustur. Bilesik 28'in E. coli ATCC 25922 iizerindeki MBK degeri
625 uM olarak belirlenmistir, P. aeruginosa ATCC 27853, K. pneumoniae ATCC 13883 ve
P. vulgaris RSKK 96029 iizerinde ise 1250 pM olarak belirlenmistir. Bilesik 28'in E. coli
ATCC 25922, P. aeruginosa ATCC 27853, K. pneumoniae ATCC 13883 ve P. vulgaris
RSKK 96029 iizerindeki etkisi esit derecede yiiksek bulunmustur. Bilesik 29'un E. coli
ATCC 25922 iizerindeki MBK degeri 625 uM olarak belirlenmistir, B. cereus NRRL B-
3711'de 312,5 uM olarak belirlenmistir, P. aeruginosa ATCC 27853, K. pneumoniae ATCC
13883 ve P. vulgaris RSKK 96029 iizerinde ise 1250 uM olarak belirlenmistir. Bilesik 29'un
B. cereus NRRL B-3711 iizerindeki etkisi, E. coli ATCC 25922, P. aeruginosa ATCC
27853, K. pneumoniae ATCC 13883 ve P. vulgaris RSKK 96029 {izerindeki etkisine gore
daha yiiksek bulunmustur. Bilesik 30'un S. aureus ATCC 25923 iizerindeki MBK degeri
156,3 uM olarak belirlenmistir, K. pneumoniae ATCC 13883'te 1250 uM ve P. vulgaris
RSKK 96029'da 625 uM olarak belirlenmistir. Bilesik 30'un C. tropicalis Y-12968'e karsi
MFK degeri <19,54 uM olarak belirlenmistir. Bilesik 30'un C. tropicalis Y-12968
iizerindeki etkisi, S. aureus ATCC 25923, K. pneumoniae ATCC 13883 ve P. vulgaris
RSKK 96029 {izerindeki etkisine gore daha yiiksek bulunmustur.

Bu nedenle, bakteri P. vulgaris RSKK 96029, tiim bilesikler tarafindan en ¢ok etkilenen
mikroorganizmadir. Mikroorganizmalar iizerinde en biiyiik etkiye sahip olan bilesik, bes
mikroorganizmaya karsi etkili olmasi nedeniyle bilesik 29'dur. Pozitif kontrol ve
mikroorganizmalar arasinda yiiksek oranda fark gdsteren bilesik 30'dur.
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Fosfazen bilesiklerinin DNA ile etkilesimi

DNA ve bilesikler arasindaki etkilesim

Caligmada kullanilan 26, 27, 28, 29 ve 30 numarali bilesiklerin plazmid DNA ile etkilesimi
agaroz jel elektroforezi kullanilarak arastirilmistir (sekil 3.1). "PBR" hatt1 kontrolii temsil
eder (etkilesime girmemis pBR322), ardindan gelen ardisik seritler bilesiklerin azalan
konsantrasyonlar1 ile etkilesime girmis plazmid DNA’y1 gostermektedir. Bilesik
konsantrasyonlar (1): 5000 uM, (2): 2500 uM, (3): 1250 uM, (4): 625 uM, (5): 312,5 uM.
Form I siiperheliks plazmid DNA'y1, Form II agik halkasal plazmid DNA'y1, ve Form III
dogrusal plazmid DNA'y1 temsil etmektedir.

Plazmid DNA'nin DASD substitiianlar1 tagiyan 26 numarali bilesige etkilesimi, bilesigin
konsantrasyonu azaldikga DNA Form I ve Form II'nin hareketliliini yavaslatigi; ayrica
DNA Form I'in yogunlugunu arttirdig1 tespit edilmistir. Plazmid DNA'min DASD
substitiianlar1 tagtyan 27 numarali bilesige etkilesimi, bilesigin konsantrasyonu azaldik¢a
DNA Form I ve Form II'nin hareketliligini yavaslatigi; ayrica DNA Form I'in yogunlugunu
arttirdig1 tespit edilmistir. Ayrica, Form III’tin varligi bilesigin DNA kesimi yaptigini
gostermistir.

Plazmid DNA'nin piperidin substitiianlar tasiyan 28 numaral bilesige etkilesimi, bilesigin
konsantrasyonu azaldikga DNA Form I ve Form II'nin hareketliligini yavaslatigi; ayrica
DNA Form II'nin yogunlugunu arttirdig1 tespit edilmistir. Plazmid DNA'nin piperidin
substitiianlar1 tagtyan 29 numarali bilesige etkilesimi, bilesigin konsantrasyonu azaldik¢a
DNA Form I ve Form II'nin hareketliligini yavaslatigi; ayrica DNA Form II'nin yogunlugunu
arttirdig tespit edilmistir. Plazmid DNA'nin piperidin substitiianlar1 tasiyan 30 numaralt
bilesige etkilesimi, bilesigin konsantrasyonu azaldikca DNA Form I ve Form II'nin
hareketliligini yavaslatigi; ayrica DNA Form II'nin yogunlugunu arttirdig: tespit edilmistir.
Plazmid DNA'nin bilesige etkilestigi durumda Form III, gozlenmesi bilesigin DNA da
kiriklara neden oldugunu gostermektedir.

Form Il
Form 1l

Form |

PBR 1 2 3 4 5 1 2 3 a4 5

Form Il
Form llI

Form |

Sekil 3.1. Calismada kullanilan bilesiklerin plazmid DNA {izerindeki etkisi
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Restriksiyon enzim kesimi

Bilesiklerin DNA'daki niikleotidlere baglanma afinitesini degerlendirmek i¢in, plazmid
DNA, vyiiksek konsantrasyonlarda (5000 uM) BamHI ve Hindlll restriksiyon
endoniikleazlar1 kullanilarak enzimatik kesime tabi tutulmustur. BamHI enzimi, DNA'daki
5'-G/GATCC-3' bolgesini taniyip kesrken, Hindlll enzimi DNA'daki 5'-A/AGCTT-3'
bolgesini kesmektedir. DNA, 26, 27, 28, 29 ve 30 numarali bilesiklerle etkilesime
girdiginde, BamHI enzimi tarafindan kismen kesilmistir. Ayrica, DNA, 26, 27, 28, 29 ve 30
numarali bilesiklerle etkilesime girdiginde, HindlIll enzimi tarafindan da kismen kesilmistir.
Bu, bilesiklerin, niikleotidlerin A/A ve G/G sitelerine baglanarak DNA ile etkilesime
girdigini gostermektedir.

4. Tartismalar

Bilesiklerin etkinligi

Calisilan bilesiklerin, bu ¢alismada kullanilan 14 mikroorganizmadan 7'sinin biiyiimesini
kismen inhibe ettigi bulunmustur.

MIK oranma dayanarak, E. coli ATCC 35218, ampicilline kiyasla bilesikler 26 ve 30'a kars1
2 kat daha duyarlidir, ancak bilesikler 28 ve 29'a kars1 4 kat daha duyarlidir. S. aureus ATCC
25923, kloramfenikole kiyasla bilesik 30'a kars1 2 kat daha duyarlidir. P. aeruginosa ATCC
27853, test edilen tiim bilesiklere kars1 hem ampicilline hem de kloramfenikole kiyasla en
az 4 kat daha duyarlidir. K. pneumoniae ATCC 13883, ampicilline kiyasla bilesik 26, 28, 29
ve 30'a kars1 2 kat daha duyarhdir. P. vulgaris RSKK 96029, ampicilline ve kloramfenikole
kiyasla bilesik 27, 28, 29 ve 30'a kars1 2 kat daha duyarlidir. C. albicans ATCC 10231,
ketoconazole kiyasla bilesik 30'a karst 2 kat daha duyarhidir. C. tropicalis Y-12968,
ketoconazole kiyasla bilesik 30'a kars1 en az 4 kat daha duyarlidir.

MBK/MFK oranina dayanarak, E. coli ATCC 25922, kloramfenikole kiyasla bilesikler 28
ve 29'a kars1 2 kat daha duyarlidir. B. cereus NRRL B-3711, ampicilline kiyasla bilesik 26'ya
kars1 2 kat daha duyarlidir, ancak bilesik 29'a kars1 8 kat daha duyarhidir. S. aureus ATCC
25923, kloramfenikole kiyasla bilesik 30'a kars1 16 kat daha duyarhidir. P. aeruginosa ATCC
27853, ampicilline ve kloramfenikole kiyasla bilesikler 27, 28 ve 29'a kars1 2 kat daha
duyarhidir. K. preumoniae ATCC 13883, kloramfenikole kiyasla bilesikler 26, 28, 29 ve 30'a
kars1 2 kat daha duyarlidir. P. vulgaris RSKK 96029, ampicilline kiyasla bilesik 26, 27, 28
ve 29'a kars1 2 kat daha duyarhidir, ancak bilesik 30'a kars1 4 kat daha duyarlidir. C. tropicalis
Y-12968, ketoconazole kiyasla bilesikler 26 ve 27'ye karst 2 kat daha duyarlidir, ancak
bilesik 30'a kars1 64 kat daha duyarlidir.

Bakterivel ve fungal duyarlilik

Bu c¢alismada kullanilan monospirokiklotrifosfazen bilesiklerinin diizenli olarak 4-
dimetilaminobenzil metil pendo koluna sahip oldugu ve diger pendo kolunun ya 1,4-dioksa-
8-azaspiro[4,5]dekan (DASD) ya da pipridin olabilecegi tespit edilmistir. Antimikrobiyal
aktivite, 11 patojen bakteri ve 3 patojen maya karsi test edilmistir. MIK sonuglari, P.
aeruginosa ATCC 27853 bakterisinin tiim bilesiklerden en ¢ok etkilenen oldugunu ortaya
koymustur. Bu, ya 1,4-dioksa-8-azaspiro[4,5]dekan (DASD) ya da pipridin pendo koluna
sahip tamamen substitiie (doldurulmus) bilesiklerin, P. aeruginosa ATCC 27853l etkili bir
patojen mikroorganizma olarak savasmada etkili oldugu anlamina gelmistir. Ek olarak, test
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edilen bilesikler E. coli ATCC 35218, K. pneumoniae ATCC 13883 ve P. vulgaris RSKK
96029'u etkilemis, ancak tiim bilesikler etkilenmemistir. Genel olarak, MIK sonuglari,
bilesikler 26-30'un patojen biiylimeyi engellemede etkili oldugunu, ortalama 625 uM
civarinda bir konsantrasyonda, MBK sonuglarinin ise mikroorganizmay1 6ldiirme etkinligini
gosterdigini, ortalama 1250 uM civarinda bir konsantrasyonda oldugunu gostermektedir. En
etkili biliylimeyi inhibe eden bilesik 30 (pipridin pendo koluna sahip) olmustur, 7 farkli
mikroorganizma tiirline karst etkili oldugu kanitlanmistir (E. coli ATCC 35218, P.
aeruginosa ATCC 27853, S. aureus ATCC 25923, K. pneumoniae ATCC 13883, P. vulgaris
RSKK 96029, C. albicans ATCC 10231 ve C. tropicalis Y-12968).

MBK ve MFK sonuglarina gore bakildiginda, bu ¢alismada monospirokiklotrifofazene
tarafindan en c¢ok etkilenen mikroorganizmalarin P. vulgaris RSKK 96029 ve K.
pneumoniae ATCC 13883 oldugu aciktir. Ttim bilesikler cesitli patojen mikroorganizmalar
tizerinde etkiye sahiptir. Ancak, bilesik 30, mikroplar1 6ldiirme konusunda en etkili
bilesiktir, hatta maya olan C. tropicalis Y-12968 icin pozitif kontrol ketoconazole ile
karsilagtirildiginda 64 kat daha fazla hassasiyet gostermektedir.

Mevcut sonuglarin gbzlemi, piperidin fonksiyonel grubu olan bilesiklerin DASD
fonksiyonel grubuna sahip olanlardan daha aktif oldugunu gostermektedir. Ozellikle, Gram-
negatif bakterilere kars1 daha ytiksek antimikrobiyal etki gostermektedir. Bu 6zellik, bilesik
30 ve 27 igin gegerlidir. Burada bilesik 30, genel olarak oldukga iyi bir etkinlik gosterirken,
bilesik 27'nin sadece 2 bakteri ve mantarlar iizerinde etkili oldugu gbzlemlenmistir.

Bu c¢alismanin sonucu, piperidin fonksiyonel grubuna sahip olan bilesiklerin (bilesik 28-30),
esas olarak P. aeruginosa ATCC 27853 (-), K. pneumoniae ATCC 13883 (-), P. vulgaris
RSKK 96029 (-) ve C. tropicalis Y-12968’in neden oldugu enfeksiyonlarin tedavisi i¢in 6zel
olarak gelistirilebilecek antimikrobiyal ajan olma potansiyeline sahip olduklar1
desteklemektedir. Bununla birlikte, bu bilesikler E. coli ATCC 35218 (-), E. coli ATCC
25922 (-), B. cereus NRRL B-3711 (-), S. aureus ATCC 25923 (+) ve C. albicans ATCC
10231'e kars1 da etkili olmustur. Piperidin fonksiyonel grubuna sahip bilesiklerin bakterilere
ve mantarlara kargt antimikrobiyal etkisi daha once halojenobenzen tiirevi bilesiklerin
durumunda rapor edilmistir. Arastirmalari, piperidinin halojenobenzen tilirevine nasil
yerlestirildiginin de antimikrobiyal etkinligi belirlemede kritik oldugunu gostermektedir.
Kendisi organik bir yap1 olarak, piperidin, tibbi faydalar1 olan ¢esitli organik bilesiklerin
sentezinde bir yap1 tas1 ve reaktif olarak kullanilmistir. Piperidin fonksiyonel grubuna sahip
gelistirilmis bir bilesik, bakterilerde yag asidi sentezini engelledigi tespit edilerek bakterileri
etkili bir sekilde 6ldiirmiistiir. Metal piperidin ditiokarbamat komplekslerinin S. aureus ve
C. albicans'a karst antimikrobiyal aktivite gosterdigi rapor edilmistir. Dolayisiyla, bu
caligmalar, mevcut calisma da dahil olmak iizere, piperidinden tiiretilmis bilesiklerin veya
piperidin fonksiyonel gruplarina sahip bilesiklerin, yeni bir antibiyotik gelistirilmesi i¢in
potansiyel olabileceklerini gostermektedir. Ilave ¢alismalarla desteklenmesi gerekmektedir.

Kanserle ilgili bilesikler

Kanser, diinya genelinde her alti dliimden birinden sorumlu olan kiiresel bir saglik
sorunudur. Yavas yavas gelisen ve genel bir biiyiime kontrolii kaybina yol acan oldukca
karmasgik bir dizi hastalik durumudur. Ancak, son déonemdeki geligsmeler kanser gelisiminde
yer alan bir¢ok yolun anlasilmasini ve onlara nasil hedeflenecegini dramatik bir sekilde
iyilestirmistir. Yeni yaklasimlar, ilaglar ve biyolojik molekiiller tedavide kullanilmaktadir.
Kanser tedavisinde kullanilan bir¢cok ilag, DNA'y1 hedef aldigi i¢in, ilaglar ile DNA
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arasindaki etkilesimler, oOzellikle antikanser ilaglarin gelistirilmesinde, biiyliikk Onem
kazanmistir.

Bilesiklerin DNA ile etkilesiminden kaynaklanan DNA konformasyonundaki degisiklikler,
DNA'nin DNA niikleobazlar ile baglanma veya kesilme dogasina dayandigi i¢in meydana
gelebilmektedir. DNA'nin bilesiklerle etkilesim dogasini degerlendirmek i¢in kullanilan
tekniklerden biri plazmid DNA kullanarak yapilan agaroz jel elektroforezidir. Agaroz jel
iizerinde gerceklesen elektroforetik hareketlilik, her bir bilesigin pBR322'nin siiper kivrilmig
konformasyonunun degismesi, konstrasyonunun degismesi ve hareketliligi ile
belirlenmektedir. Genel olarak, agaroz jel elektroforezi sonuglarinda test bilesikleriyle
ekiilesmeyen kontrol plazmidler icin (pozitif kontroller) iki temel bant gozlenir. Cok hizl
giden supersarmal Form I DNA, bir iplikte ¢centik meydan agelmesi sonucu agik halkasal
Form II DNA ve iki DNA ipliginde kesilme sonucu olusan dogrusal form III DNA. Form I
DNA o6nde jelde yiiriirken, form II arkada, form II ise iki bant arasinda yiiriir. Bu ¢alismada
kullanilan fosfazen bilesikleri (26, 27, 28, 29 ve 30) ile plazmid DNA (pBR322) arasindaki
etkilesimi incelenmistir. Tim bilesikler plazmid DNA da ¢ok az konformasyonel degisiklige
ve hareketinde ¢ok az degisiklige neden olmaktadir.

Plazmid DNA bilesik ile inkiibe edildiginde, plazmid DNA'nin hareketliliginde ¢ok az
azalma goriilmmiistiir. Ayrica, bu calismada incelenen bilesiklerin DNA'da kirilma meydana
getirdigi ve DNA'da konformasyonel degisikliklere neden olabilecegi belirlenmistir.
Bilesiklerle etkilesen tim DNAlar BamHI enzimi tarafindan kismen ve Hindlll enzimi
tarafindan kismen kesilmistir. Bu, bilesiklerin DNA ile adenin-adenin (A/A) ve guanin-
guanin (G/G) sitelerine baglanarak etkilesime girdigini gostermektedir. Bu etkilesim
enzimler tarafindan tamemen kesilmesini engellemistir.

BamHI ve Hindlll, kesim enzimleri olarak, G/GATCC ve A/AGCTT dizilerini taniyarak
islev gormektedir. Bu kesim enzimleri ayrica bitisik niikleotid bolgeleri arasindaki
fosfodiester baglarin1 keser. Bu enzimler ayrica bilesiklerin G/G veya A/A bolgeleri icin
afinite belirlemekte kullanilmaktadir. Form I ve Form II'nin Form III'e doniistiiriilmesi, bu
kesim enzimleri tarafindan kesilen DNA'dan kaynaklanmaktadir. BamHI'nin plazmid DNA
icinde yalnizca bir baglanma yeri vardir. Daha Once yapilan arastirmalarda, fosfazen
bilesiklerinin DNA ile etkilesimlerinde degisen etkinlik gosterdigi goriilmiistiir.

Yillar boyunca, fosfazenlerin biyolojik aktivitesi lizerine yapilan caligmalar, onlarin
antimikrobiyal ve antikanser ajanlar olarak potansiyellerini ortaya koymustur. Bu
fosfazenlerin biyolojik etkileri, fosfazen bilesige bagli olan fonksiyonel gruplara gore
degismektedir. Bu c¢alismada kullanilan fosfazen bilesikleri, DNA ile etkilesime girdiginde
farkli  diizeylerde antimikrobiyal ve antikanser aktivite sergilemistir. Yiiksek
konsantrasyonlarda (5000 uM), tiim bilesikler yalnizca enzim kesim bdlgesindeki
niikleotitlerde DNA'ya kismen baglanmistir.

Bakteriyostatik ve bakterisidal ilac

MIK, bakteriyel biiyiimenin engellendigi minimum ila¢ konsantrasyonunu belirtirken,
MBK, bakterilerin 6ldiiriildiigli minimum ila¢ konsantrasyonunu belirtmektedir. Genellikle,
MBK ile MIK arasinda bir iliski bulunmaktadir.

Bakteriostatik ilaglar, bakteriyel biiyiimeyi konak icinde engellemek iizere formiile
edilmistir. Konak i¢indeki bakterilerin ortadan kaldirilma mekanizmasi, konak savunma
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sistemi tarafindan belirlenmektedir. Enfeksiyonun bulundugu yerde konak savunma
mekanizmalarinin enfekte edici bakteriyi tamamen yok etmekte yetersiz oldugu durumlarda,
bakteriyel biiyiime, bakteriler ilaci yok ettikten sonra tekrar baslayabilmektedir. Bu tiir
senaryolarda, bakterisidal ilaglar bakterileri tamamen ortadan kaldirmak i¢in gereklidir. Bu
iki kategori farmasétik ajan farkli sekilde islev goriir ve MIK ve MBK degerleri, ikisi
arasindaki farki ayirt etmede yardime1 olmaktadir.

Bakteriostatik ilaglar genellikle MBK degerleri, MiK degerlerinden énemli 6lgiide farkls
olabilir ve genellikle dort kat daha yiiksektir. Bu ilaglarin asil amacinin bakterileri ayrim
yapmaksizin Oldiirmektir. Dolayisiyla, ilacin sadece biiyiimeyi engellemesi ve bakterileri
yok etmemesi dezavantaj olarak algilanmamalidir. Oncelikle bakteriostatik ilaglara drnek
olarak tetrasiklinler, makrolidler ve kloramfenikol verilebilmektedir.

Tablo 4.1, mevcut calismada test edilen bilesiklerin farkli bakteri tiirleri icin MiK ve MBK
degerleri belirlenmistir. Bakteriostatik bir ilag olarak siniflandirilan kloramfenikol, yesil
renkle gosterilmistir. Kloramfenikoliin, test edilen farkli bakteri tiirlerine yanit olarak
davranisi, hem MBK hem de MiK'nin bakteri tiirlerinin degismesiyle degisebilmektedir.
Bakteriostatik bir ila¢ i¢in MBK degeri genellikle MiK'nin dért katindan daha yiiksek
olacaktir. Bu durumda, yesil tonun rengi daha acik olmalidir. MBK, MiK'nin dért katindan
daha az oldugunda, yesil tonun rengi daha koyu olmalidir. Beklendigi gibi, kloramfenikoliin
MBK degerleri cogunlukla MiK'nin dért katindan daha fazladir, 11 test edilen bakteriden
7'sinde Bu sekilde gozlenmistir. Bu gozlem, kloramfenikoliin esasen birincil olarak
bakteriostatik bir ila¢ oldugunu dogrulamaktadir.

4.1 Tablosu'nda ampicillin i¢in koyu bronz renk tonu, onu kloramfenikolden ayirmak igin
kullanilmigtir. Kloramfenikoliin aksine, bir bakteriyosidal ila¢ olan ampicilin, MBK'sinin
MiK'siyle ayn1 olmasi veya en azindan dort kat1 kadar fazla olmamasiyla (daha koyu ten
rengi tonu) gosterilmektedir. Test edilen 11 bakteriden, yalnizca ikisinin MBKleri
MiK'erinden dort kat daha fazladir (daha acik ten rengi tonu).

4.1 Tablosu'nun analizine dayanarak, bu c¢alismada test edilen fosfazen bilesiginin
davranisinin kloramfenikolden ¢ok ampicilline benzer oldugu gézlemlenmistir. Bu ifade,
¢ogu durumda, bilesik 26-30'un MBK'sinin, MIK sinin esit veya dort katindan az oldugu
seklinde gosterilmistir (daha koyu ten rengi tonu). Ancak bazi durumlarda MBK degeri
MiK'nin dort katindan fazladir (daha acik ten rengi tonu). Bu nedenle, bu ¢alismada test
edilen fosfazen bilesiklerinin ¢ogunlukla bakterisidal ilag adaylar1 oldugu daha c¢ok
bakteriostatik ilaclardan ziyade ¢ikarilmaktadir.
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Cizelge 4.1. Bilesik 26-30'un (bakteriostatik/bakterisidal ilag) MiK ve MBK degerleri

Positive
Compounds Controls
. Test . 26 27 28 29 30 AMP C
Microorganisms

E. coli ATCC MIC 1250 2500 625 625 1250 2500 625

35218 G(-) MBC | 2500 2500 2500 2500 2500 | 2500 >2500
E. coli ATCC MIC | 2500 625 312,5 625 2500 | <19,5 78,1
25922 G(-) MBC | 2500 1250 625 625 2500 | <19,5 1250

B. cereus NRRL | MIC 625 >2500 625 3125 1250 | 1563 1563
B-3711 G(-) MBC | 1250 >2500 >2500 312,5 >2500 | 2500 1250
B. subtilis ATCC | MIC | >2500 1250 >2500 1250 1250 | <195 78,1

6633 G(+) MBC | >2500 1250 >2500 1250 2500 19,5 78,1
S aureus ATCC | MIC | 1250 1250 1250 625 78,1 | <195 1563
25923 G(+) MBC | 2500 2500 2500 2500 156,3 | <19,5 2500
E. faecalis ATCC | MIC 625 625 625 625 625 | <195 3125
29212 G(+) MBC | >2500 >2500 2500 2500 2500 | 312,5 625

P. aeruginosa MIC | 625 625 625 625 625 | >2500 >2500
ATCC27853G(-) | MBC | 2500 1250 1250 1250 2500 | 2500 2500
K. pneumoniae MIC 625 1250 625 625 625 1250 625
ATCC 13883 G(-) | MBC | 1250 2500 1250 1250 1250 | 1250 2500
S. typhimurium MIC | 625 625 625 625 625 | <195 1563
ATCC 14028 G(-) | MBC | 2500 2500 2500 2500 2500 | <19,5 1250
E. hirae ATCC MIC 625 625 625 3125 3125 | 195 1563

9790 G(+) MBC | 2500 >2500 2500 2500 2500 | 39,1 2500
P. vulgaris RSKK | MIC 1250 625 625 625 625 1250 1250
96029 G(-) MBC | 1250 1250 1250 1250 625 | >2500 2500
MBC more than 4 times MIC
Nomenclature: or . .
(bacteriostatic drug)
or MBC is 4 times MIC or less
(bactericidal drug)
/N Primarily /N Primarily
Bacteriocidal Bacteriostatic

5. Sonug¢ ve Oneriler

- Bu c¢alisma, monospirokiklotrifosfazen tiirevleri (bilesik 26-30) iizerine odaklanmistir.
Piperidin ve 1,4-dioksa-8-azaspiro[4,5]dekan (DASD), bilesiklerin astar kollarina
yerlestirilen iki fonksiyonel gruptur.

- Bu c¢alismada, monospirokiklotrifosfazen bilesiklerinin mikroorganizmalara kars1
antimikrobiyal etkinligi, piperidin fonksiyonel grubu bulunanlarin DASD'ye sahip
olanlardan daha etkili oldugunu gostermistir. Tiim bilesikler, Gram-negatif bakterilere kars1
Gram-pozitif olanlardan daha yiiksek bir etkinlik sergilemistir. Belirgin antimikrobiyal
etkinlige sahip bilesiklerin MiK, MBK ve MFK degerleri, mikroorganizmalar1 diisiik
konsantrasyonlarda inhibe etme veya 6ldiirme araliginda belirlenmistir (<19,54) ile (>2500
uM) arasindadir. Bulgular, bu bilesiklerin antimikrobiyal ajanlar olarak potansiyel
kullanimin1 6nermektedir ve mikroorganizmalar {izerindeki antimikrobiyal etkilerinin
mekanizmalarin1  aydinlatmak icin daha fazla arastirmaya ihtiyag¢ oldugunu
vurgulamaktadir.

- Bilesiklerin DNA ile etkilesimi agaroz jel elektroforezi yontemi kullanilarak
degerlendirilmistir. Cogu bilesigin dogrusal form III DNA olusturdugu gézlenlenmistir.
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Ayrica, bilesiklerin DNA ile etkilesime girdigi ve hareketliligini azalttig1 bulunmustur. Bu,
bilesiklerin DNA'ya kovalent olmayan elektrostatik etkilesimler aracilifiyla
baglanabilecegini ifade etmektedir. BamHI ve Hindlll ile enzimatik kesim, baz1 bilesiklerin
DNA'nin belirli bolgelerine baglandigin1 ortaya koymustur. DNAdaki diger bdolgelere
bilesiklerin baglanip baglanmadigin1 bulmak icin C/C ve T/T’yi kesen restriksiyon
enzimleri ile kesim de 6nerilmektedir.

- Bu tezde incelenen tiim biyolojik aktivite deneylerinin sonuglarina gore, piperidin
substitiientler iceren bilesiklerin daha yiiksek aktivite sergiledigi agiktir.

Ozetle, arastirma, piperidin yan gruplarma sahip fosfazen tiirevlerinin etkili antimikrobiyal
ve antikanser ajanlar olarak hizmet etme potansiyeline sahip oldugunu 6ne stirmektedir.
Fosfazen bilesiklerinde diger biyolojik aktivitelerin incelenmesi ve dikkate alinmasi, bu
alandaki yeni arastirmalara katki saglayabilmektedir.

Bilim Kodu : 20326
Anahtar Kelimeler : Antimikrobiyal aktivite, DNA etkilesimleri, Fosfazenler
Sayfa Adedi : 64

Danigman : Prof. Dr. Leyla ACIK
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1. INTRODUCTION

Phosphazenes, also known as phosphonitrilic compounds, are a group of cyclic and
polymeric molecules characterized by phosphorus and nitrogen atoms that are
interconnected alternatingly within their structure. The exploration of phosphazenes traces
back to 1834 in Figure 1.1, when Liebig and Wohler first documented the synthesis of
hexachlorocyclotriphosphazene (I) from phosphorus pentachloride and ammonia. A
significant breakthrough occurred in 1897 when Stokes discovered that the cyclic trimer C
D could undergo thermal polymerization, resulting in the formation of what was then termed
"inorganic rubber," now recognized as poly(dichlorophosphazene) (II). These pioneering
investigations laid the groundwork for the emergence of the field of phosphazene chemistry

(Allen, 1976).

c1\P,01

AN

N N c1 c1
ci | u/c1

N/
P 12 —F— N==P -
c1”\ / ‘c1

N

[ 8]

Hexachlorocyclotriphosphazene (I) Poly(dichlorophosphazene (II)

Figure 1.1. Synthesis of compounds (Allen, 1976)

Cyclophosphazenes constitute a significant category of inorganic ring structures that have
historically garnered interest for two primary purposes: generating phosphazene derivatives
at the small-molecule level and synthesizing polymeric phosphazene derivatives (Koran et
al., 2013). Phosphazene polymers have gained significant interest lately because of their
capacity to be customized for a diverse physical and chemical properties through alterations
in the side groups (Aslan et al., 2008). Phosphazenes exhibit various biomedical properties
and applications, such as potent antitumor effects (Jun et al., 2005). Research has also
investigated the efficacy of various phosphazane derivatives in inhibiting and/or killing
bacteria and yeast cells (Yilmaz et al., 2002), which shows phosphazanes antimicrobial
effects. Polyphosphazene compounds can be utilized as anticancer agents, chemotherapy
agents, dyes, fertilizers, and catalysts through the polyphosphazene compound model. This
is because polyphosphazene compounds are capable of producing cyclolinear or cyclomatrix

substrates as the basic material for biological products (Gleria and De Jaeger, 2001).



Cyclotriphosphazenes are a group of inorganic heterocyclic rings that include phosphorus-
nitrogen double bonds (ibisoglu et al., 2017). These molecules contain reactive phosphorus-
halogen bonds, such as chlorine atoms, which readily undergo substitution reactions with
various organic groups. By substituting these bonds, new derivatives with diverse properties
can be synthesized, depending on the nature of the substituent groups (Uslu et al., 2017). For
instance, they have been widely utilized as both anticancer and antimicrobial agents (Seker

etal., 2018).

Phosphazenes have gained considerable significance as anticancer agents due to the
escalating global concern over cancer, which now has been reported to be one of the most
prominent causes of death all over the world (Ozsoy and Ozay, 2023; Siegel et al., 2023).
According to the World Health Organization, cancer ranks as the second most common
cause of death, resulting in approximately ten million fatalities worldwide in 2020 (WHO,
n.d.). Likewise, according to national statistics, cancers rank as the second leading cause of
death after cardiovascular diseases, with age-standardized cancer incidence rates of 259.2
and 187 per 100 000 in males and females, respectively, in Turkey in 2017. These substantial
mortality and incidence figures indicate that cancer poses a significant public health
challenge (Yuce et al, 2023). Generally, cancer treatments, which often involve
chemotherapy, radiation, surgery, or a combination of these approaches, are highly prevalent

(Ozsoy and Ozay, 2023).

The development of new compounds, including phosphazene derivatives, as antimicrobials
is crucial as the resistance of microbes againts antibiotics was found in many studies as a
recent development (Abushaheen et al., 2020). Antibiotics have found a broad use case, from
treatment of infectious diseases in humans to various other applications such as agriculture
and animal care. This period marked a remarkably successful era in the history of medicine,
during which many diseases that had major implication to the population were effectively
controlled, particularly in industrialized nations. However, this achievement is now
jeopardized by the escalating prevalence of antibiotic resistance. Microorganisms that were
once susceptible to antibiotics are increasingly challenging to treat (Mazel and Davies,

1999).

The impact of antibiotics on microbial genetic ecology cannot be overstated. It has

influenced all aspects through horizontal gene transfer between microbes, which includes



processes like selection, mutation, and any means of gene transfer. A large, uncontrolled
microbiological experiment occured in the second half of the 20™ century. This research
aims are to complement some existing studies, as their number still needs to be higher on a
global research level. This study analyzed, the effects of phosphazenes on antimicrobial
activity in microorganisms and their interaction with plasmid DNA. The classification of
anticancer drugs can be done according to their mechanisms in which they become effective,

e.g., DNA binding, and DNA cleavage.

The focus of this study is to gain insight of the activity of several phosphazene compounds
synthesized in the laboratories of the Chemistry Department, Faculty of Science, Ankara
University, tested against human pathogens such as bacteria and yeasts. The bacteria and
yeast by which antimicrobial activity of the phosphazane compounds were tested are listed
in Table 1.1. The bacteria consist of a mix of both gram positive and negative. Measurement
of the activity were done by recording both Minimum inhibitory concentration (MIC) and
minimum bactericidal/fungicidal concentration (MBC/MFC) of the compounds using
microdilution method. The effects of the compounds on plasmid DNA were investigated
using agarose gel electrophoresis. In the case where the compounds bind to DNA, to which
nucleotides they bind to be determined. The treated plasmid DNA was cleavaged with
BamHI and Hindlll restriction enzymes. This research will contribute to developing drugs
used to treat of infectious diseases and cancer, which have significant implications for public

health issues, as well as the synthesis of new chemical products.

Table 1.1. Bacteria and yeast that were tested against

Bacteria
Gram (+)/(-) Species Strain Number
Escherichia coli ATCC 35218, 25922
Pseudomonas aeruginosa ATCC 27853
) Klebsiella pneumoniae ATCC 13883
Salmonella typhimurium ATCC 14028
Proteus vulgaris RSKK 96029
Bacillus cereus NRRL B-371
Bacillus subtilis ATCC 6633
(+) Staphylococcus aureus ATCC 25923
Enterococcus faecalis ATCC 29212
Enterococcus hirae ATCC 9790




Table 1.1. Bacteria and yeast that were tested against (continued)

Yeast
Species Strain Number
Candida albicans ATCC 10231
N/A Candida krusei ATCC 6258
Candida tropicalis NRRL Y-12968




2. THEORETICAL FOUNDATIONS AND LITERATURE REVIEW

2.1. Phosphazenes and Their General Characteristics

Phosphazane compounds are defined by their composition, containing both nitrogen and
phosphorus atoms. They feature alternating single and double bonds their molecular
backbone's nitrogen and phosphorus atoms. These phosphazanes exhibit diverse structural
variations, as illustrated in Figure 2.1, where the arms represented by "R" signify additional
groups attached to the molecular backbone (Singler et al., 1984). What sets phosphazanes
apart is their unique inorganic nature, in contrast to the predominantly organic composition
of most polymers, which are based on carbon. Polyphosphazenes encompass various
categories of organic-inorganic polymers, demonstrating the adaptability of the "R" groups,
which can be organic or inorganic. Despite limited backbone options, the potential for
substituting these "R" groups offers a multitude of possibilities for altering the properties of
the resulting compounds, leading to a wide range of materials with distinct characteristics

(Allcock, 1972).
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Figure 2.1. Form of polyphosphazenes (Ahmad et al., 2022)

The history of phosphazene dates back to 1834 when Wohler and Rose conducted
experiments involving NH; and PCls. Remarkably, their reaction yielded a pure white crystal
compound as a product, without any decomposition (De Jaeger and Gleria, 1998). This
discovery laid the foundation for further research, including the work of Gladstone and

Holmes. They conducted experiments using the vapor density method, ultimately
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formulating the compound's name as (NPCl,)* (Allcock, 1968). The name differed from the
earlier formulation, NPCl> in 1844. These historical developments marked significant

milestones in understanding of phosphazene compounds and their nomenclature.

Stokes pioneered the study of polyphosphazene compounds by working with cyclic
structured forms and describing them as inorganic rubber (Allcock, 2006). His research
involved heating chlorophosphazenes to produce these materials. However, progress in the
field slowed down after Stokes' work until a significant turning point came with the
experiments conducted by Allcock, Valan, and Kugel. Their studies revitalized the research
area of phosphazenes and laid the foundation for the field we now recognize (Allcock and
Kugel, 1969). Their research yielded several key findings: (i) They demonstrated that certain
P-Cl bonds exhibit excellent reactivity, allowing the formation of organic and inorganic
hybrid polymers; (ii) They successfully controlled parameters such as temperature, time,
reaction termination, and purity to produce hexachlorocyclophosphazene (HCCP) from
Poly(dichlorophosphazene) (PDCP). This process involved converting a cyclic trimer into a
linear polymer; (iii) By subjecting PDCP to a nucleophilic substitution reaction using alkali
metal salts of alcohols and primary or secondary amines, they could create compounds that
were resistant to hydrolysis. Furthermore, Allcock proposed the IUPAC name for [NPCl,]?
as 2,2,4,4,6,6-hexachloro-1,3,5,2,4,6-triazotriphosphorine, which is now commonly known
as HCCP (Allcock, 1972). This work greatly benefited the synthesis of polyphosphazenes,
serving as the foundation for developing unique phosphazene compounds with distinctive

properties (Ahmad et al., 2022).
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Figure 2.2. Polyphosphazanes and some of the diversity regarding their structure (Ahmad et
al., 2022)

2.2, Infectious Diseases and Their Agents

Microorganisms, often referred to as microbes, encompass a wide array of tiny living entities
that are not visible to the naked eye. They can include bacteria, fungi, protozoa, and even
viruses, with the classification of viruses as microorganisms sometimes debated (NCI, n.d.).
Microbes engage in various interactions with their hosts, and one such relationship is
mutualistic symbiosis, defined by a benign coexistence that benefits both microbes and hosts
(Hooper, 2009). However, microorganisms can also exert adverse effects, causing diseases.
The extent to which an organism can induce a disease is quantified as its pathogenicity. The
human body employs defense mechanisms to combat pathogenic bacteria, although these
bacteria can evade the immune system and utilize the body's resources to cause diseases. In
the case of viruses, their virulence is determined by their invasiveness and ability to produce
toxins. The progression of a disease following bacterial or viral transmission depends on
host factors, including genetic makeup, nutritional status, age, duration of exposure to the
organism, and any coexisting illnesses in the host. Environmental factors, such as air
pollution and chemical contaminants, also play a role in influencing the body's immune

response to bacterial infections (Doron and Gorbach, 2008).



The human microbiota refers to the diverse collection of microorganisms that inhabit
specific locations within the body. The types of microorganisms in various parts of the body
are shown in Table 2.1. These microorganisms, including bacteria, viruses, and fungi, are
crucial in supporting the body's immune system in its fight against infectious diseases. One
key mechanism by which they aid in this defense is acting as a protective barrier against
invading pathogens. However, pathogens are not easily thwarted, as they have evolved
sophisticated strategies to compete with the indigenous microbes within the body. When the
balance of these microbial communities is disrupted, a condition known as dysbiosis may
occur, potentially worsening diseases. Dysbiosis adversely affects the protective barrier
formed by the microbiota, making it less effective in preventing infections. Furthermore,
dysbiotic microbiota can employ different mechanisms, including influencing the transfer of
virulence factors and creating antibiotic-resistance genes within invading pathogens, thereby

enhancing their potency (Davis, 1996).

Table 2.1. Microorganisms found in the normal flora of humans (Davis, 1996)

Anatomical Region Genus
Skin Staphylococcus, Micrococcus, Corynebacterium,
Propionibacterium, Streptococcus, Enterobacter, Klebsiella,
Escherichia, Proteus

Oral Streptococcus, Staphylococcus, Neisseriae, Diphtheroids and
others
Gastrointestinal Helicobacter, Streptococcus, Lactobacillus, Bacteroides
Urogenital Lactobacillus, Staphylococcus, Streptococcus,
Escherichia, Corynebacteria, Torulopsis and Candida
Conjunctival Corynebacteria, Neisseriae, Moraxellae and Haemophilus

The gravity of infectious diseases cannot be underestimated, given that they have now
become the second leading cause of death worldwide. This issue extends beyond the borders
of individual countries; it is both a domestic public health concern and a pressing
international challenge. Infectious diseases are consistently factored into policy
considerations for the 21st century due to their far-reaching implications. The underlying
problem lies in the constant evolution, emergence, and reemergence of these diseases. These
ongoing changes have a profound global impact, shaping the role that infectious diseases
play in this century and highlighting the critical need for effective strategies to combat them

(Fauci, 2001).



There are four primary groups in the realm of infectious agents such as bacteria, viruses,
fungi, and parasites. This study, however, directs its attention specifically towards exploring
the antimicrobial properties of phosphazenes concerning several bacteria and fungi
responsible for causing diseases. The research aims to shed light on which specific
compounds under investigation can disrupt the replication of these agents within the host's
body or inhibit their production of harmful toxins, offering valuable insights into potential

therapeutic interventions.

2.2.1. Bacteria

Bacteria are the most abundant and simplest prokaryotic microorganisms in the world.

Prokaryotes lack a nucleus and complex organelles. Since most prokaryotes are smaller than

ten micrometers (um) (Mohamad et al., 2014).

(b) Vibrio

(c) Bacilli

Figure 2.3. Three classes of bacteria (Akbas et al., 2016)

Prokaryotic organisms are defined by their lack of a cell nucleus and other membrane-bound
organelles (Kerfeld et al., 2005). The term "prokaryote" itself signifies "before the nucleus,"
signifying that the chromosomal DNA in these organisms is not enclosed within any

membrane but instead resides freely in the cell cytoplasm. This starkly contrasts eukaryotic
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organisms, where the nucleus encapsulates the genomic DNA within a membrane-bound
structure. In prokaryotes, the genomic DNA is concentrated within a region called the
nucleoid, but it remains unenclosed by membranes (Fuerst, 2010; Stanier and Van Niel,

1962).

(b)

Figure 2.4. Comparing basic eukaryotic and prokaryotic differences (Mékeld et al., 2011)

Transcription is the process of converting DNA into RNA, while translation involves
synthesizing proteins based on the information encoded in RNA. In prokaryotes, which
include bacteria, transcription and translation are often coupled, allowing for rapid protein
synthesis. This coupling can initiate during the early stages of transcription elongation
(Mékeld et al., 2011). Prokaryotes differ from eukaryotes in the organization of their genetic
material. Eukaryotes package their DNA around histone proteins, creating a compacted
chromatin structure within the nucleus. In contrast, prokaryotes generally lack histones
(except for species in the Archaea), but use supercoiling to condense their DNA into a
smaller space (Griswold, 2008). Additionally, prokaryotic cells are protected by a cell
membran , which, though structurally simple (Silhavy et al., 2010), serves as a vital barrier

safeguarding the cell's contents.

The environments where bacteria thrive can be inherently hostile and fraught with
unpredictability. To navigate these challenges, bacteria have developed a complex
multilayered structure known as the cell envelope. This envelope can be broadly categorized
into two distinct types: gram-negative and gram-positive. Gram-negative bacteria can be

differentiated by their cell wall that consist of thin peptidoglycan, followed by an outer
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membrane composed of lipopolysaccharides. A well-known example of a gram-negative
bacterium is E. coli, as depicted in Figure 2.5. The term "peptidoglycan" hints at its
composition, involving both "glycan" and "peptide" components. What makes up for
Glycans are N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc),
represented as gray and blue hexagons, respectively, in Figure 2.5. In contrast, peptide chains
are composed of l-alanine, d-glutamic acid, meso-diaminopimelic acid, and d-alanine,
presented as l-ala, d-glu2, mDAP, and d-ala in Figure 2.5 (Garde et al., 2021). Gram-positive
bacteria are missing an outer most membrane. However, it is surrounded by peptidoglycan
layer that are usually much thicker than gram-negative bacteria (Silhavy et al., 2010). The
differences between gram-positive and gram-negative bacteria, including their outer

structure, can be found in Figure 2.6.

%= Outer membrane

P Peptidoglycan sacculus
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Figure 2.5. Chemical composition and structure of peptididoglycans. (Head) Diagram of a
rod-shaped E. Coli cell, showing the location of the peptidoglycan sacculus (blue
mesh) between the OM and IM. (Base) The peptidoglycan's composition is seen
in the magnified rectangle (Garde et al., 2021)
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Figure 2.6. Comparison of Gram-positive and Gram-negative bacteria's cell walls. Take note
of the intricate structure of the periplasmic space, the outer membrane, and the
hydrophobic lipoprotein anchor of the Gram-negative cell envelope (Salton and
Kim, 1996)

The cell wall of gram-positive bacteria primarily composed of peptidoglycan has a thickness
ranging from approximately 20 to 80 nanometers. This outer layer also hosts other polymers,
such as teichoic acids, polysaccharides, and peptidoglycolipids, which are covalently bonded
to the peptidoglycan matrix. In contrast, gram-negative bacteria possess a thinner
peptidoglycan layer, typically measuring around 5 to 10 nanometers, with E. coli, for
instance, having a peptidoglycan that is only one layer thick. Following the peptidoglycan
layer is a membrane structure measuring 7.5 to 10 nanometers in thickness. This membrane
layer is non-covalently attached to lipoproteins, which, in turn, are covalently connected to
the peptidoglycan. At the outermost periphery of the gram-negative bacterial membrane
resides a sheet composed of lipopolysaccharides (Salton and Kim, 1996), completing the

composition of the cell envelope in these bacteria.
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2.2.2. Yeast

Yeast, part of the fungus kingdom, differs from bacteria as it is eukaryotic, having a defined
nucleus. There are over 1500 identified yeast species (Hoffman et al., 2015; Kurtzman and
Fell, 2006; Piskur and Compagno, 2014), with a fungal cell wall that separates the
environment from the plasma membrane, offering protection and structural support. This
cell wall acts as a flexible skeleton, safeguarding against environmental stresses, including
osmotic changes. It mainly consists of glucans, chitin, and glycoproteins (Garcia-Rubio et
al., 2020). Figure 2.7 illustrates the outer cell wall of Candida albicans, a common yeast

species.

The Candida cell wall
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Figure 2.7. Illustration of the cell wall for Candida albicans (Garcia-Rubio et al., 2020)

A complex and specialized cellular organelle, the cell wall is made up of glycosylated
proteins, chitin, glucans, and chitosan. Glycoproteins are often formed by the association of
proteins with polysaccharides. Collectively, these constituents enhance the firmness of the
cell wall. Creating and sustaining the cell wall requires the activation of numerous metabolic

and signaling pathways (Casadevall and Perfect, 1998; Garcia-Rubio et al., 2020).

In a cell wall, glucan is one of the most important polysaccharides that makes up the

structure, constituting 50 to 60 % of the dry weight of the cell wall. Most glucan polymers
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consist of glucose units linked by 1,3 bonds, although there are variations with other links
like b-1,6 (found in Candida but not in Aspergillus), b-1,4, a-1,3, and a-1,4. The most
significant structural component in the wall is b-1,3-D-glucan, to which other components
are covalently attached. The b-1,3-D-glucan is produced by glucan synthases, a group of
enzymes, which resides in the plasma membrane (Douglas et al., 1994; Garcia-Rubio et al.,

2020; Pontén, 2008; Qadota et al., 1996).

What influence the amount of chitin content inside the cell wall of the fungal are the
morphological phase. In case where the cell wall is considered, from the total dry weight,
only 1 to 2 percent is of chitin. In filamentous fungi, this proportion can increase to 10 to 20
percent. The process in which Chitin is produced is through the enzyme chitin synthase. The
process deposits polymers of chitin in the outside of the cell, adjacent to the cytoplasmic
membrane (Chattaway et al., 1968; Garcia-Rubio et al., 2020). Proteins comprise
approximately 30-50% of the dry weight of yeast cell walls and around 20-30% of the dry
weight in filamentous fungi. Many of these proteins are linked to carbohydrates through O
or N linkages, resulting in glycoproteins (Bowman and Free, 2006; Garcia-Rubio et al.,
2020). Melanin, a high molecular weight pigment, carries a negative charge, is hydrophobic,
and remains insoluble in aqueous solutions. It serves as a protective element for fungi, aiding
in their survival by shielding them against various stressors, particularly within the host
environment (Casadevall et al., 2000; Garcia-Rubio et al., 2020; L. Liu et al., 1999;
Nosanchuk et al., 2015; Nosanchuk and Casadevall, 2006).

2.3. Antimicrobial Agents

Antimicrobials are therapeutic substances employed to prevent or treat infections,
encompassing categories such as antiseptics, antibiotics, antivirals, antifungals, and
antiparasitics. They exert their action by eliminating microorganisms or Hindering their
growth, targeting vital aspects of cellular metabolism such as the synthesis of essential
biomolecules, the function of cellular enzymes, or the integrity of cellular structures like cell
walls and membranes (Di Martino, 2022). Agents designed to kill microorganisms are
termed microbicidal, while those that solely impede their growth are referred to as
microbiostatic (Ismayil Sumaiya and Nimila, 2019). Antibacterials combat bacterial
infections, while antifungals are effective against fungal pathogens (Pandey et al., 2014).

The role of antimicrobial agents is pivotal in the control and treatment of infectious diseases.
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Nevertheless, these agents face increasing microbial resistance, underscoring the urgency of
discovering novel drugs. Numerous studies have indicated the antimicrobial properties of
phosphazene derivatives against both bacteria and yeast strains (Mazel and Davies, 1999;
Seker et al., 2018). Given that pathogenic bacteria and yeast strains are central to this thesis

research, it is essential to elucidate the characteristics of antibacterial and antifungal drugs.

2.3.1. Antibacterial drugs

Antibacterial drugs, made of chemicals, were developed to fight against infections caused
by bacterial pathogens. These drugs are what we know as antibiotics. The development of
antibiotics, spanning from 1910 to 2010, has been mainly discussed in (Walesch et al., 2023).
The introduction of new antibiotics spanning the century is given in the top blue region in
Figure 2.8, including the year they were introduced. The red region below shows some of

the bacteria that have been found to be resistant to certain types of antibiotics.
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Glycopeptides! Fusidic Acid?
Nitrofurans? Quinclones?®
Macrolides? Diaminopyrimidines*

Lincosamides?

Ansamycins? Lipopeptides!
Cephalosporins’ Oxazolidinones?
Streptogramins?

Aminoglycosides?
Penicillins'
Sulfonamides*
Arsphenamides

Carbapenems’
Phosphonates? HMonobactams‘ Pleuromutilins?

[ 1910 h)[ 1920 k)| 1930 k} {1970 )\ 1980 >| 1990 [ 2000 )| 2010 )
L4 ¥ r ¥ L4 ¥ Ls 4

Salvarsan Penicillin

Resistance Resistance MEon MRE VRSA WWHE
; ; : i identified identified identified Pathogen
identified ) identified . Priority List
Sulfonamide PDR Acinetobacter
Resistance and Pseudomonas
identified identified

Figure 2.8. Timeline of the introduction of antibiotics (blue) and resistance identification
(red) (the image was reprinted by the approval of European Medicines Agency
(EMA) (Walesch et al., 2023)

The problem of bacteria becoming antibiotic-resistant is growing with each decade. Now,
most antibiotics have been observed to exhibit a certain degree of resistance against certain
bacteria. To address this issue, pharmaceutical companies have invested in developing new
types of antibiotics to introduce to the market. However, eventually become this
development may become saturated as it becomes increasingly difficult to discover new
types of antibiotics. With this precedent, the threat of bacterial infections is again becoming

relevant, similar to when antibiotics were first introduced (Ventola, 2015).
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Antibiotics have different ways in which they work. These mechanisms can be considered
methods of classifying antibiotics and are briefly illustrated in Figure 2.9 (Kapoor et al.,

2017).

Cell Wall Synthesis Nucleic Acid Synthesis

Folate synthesis

Sulfonamides
Beta Lactams Trimethoprim DNA Gyrase
Penicillins Quinolones

Cephalosporins
Carbapenems RNA Polymerase
Monobactams Rifampin

Vancomycin
Bacitracin

50S subunit

Macrolides
Clindamycin
Linezolid
Chloramphenicol
Cell Membrane 30S subunit Streptogramins
Polymyxins Tetracyclines
Aminoglycosides Protein Svnthesis

Figure 2.9. Mechanism of action of antibiotics, reprinted from (Kapoor et al., 2017)

Antibiotics that target the cell wall

Examples of these antibiotics include Beta-lactams and Glycopeptides. In the case of Beta-
lactams, it is theorized that they prevent the synthesis of new peptidoglycan, a key
component of the cell wall. Without the production of the peptidoglycan layer, the bacteria
undergo lysis. Glycopeptides, on the other hand, work differently but also result in the
inhibition of cell wall synthesis (Kapoor et al., 2017).

Antibiotics that inhibit protein biosynthesis

Antibiotics can disrupt protein biosynthesis occurring in the ribosome. The general
mechanism involves inhibiting protein biosynthesis by targeting the bacterial ribosome 70s,
consisting of subunits 30s and 50s ribonucleoproteins. Examples of antibiotics that target
30s subunits are Aminoglycosides and Tetracyclines, while examples that target 50s subunits

include Macrolides and Oxazolidinones (Kapoor et al., 2017).
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Antibiotics that inhibit DNA replication

An example of such antibiotics is Quinolones, which include Fluoroquinolones (FQ). These
antibiotics inhibit DNA gyrase activity, subsequently Hindering DNA replication. DNA
gyrase comprises subunits A and B, with FQ binding to subunit A, which is responsible for

DNA strand cutting and resealing functions (Kapoor et al., 2017).

Antibiotics that inhibit folic acid metabolism

Examples of these antibiotics are Sulfonamides and Trimethoprim. Sulfonamides inhibit
folic acid metabolism by targeting dihydropteroate synthase, while Trimethoprim inhibits
the dihydrofolate reductase enzyme. Both drugs work in synergy to prevent the production

of folic acid at different stages of the process (Yoneyama and Katsumata, 2006).

2.3.2. Antifungal drugs

In the case of fungal infections, several factors must be considered account when choosing
treatment. These factors include the host's condition, the location of the infection, and the
specific fungi responsible for it. This consideration is essential because different fungi
exhibit varying susceptibilities to different types of drugs. Additionally, understanding the
pharmacokinetic characteristics of the drug, i.e., how the drug behaves after administration,

1s crucial.

Antifungal drug research has attempted to classify these drugs into four different classes
based on their mechanisms of action: (i) Polyenes, which target ergosterol in the fungal cell
membrane, creating channels in the membrane, increasing its permeability, and disrupting
the proton gradient (Vanden Bossche et al., 1994). (ii) Azoles, work by inhibiting the
production of ergosterol and can also target plasma membrane lipids (Joseph-Horne and
Hollomon, 2006). (iii) Echinocandins, which specifically disrupt the biosynthesis of 1,3 -
D-glucan (Denning, 1997). (iv) Flucytosine, which disrupts protein (Polak and Scholer,
1975) and DNA synthesis (Diasio et al., 1978). A brief overview of this classification,

pharmacology, the antifungal targets, and the mechanisms of action is provided in Table 2.2.



18

Table 2.2. Some antifungal agents, their targets, and mechanisms of action (Akkus and
Kagmaz, 2023)

Antifungal Agent Pharmacology Target Mechanisms of Action
Amphotericin B
deoxycholate (ABD)
.. . . It binds to the fungal cell wall
Polyenes AmplIOtenglL%hpld Szfslt(l)lstsélrso(l)f ergosterol, increasing cell wall
complex ( ) g permeability
Liposomal
amphotericin B (LAMB)
Fluconazole
Voriconazole
Azoles ltraconazole Synthesis of Inhibit the enzyme lanosterol-
ergosterol 14a-demethylase
Posaconazole
Isavuconazole
. . . Cell wall (1—3)-p-d glucan synthase
Echinocandins Caspofungin synthesis inhibitor
Nucleic acid Pyrlmldlpe analog that is .
. synthesis and transported into fupgal cells via
Flucytosine 5-fluorocytosine h}e,nce rotein the enzyme cytosine permease
prot and converted into fluorouracil
synthesis . .
by cytosine deaminase

2.3.3. Antimicrobial resistance

Bacteria, fungi, viruses, and parasites, may evolve to become resistant to medication. This
phenomenon is called antimicrobial resistance (AMR). It has become a significant concern,
with many seminal papers and related organizations referring to it as the 'silent pandemic'
(Tang et al., 2023; WHO, 2023). This is because its global impact may not be readily
apparent, but the potential devastation it could cause is severe. The problem has become one
of the most concerning issues of this century, as the number of AMR cases continues to
mount, while the development of new medications is not progressing rapidly (Prestinaci et

al., 2015).

The rise of deaths related to AMR in 2019 was predicted to go up 1.2 million or more, and,
if no considerable measure is taken until 2050, this number may rise to 10 million per year

(O’Neill, 2016). This alone would attribute AMR as the worlds’s primary cause of death
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(O’Neill, 2016). Given this situation, the goal of current work is part of an endeavor to find

a new drug that can mitigate the problem within the scope of bacteria and yeast.

Antibacterial resistance

The drugs used to combat bacterial infections are called antibiotics. The susceptibility or
resistance of bacteria to a specific type of drug can be expressed in terms of its Minimum
Inhibitory Concentration (MIC). MIC is defined as the minimum concentration at which a
drug will stop the growth of a particular bacterium (Reygaert, 2018). Whether bacteria are
susceptible or resistant to a drug depends on the range within which the average MIC falls.
Discovering the average MIC will lead us to the question of how certain bacteria are resistant

to particular antibiotics in the first place.

Resistance of bacteria to drugs can occur naturally. This type of resistance is classified as
either intrinsic or induced. Intrinsic resistance means that the resistance is always present
within the species itself. Intrinsic resistance would mean that the resistance mechanism is
current for the genus or species of the bacteria, not preventing the specific antibiotic in
general (Courvalin, 2008). In the case of induced resistance, the resistance mechanism is
always there but is only expressed after exposure to the antibiotic. In contrast to natural
resistance, acquired resistance is obtained when genetic material from related organisms is
acquired through any type considered as horizontal gene transfer (HGT), which includes
transformation, transposition, and conjugation. In addition, resistance may occur due to

mutations in its chromosomal DNA (Reygaert, 2018).

Natural resistance (intrinsic and induced) and acquired resistance are two different ways
bacteria develop resistance mechanisms. However, the mechanisms by which the bacteria
deter antibiotics do not differ between the two. These mechanisms, as described by
Courvalin (Courvalin, 2008), include: (i) Reducing (or eliminating) the drug's affinity to
reach the target within bacteria; (ii) Producing enzymes that detoxify the drug; (iii)
Increasing impermeability; (iv) preventing the drug from passing through the cell membrane
and expelling the drug through energy-dependent pumps. These four major pathways of the
resistance mechanism can occur due to either natural resistance or acquired resistance, or a

combination of both (Courvalin, 2008).
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Another terminology relevant to describing resistance based on the genetics of the bacteria
is endogenous and exogenous resistance. Endogenous resistance arises due to mutations and
the selection of chromosomal genes within the pathogen itself (Silver, 2011). It is generally
not infectious between bacteria (Courvalin, 2008). Exogenous resistance, on the other hand,
arises from horizontal gene transfer (HGT) among bacteria, allowing them to inherit genetic
elements from their environment. Table 2.3 briefly summarizes various mechanisms of
endogenous and exogenous resistances with examples of multiple drugs affected by the

particular mechanism.

Table 2.3. Antibacterial resistances, their origin, mechanisms and examples (Silver, 2011)

Origin Mechanism Examples of affected drug classes

Rifamycin, streptomycin, trimethoprim

(for Gram-positive organisms), fusidic
acid

Single mutations reducing
target affinity

Fluoroquinolones, oxazolidinones,
daptomycin, vancomycin, polymyxin,
B-lactams (for transformable species)

Multistep mutations reducing
affinity or remodeling of target

Endogenous . Most classes for Pseudomonas; many
General efflux mechanism :
classes for other species
Reduced uptake (porin or Carbapenems, fosfomycin
permease loss)
Loss of activation Metronidazole (for H. pylori)
Upregulation of target Fosfomycin
Class-specific efflux Tetracycline, macrolides
B-Lactams, aminoglycosides,
Class-specific chloramphenicol, streptogramin A,
degradation/modification metronidazole (for anaerobes),
fosfomycin
Exogenous

Tetracycline, macrolides, lincosamides,

T t tecti ificati . q- .
arget protection/modification oxazolidinones, streptogramin B

Replacement with reduced- B-Lactams, vancomycin, trimethoprim,
affinity target mupirocin, sulfonamides
Sequestration of target Fluoroquinolones, fusidic acid

Antifungal resistance

The threat caused by fungi ranges from superficial to dangerous, such as that caused by
invasive fungal disease (IFD). It is predicted that one billion people are affected worldwide

by fungi-related causes. As mentioned in Section 2.3.2, four main classes of drugs are used
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to treat fungal-related diseases: polyenes, azoles, echinocandins, and flucytosine. Treatment
with these chemical drugs has seen cases of inefficacy in response to the disease. It may be
that the failure because the fungi have built antifungal resistance by adapting to the drug as
they are exposed to it. Antifungal resistance means that the fungi are not susceptible to the
drug anymore and can still grow even in the presence of a high drug concentration (Fisher

et al., 2022).

Ferrari and Sanglard (Ferrari and Sanglard, 2010) compiled studies on antifungal resistance
and their mechanisms. Their review was summarized in a table, similar to what is shown in
Table 2.4. The main mechanisms that were reported consist of: (i) impaired transport, related
to the efficacy of transport mechanisms within the cell; (ii) target alteration, related to the
reduced affinity of the drug for the compatible target; (iii) absence of target, related to the
lack of the compatible target designed for the drug to work; (iv) decreased toxic metabolite,
related to the reduced toxicity of the drug regarding the fungi; (v) formation of multicellular
complexes, related to the formation of larger structured communities of the fungi, e.g.,

biofilms.

Table 2.4. Reported resistance and the mechanisms of the resistance of major systemic
antifungal agents (Ferrari and Sanglard, 2010)

An:gfz;gal Reported resistance mechanism
e Formation of
Impaired Target Absence of toxic .
. . multicellular
transport alteration Target metabolite 1
formation complexes
Polyenes ERG6 and Formation
(Amphotericin ERGI11 Biofilms
B) inactivation
Azoles ABC-
(Itraconazole, transporter ERG.I ! ERG3 .
. mutation ERGI11 Formation
Fluconazole, and Major L nonsense :
Voriconazole Facilitator and . Inactivation mutation Biofilms
Posaconazole) | upregulation upregulation
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Table 2.4. Reported resistance and the mechanisms of the resistance of major systemic
antifungal agents (Ferrari and Sanglard, 2010) (continued)

At Reported resistance mechanism
agent
Decrease Formation of
Impaired Target Absence of toxic .
) . multicellular
transport alteration Target metabolite
f X complexes
ormation
Flocytocine P(%rélégs)e FUR1 Formation
(5-FC) . mutation Biofilms
mutation
Echlnocandlps FKS1 and
(Caspofungin, FKS?
Micafungin, mutation
Anidalafungin)
2.4. Cancer

A class of disorders known as cancer is defined by the unchecked division and dissemination
of aberrant cells to other body areas. Numerous factors, including genetic mutations,
environmental influences, and lifestyle decisions, have been linked to the causes of cancer
(National Cancer Institute, 2021). The cancer disease has been attributed as the second in
terms of cause of death. This amounts to as much as 10 million deaths in in 2020 based on
WHO report. The leading cancer types contracted by males are stomach and liver cancers,
and for females, they are breast, colorectal, lung, cervical, and thyroid cancers (Siegel et al.,
2023). Cancer patients may receive chemotherapy, radiation therapy, and cancer

medications, singly or combined.

2.4.1. Cancer cell

Some key characteristics of cancer cells include (Ruddon, 2003): (i) Uncontrolled growth at
an abnormal rate; (ii) Evasion of the immune system allowing it to spread without detection
within the host; (iii) Metastasis, which allow cancer to spread to a different part of the body,
forming secondary tumor; (iv) Genetic mutations contributing to the abnormal growth; (v)
The inability to differentiate cell types, leading to tumors of mix cell types; (vi) Different
method of energy production, promoting ways to the uncontrolled growth. Understanding

the characteristics of cancer cells is crucial for developing effective treatments and
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prevention strategies. Researchers study cancer cells to identify the specific genetic and
molecular changes that contribute to their uncontrolled growth and division, and their ability

to evade the immune system and spread to other parts of the body (Ruddon, 2003).

2.4.2. Formation of cancer cells

Cancer cell formation begins when normal cells undergo genetic mutations that disrupt their
regulatory mechanisms. Some of these genetic alterations can transform the healthy genes
that regulate cell growth, division, and differentiation called proto-oncogenes, into
oncogenes. Oncogenes are genes that promote uncontrolled cell division and growth (Chial,

2008). Explaining these two genes will provide insight into cancer cell formation.

Many oncogenes start as proto-oncogenes, typical genes responsible for regulating cell
growth, proliferation, and preventing apoptosis (Yokota, 2000). These genes are involved in
producing essential proteins for various bodily functions and are instrumental in processes
like cell division. Typically, proto-oncogenes carry out their functions smoothly.
Nevertheless, when a mutation arises within a proto-oncogene, it becomes persistently
active, resulting in an overproduction of proteins that promote cell growth (Cafasso and
Collins, 2022). Two examples of proto-oncogenes that can develop into oncogenes are Ras
and RET. Ras encodes an intracellular signal-transduction protein and is involved in cell
growth. When it mutates, it encodes for a protein that causes an uncontrolled growth of cells
(Cafasso and Collins, 2022). RET encodes a receptor tyrosine kinase for members of the
glial cell line-derived neurotrophic factor (GDNF) family of extracellular proteins (Knowles

et al., 2006).

2.4.3. Cancer types

There are many types of cancer, can be classified based on various criteria, such as the type
of cell they start in or the location in the body where they develop. Some common types of
cancer include (Cancer Research UK, n.d.; Centers Prevention of Disease Control, n.d.;
National Cancer Institute, n.d.): (i) Carcinomas, cancer that affect the skin or tissues that
cover internal organs such as breast, lung, bowel, and prostate; (ii) Sarcomas, cancer that
develop in connective tissue such as bone, cartilage, and muscle; (iii) Leukemias, cancer of

the blood or bone marrow which can be seen by the abnormal increase of white blood cell;
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(iv) Lymphomas, cancer in lymphatic system; (v) Gynecologic cancer, cancer that affect
woman’s reproductive organs (cervix, ovaries, uterus, vagina, vulva); (vi) Melanoma, cancer
of the skin pigment; (vii) Pancreatic cancer, cancer that affect the pancreas; (viii) Prostate
cancer, cancer in men’s prostate. Many types of cancer that can affect the human body other
than what has been mentioned here. Each type of cancer has its unique characteristics, risk

factors, and treatment approaches.

2.4.4. Medications used in cancer treatment

There are various medications used in cancer treatment, and the choice of drugs depends on
the type of cancer, its stage, and the individual patient's health. Some common types of
medications used in cancer treatment include (Ames, 2021): (i) Chemotherapy drugs that is
design to kill cancer cells or stop them from multiplying (examples: paclitaxel, carboplatin,
and fluorouracil); (ii) Target therapy drugs that target abnormalities within cancer cells
(examples: trastuzumab, imatinib, and vemurafenib); (iii)) Hormone therapy drugs that
change the way hormones work or interfere with the body's ability to produce them, to help
slow or stop the growth of hormone-sensitive tumors (examples: tamoxifen, letrozole, and
leuprolide); (iv) Immunotherapy drugs that help the immune system to attack cancer cells
(examples: pembrolizumab, nivolumab, and ipilimumab); (v) Bone modifying drugs that
prevent or slow down the weakening of the bones, used to when cancer spreads to the bone
(examples: zoledronic acid and denosumab); (vi) Radiopharmaceuticals which contain small
amount of radiation used to treat thyroid cancer and some types of bone cancer, to name a

few.

The mechanisms of action of clinically used chemotherapy involve various processes,
including the induction of DNA damage, inhibition of macromolecular synthesis, and
activation of cell death pathways. Chemotherapy drugs can affect normal cells, leading to
toxic effects, and are commonly associated with side effects reflecting their mechanism of
action. Patients may experience chemotherapy differently, mainly because of how the host’s
cells have their own sensitivity and resistance towards the cytotoxic effects of the drug. The
clinically established types of chemotherapy are classified into alkylating agents,
antimetabolites, topoisomerase inhibitors, antibiotics, mitotic inhibitors, and protein kinase
inhibitors, all of which have different mechanisms to work against cancerous cells. The

therapeutic response to chemotherapy remains limited. What has gained popularity in this
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topic is the use of a variety of chemotherapy, in combination. The goal is that the different
mechanisms of the drugs may work in conjunction with each other to improve drug uptake
and efflux. Additionally, chemotherapy agents are commonly associated with side effects,
and their efficacy is influenced by various individual and cancer-related factors (Amjad et

al., 2023).

2.5. DNA Molecule and Structure

The purpose of DNA is to carry genetic information by being involved in the synthesis of
proteins that would then allow for a cell to perform metabolic activities and maintain life
(Klug et al., 2006). The well-known double-stranded and superhelical model of DNA was
initially disseminated by the pair of author, James Watson and Francis Crick, in 1953
(Watson and Crick, 1953). What they proposed is a model of DNA that forms a linear
polymer consisting of nucleotides that are sequenced in a specific manner. These nucleotides
are composed of three distinct components: (i) a S-carbon sugar called deoxyribose; (ii) a
phosphate group; (iii) an organic nitrogenous base. The latter organic base can be further
categorized into Purines (double-ring structure of adenine, A, and guanine, G) and
Pyrimidines (single-ring structure of cytosine, C, and thymine, T) (Klug et al., 2006; Watson
and Crick, 1953).

Nucleotides are the building blocks of a longer nucleic acid chain linked by a phosphodiester
bond. The way this bond is arranged is based on a specific orientation: the 3’ hydroxyl group
(-OH attached to the 3’ carbon) of one sugar to the 5’ phosphate group (attached to the 5’
carbon) of another (Watson and Crick, 1953; Wing et al., 1980). The illustration for these
bonds is given in Figure 2.9. Additionally, one can see the difference in the number of bonds
that links: (i) cytosine (symbolized as C in Figure 2.9) and guanine (G); (ii) adenine (A) and
thymine (T). The former are connected together by three hydrogen bonds, whereas the latter

are connected by two hydrogen bonds.
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Figure 2.10. DNA structure the 5° and 3’ end with A, G, C and T refers to Adenine, Guanine,
Cytosine, and Thymine respectively (Pray, 2008)

2.5.1. The mechanism of DNA targeting drug

A drug targeting DNA may provide an effective treatment method considering that DNA
transcription and replication are vital processes within a cell. The potential for the cancer
treatment by DNA-targeting drugs arises from the reasoning that many of the molecules
within the cell itself exhibit anticancer properties when interacting with DNA, which could
potentially prevent the development of tumors. Thus, it is imperative to understand, when
designing this type of drug, the intricacy of the interaction between DNA and molecules
within the cell and how it affects tumor and cancer development to produce an effective
anticancer drug (Reinhold et al., 2017). An example of two different classes of drugs that
target DNA is given below:

Alkylating agents

Alkylating agents are substances that form covalent bonds by reacting with atoms in
biological molecules with abundant electrons (Colvin, 2003). This covalent binding inhibits
DNA processes, such as replication, transcription, RNA, and protein synthesis (Yuhas,
Majumdar, and Greenberg, 2021). Alkylating agents may be produced by the host internally
(in case of oxidative stress due to disease) or through external means (water, fuel, air,
tobacco products, etc.). When exposed to the host, these alkylating agents may damage
healthy cells due to cytotoxic, carcinogenic, and teratogenic effects. However, its property

to damage cell can be used as chemotherapeutics when dealing with cancer cells. Some
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examples of alkylating agents that have been used clinically are ethylenamine, busulfan, and
cisplatin (National Institute of Diabetes and Digestive and Kidney Diseases, 2015). Cell
death caused by alkylating agents works through covalent binding with DNA.

Intercalating agents

DNA molecules exhibit reversibility, allowing them to join and separate as needed. The
connection between these molecules relies on non-covalent interactions, which differ from
covalent bonds in that they don't involve sharing electrons. Intercalating agents use this type
of connection to insert themselves between adjacent bases in a DNA strand, resulting in
various deformations, such as kinking or uncoiling of the DNA. This can give rise to
frameshift mutations during the replication process, leading to either deletions or insertions
in the DNA sequence. Intercalating agents are commonly used as fluorescent markers for
visualizing DNA. Examples of these agents include ethidium bromide, acridine orange, and

proflavine.






29

3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Phosphazenes

The phosphazene derivatives used in the research were synthesized by the group at Ankara
University, Faculty of Science, in their Chemistry Laboratories, by Prof. Dr. Zeynel KILIC
and Prof. Dr. Aytug OKUMUS, as well as by Dr. Giiler Inci Tanrikulu in the Chemistry
Laboratories of the Faculty of Science at Amasya University. The molecular-structure of the
five different phosphazene compounds, referred to as 26, 27, 28, 29, and 30 in the study, is
provided in Figure 3.1. Dimethyl sulfoxide (DMSO) was used to dissolved the compounds.
The mixtures were then sterilized by running them through a 0.45 um pore size injector tip

filter.
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(Compound 26)

1-[(4-dimetilaminobenzil)metil]-4-etil-7,7,9,9-tetra-(1,4-dioksa-8-azaspiro[4,5]dekano)-
1,4,6,8,10- pentaaza-51°, 7A°, 9> -trifosfaspiro[4.5]deka-5,7,9-trien
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(Compound 27)
7-[(4-dimetilaminobenzil)metil]-11-metil-2,2,4,4-tetra~(1,4-dioksa-8-

azaspiro[4,5]dekano)-1,3,5,7,11- pentaaza-2).°, 41>, 6).° -trifosfaspiro[5.5Jundeka-1,3,5-
trien

Figure 3.1. Compounds used in the study
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(Compound 28)
1-[(4-dimetilaminobenzil)metil]-4-metil-7,7,9,9-tetra-1-piperidinil-1,4,6,8,10- pentaaza-
50°, TA%, 923 -trifosfaspiro[4.5]deka-5,7,9-trien
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(Compound 29)

1-[(4-dimetilaminobenzil)metil]-4-etil-7,7,9,9-tetra-1-piperidinil-1,4,6,8,10- pentaaza-
50°, TA%, 923 -trifosfaspiro[4.5]deka-5,7,9-trien
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(Compound 30)
7-[(4-dimetilaminobenzil)metil]-11-metil-2,2,4,4-tetra-1-piperidinil-1,3,5,7,11-

pentaaza-2)°, 4)°, 6)° -trifosfaspiro[5.5]undeka-1,3,5-trien

Figure 3.1. Compounds used in the study (continued)

3.1.2. Microorganisms and growth media used

This research used 11 bacterial strains and 3 yeast strains to detect the antimicrobial activity
of the compound. These microbes were retrieved from the collection of cultures in the
Molecular Biology Laboratory, Faculty of Science, Gazi University (See Table 3.1). These
microbes consist of a variety of gram-positive and gram-negative bacteria alongside yeast,
all of which have been presented as well in Table 1.1. All microorganisms included in the
study were first transferred from stock and activated under appropriate incubation

conditions. Bacteria were activated in Nutrient Agar (NA) medium, and yeast in Sabouraud
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Dextrose Agar (SDA) medium under suitable incubation conditions.

Table 3.1. Microorganisms used in the study and incubation conditions

Escherichia coli ATCC 35218 37 °C 24 hours NA
Escherichia coli ATCC 25922 37 °C 24 hours NA
Bacillus cereus NRRL B-3711 37 °C 24 hours NA
Bacillus subtilis ATCC 6633 37 °C 24 hours NA
Staphylococcus aureus ATCC 25923 37 °C 24 hours NA
Enterococcus faecalis ATCC 29212 37 °C 24 hours NA
Pseudomonas aeruginosa ATCC 27853 37°C 24 hours NA
Klebsiella pneumoniae ATCC 13883 37 °C 24 hours NA
Salmonella typhimurium ATCC 14028 37 °C 24 hours NA
Enterococcus hirae ATCC 9790 37°C 24 hours NA
Proteus vulgaris RSKK 96029 37°C 24 hours NA
Candida albicans ATCC 10231 30 °C 48 hours SDA
Candida krusei ATCC 6258 30 °C 48 hours SDA
Candida tropicalis NRRL Y-12968 30 °C 48 hours SDA

3.1.3. Chemicals used

Nutrient Agar (Merck), Sabouraud Dextrose Agar (Merck), Muller Hinton Agar (Merck),
Mueller Hinton Broth (Merck), Sabouraud Dextrose Broth (Merck), NaCl (Merck),
Dimethyl Sulfoxide (DMSO) (Sigma), Tris (Merck), acetic acid (Merck),
ethylenediaminetetraacetic acid (EDTA) (Merck), agarose (Applichem), ethidium bromide
(Sigma), ethanol (Merck), sucrose (Sigma), bromophenol blue (Merck), Tris-EDTA (TE).

3.1.4. Consumables, tools, and equipment used
Petri dishes (90x15 mm) (LP Italiana), micropipette tips (LP Italiana), syringe filter tip (0.45

um) (Sartoirus), various glass materials such as Erlenmeyer flasks, beakers, measuring cups,

latex and nitrile gloves, inoculation loop (ose), cotton, 96-well microplate, various volumes
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of micropipettes, autoclave (Tomy SX-500), incubator (37°C) and incubator (40°C), kit
storage cabinet (+4°C) (Sanyo), deep freezer (-30 and -80°C) (Sanyo), gel imaging device
(Biometra), power supply, pH meter (Mettler Toledo), precision balance, sterile hood,
refrigerated centrifuge (Sigma), horizontal electrophoresis system, vortex, microwave oven

(Samsung).

3.1.5. Solutions preparation

Physiological saline:
Physiological saline with 0.9% NaCl was prepared by dissolving NaCl in distilled water.
The solution was then sterilized heating it inside an autoclave with temperature of 121°C

under pressure of 1.5 atm for 15 minutes.

Culture Media for Bacteria and Yeast:

The sterilized medium was dissolved in distilled water according to the recommended
amount by the manufacturer and cooled to a temperature of 60°C. Then, the solid medium
was poured into sterile petri dishes in aseptic conditions, about 18-22 ml each, and the liquid
media was transferred into 10 ml glass tubes. After the solid medium solidifies and the liquid
media cools down, it was then incubated overnight in an incubator for sterility control.

Afterward, it was stored in a +4°C refrigerator until used in the research.

Sterilization Process:
Sterilization was performed using an autoclave at 121°C under 1.5 atm pressure for 15

minutes.

Tris-acetate EDTA (TAE) Buffer (50X):
Three different components, namely, 242 g of Tris base, 57.1 ml of glacial acetic acid, 100
ml of 0.5M EDTA (with a pH of 8) were dissolved together with distilled water at a small

amount. The final product had a volume of 1 liter after adjustment.

0.5M EDTA (pH 8.0):
Starting from 186.12 g of EDTA, it then dissolved into a small amount of distilled water.
The addition of NaOH tablets adjusted the pH to 8, and the volume was adjusted to 800 ml.
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Then, it was mixed until the pH reached 8. Distilled water was then added to get 1 of the
final product.

1 M Tris-HCl:
An amount of 12.11 g of Tris was weighed, dissolved in a small amount of distilled water.
Adjustment of the pH was done by adding concentrated HCI until it reached 8. Then,

distillied water was added to adjust the final volume to 100 ml.

TE (Tris-EDTA) Buffer:
The combination of 1 ml of 1 M Tris-HCI and 0.2 ml of 0.5 M EDTA at the same pH of 8

was mixed, and distilled water was added to adjust the volume to 100 ml of the solution.

TAE Buffer:
The buffer was made by taking 20 ml of 50X TAE. Adjustment was made until the volume

was 1 liter with distilled water.

Agarose Gel:
1% (w/v) agarose was dissolved in 1X TAE buffer, boiled in a microwave, then cooled for

some time before being poured into a gel plate. The gel was left to solidify.

Gel Loading Buffer:
It was prepared with 40% sucrose, 0.025% bromophenol blue, and 0.25% xylene cyanol.

Ethidium Bromide:
The solution was prepared for a concentration of 10 mg/ml and stored in dark-colored

bottles.
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3.2. Methods

3.2.1. Determination of the antimicrobial activity of compounds

Adjustment of microorganism concentration according to McFarland standard

The inoculation of the bacteria was done on petri dishes which contain Muller Hinton Agar,
taken from stock cultures through a single colony inoculation. This was then followed by an
incubation for 24 hours at 37°C. After incubation, the actively growing bacterial cultures
were transferred to sterile tubes containing physiological saline, adjusted to a density of

McFarland No: 0.5 (measured by colony formuing unit, 1x10® cfu/ml).

Similarly, inoculation of yeast cells was done on petri dishes containing SDA. The
incubation of the yeast cells were done for 48 hours at 30°C. The actively growing yeast
cultures were then transferred to sterile tubes containing physiological saline, adjusted to a

density of McFarland No: 0.5 (1x107 cfu/ml).

Microdilution assay

The activity of the phosphazene compounds, measured in MIC and MBC/MFC, was
obtained from the method of microdilution. Liquid culture media either Sabouraud Dextrose
Broth or Mueller Hinton Broth were distributed to a 96-well microplate, each receiving 100
ul. A compound with a concentration of 5000 pM was taken, and 100 pl was added to the
first well. From the first well, the same amount was transferred to the next well, and this
process was repeated, achieving varying concentrations of the compounds, which ranged
from 2500 to 19.54 uM at a 1/2 dilution ratio. Based on reference, the antibacterial agents
ampicillin (10 mg/mL) and chloramphenicol (30 mg/mL) were chosen for the positive
control, whereas the antifungal agent ketoconazole (50 mg/mL) was chosen.
Microorganisms, adjusted to McFarland No: 0.5 (1x10® colony-forming units (cfu)/ml),
were diluted 1:10 in physiological saline, and 5 pl were added to each well. Only the culture
medium was used as negative control, and as positive control, the culture medium with
microorganisms was used. Microplates with bacteria were incubated for 24 hours at 37°C,
and plates with yeast were incubated for 48 hours at 30°C. After incubation, 10 pl samples

were taken from each well in the microplates. For bacteria, the samples were streaked onto
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Mueller Hinton agar, and for yeast, they were streaked onto Sabouraud Dextrose Agar. After
appropriate incubation periods, the growth of microorganisms at different concentrations
was checked. The lowest concentration where there was no microbial growth was considered
the minimum bactericidal concentration (MBC) for bacteria and the minimum fungicidal
concentration (MFC) for yeast. After incubation, the first concentration at which microbial

growth slowed down was considered the minimum inhibitory concentration (MIC).

3.2.2. The interaction of DNA and compounds

Using agarose gel electrophoresis, the effects of phosphazene compounds 26, 27, 28, 29, and
30 on plasmid DNA were examined. Dimethyl sulfoxide (DMSO) stock solutions of the
compounds were made and used within an hour. Following a 24-hour incubation period at
37°C, compounds containing plasmid DNA at concentrations of 5000, 2500, 1250, 625, and
312.5 uM were loaded onto an agarose gel and the formed bands were analyzed. Plasmid

DNA that was unaffected by the chemical was inserted into the gel's first well as a control.

Agarose gel electrophoresis

In a gel tray, 1% (w/v) agarose solution in TAE buffer was added, and the mixture was left
to polymerize. Following polymerization, the gel was divided into wells, and loading buffer
and drug-DNA were added to these wells. For three hours, electrophoresis was performed
in TAE buffer at 70 V. The gel was stained with ethidium bromide after electrophoresis. The
gels were then seen under ultraviolet light using the BioDoc Analyze (Biometra) gel imaging

apparatus, and the pictures were stored on a computer in JPEG format.

BamHI and Hindlll restriction enzyme reaction

BamHI enzyme recognizes the 5'-G/GATCC-3' region on DNA, while Hindlll enzyme
recognizes the 5'-A/AGCTT-3' region. To understand the binding of compounds to these
regions on DNA, the compounds and DNA were incubated for 24 hours. Subsequently, they
were treated with BamHI and Hindlll enzymes and further incubated for 1 hour at 37°C. The
drug-DNA mixture that had been treated with enzymes was run for one hour at 70 V in TAE

buffer on a 1% agarose gel. Following electrophoresis, the gel was stained with ethidium
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bromide and the BioDoc Analyze (Biometra) gel imaging instrument was used to view the

gels under ultraviolet light. Images were then saved in JPEG format on a computer.
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4. RESULTS OF RESEARCH

4.1. In Vitro Antimicrobial Activity

Compounds 26, 27, 28, 29, and 30 were tested for their antimicrobial activity at a
concentration of 5000 puM, determined using a 2 dilution ratio, resulting in compound
concentrations ranging from 2500, 1250, 625, 312.5, 156.3, 78.1, 39.1, and 19.54 uM.
Antibiotics (ampicillin and chloramphenicol) and antifungals (ketoconazole) were used as

positive controls based on reference.

After the incubation period ended, the visual growth produced by the compounds against

several microorganisms was observed and depicted in Image 4.1.

E. coli ATCC 35218
Compound 29

B. cereus NRRL B371 1
Compound 29

£ R

E. coli ATCC 25922
Compound 28

A ‘
S. aureus ATCC 25923 C. tropicalis Y-12968 S. typhimurium ATCC
Compound 30 Compound 27 14028
Compound 29

Image 4.1. Visual growth created by compounds against several microorganisms
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E. hirae ATCC 9790 P. vulgaris RSKK 96029 S. aureus ATCC 25923
Compound 30 Compound 28 Compound 26

Image 4.1. Visual growth created by compounds against several microorganisms (continued)

MIC values for compounds 26, 27, 28, 29, and 30 were determined using the microdilution
method, while antibacterial drugs (ampicillin, chloramphenicol) and antifungal drugs
(ketoconazole) were used as positive controls based on references. In addition, MBC and
MEFC values were also determined using the microdilution method. The MIC, MBC, and
MFC values found varied from (<19.54) to (>2500 uM).

The observed MIC values from the research results are presented in Table 4.1. MIC values
of compounds that demonstrate potential as growth inhibitors for the respective microbe are
marked in yellow. A compound's potential was evaluated by comparing its MIC value to that
of the positive control. If the MIC value of a compound was found to be lower than the MIC
value of the positive control, then that compound is considered to have potential as an
inhibitor, and its MIC value is marked in yellow. Positive control data was retrieved from

(Cemaloglu et al., 2023).

The MIC value of compound 26 against E. coli ATCC 35218 was 1250 uM; P. aeruginosa
ATCC 27853 and K. pneumoniae ATCC 13883 were 625 uM. The effect of compound 26
on P. aeruginosa ATCC 27853 was higher compared to that on E. coli ATCC 35218 and K.
pneumoniae ATCC 13883.

The MIC value of compound 27 against P. aeruginosa ATCC 27853 and P. vulgaris RSKK
96029 was 625 uM. The effect of compound 27 on P. aeruginosa ATCC 27853 was higher
than on P. vulgaris RSKK 96029.



39

Table 4.1. MIC (reported in uM) of the compounds and positive controls against test strains

MIC
Compounds Positive Controls
Test Microorganisms 26 27 | 28 | 29 | 30 AMP | C K
E. coli ATCC 35218 G(-) 1250 2500 625 625 1250 2500 625
E. coli ATCC 25922 G(-) 2500 625 312.5 625 2500 <19.5 78.1
B. cereus NRRL B-3711 G(-) 625 >2500 625 312.5 1250 156.3 156.3
B. subtilis ATCC 6633 G(+) >2500 1250  >2500 1250 1250 <19.5 78.1
S. aureus ATCC 25923 G(+) 1250 1250 1250 625 78.1 <19.5 156.3
E. faecalis ATCC 29212 G(+) 625 625 625 625 625 <19.5 3125
P. aeruginosa ATCC 27853 G(-) 625 625 625 625 625 >2500 >2500
K. pneumoniae ATCC 13883 G(-) 625 1250 625 625 625 1250 625
S. typhimurium ATCC 14028 G(-) 625 625 625 625 625 <19.5 156.3
E. hirae ATCC 9790 G(+) 625 625 625 3125 3125 19.5 156.3
P. vulgaris RSKK 96029 G(-) 1250 625 625 625 625 1250 1250
C. albicans ATCC 10231 625 312.5 1250 625 156.3 - - 312.5
C. krusei ATCC 6258 625 156.3 1563 1563 156.3 - - <19.5
C. tropicalis Y-12968 312.5 312.5 1250 2500 <19.54 - - 78.1
* Ampicillin (AMP), Chloramphenicol (C) (antibacterial) and Ketoconazole (K) (antifungal)
were used as controls

The MIC value of compound 28 against E. coli ATCC 35218, P. aeruginosa ATCC 27853,
K. pneumoniae ATCC 13883, and P. vulgaris RSKK 96029 was 625 uM. The effect of
compound 28 on E. coli ATCC 35218 and P. aeruginosa ATCC 27853 was higher compared
to that on K. pneumoniae ATCC 13883 and P. vulgaris RSKK 96029.

The MIC value of compound 29 against E. coli ATCC 35218, P. aeruginosa ATCC 27853,
K. pneumoniae ATCC 13883, and P. vulgaris RSKK 96029 was 625 uM. The effect of
compound 29 on E. coli ATCC 35218 and P. aeruginosa ATCC 27853 was higher compared
to that on K. pneumoniae ATCC 13883 and P. vulgaris RSKK 96029.

The MIC value of compound 30 against E. coli ATCC 35218 was 1250 uM; S. aureus ATCC
25923 was 78.1 uM; P. aeruginosa ATCC 27853, K. pneumoniae ATCC 13883, and P.
vulgaris RSKK 96029 were 625 uM; C. albicans ATCC 10231 was 156.3 uM, and C.
tropicalis Y-12968 was <19.54 uM. The effect of compound 30 on P. aeruginosa ATCC
27853 and C. tropicalis Y-12968 was higher compared to that on E. coli ATCC 35218, S.
aureus ATCC 25923, K. pneumoniae ATCC 13883, P. vulgaris RSKK 96029, and C.
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albicans ATCC 10231. P. aeruginosa ATCC 27853 is the microorganism most affected by
all compounds. Compound 30, which is effective against seven different microorganisms, is

the most effective compound.

The MBC and MFC values of the compounds with respect to the microbes are shown in
Table 4.2. For the evaluation of MBC/MFC, the same approach was taken according to what
was previously explained for MIC value. The MBC/MFC values of compounds that
demonstrate potential as bactericide/fungicide for the respective microbes are marked in
yellow. The evaluation of a compound's potential was conducted by comparing its
MBC/MEFC value to that of the positive control. The positive control itself was selected from
the highest concentration among the three predetermined substances (ampicillin,
chloramphenicol, or ketoconazole) and its MBC/MFC value is marked in yellow. Positive

control data was retrieved from (Kuzey et al., 2021).

Table 4.2. Minimum bactericidal and fungicidal concentrations of the controls and positive
controls against test strains (MBC and MFC values are reported in uM)

MBC/MFC
Compounds Positive Controls

Test Microorganisms 26 27 | 28 | 29 | 30 AMP | C K
E. coli ATCC 35218 G(-) 2500 2500 2500 2500 2500 2500 >2500 -
E. coli ATCC 25922 G(-) 2500 1250 625 625 2500 <19.5 1250 -
B. cereus NRRL B-3711 G(-) 1250 >2500 >2500 312.5 >2500 2500 1250 -
B. subtilis ATCC 6633 G(+) >2500 1250 >2500 1250 2500 19.5 78.1 -
S. aureus ATCC 25923 G(+) 2500 2500 2500 2500 156.3 <19.5 2500 -
E. faecalis ATCC 29212 G(+) >2500  >2500 2500 2500 2500 312.5 625 -
P. aeruginosa ATCC 27853 G(-) 2500 1250 1250 1250 2500 2500 2500 -
K. pneumoniae ATCC 13883 G(-) 1250 2500 1250 1250 1250 1250 2500 -
S. typhimurium ATCC 14028 G(-) 2500 2500 2500 2500 2500 <19.5 1250 -
E. hirae ATCC 9790 G(+) 2500 >2500 2500 2500 2500 39.1 2500 -
P. vulgaris RSKK 96029 G(-) 1250 1250 1250 1250 625 >2500 2500 -
C. albicans ATCC 10231 2500 2500 2500 2500 2500 - - 1250
C. krusei ATCC 6258 2500 2500 2500 2500 1250 - - 156.3
C. tropicalis Y-12968 625 625 2500 2500 <19.54 - - 1250
* Ampicillin (AMP), Chloramphenicol (C) (antibacterial) and Ketoconazole (K) (antifungal)
were used as control




41

The MBC value of compound 26 against B. cereus NRRL B-3711, K. pneumoniae ATCC
13883 and P. vulgaris RSKK 96029 has been determined to be 1250 uM. The MFC value
of compound 26 against C. tropicalis Y-12968 has been determined to be 625 uM. The effect
of compound 26 on K. pneumoniae ATCC 13883, P. vulgaris RSKK 96029, and C.
tropicalis Y-12968 was equally high.

The MBC value of compound 27 against P. aeruginosa ATCC 27853 and P. vulgaris RSKK
96029 has been determined to be 1250 pM. The MFC value of compound 27 against C.
tropicalis Y-12968 has been determined to be 625 pM. The effect of compound 27 on P.
aeruginosa ATCC 27853, P. vulgaris RSKK 96029, and C. tropicalis Y-12968 was equally
high.

The MBC value of compound 28 against E. coli ATCC 25922 has been determined at 625
uM, P. aeruginosa ATCC 27853, K. pneumoniae ATCC 13883, and P. vulgaris RSKK
96029 at 1250 uM. The effect of compound 28 on E. coli ATCC 25922, P. aeruginosa ATCC
27853, K. pneumoniae ATCC 13883, and P. vulgaris RSKK 96029 was equally high.

The MBC value of compound 29 against E. coli ATCC 25922 has been determined at 625
uM, B. cereus NRRL B-3711 at 312.5 uM, P. aeruginosa ATCC 27853, K. pneumoniae
ATCC 13883, and P. vulgaris RSKK 96029 at 1250 uM. The effect of compound 29 on B.
cereus NRRL B-3711 was higher compared to E. coli ATCC 25922, P. aeruginosa ATCC
27853, K. pneumoniae ATCC 13883, and P. vulgaris RSKK 96029.

The MBC value of compound 30 against S. aureus ATCC 25923 has been determined at
156.3 uM, K. pneumoniae ATCC 13883 at 1250 uM, and P. vulgaris RSKK 96029 at 625
uM. The MFC value of compound 30 against C. tropicalis Y-12968 was determined to be
<19.54 uM. The effect of compound 30 on C. tropicalis Y-12968 was higher compared to
S. aureus ATCC 25923, K. pneumoniae ATCC 13883, and P. vulgaris RSKK 96029.

So, the bacteria P. vulgaris RSKK 96029 is the most affected by all compounds. The
compound that has the most significant impact on microorganisms is compound 29 due to
its effectiveness against five microorganisms. However, the compound that has a high ratio

difference between positive control and microorganisms is compound 30.
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Upon evaluating these results, it becomes apparent that there is no substantial difference
between the concentrations of the compound that inhibit and completely eradicate the

microorganisms.

4.2 Interaction of Phosphazene Compounds with DNA

4.2.1. The interaction of DNA and compounds

The interaction of compounds 26, 27, 28, 29, and 30 used in the study with plasmid DNA
was investigated using agarose gel electrophoresis. The result is given in Image 4.2. The
lane “PBR” refers to the control (untreated pBR322) whereas the consecutive lanes after it
are of the mixture of plasmid DNA and the tested compounds at a decreasing concentration.
The concentrations are as follows: (1): 5000 uM, (2): 2500 uM, (3): 1250 uM, (4): 625 uM,
(5): 312.5 uM. Form I represents superhelix plasmid DNA, Form II represents nicked
circular plasmid DNA, and Form III represents linear plasmid DNA.

The interaction of plasmid DNA with compound 26, carrying DASD substituents, decreases
the mobility of DNA Form I and Form II as the concentration of the compound decreases. It

also increases the intensity of DNA Form I.

The interaction of plasmid DNA with compound 27, carrying DASD substituents, decreases
the mobility of DNA Form I and Form II as the concentration of the compound decreases. It
also increases the intensity of DNA Form I. Additionally, Form III is also observed,

indicating restriction of DNA.

The interaction of plasmid DNA with compound 28, carrying piperidine substituents,
decreases the mobility of DNA Form I and Form II as the concentration of the compound

decreases. It also increases the intensity of DNA Form II.

The interaction of plasmid DNA with compound 29, carrying piperidine substituents,
decreases the mobility of DNA Form I and Form II as the concentration of the compound

decreases. It also increases the intensity of DNA Form II.
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The interaction of plasmid DNA with compound 30, carrying piperidine substituents,
decreases the mobility of DNA Form I and Form II as the concentration of the compound

decreases. It also increases the intensity of DNA Form II.

Image 4.2 shows that Form I1I was observed in the case where plasmid DNA was interacting
with compound 27 in every variation of concentration. This implies that the restriction of

DNA occurs due to the addition of the compound.

Form Il

Form 1l

Form |

Form Il
Form Il

Form |

Image 4.2. Electrophoretograms indicating possible interaction between pBR322 plasmid
DNA and compound 26 to 30 at a decreasing concentrations

4.2.2. Restriction enzyme digestion

To assess the binding affinity of compounds to nucleotides in DNA, plasmid DNA was
subjected to enzymatic digestion at high concentrations 5000 uM, using the restriction
endonucleases BamHI and Hindlll. The BamHI enzyme recognizes the 5'-G/GATCC-3'
region on DNA, while the Hindlll enzyme recognizes the 5'-A/AGCTT-3' region on DNA.
The DNA interacted with compounds 26, 27, 28, 29, and 30 were partly cleaved by the
BamHI enzyme. In addition DNA interacted with compounds 26, 27, 28, 29, and 30 were
partly cleaved by Hindlll enzyme. This suggests that compounds interact with DNA through
nucleotides binding to A/A and G/G sites (Figure 4.3).
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BamHI Hindlll
| 1

PBR P/B B/H

Form Il
Form Il

Form |

26 27 28 29 30 26 27 28 29 30

Image 4.3. Electrophoretograms of incubated mixtures of plasmid DNA subjected to
digestion with BamHI and Hindlll where lane PBR, P/B, and P/H are untreated
plasmid DNA
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S. DISCUSSIONS

5.1. Efficacy of the Compounds

The compounds studied have been found to inhibit 7 out of the tested 14 microbes that were
used in this study. The efficacy is retold using Table 5.1, which shows the ratio between the
MIC of the chosen positive control for each microbe and the MIC of the studied compounds.
Note that only compounds that produce cases where it is found to be effective were included
in Table 5.1 (cases where the MIC ratio is higher than 1). In other words, if the compounds
were found to require less concentration compared to the positive control to inhibit the

microbes, then they are effective and are included in the Table 5.1.

Table 5.1. Ratio between MIC of positive control and compound for different compounds

MIC Ratio, Positive Control to Compound
Compounds Name
Test Microorganisms 26 27 28 29 30 Cpgflittri;/f;
E. coli ATCC 35218 G(-) 2 4 4 2 AMP
S. aureus ATCC 25923 G(+) 2 C
P. aeruginosa ATCC 27853 G(-) 4 4 4 4 4 AME and
K. pneumoniae ATCC 13883 G(-) 2 2 2 2 AMP
P. vulgaris RSKK 96029 G(-) 2 2 2 2 AME and
C. albicans ATCC 10231 2 K
C. tropicalis Y-12968 4 K
* Ampicillin (AMP), Chloramphenicol (C) (antibacterial) and Ketoconazole (K)
(antifungal) were used as controls

Based on the MIC ratio of Table 5.1, E. coli ATCC 35218 is 2 times more susceptible to
compounds 26 and 30 compared to ampicillin whereas it is 4 times more susceptible to
compounds 28 and 29. S. aureus ATCC 25923 is 2 times more susceptible to compound 30
than chloramphenicol. P. aeruginosa ATCC 27853 is at least 4 times more susceptible to all
of the tested compounds than both ampicillin and chloramphenicol. K. pneumoniae ATCC
13883 is 2 times more susceptible to compound 26, 28, 29, and 30 than ampecillin. P.
vulgaris RSKK 96029 is 2 times more susceptible to compound 27, 28, 29, and 30 compared
to both ampecillin and chloramphenicol. C. albicans ATCC 10231 is 2 times more
susceptible to compound 30 compared to ketoconazole. C. tropicalis Y-12968 is at least 4

times more susceptible to compound 30 compared to ketoconazole.
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Table 5.2.Ratio between MBC and MFC of positive control and compound for different

compounds
MBC MFC Ratio, Positive Control to Compound
Compounds Name
Test Microorganisms 26 27 28 29 30 ggiittri;/f;
E. coli ATCC 25922 G(-) 2 2 C
B. cereus NRRL B-3711 G(-) 2 8 AMP
S. aureus ATCC 25923 G(+) 16 C
P. aeruginosa ATCC 27853 G(-) 2 2 2 AME and
K. pneumoniae ATCC 13883 G(-) 2 2 2 2 C
P. vulgaris RSKK 96029 G(-) 2 2 2 2 4 AMP
C. albicans ATCC 10231 K
C. tropicalis Y-12968 2 2 64 K
* Ampicillin (AMP), Chloramphenicol (C) (antibacterial) and Ketoconazole (K)
(antifungal) were used as controls

Based on the MBC/MFC ratio of Table 5.2, E. coli ATCC 25922 is 2 times more susceptible
to compounds 28 and 29 than chloramphenicol. B. cereus NRRL B-3711 is 2 times more
susceptible to compound 26 than ampicillin whereas it is 8 times more susceptible to
compound 29. S. aureus ATCC 25923 is 16 times more susceptible to compound 30 than
chloramphenicol. P. aeruginosa ATCC 27853 is 2 times more susceptible to compounds 27,
28 and 29 than ampicillin and chloramphenicol K. pneumoniae ATCC 13883 is 2 times more
susceptible to compounds 26, 28, 29, and 30 than chloramphenicol. P. vulgaris RSKK 96029
is 2 times more susceptible to compounds 26, 27, 28, and 29 compared to ampicillin whereas
it is 4 times more susceptible to compound 30. C. tropicalis Y-12968 is 2 times more
susceptible to compounds 26 and 27 compared to ketoconazole whereas it is 64 times more

susceptible to compound 30.

5.2. Bacterial and Fungal Susceptibility

The monospirocyclotriphosphazene compounds used in this study consistently have pendant
arms of (4-dimethylaminobenzyl)methyl with other pendant arms being either 1,4-dioxa-8-
azaspiro[4.5]decane (DASD) or piperidinie. Antimicrobial activity was tested against 11
pathogenic bacteria and 3 pathogenic yeasts. The MIC results revealed that the bacterium P.
aeruginosa ATCC 27853 was most affected by all compounds. This means that all fully

substituted compounds with pendant arms of either 1,4-dioxa-8-azaspiro[4.5]decane
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(DASD) or piperidine effectively combat P. aeruginosa ATCC 27853 as a pathogenic
microorganism. Additionally, the tested compounds affected E. coli ATCC 35218, K.
pneumoniae ATCC 13883 and P. vulgaris RSKK 96029, although not all compounds were
affected. Overall, MIC results indicate that compounds 26-30 show the effectiveness in
impeding pathogen growth at an average concentration of around 625 pM, while MBC
results show effectiveness of the compound at killing the microorganism at an average
concentration of around 1250 pM. The most effective compound at inhibiting the growth
was compound 30 (piperidine pendant arms), proven against 7 types of microorganisms (E.
coli ATCC 35218, P. aeruginosa ATCC 27853, S. aureus ATCC 25923, K. pneumoniae
ATCC 13883, P. vulgaris RSKK 96029, C. albicans ATCC 10231, and C. tropicalis Y-
12968).

When viewed based on MBC and MFC results, it is evident that P. vulgaris RSKK 96029
and K. pneumoniae ATCC 13883 are most affected by the monospirocyclotriphophazene in
this study. All of the compounds have an impact on the various pathogenic microorganisms.
However, compound 30 is the most effective compound at killing the microbes, even as
much as 64 times higher vulnerability when considering the yeast, C. tropicalis Y-12968,

compared to the positive control, ketoconazole.

The observation of the current result suggests that the compounds that have a piperidine
functional group are more active than those with DASD functional group, demonstrating a
higher antimicrobial effect on Gram-negative bacteria. This is especially true when
observing compounds 30 and 27, where compound 30 showed relatively good efficacy
across the board whereas compound 27 was only observed to be effective against 2-3 isolated

cases of bacteria and fungi.

The result of this study favors compounds that has piperidine functional group (compound
28-30) as they have the potential to become an antimicrobial agent explicitly developed for
the treatment of infections that are mainly caused by P. aeruginosa ATCC 27853 (-), K.
pneumoniae ATCC 13883 (-), P. vulgaris RSKK 96029 (-), and C. tropicalis Y-12968.
However, these compounds were to have worked againts E. coli ATCC 35218 (-), E. coli
ATCC 25922 (-), B. cereus NRRL B-3711 (-), S. aureus ATCC 25923 (+), and C. albicans
ATCC 10231 as well. The antimicrobial effect, both against bacteria, and fungi, of the

compounds with a piperidine functional group has been reported before in the case of
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halogenobenzene derivative compounds (Arslan et al., 2006). Their research pointed out that
the position in which piperidine is substituted into the halogenobenzene derivative is also
crucial in determining antimicrobial activity. Piperidine itself as an organic has been used as
a building block and reagent in synthesizing various organic compounds that have medicinal
benefits (Abdelshaheed et al., 2021). A developed compound with piperidine functional
group was found to inhibit the synthesis of fatty acid in bacteria, effectively killing the
bacteria (S.-S. Liu et al., 2023). Metal piperidine dithiocarbamate complexes have shown to
have antimicrobial activity against Staphylococcus aureus and Candida albicans (Boadi et
al., 2021). Thus, these studies, including the current work, suggest that peperidine-derived
compounds or compounds with peperidine functional groups may have antimicrobial effects

that are potentially significant to the development of a new antibiotic.

5.3. The Compounds in Relation with Cancer

Cancer is a global health problem responsible for one in six deaths worldwide. It is a highly
complex set of disease conditions that develops gradually, leading to a general loss of growth
control. However, recent advancements have drastically improved the understanding of the
many pathways involved in cancer development and how to target them. New approaches,
such as drugs and biological molecules, are now being employed for treatment. Since many
drugs used in cancer treatment target DNA, the interactions between drugs and DNA,

particularly in developing anticancer drugs, have gained significant attention.

The changes in DNA conformation resulting from the interaction of compounds with DNA
can occur because DNA relies on the nature of binding or cleavage with DNA nucleobases
(Akbas et al., 2016). The technique used to assess the nature of DNA interaction with
compounds is agarose gel electrophoresis using plasmid DNA (Elmas et al., 2018). The
electrophoretic mobility that occurs on agarose gel is determined by the ability of each
compound to unwind the supercoiled conformation of pBR322. Generally, agarose gel
electrophoresis results in two basic bands for plasmids that are not treated with the test
compounds (positive controls). The fastest migration occurs for the supercoiled form (SC)
when circular plasmid DNA is subjected to gel electrophoresis. If shearing occurs in one
strand, the supercoiled form will relax, producing a slower-moving open loop (OC). This
happens due to the scission in one DNA strand. Linear DNA is produced from the

supercoiled and open loop forms when both DNA strands are cleaved (Alaghaz and
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Aldulmani, 2019). Form I is referred to as SC-DNA, form II as OC-DNA, and form III as
L-DNA (Tanrikut et al., 2013). An analysis of phosphazene compounds (26, 27, 28, 29, and
30) used in this study interacting with plasmid DNA (pBR322) was conducted. It can be
observed that all compounds cause different amounts of conformational changes and

movement of plasmid DNA.

When the plasmid DNA pBR322 is incubated with the compound, bands of DNA related to
supercoiled DNA, open circular, and linear forms are observed on both untreated and treated
plasmid DNA. All examined compounds exhibit a decrease in the mobility of plasmid DNA.
It has also been determined that compounds in this study cause cleavage in DNA as they can
induce conformational changes in DNA. In fact, all DNA interacting with the compounds is
partially cleaved by the BamHI enzyme and partially cleaved by the HindlIll enzyme. This
indicates that the compounds interact with DNA through nucleotides binding to adenine-
adenine (A/A) and guanine-guanine (G/G) sites. This interaction partially inhibits cleavage

and digestion by the enzymes.

BamHI and Hindlll, as restriction enzymes, function by recognizing the sequences
G/GATCC and A/AGCTT. These restriction enzymes can also cleave the phosphodiester
bonds between adjacent nucleotide sites (Sambrook, 1989). BamHI and HindllI restriction
enzymes analyze the endonuclease restriction between compounds and the pPBR322 plasmid
DNA. These enzymes are also used to determine the affinity of compounds for G/G or A/A
regions. The conversion of Form I and Form II to Form III results from the DNA cut by
these restriction enzymes. BamHI has only one binding site within the plasmid DNA. In
previous research, phosphazene compounds have demonstrated varying effectiveness in

their interactions with DNA (Tanrikulu et al., 2019).

Over the years, studies on the biological activity of phosphazenes have revealed their
potential as antimicrobial and anticancer agents. The biological effects of these
phosphazenes vary based on the functional groups attached to the phosphazene compound.
The phosphazene compounds used in this study exhibited different levels of antimicrobial
and anticancer activity when interacting with DNA. At high concentrations (5000 uM), all

compounds are only partly bound to DNA at the nucleotides in the enzyme cutting area.
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5.4. Bacteriostatic and Bactericidal Drug

MIC signifies the minimum drug concentration at which bacterial growth is inhibited, while
MBC, indicates the minimum drug concentration at which bacteria are being killed.
Typically, there is a correlation between MBC and MIC, especially when considering two
distinct classes of antibacterial drugs: bacteriostatic and bactericidal (Levison and Levison,

2009).

Bacteriostatic drugs are intentionally formulated to impede bacterial growth within the host.
The mechanism by which bacteria inside the host are eliminated relies on the host's defense
system. In instances where the host's defense mechanisms are insufficient in eradicating the
infecting bacteria at the site of the infection, bacterial growth may resume after the bacteria
have eliminated the drug. In such scenarios, bactericidal drugs are required to completely
eliminate the bacteria (Levison and Levison, 2009). These two categories of pharmaceutical
agents function differently, and their MIC and MBC values aid in distinguishing between

the two of them.

Bacteriostatic drugs often exhibit MBC values that significantly differ from their MIC
values, often being more than four times higher (Levison and Levison, 2009). It is crucial to
note that the primary objective of these drugs is to kill bacteria indiscriminately. Therefore,
the fact that the drug only impedes the growth and does not eliminate the bacteria should not
be perceived as a disadvantage. Examples of primarily bacteriostatic drugs include
tetracyclines, macrolides, and chloramphenicol (Loree and Lappin, 2023). In contrast,
bactericidal drugs tend to have MBC values equal to or, at most, four times higher than their
MIC values (Levison and Levison, 2009). Examples of such drugs include quinolones and
ampicillin (Bernatova et al., 2013; Peechakara and Gupta, 2024; von Rosenstiel and Adam,
1994).

Table 5.3 shows the MIC and MBC value of the tested compounds for the different bacteria
species in the current study. Chloramphenicol, which is classified as a bacteriostatic drug
(Loree and Lappin, 2023), is given a green shade. The behaviour of chloramphenicol in
response to various of the tested bacteria may differ in a the sense that both the MBC and
MIC change with the change of the bacteria species. For a bacteriostatic drug. MBC value

usually would be more than four times higher than its MIC (Levison and Levison, 2009). In
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such case, the shade of green is lighter. When MBC is less than four times the MIC, then the
shade of green will be darker. As expected, the MBC values of chloramphenicol are mainly
more than four times the MIC, with 7 out of the 11 tested bacteria showing such cases. This

observation asserts the fact that chloramphenicol is a primarily bacteriostatic drug.

In the case of ampicillin, in Table 5.3, tan shade was given to distinguish it from
chloramphenicol. In contrast to chloramphenicol, a bacteriostatic drug, ampicillin is a
bacteriocidal drug (Peechakara and Gupta, 2024). This can be seen by how the MBC is either
the same as to its MIC or at least not more than fourfold of it (darker tan shade). From 11 of
the tested bacteria, only two of them have MBCs that are more than four times their MIC

(lighter shade of tan).

Based on the analysis of Table 5.3, the tested phosphazene compound in this study have seen
behaviour similar to ampicillin than that of chloramphenicol. This statement is supported by
how for most of the cases, compound 26-30’s MBC is equal to or less than four times its
MIC (darker shade of tan). Whereas in certain cases the MBC value is more than four times
the MIC (lighter shade of tan). Thus, it can be deduced that phosphazene compounds that
are tested in the current study are mainly candidates for bactericidal drugs more so than

bacteriostatic drugs.
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Table 5.3. MIC and MBC of compound 26-30 (bacteriostatic/bacteriocidal drug)

Positive
Compounds Controls
. Test . 26 27 28 29 30 AMP C
Microorganisms

E. coli ATCC MIC 1250 2500 625 625 1250 2500 625

35218 G(-) MBC | 2500 | 2500 | 2500 | 2500 | 2500 | 2500 | >2500
E. coli ATCC MIC | 2500 625 3125 | 625 | 2500 | <195 | 78.1
25922 G(-) MBC | 2500 1250 625 625 2500 | <19.5 | 1250

B. cereus NRRL | MIC 625 | >2500 | 625 | 3125 | 1250 | 1563 | 156.3
B-3711 G(-) MBC | 1250 | >2500 | >2500 | 312.5 | >2500 | 2500 | 1250
B. subtilis ATCC | MIC | >2500 | 1250 | >2500 | 1250 | 1250 | <195 | 78.1

6633 G(+) MBC | >2500 | 1250 | >2500 | 1250 | 2500 19.5 78.1
S aureus ATCC | MIC | 1250 | 1250 | 1250 | 625 78.1 | <195 | 1563
25923 G(+) MBC | 2500 | 2500 | 2500 | 2500 | 156.3 | <19.5 | 2500
E. faecalis ATCC | MIC | 625 625 625 625 625 | <195 | 3125
29212 G(+) MBC | >2500 | >2500 | 2500 | 2500 | 2500 | 312.5 625

P. aeruginosa MIC | 625 625 625 625 625 | >2500 | >2500
ATCC27853 G(-) | MBC | 2500 | 1250 | 1250 | 1250 | 2500 | 2500 | 2500
K. pneumoniae MIC 625 1250 625 625 625 1250 625
ATCC 13883 G(-) | MBC | 1250 | 2500 | 1250 | 1250 | 1250 | 1250 | 2500
S. typhimurium MIC | 625 625 625 625 625 | <195 | 1563
ATCC 14028 G(-) | MBC | 2500 | 2500 | 2500 | 2500 | 2500 | <19.5 | 1250
E. hirae ATCC MIC 625 625 625 | 3125 | 3125 | 195 | 1563

9790 G(+) MBC | 2500 | >2500 [ 2500 | 2500 | 2500 | 39.1 | 2500
P. vulgaris RSKK | MIC 1250 625 625 625 625 1250 1250

96029 G(-) MBC | 1250 | 1250 | 1250 | 1250 | 625 | >2500 | 2500

MBC more than 4 times MIC
Nomenclature: or . .
(bacteriostatic drug)
or MBC is 4 times MIC or less
(bactericidal drug)
/N Primarily /N Primarily

Bacteriocidal Bacteriostatic
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6. CONCLUSION AND RECOMMENDATIONS

The results and recommendations derived from the research conducted within the

framework of this master's thesis are outlined below:

1. This study focused on monospirocyclotriphosphazene derivatives (compound 26-30).
Piperidine and 1,4-dioxa-8-azaspiro[4.5]decane (DASD) were two functional groups
substituted into the compounds' pendant arms.

2. Monospirocyclotriphosphzane compounds in this study exhibited more effective
antimicrobial activity against microorganisms when they had a piperidine functional
group instead of DASD. All compounds demonstrated a higher effectiveness observed
against Gram-negative bacteria than Gram-positive ones. The MIC, MBC, and MFC
values of compounds with notable antimicrobial activity were determined to inhibit or
kill microorganisms at low concentrations ranging from (<19.54) to (>2500 uM). The
findings suggest the potential use of these compounds as antimicrobial agents,
emphasizing the need for further research to elucidate the mechanisms underlying their
antimicrobial effects on microorganisms.

3. The interaction of the compounds with DNA was assessed using the agarose gel
electrophoresis method. It was observed that most compounds caused the fragmentation
of closed circular DNA, forming a linear band III. Additionally, the compounds were
found to interact with DNA, leading to a reduction in its mobility. This implies that these
compounds may bind to DNA through non-covalent electrostatic interactions.
Enzymatic digestion with BamHI and Hindlll revealed that some compounds bound to
specific regions of DNA. It is recommended to investigate whether compounds not
binding to DNA in these regions interact with different DNA regions by employing
various restriction enzymes.

4. Based on the results of all biological activity experiments explored in this thesis, it is

evident that compounds containing piperidine substituents exhibit higher activity.

In summary, the research suggests that phosphazene derivatives with piperidine side groups
have the potential to serve as effective antimicrobial and anticancer agents. Further
development and consideration of other biological activities in phosphazene compounds

could contribute to novel research in this field.
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